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List of Abbreviations
The following list includes essentially all abbreviations used in this thesis, exclud-
ing a few deemed obvious ones, e.g. (AC, DC, EU, rf). For each entry is given
a brief explanation and a reference to the section in which it is first explained.
When possible the abbreviation is also explained in the main text.

Abbreviation
1-D, 2-D, 3-D
ADRF
AFM
AT&T
BERII
CEA
DNP
DR3
ECB
fee
FID
FM
FR
hep
IIMI
IVC
NBI
NBS
NIST
NMR
n.n.
n.n.n.
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YKI

and explanation
1-, 2-, and 3-dimensional
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AntiFerromagnet (or -Magnetic)
American Telephone and Telegraph
BERlin reactor 2 (at HMI)
Commisariat a l'Energie Atomique
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Danish Reactor 3 (at Ris0 National Laboratory)
European Computer Bus
face centered cubic
Free Induction Decay
FerroMagnet (or -Magnetic)
Flipping Ratio (see List of Symbols)
hexagonal closed packed
Hahn-Meitner Institut
Inner Vacuum Chamber
The Niels Bohr Institute
National Bureau of Standards
National Institute of Science and Technology
Nuclear Magnetic Resonance
nearest neighbour
next nearest neighbour
Liquid Nitrogen
Long Range Order
Low Temperature Laboratory
ParaMagnet (or -Magnetic)
Ruderman-Kittel
Residual Resistivity Ratio
Position (or area) Sensitive Detector
Resonating Valence Bond
Super-conducting QUantum Interference Device
Triple Axis Spectrometer COMmand program
Yttrium Iron Garnet
Ytimien Kollektiiviset Ilmiot (Nuclear collective phenomena)

Section
-

2.2
1.1

-
-
-

2.2
-

3.2
1.2
2.1
1.1
2.3
2.4

-
3.1

-
-
-

1.3
1.1
2.2

A
1.1

-
1.1
1.3
3.1
3.2
2.6
3.1
3.2
3.2

-
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List of Symbols
The following list includes essentially all mathematical and physical symbols used
in this thesis. For each symbol is mentioned a short explanation, the section of
appearance, and (if possible) number of definition formula or formula of first ap-
pearance. The list is organized alphabetically, beginning with capital and small
Greek letters, ending with capital and small Roman letters.

Symbol
1
A
AQ

A;

r
r
n
*
s
20
20,,,

ecT
T+, T_
Yin T ( |

and explanation
Unity operator
Difference operator
Applied heat pulse
RVB Schwinger boson mean field parameter
Out-of-plane scattering angle
Label of zone center for fee
Product symbol
Diffracted neutron intensity
Summation symbol
Neutron scattering angle from sample
Neutron scattering angle from monochromator
Critical angle of total neutron scattering
Total intensity of transmitted neutron beam
Transmittance factors of beam components
Transmittance factors of beam polarized up or down

Section
2.7

-
2.4
2.6
4.3
2.6

-
2.3

-
2.3, 3.2

3.2
3.2
2.3
2.3
2.3

Formula

83

fig. 19

53

fig. 27, 100

99
57
56
58
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Symbol

<*„«}
<*,0
P
Pe
X(")
x'H
x"H
X'o
6
«(r)

€

n
Te
7N
K

X

Aj

/*B

w

Wo

wp

•x

<S>0

ti
p
PN
*8

*!>3

r

n

7TD

0
0
V

c

and explanation
Transformed spin deviation operators
Cartesian coordinate labels
Inverse nuclear temperature
Inverse electronic temperature
Generalized susceptibility
Real part of susceptibility
Imaginary part of susceptibility
Static susceptibility
Any small number
Dirac delta function
Kronecker delta function
Relative transmission effect
Energy of spin wave
Strength of free RK relative to dipolar interaction
Electronic magnetogyric ratio
Nuclear magnetogyric ratio
Korringa constant
Neutron wavelength
Translation operator eigenvalue
Energy of spin state in mean field theory
Nuclear magnetic moment
Vacuum permeability
Bohr magneton
Nuclear magneton
Spectrometer rotation angle
Frequency of the applied field
Nuclear Larmor precession frequency
Electronic Larmor precession frequency
3.14159265...
Boguliobov transformation parameter
Phase of the SQUID signal
The magnetic flux quantum
Angles of neutron beam to sample surface
Eigenstate for the Hamiltonian
Mass density of element
Number density of nuclei
Spin independent neutron absorption cross section
Spin dependent neutron absorption cross section
Neutron absorption cross section for beam components
Neutron absorption cross sections for different J
Incoherent neutron scattering cross section
Label of nearest neighbour
Nuclear spin-lattice relaxation time
High field value of T\
Nuclear spin-spin relaxation time
Zero field value of T\
Angle between radius vector and field
Boguliobov transformation parameter
Reduced temperature
Beam attenuation parameter
Coordinate in reciprocal space

Section
2.5
2.5
2.2
2.2
2.1
2.1
2.1

2.1,2.7
2.5

-
-

2.3
2.5
2.1
2.1
2.1
2.2
2.3
2.7
2.5
2.1

-

1.3
1.3
3.2

2.1,2.2
2.1
2.2

-
2.5
4.3
3.1
4.2
2.7

C
-

2.3
2.3
2.3
2.3
2.3

2.6, 2.7
1.3, 2.2

2.2
1.3
2.2
2.1
2.5
2.7
4.2
2.5

Formula
77
63
24
24
9
8
8

7,94

58
78
16
11
4

26

92
67
4

6

77
fig. 53

fig. 34

55
55
54
55
47

83,88
26,28

30

30
13
77
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Symbol
AQ"
AT

B,B
BefT

Bc

Bt,Bi
BD

BL

BRK

Bij, Bl
Bi
C
Cq

D
Dq

Eo

Ei
Ek

£{Q)
F

F(q)
F
FT

FR

FRA

FRobs
H
Hc

H0

//sw
Hn

H\v
Ih
J/MF

//RK

Ih
I

3 ]

I

i
/.
j

j

and explanation
Nuclear interaction matrix
Relative attenuation factor
Magnetic field (vector)
Effective (uniform) magnetic field
Critical field for ordering or superconductivity
Final and initial field in demagnetization
Local field from dipolar interactions
Total local field
Local field from RK interactions
Singlet pair operator
Brillouin function
Curie constant
Isotropic spin wave interaction parameter
Dipolar demagnetization tensor of sample
Anisotropic spin wave interaction parameter
Arbitrary energy term
Energy of state i
Energy of conduction electron
Extinction factor
Helmholz free energy
Structure factor for neutron scattering
Total spin flipping operator
Ratio between structure factors
Flipping ratio, from structure factors
Flipping ratio, including attenuation
Flipping ratio, observed
Total nuclear Hamiltonian
Nuclei-electron contact interaction
Dipolar Hamiltonian
Truncated dipolar Hamiltonian
Spin wave Hamiltonian
General Heisenberg Hamiltonian
Nearest neighbour Heisenberg Hamiltonian
Ising Hamiltonian
Mean field Hamiltonian
Ruderman-Kittel Hamiltonian
Zeeman Hamiltonian
Nuclear spin
Nuclear spin operators
Nuclear spin vector
Total nuclear spin operators
Total nuclear spin vector
Still heater current
Compound spin of neutron and nuclei
n.n. Heisenberg coupling constant
General Heisenberg coupling constant

Section
2.5
4.2

-
2.4

2.4, 3.1
2.2
2.2
2.2
2.2
2.6
2.2
2.2
2.5
2.4
2.5
2.5
2.2
2.1
2.3

2.2, 2.7
2.3
2.7
4.2
2.3
4.2
4.2
2.5
2.1
2.1
2.1
2.5
1.1

1.1,2.7
1.2
2.5
2.1
2.1
1.4
2.1
2.1
2.7
2.7
A

2.3
1.1
1.1

Formula
63

103

60

40
31
33
32
82
19
36
76
60
76
64

14

39
49
87

103
53

103

62
11
12
13

76,78
1

2,84
3

64
15
5

13
4

85
86

42
2
1
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Symbol and explanation
K
K,
L
L
M,M

N
N+,N.
0
P
P
Pc
PL

Ps

Q
Q
Q
R
R
•R

Ro
Re
R\ic
S
S
S
5°°(q)
Sc
Smax
T
Tc

Tc

n
Tel, Ten

Tt,Tt

TN

7>t
Tz

f
U
V

vc
X

w
w
Wkk>

w+, w.
z

Zone boundary point for fee
Reciprocal lattice vector
Zone boundary point for fee
Lorenz parameter for dipolar interactions
Macroscopic magnetization (vector)
Saturation magnetization
Number of nuclei
Level populations of a two-level system
Arbitrary observable quantity
Principal value
Nuclear polarization
Critical polarization
Polarization in the local field
Sublattice polarization
Neutron scattering power
Heat produced by nuclear reaction
Heat flow (in heat leak)
Strength of RK relative to dipolar interaction
Thermal resistance
Gas constant
Thermal resistance constant
Electrical resistance
Resistance of mixing chamber resistor
Entropy of nuclear spin system
Electronic or neutron spin
Electronic or neutron spin vector
Static structure factor for spins
Critical entropy
Maximum nuclear entropy
Nuclear temperature
Super-conducting transition temperature
Curie Temperature
Electronic temperature
Electronic temperature in the nuclear stages
Final and initial temperature in demagnetization
Neel temperature
Reading of the Pt-NMR thermometer
Temperature equivalent of Zeeman energy
Total spin translation operator
Internal energy of spin system
Sample volume
Unit cell volume
Zone boundary point for fee
Zone boundary point for fee
Statistical weight of macroscopic state
Probability for transition in spin-lattice relaxation
Transition rates for spin flipping
Thermodynamical partition function

Section
2.7
2.3
2.7
2.4
2.1
2.4
2.2
2.2
2.5
2.1
2.2
4.3
4.3
2.3
2.3
3.2
3.1
2.1
3.1

-
3.1
4.2

A
2.2, 2.7
1.1,2.3
1.1,2.3

2.7
2.7
2.4
1.3
3.1
1.1
1.3
3.1
2.2
1.1
A

2.2
2.7

2.2, 2.7
2.1
2.3
2.7
2.7
2.2
2.2
2.2

2.2, 2.7

Formula
fig. 19

fig. 5
fig. 19

60

60

21
79
10

19,37

107
50
48

101
98
17

98

35, 36, 93

1
97

37
tab. 8

40,41

29
88

48
fig. 19
fig. 19

34
25
21
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Symbol
a
aha)

6

fc+,6-
&N

k
c
c
d
d
d
do
dm

e
e

/(k)
</i

A
Ac

/'FM
ft, A
i

k
k

*P

ki ,k f

/
/
771

m
n
n

Pn
q
q
r
r«, ry

*y

«jt. sJj

f

' c

*, y, :

y
-k

and explanation
Lattice constant
Spin deviation operators in real space
Spin deviation operators in reciprocal space
Neutron-nucleus scattering length
Scattering lengths for different compound spins
Spin dependent part of 6
Spin independent part of 6
Second lattice constant (in hep crystals)
Temperature-Polarization calibration factor
Differential operator
Lattice plane spacing
Ratio of dipolar to RK interaction
Field induced spin polarization
Orientation of ordered spins
2.7182818...
The electronic charge
Fermi distribution function
Degeneracy of an energy level
Reduced magnetic field
Critical reduced magnetic field
Field where the ground state changes m-value
Field where the ground state is FM
Planck constant
The imaginary unit
General indices
Electron wave vector
Spin state symmetry vector
Magnetic ordering vector
Boltzmann constant
Fermi wave vector
Initial and final neutron wave vector
Total spin quantum number
Neutron path length inside sample
Spin magnetization quantum number
Index of spin structure
Number of k-vectors in an ordered structure
Order of diffraction
Relative population of neutron spin levels
Neutron polarization
Neutron scattering vector
Spin wave vector
Position (with respect to one nuclei)
Distance between nuclei (vector)
Unit vector between nuclei
Conduction electron spin label
Spinon Bose operators
Spin deviation operator
Time
Critical time (Time of phase transition)
Relative transmission factor
Cartesian coordinates
Thickness of sample
Number of equivalent ^-symmetries

Section
-

2.5
2.5
2.3
2.3
2.3
2.3

C
2.2,4.3

-
3.2
2.6
2.5
2.5

-
-

2.1
2.7
2.7
2.7
2.7
2.7

-
-
-

2.1
2.7
2.5

-
2.1
2.3
2.7
2.3
2.7
2.5
2.5
3.2
2.3
2.3
2.3
2.5
2.1
2.1
2.1
2.1
2.6
2.5

-
4.3
4.2

-
4.2
2.7

Formula

73
75
45
46
45
45

tab. 9
37, 106

100
fig. 18

70
67

14
tab. 7

84

14
92
66

16
44

56

67
69

100
43
43
44
72
11
12
12
14
81

103

104
tab. 5
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Summary
The weak interaction between the / = 1/2 nuclei of silver is antiferromagnetic,
and is dominated by a nearest neighbour Heisenberg term from the conduction
electron mediated Ruderman-Kittel interaction. Since the crystal structure of Ag
is fee, the nuclear spin system is topologically frustrated. The nuclei of silver
therefore constitute an ideal model system for studying frustrated quantum anti-
ferromagnetism, a topic which has puzzled theoreticians for decades.

At low temperatures the nuclear spin system of Ag is effectively decoupled
from the conduction electrons, and it is thus possible to obtain extremely low
temperatures in the spin system by adiabatic demagnetization of highly polarized
nuclei. In an earlier experiment an antiferromagnetic ordered state was obtained
in foils of natural silver at temperatures below TN = 560 ± 60 pK, a factor of
3-4 lower than estimated from mean field theory. The ordering was deduced from
measurements of the dynamic susceptibility by NMR methods, which did not
reveal the structure of the ordered phase. The magnetic phase diagram in the
(5, B) plane was seen to contain a large anomaly: The ordered state seemed more
stable in intermediate applied fields than in zero field.

To study the nuclear magnetism of Ag in more detail we prepared a neutron
experiment at the Hahn-Meitner Institut in Berlin. A two-stage demagnetization
cryostat was assembled on top of a two-axis diffractometer. The first nuclear stage
was a large rod of Cu, while the second stage was the sample itself, a single crystal
of 109Ag. At experimental conditions the sample was shielded from the remanent
field from the large magnets, and a small experimental field in any direction could
be produced by coils near the sample. The nuclear magnetic ordering was primarily
studied by diffraction of cold neutrons, taking advantage of the spin-dependent
nuclear scattering length. The principle of spin dependent transmission of unpo-
larized neutrons was developed into a novel method for measuring the induced
polarization of the sample nuclei, in effect a primary thermometer.

Despite extremely difficult experimental and technical problems the experiments
were successful. Evidence for type-I magnetic order in the Ag nuclei was given
by observation of the (001) reflection. Measurements with a position sensitive
detector proved that the peak was resolution limited, the order thus being long-
ranged. This result is in agreement with most earlier theoretical work. The critical
temperature at zero field was found to T$ = 700 ±80 pK, and the critical field to
Bc = 100 ± 10 [iT. This is in fair agreement with previous measurements, taking
the difference in average nuclear moment between 109Ag and natural silver into
account. The magnetic phase diagram was seen to have a much weaker anomaly
than observed in the NMR measurements. From thermodynamic measurements
the phase transition was deduced to be of second order. This was supported by an
indication of critical scattering. The induced polarization inside the ordered phase
was proportional to B, as expected from mean field theory. By varying the field
we found the (001) order to be stable for field directions within 55° from [001]. No
indication was found of multi-k structures or ordering vectors other than (001).

By the neutron transmission method the spin-lattice relaxation was studied at
low temperatures, where the Korringa law is no longer valid. At low temperatures
and high fields the relaxation time becomes independent of temperature, as pre-
scribed by theory. At low temperatures and low fields the relaxation was quite
unexpectedly seen to depend upon the nuclear polarization.

In conclusion, the feasibility of a neutron experiment in the sub-nK regime has
been proven, and a convenient primary neutron thermometer has been demon-
strated. Except for a lowering in critical temperature, the nuclear spin system of
109Ag has shown nothing more than is expected from a classical spin system.

12 Ris0-R-85O(EN)



Sammenfatning
Imellem atomkernerne i sølv er der en yderst svag vekselvirkning, som er domineret
af nærmeste-nabo leddet fra Ruderman-Kittel vekselvirkningen. Denne vekselvirk-
ning er af Heisenberg-typen og skyldes ledningselektronerne. Krystalgitteret i Ag
har fcc-struktur, hvilket gør kernespinsystemet topologisk frustreret, og kerne-
spinnet er / = 1/2. Kernerne i sølv er derfor et ideelt modelsystem til studi-
et af det uløste spørgsmål om, hvilken magnetisk struktur en frustreret kvante-
antiferromagnet har.

Ved lave temperaturer er der praktisk taget ingen termisk kontakt mellem k-
ernespinnene og ledningselektronerne, og det er derfor muligt at opnå ekstremt
lave temperaturer ved adiabatisk afmagnetisering af kraftigt polariserede kerner.
Ved tidligere eksperimenter fandt man antiferromagnetisk orden i sølvkerner ved
at måle den dynamiske susceptibilitet på tynde sølvfolier. Overgangstemperaturen
blev bestemt til 560 ± 60 pK, hvilket er 3-4 gange lavere end forudsagt af mid-
delfeltteorien. Det magnetiske (S, B)-fasediagmm udviste en tydelig anomali, som
viste, at den ordnede fase er mere stabil i moderate magnetiske felter end i lave
felter.

For at. studere dette nærmere foretog vi et ultra-lavtemperatur neutroneksperi-
ment ved Hahn-Meitner Institut, Berlin ved hjælp af en to-trins afmagnetiserings-
kryostat, der var placeret på et to-akse difTraktometer. Det første køletrin var en
massiv kobberstang, mens andet køletrin udgjordes af proven selv: En énkrystal
af rent 109Ag. Under eksperimenterne var prøven effektivt afskærmet mod ydre
magnetfelter, men indenfor afskærmningen kunne et svagi felt påtrykkes i vilkårlig
retning. I undersøgelsen af den kernemagnetiske struktur gjorde vi brug af den
spinafliængige spredningsamplitude for neutroner, ligy som vi kunne måle spinpo-
lariseringen af kernerne ved hjaelp af det spinafliregige absorptionstvaersnit.

Til trods for de vanskelige eksperimentelle forhold blev projektet en succes.
Vores hovedresultat er, at kernespinncne i '09Ag undergår en faseovergang til en
antiferromagnetisk typt-I c'ruktur ved en kritisk temperatur påTn = 700±80 pK
og ved felter lavere end Dc = lOOdh 10/iT. Disse værdier stemmer nogenlunde ov-
erens med de tidligere eksperimenter, når man tager forskellen mellem de to prøver
i betragtning. Strukturen blev påvist ved observation af en (001) refleksion. Ved
hjælp af en arcalfølsom detektor blev det observeret, at diffraktionstoppens bred-
de var opløsningsbestemt; strukturen kan derfor antages at have langtrækkende
orden. Anomalien i det magnetiske fasediagram var langt mindre udtalt end i de
foregående eksperimenter. Fra termodynamiske målinger kunne faseovergangen
bestemmes til at være af anden orden, hvilket blev underbygget aftegn på kritisk
spredning. Den inducerede polarisering af kernerne i den ordnede fase var propor-
tional med det påtrykte felt - i overensstemmelse med middelfeltteorien. Ved at
variere feltretningen kunne vi se, at (001) refleksionen forsvinder ved feltretninger,
der ligger mere end 55° fra [001]. Vi fandt ingen tegn på de teoretisk forudsagte
multi-k strukturer eller på antiferromagnetisk orden, som ikke var af type-I.

Ved brug af den udviklede transmissionsmetode blev spin-gitter relaxationstiden
undersøgt ved lave temperaturer, hvor Korringarelationen ikke længere er gyldig.
I høje felter var relaxationen som forventet uafhængig af temperaturen, men ved
lave felter så vi, at relaxationstiden uventet afhang af kernernes polarisering.

Det kan konkluderes, at det er lykkedes os at gennemføre et neutroneksperiment
ved temperaturer under 1 nK, og at vi har udviklet en ny metode til termometri
ved lave temperaturer. På nær den lave overgangstemperatur opfører spinsystemet
af 109Ag sig stort set som forudsagt ud fra klassiske beregninger.

Risø-R-S50(EN) 13



Preface and acknowledgments
The present thesis is submitted in partial fulfillment of the requirements for the
Ph.D. degree in Physics at the Niels Bohr Ins t i tu te , University of Copen-
hagen (NBI).

The main theme of my Ph.D. work has been the study of potentially frustrated
magnetic quantum spin systems. I have chosen to limit this thesis to the most
spectacular part: Nuclear Magnetic Ordering in Silver. I have enclosed reprints of
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1 Introduction
What is the nature of magnetism? Many people have wondered since the first
discovery of a magnetic mineral. Now we believe to know a fair part of the answer,
but much is still to be discovered. Let me start this thesis with a brief introduction
to the field of magnetism, leading to the fundamental, unsoh'ed problems that
motivate the study of nuclear magnetism in the noble metals. The purpose of
this introduction is partly to inspire further reading, partly to define a common
starting point for the readers.

1.1 Electronic Magnetism

The most obvious manifestation of magnetism is found in the ferromagnetic ma-
terials. In these elements or compounds a net magnetic moment is produced by
the sum of small dipolar moments inside the material. These dipolar moments are
in turn caused by the electron spin or - sometimes - the electron orbital angular
momentum (from now on both are just called spin). In the ferromagnetic materials
the spins are spontaneously aligned along the same axis, even without an applied
magnetic field, provided that the temperature is lower than a certain temperature:
The critical temperature, or Curie temperature, Tc. The Curie temperatures for
electronic magnets typically lie in the range 1 - 1000 K. When the temperature
is above Tc, the spins are disordered. This is also called the paramagnetic (PM)
phase.

In the antiferromagnets, however, the spins are aligned so that the net moment
vanishes, even though the arrangement of the spins is ordered. One may imagine
that the spins are arranged in an up-down-up-down fashion, but this is only part
of the truth. A rich variety of different structures has been found ranging from
three-dimensional versions of up-down configurations to spiral structures, canted
structures, where the angle between the spins are neither 0° nor 180°, and config-
urations without long-range order (LRO), even at the lowest temperatures. The
critical temperature for an antiferromagnet is called the Neel temperature, TN. In
electronic magnets TN is usually found from the mK range up to 1000 K.

The fact that ordered spin configurations are favoured is due to interactions
between the spins, but usually not the magnetic dipole-dipole interaction. The
Pauli principle requires the spin-part of any two-electron wave function to be
symmetric if the spatial wave functions are antisymmetric and vice versa. The
strength and sign of these exchange interactions are thus determined by the energy
difference between different spatial wave functions. The exchange interaction is
short ranged in contrast to the long-ranging dipole interaction, but is in general
much stronger than the dipolar interaction

In some electronic systems, magnetism is caused by the delocalized spins of
the conduction electrons. This type of magnetism is called itinerant. I will in the
following consider magnetism only from localized spins.

In many cases the exchange interaction is nearly isotropic in spin-space, and
may be approximated by the simple formula

I J 3 : 3 j> K1)

which is known as the Hcisenberg Hamiltonian (or Heisenberg model). Jij is the
coupling constant between the spin at site i, S,-, and that at site j , Sj. When Jij
is positive, the interaction is antiferromagnetic (AFM), otherwise ferromagnetic
(FM). 1 shall from now on consider only AFM systems. As the dominant inter-
action is short-ranged, most of the terms in the sum may be neglected, and it is
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often a good approximation to keep only the nearest neighbour (n.n.) terms. If
the coupling is isotropic also in real space, only one coupling constant is required:

HH' = JY, S« • SJ (2)
(•".;)

The notation (i, j) means that the sum is taken only over nearest neighbours.
Although simple, the Hamiltonian (2) has been the starting point for much theo-
retical work in this century. For classical spins the problem may be tedious, and
for quantum mechanical systems, e.g. S = 1/2, it has proved exceedingly difficult
to solve the corresponding eigenvalue equations. I will return to this in chapter 2.

A general introduction to the field of magnetism is found in many standard
textbooks, e.g. Kittel [4], but I have found my inspiration in Ashcroft and Mermin
[5] and Mattis [6].

1.2 Frustration

At the lowest temperatures any system will approach the state of lowest energy.
If not all terms of the Hamiltonian can be minimized simultaneously, the system
is called frustrated. In AFM systems this may be caused by competing terms in
the Heisenberg interaction (1). A more "pure" and interesting case is where the
frustration is caused by the very geometry of the lattice, the so called topological
frustration.

Topological frustration is well exemplified by the two-dimensional triangular
lattice. In the classical ground state of the Heisenberg model (2) the system com-
promises between the interactions by dividing the spins into three sublattices, each
turned 120° with respect to the two others. The ground state has LRO, and is
illustrated in figure 1.

x x + x x + + o . ; o \
(a) (b)

Figure J. Ground slates of spin models on the triangular lattice, (a): The classical
solution to the Ilcisenberg model, where the spins form three sublattices. (b): One
solution of the Ising model. Open circles mark the frustrated spins, which each
may assume any value without changing the energy of the system.

The easiest way to illustrate the corresponding quantum mechanical problem
is to simplify the n.n. Heisenberg model (2), keeping only the s-terms in the
Hamiltonian. We then reach the n.n. Ising model:

(3)

This model has the advantage that just by assigning orientations (up or down)
to each spin, you achieve one eigenstate of the Hamiltonian (3). To show that
this model is frustrated one needs only to consider three spins organized in a
triangle. At least two of the three spins must be parallel, leaving at least one of
the three interaction terms unsatisfied. As shown already in 1950 by Wannier [7],
the topological frustration in the triangular Ising magnet leads to a degenerate
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ground state with non-vanishing entropy and no LRO even at zero temperature.
One of the possible ground state configurations is shown in figure 1. The spins
marked by open circles may assume any value without changing the energy of the
configuration.

Many quantum mechanical spin models are well approximated by the solutions
to the corresponding classical problems, but for frustrated systems this is not
necessarily the case. The 5 = 1/2 Heisenberg model on the triangular lattice is still
unsolved, and it is not even clear whether or not the ground state has LRO. The
problem of frustrated magnetic systems is still being actively investigated, both
theoretically and experimentally. The question is extremely interesting because it
is so easy to pose and yet has not been solved, despite several decades of effort.

The geometry I shall consider in the following is not the triangular lattice but
a three-dimensional analog: the face centered cubic (fee).

1.3 Nuclear Magnetism

The typical nuclear magnetic moment, the nuclear magneton /*N> is smaller than
the electronic Bohr magneton, /xrji by a factor of 2000. Nuclear magnetism may
thus often be neglected when studying materials with electronic magnetism. The
primary application for nuclear magnetism is nuclear magnetic resonance (NMR),
where one by measuring the resonance frequency of the nuclear precession in an
applied field may deduce the magnetic and chemical surroundings of the nuclei.
This method is invaluable to organic chemistry and medicine, but is also frequently
used in solid state physics.

The nuclei themselves interact via the dipolar force, which is proportional to the
square of the magnetic moment, a very small contribution indeed. As the nuclear
wave functions do not overlap (except for the case of 3He), there is no direct
exchange interaction. In metals, however, an indirect interaction is mediated by
the conduction electrons. This is called the Ruderman-Kittel (RK) interaction,
and is of the Heisenberg type (1). In most cases the mutual nuclear interactions
are observed as a broadening of the NMR lines, and have few other practical
consequences.

When the temperature becomes low (in the mK range or lower), the effective
interaction between the nuclei and the lattice becomes much weaker than the
spin-spin interaction. Thus the time constant, T\, for reaching thermal equilibrium
between the nuclei and the lattice is much larger than the time constant, To, for
reaching internal thermal equilibrium between the nuclear spins. When this is
the case, the lattice and the nuclear spins may be considered as separate systems,
having different temperatures, and the temperature of highly polarized nuclei may
be specificly changed by adiabatic demagnetization, the so-called "brute force"
cooling method - see also section 2.2. In this thesis the lattice (or electronic)
temperature is labeled Te, and the nuclear temperature is denoted by T.

In a material where the electronic system is non-magnetic the nuclear interac-
tions become totally dominating at low temperatures. In zero applied magnetic
field the nuclear spin system experiences no external interactions, and at tempera-
tures comparable with the nuclear spin interactions, spontaneous nuclear ordering
may be seen. This was first observed in insulators by Abragam and co-workers in
1969 [8, ch.5]. In insulators the spin-lattice relaxation time, ri, is so much longer
than in metals, that the nuclei could not be cooled directly, and a method called
dynamic nuclear polarization was applied, see section 2.2.

A good introduction to nuclear magnetism, especially NMR, can by found in
the textbooks by Abragam [9] and Slichter [10]. A description of nuclear magnetic
ordering in insulators is found in Abragam and Goldman [8].
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Figure 2. The ground state of four Ising spins on a tetrahedron, the basic building
block of the fee lattice. The two spins with no marked direction can assume one of
the two configurations where one is up and the other is down.

1.4 Nuclear Magnetic Ordering in Metals

In electronic magnets the spins are not well localized, and the spin degree of free-
dom often couples to the orbital motion. Further, magneto-elastic effects may at
low temperatures break the symmetry of the lattice. Thereby the calculations of
the resulting magnetic couplings become very problematic. In this way close com-
parison between theory and experiment is prohibited. In cases where two or more
magnetic structures are close in energy - like in the frustrated lattices - these
features may lead to totally wrong conclusions. For nuclear magnetic systems on
the other hand, the interactions may be calculated to a large precision from "first
principles". This makes nuclear magnetism a testing field for theoretical approxi-
mation schemes, since the solution of the model can be found from experiments!
Thus, the study of nuclear magnetism may give valuable insight into the complex
field of many-body physics, besides being of inlerest in itself.

One common crystal structure in metals is the fee. In this context it is interesting
that the basic "building blocks" of the fee lattice are tetrahedra, making the
structure frustrated in three dimensions. This may be illustrated by applying the
Ising model to four spins in a tetrahedron, as shown in figure 2. As for the 2-D
triangular lattice, the Ising model shows no LRO in the fee lattice, but a large
ground-state degeneracy [11].

Amongst the metals with fee structure, the noble metals copper, silver, and
gold are especially well suited for nuclear ordering experiments because of their
high thermal conductivity at low temperature and their lack of electronic magne-
tism. Therefore a study of nuclear magnetism in these metals was initiated more
than 20 years ago at the Low Temperature Laboratory, Helsinki. Using "brute
force" cooling, the nuclear temperature in a sample of Cu-foils was lowered to the
extreme value of 60 nK, and nuclear ordering was seen from the nuclear suscep-
tibility. Later the project was moved to the Neutron Guide Hall at Ris0 National
Laboratory, where the nuclear magnetic ordered structures in a single crystal of
Cu were investigated with neutron diffraction. The results showed a very compli-
cated behaviour, and the rich magnetic phase diagram will be described in detail
in chapter 2.

The nuclear spin of Cu is / = 3/2, and the observed magnetic behaviour has
to some extend been explained by theoretical calculations. In Ag the spin is only
/ = 1/2, the extreme quantum case. From the quantum point of view, silver is
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more interesting than copper. The nuclear interactions in Ag are much weaker, and
the ordering temperatures correspondingly lower, indicating that the experiment
would be more difficult. In 1990, however, nuclear ordering in silver foils was seen
in Helsinki at temperatures below 560 pK [12]. The natural continuation of this
success was to study the nuclear ordering in silver by neutron diffraction. This
was initiated in 1992 at the Hahn-Meitner Institut, Berlin, and the first results of
this project are described in this thesis.

Reviews of nuclear magnetism in metals have been written by Lounasmaa [12],
Steiner [13], Pobcll [14], Oja [15,16], and Hakonen [17,18,19]. A thorough review,
which unfortunately was not available prior to the writing of this thesis, is cur-
rently being published [2]. For a general introduction to low temperature physics
many textbooks are available, like the recent book by Pobell [20]. For my own
inspiration I have used Lounasmaa [21].
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2 Nuclear Magnetic Ordering
This chapter contains the theoretical and experimental background necessary to
understand the work on nuclear ordering in silver. A reader familiar with one or
more of the subjects may want to skip the corresponding part(s) of the chapter.

After a presentation of basic concepts in nuclear magnetism, I present the basis
for magnetic refrigeration. The principles for studying nuclear polarization and
nuclear ordering with neutron techniques are reviewed, and a short presentation
of the earlier experimental work on nuclear magnetic ordering is given. Two dif-
ferent viewpoints for a theoretical prediction of magnetically ordered structures
are described: The semi-classical mean field and spin-wave theories and the more
quantum mechanical approaches. At last, I present my own contribution to the
theory of nuclear ordering, an exact diagonalization of small fee spin clusters.

2.1 Nuclear magnetism in general

A nucleus with non-zero spin, /, possesses a magnetic dipolar moment

which interacts with the external magnetic field, the dipolar moments of the sur-
rounding nuclei, and the magnetic moments of the valence and conduction elec-
trons of the material under investigation. 7,\ is the magnetogyric ratio, a char-
acteristic property of each nuclear isotope. This and other nuclear properties for
selected nuclei are listed in appendix C.

Knowledge of the magnetic behaviour of the nuclei in a material has in many
cases been crucial for an understanding of the physical and chemical properties
of that material. I will begin this section with a short introduction to nuclear
magnetic resonance (NMR) and the concept of generalized susceptibility, followed
by a discussion of the interactions relevant for the nuclear system.

Magnetic resonance
A single nucleus in an external magnetic field, B, is subject only to the Zeeman
interaction

Hz = -,i-B = -lNhBr, (5)

where : is the field direction. To introduce a transition between the different
energy levels, an energy of /iwo is needed, where

WO = 7 N B (6)

is the Larmor frequency. The transitions may be measured directly by absorption
of electromagnetic radiation, typically in the radio frequency (MHz) range.

For any number of interacting nuclei it can be shown [10, ch.2], that the quan-
tum mechanical expectation value of the total nuclear moment, and thereby the
magnetization (M) = (fi)/V, precesses in a field exactly like a classical dipole, the
precession frequency being u>o. In a frame of reference rotating with the Larmor
frequency around an axis parallel to the field, the magnetization is constant. How-
ever, it may be turned by applying a (weak) constant field perpendicular to the
original field. By applying this field (which in the laboratory frame of reference
rotates) for a certain amount of time, (M) will be turned a certain angle, e.g. 90°
or 180°. By magnetizing the nuclei of a sample along a constant field, and then
adding a 90° pulse, one generates a precessing, macroscopic moment, which may
be detected by a sensitive pick-up coil. This kind of spectroscopy is called pulsed
NMR, in contrast to the continuous wave method, and the method is e.g. used
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for the Pt NMR thermometer, as described in section 3.1. The signal from the
processing moments is called free induction decay (FID).

The NMR absorption spectrum is conveniently expressed in the framework of
generalized susceptibility, as described below.

Generalized susceptibility
The static susceptibility is the response of the nuclear system to a small applied
field1:

X'o = x * > = 0) = | j £ . (7)
In general, the response to a small oscillating field, Bx{t) = BQ cos(wt) is con-
sidered. The frequency dependent susceptibility divides into a real (in-phase or
dispersive) part, x'(w)i describing the magnetization response, and an imaginary
(out-of-phase or absorptive) part, x"(w)> describing the NMR absorption spec-
trum. The response to a small oscillating field (amplitude ABX ) is

osM) + X
xx" («) sinM). (8)

The generalized susceptibility is formally written as

XXI(") = Xxx'W + ixxx"(")- (9)

As the generalized susceptibility may be written as one analytical, complex func-
tion, fulfilling the Cauchy relations, the two parts of it are connected via the
Cauchy integral theorem. This, in turn, leads to the famous Kramers-Kronig re-
lations:

where the principal values, P , of the integrals are used to avoid divergences. These
relations may be used, as will be discussed later, to deduce the static susceptibility
from knowledge of the NMR absorption spectrum. The derivation of the Kramers-
Ivronig relations are given in several textbooks, see e.g. Slichter [10, ch.2].

Interact ions between electrons and nuclear spins
For the study of NMR spectra, static fields of the order of several Tesla are usually
applied. The nuclei may, however, experience a small additional local field due
to the orbital motion of electrons and the spin of the bound electrons in the
surroundings. This field is a linear response of the electrons to the applied field,
and it gives rise to a small change in resonance frequency known as the chemical
shift. From the sign and size of the chemical shifts it is often possible to deduce the
chemical surroundings of the nucleus. This feature makes NMR extremely useful
in organic chemistry, where resonance studies of the :H and 13C nuclei is everyday
routine. The chemical shift is unimportant for the study of the elements, and will
not be discussed further.

In metals, the conduction electrons interact with the nuclei primarily via the
contact interaction

tfc=gy7e7Nft2I-S5(r), (11)

where 7e is the magnetogyric ratio of the electron and S is the electron spin opera-
tor. The contact interaction contributes only for those (s-type) electrons that have
non-zero amplitude inside the nucleus. A correct derivation of formula (11) leads

'Sometimes the static susceptibility is rather defined as the ratio Mx/Bx [5, ch.31].
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into quantum electrodynamics, but a much simpler argument is given by Slichter
[10, ch.4]. Other interactions, like the magnetic field from the orbital motion of the
conduction electrons are unimportant for silver, but are of importance for indirect
nuclear interactions in Cu and other metals, see next subsection.

In an applied magnetic field the conduction electrons on the Fermi surface are
polarized, giving rise to a finite spin density on the nucleus' position. This leads to
a non-zero mean value of Hc which, in turn, causes a shift in the NMR resonance,
the so called Knight shift. Like the chemical shift, the Knight shift is proportional
to the applied field.

In many crystals there are additional interactions between the nuclear quadrupole
moment and the crystal field. If the crystal is of cubic symmetry, or if the spin of
the nuclei is / = 1/2, the quadrupole interaction vanishes. Thus, this interaction
is unimportant for the noble metals.

Mutua l interactions between nuclear spins
The dipolar interaction is well known from classical electrodynamics. Between two
like nuclei the dipolar interaction reads:

7 / D = T-^-p-^i "I2 " 3(Ii - r ^ N I a -r i ,2)) , (12)
' 1 2

where rit2 is a unit vector along the line connecting the two nuclei, and r^j is the
distance between the two nuclei.

When a large field is applied to the nuclear system, the dipolar Hamiltonian
acts as a small perturbation, and only the terms commuting with the Zeeman
Hamiltonian are important. The truncated dipolar Hamiltonian reads [10, ch.3]:

(13)

7* being the raising and lowering spin operators, and 0 being the angle between B
and x'ifl. The truncated dipolar Hamiltonian does not shift the resonance frequen-
cy, but broadens it, because of the resulting fine structure within each Zeeman
level.

The role of the truncated dipolar interaction on the line shape and width in
high field NMR is discussed in our paper about pulsed NMR experiments on 13C
diamond [P2].

Another important nucleus-nucleus interaction is the conduction electron me-
diated Rudcrman-h'ittel interaction [22]. This second order effect is caused by the
scattering of a conduction electron, k, near the Fermi surface by a nuclear spin, I i ,
via the contact interaction (11). The electron is scattered into a state, k', above
the Fermi surface, and then back into the original state, k, by a second nuclear
spin, L>. As the couplings are weak compared to the Fermi energy, the calculations
may be carried out using second order perturbation theory.

where / (k) is the Fermi distribution function and the electron band index has been
omitted. As the energies do not depend on the electron spin, these coordinates
disappear when the summation is carried out, and the term (S-Ii)(S-L>) simplifies
to the Heisenberg exchange form Ii la- Thus, the total RK Hamiltonian may be
written:

•J
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Assuming that the electron energy, Ek, only depends on |k|, Ruderman and Kittel
derived the expression [22]:

J{nj) = 4- (16)

where kf is the Fermi wave vector and 77 describes the strength of the RK inter-
action, which is proportional to the fourth power of the wave-function amplitude
of the conduction electrons on the nuclear site [23].

More accurate calculations of the RK interaction have been done using detailed
knowledge of the band structure for copper [24, 25, 26] and silver [27], including
relativistic corrections to the electron wave functions. In both cases the n.n. in-
teraction is predicted to dominate more than in the free electron result. For Cu
also electron nucleus interaction terms other than the contact interaction (11)
yield considerable contributions, giving rise to an anisotropic nucleus-nucleus in-
teraction [28, 29]. The form and strength of the RK interactions for Ag and Cu,
calculated by Lindgard et al. [24, 27], are shown on fig. 3, and listed in table 1.

When the RK interaction is not well described by the free electron form (16),
the strength of this interaction may no longer be characterized by 77. In general
one defines the strength of the RK relative to the dipolar interaction by a sum
over the whole lattice [24], here using the O'th nucleus as origin:

i J°i
R- (17)

Here, /?N is the number density of nuclei. The numerical relation between R and
7; is [2]

R = 0.58777. (18)

Cu
O

s

200

0

-200

-400

-600

Ag

2.0

Figure 3. The RK interaction constant, Jij/h, as a function of nuclear separa-
tion, r/a, for copper (open circles) and silver (filled circles), a being the lattice
constant. Note the different energy scales, found by scaling the free electron results
(solid line). 100 Hz corresponds to 4-8 nK. Notice thai the magnitude of the RK
interaction (15) also depends on I. From [30].

2.2 Relaxation and spin temperature

In the introduction I mentioned that the nuclei may not always be in thermal
equilibrium with the inter-penetrating electronic system (conduction electrons and
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j
1
2
3
4
5
6
7
8
9

10

Position
rj

(110)
(200)
(211)
(220)
(310)
(222)
(321)
(400)

(411), (330)
(420)

\rj\/a

0.71
1.00
1.22
1.41
1.58
1.73
1.87
2.00
2.12
2.24

Number
of atoms

12
6

24
12
24
8

48
6

24+12
24

Ag
hi (nK)

-1.335
0.193

-0.193
-0.031
0.077
0.118

-0.009
-0.055

-
-

Cu
hj (nK)

-11.67
1.41

-1.31
0.11
0.25
0.61

-0.06
-0.18

-
-

Table J. Calculated values of the Ruderman-KitU'. ir.i tractions for Ag and Cu.
The position of nearest neighbours in the fee lattice is given in lattice coordinates
in units of a/2. From [27].

crystal vibrations). Now this will be discussed in more detail. I present the mech-
anisms for obtaining thermal equilibrium, and discuss the important concept of
distinct electronic and nuclear temperatures. Finally, the cooling technique of a-
diabatic demagnetization is presented.

Spin relaxation
In a strong applied field the nuclei in a crystal may to a first approximation
be considered as being mutually independent. In thermal equilibrium the popu-
lation of the individual Zeeman levels is proportional to the Boltzmann factor,
exp(-Ei/kaT), and the nuclear polarization is given [5, ch.31] by the Brillouin
function, Bj:

n, (19)
which for 7 = 1/2 has the simple form

(20)

As the effective interactions between one nuclear spin and the surrounding lattice
(the electrons) are very weak, the nuclei do not immediately respond to changes
in the electronic temperature, and the thermal relaxation in metals may last from
seconds to hours, in insulators even longer. The method of polarizing nuclei by
waiting a long time in high field and low temperature is called "brute force" cooling.

The rate of change of the level populations is described by a set of master
equations. For Ag, having only two Zeeman levels, these read:

i«* = W+N.-W-N+,

^AL = W-N+-W+N. (21)

where Ar± are the populations of the two levels, and W± are the transition prob-
abilities, described by the principle of detailed balance

W+. = e-AE,ABT ( ( 2 2 )

where AZ?,- = hj^B is the energy difference between the two levels. These equa-
tions give rise to a characteristic spin-lattice relaxation time [10, ch.l]

(23)\ - i

26 Ris0-R-85O(EN)



Now, the nuclei are not totally independent, but interact weakly. If the Zee-
man populations are different in different parts of a nuclear spin system, internal
equilibrium is approached by the if 17 terms in the dipolar and the indirect in-
teractions, since these terms conserve the total Zeeman energy. The transition
probability between two neighbour spins is proportional to the local field, and the
spin-spin relaxation time, -2, is typically of the order of 10 }is - 10 ms, the latter
being the value for Ag.

Spin temperature and the Korringa law
When the time needed for obtaining global equilibrium in the nuclear spin sys-
tem is much shorter than the spin-lattice relaxation time, r2 <C n , it becomes
meaningful to assign a separate temperature to the nuclear spin system, the nu-
clear spin temperature, in the following for simplicity called T in contrast to the
temperature of the electronic surroundings, Te. Assuming the spin system can be
described by one common temperature, and generalizing equations (21) and (22)
to cover the energy levels of the whole system, the following high temperature
approximation may be derived [10, ch.5]:

^ = (/?e-/?)/r1 . (24)

Thus, the reciprocal spin temperature, /? = 1/ksT, relaxes exponentially towards
the reciprocal temperature of the lattice, /?e = l/kaTe-

In metals the most important nuclear relaxation mechanism is the interaction
with the conduction electrons by the contact term (11): An electron in the state
\k,s) at the Fermi surface is scattered into an unoccupied state \k',s'), exchanging,
from the electronic point of view, an insignificant amount of energy with the
nuclear spin system. The scattering probability is found [10, ch.5] using Fermi's
golden rule:

Wktk, = Y \(k,s\Hc\k',s')\~5(Ek-Ek.)f(k){l-f(k')), (25)

where the indices for the nuclear states are omitted. The / ( I — / ' ) factor shows
that the process is possible only within knTe from the Fermi surface. This was
first calculated by Korringa [31], who reached, what is now called the Korringa
relation

.K (26)

using a free electron approximation, K is called the Korringa constant and varies
from material to material and - to some extend - from isotope to isotope.

At low electronic temperatures the Korringa derivation is no longer valid: The
small energy gain from the nuclear spin flip makes it possible to excite electrons
within trynB from the Fermi surface, and the relaxation for I - 1/2 nuclei becomes
independent of temperature at kuTe <C IhjuB. This was first derived by Jauho
and Pirila, and later by Shibata and Hamano [32, 33]. Both groups found that for
nuclei with / > 1/2 the relaxation becomes non-exponential. The maximum of T\
is no longer reached at Te —* 0, but at some finite value of Te. For / = 1/2 the
nuclear polarization relaxes according to

P(l) = tanh ( H ) (1 - expH/n)), (27)

where the relaxation time is given by

" = 5jf""h(i) ( 2 8 »
with the characteristic Zeeman energy given by

knTz = tnxB. (29)
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For small B/T, (27) is equivalent to (24) [32]. It is thus the nuclear polarization,
not the inverse temperature, which shows an exponential decay.

In low magnetic fields the internal magnetic interaction becomes comparable
to the Zeeman energy, thus affecting the relaxation process. This is treated in
Goldman [34, p.51-57], who found:

<30»

where T\>z is the high-field relaxation time, and 7TD is the zero-field relaxation
time due to the dipolar interactions. If the perturbation causing the relaxation
is uncorrelated from nucleus to nucleus, TIIZ/TQ = 2. When the perturbation is
completely correlated, as for relaxation by paramagnetic impurities in insulators,
n.z/ft) = 355 / (55 + BRK)- *n the last formulae the expressions for the mean
values of the interactions, the local fields, are given by [35] [10, ch.6]:

Bl = B S + BRK, (33)
where B& represents the dipolar field, 5RK the effective field from the RK in-
teractions, and BL the total local field. In Cu and Ag 5 L is 35 /iT and 360 /zT,
respectively.

Spin entropy
Since a temperature can be ascribed to the nuclear spin system, it also makes sense
to define other thermodynamic quantities for the system. Of those, the nuclear
spin entropy is the most important.

One considers a system of N non-interacting / = 1/2 nuclei in a high magnetic
field, B, in thermal equilibrium at the temperature T. The nuclear polarization
will then be given by the Brillouin function, Bj. The entropy may be calculated
from Boltzmann's formula

S = ka \n(W), (34)

where W is the number of microscopic realizations of the macroscopic state. In
this case the polarization, P, and thereby the number of up-spins, A^, is fixed,
giving W — N\/(N+\(N - N+)\). Using Stirling's formula one reaches [8, ch.5]:

5 = NkB (ln(2) -\((1 + P) ln(l + P) + (1 - P) ln(l - (35)

In an interacting spin system, the entropy may be calculated from a high-tempera-
ture expansion of the partition function, Z, and the energy, U, in powers of the
inverse temperature, /?. To second order in /?, one reaches [10, ch.6]:

S = I + kB In Z = NkB ln(2/ + 1) - | ^ ^ , (36)

where C — Ny^U'Itf + l)/(3fca) is the Curie constant and Z?L is the local field
from all spin-spin interactions (33). By using a low-P expansion of (35) compared
with (36) one reaches a relation between temperature and nuclear polarization:

1/P - 1 = cT, (37)

where the constant c depends on B- + B^. By measuring P at high fields, the tem-
perature after an adiabatic demagnetization may be calculated from this formula
when the zero field value of c is known.
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The nuclear entropy for Ag and Rh nuclei in the paramagnetic phase has recently
been calculated by Hakonen [36], who used Monte-Carlo simulations, as will be
described in section 2.5. The applied Hamiltonian had only n.n. and next nearest
neighbour (n.n.n.) RK interactions. He found a deviation of the results from high-
temperature expansion. This was interpreted as a consequence of the frustration
of the system.

Negative tempex*atures
In a system where the energy levels are upward bounded, the internal energy, U, is
finite at T —<• oo. For a non-interacting spin / = 1/2 system in an applied field this
corresponds to an equal population of the spin states, as illustrated in figure 4.
By adding even more energy to the system, the spin population is "inverted". It is
still possible to describe the population inversion by the Boltzmann distribution,

N± oc exp(-£±/fcBT), (38)

provided the temperature is negative, T < 0. By this definition it becomes clear
that negative temperatures actually are "hotter" than positive, as they correspond
to higher energy, and heat will thus flow from systems with negative temperatures
to systems with positive temperatures.

H4

fH
—o | r |>o |r|-oo B

Figure .',. Sign of the temperature in a spin system in high field. The upper row
corresponds to positive temperatures, while the lower row represents negative tem-
peratures obtained by reversing the field. At T —* 0 the all spins are in one state:
The lowest state when T > 0, and the highest state when T < 0. With increasing
temperature (larger \T\) the system becomes more disordered, and at T —* oo the
two states are equally populated. There is no difference between plus infinity" and
"minus infinity".

The behaviour of interacting nuclear spin systems at negative temperatures is
dramatically different from positive temperatures. For times short compared to
n the energy is constant, and the system will try to maximize its entropy. The
Helmholz free energy is defined by

F = U-TS. (39)

Thus at T > 0, the system minimizes F as usual - but when T < 0 F is maxi-
mized. This leads to surprising results, e.g. that an antiferromagnet may select a
ferromagnetic ordered state at T < 0 [37, 19].

Adiabatic demagnet izat ion
One of the most remarkable consequences of the two different relaxation times,
Ti and r2 is the possibility of nuclear magnetic cooling. Consider a system of
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non-interacting nuclear spins at thermal equilibrium with the lattice at an ini-
tial temperature, 7], and an initial field, B\, the initial polarization being P\ =
B](h"/uBJkTi). If now the field is reduced to 5f much faster than n, but slower
than r2 (so that there is always internal thermal equilibrium), the process is adi-
abatic, AS — 0. Thus, the nuclear polarization does not change, P{ = Pu and the
argument of £>/ must be unchanged. This leads to a final temperature given by

?-f ( 4 0>
It is thus possible to cool the nuclear system just by reducing the external field.

If also the spin-spin interaction is taken into account as an energy reservoir, the
temperature ratio in the adiabatic demagnetization may be calculated from (36):

L

which in the limit Be ^> Bu leads to (40). The method of cooling by adiabatic
nuclear demagnetization is described by Lounasmaa [21, ch.6].

Achieving low tcmpei 'a tures in insulators
In insulators there is no Korringa relaxation, and spin-lattice relaxation at low
temperatures and high fields normally takes place via fluctuating moments from
(electronic) paramagnetic impurities. This effect is strongest in the vicinity of the
impurities, and equilibrium in the rest of the crystal is achieved by spin diffusion:
Series of mutual nuclear spin flip-flops [9, ch.9]. The relaxation time due to this
mechanism increases very rapidly with decreasing temperature, due to increase
in the impurity relaxation time, as also discussed in [P2]. Thus, the nuclei in an
insulator cannot be highly polarized by "brute force" within any reasonable time.

Another way of achieving nuclear polarization in insulators is by dynamic nu-
clear polarization (DNP), as described e.g. by Abragam and Goldman [8, ch.6]:
The paramagnetic impurities with Larmor frequency wp are polarized by the high
field, Bo, at low temperatures. By irradiating the sample with micro-waves at
the frequency w = wp — w0, only transitions with simultaneous impurity-nucleus
spin flip-flop are possible. The impurity spins are quickly repolarized by electronic
relaxation mechanisms, whence the nuclear spin system is in effect being polarized.

Shortly after this, a non-resonant r.f. field, Bit with the frequency wi is applied.
The nuclear spins are now to be viewed in the reference frame rotating with wj,
the strength of the static field in this reference frame being B'o = Bo — W1/7N. A
slow tuning of Bo makes B'o approach zero, and the polarization of the spins in the
rotating frame will turn to point along the new static field B j . This is called spin
locking. Now the amplitude of the r.f. field is slowly reduced to zero, creating a
situation similar to the adiabatic demagnetization described above: The external
polarization is transferred into cooling in the rotating frame, and both positive and
negative spin temperatures may be obtained in this way [10, ch.6]. The method is
called adiabatic demagnetization in the rotating frame (ADRF), and it has been
used for the study of nuclear magnetic ordering in insulators, an ordering caused
by the truncated dipolar Hamiltonian (13), as discussed in section 2.4.

2.3 Neutron techniques in nuclear ordering ex-
periments

Neutron scattering is one of the most successful tools for studying the microscopic
structure, dynamics and magnetism of matter, ranging from the intricate magnetic
excitations of the rare earth elements to the complex structures of polymers. One
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of the advantages of scattering with neutrons is that they are electrically neutral
and are thus able to penetrate matter to a much larger degree than e.g. electrons
or X-rays. Neutrons interact weakly with matter via the strong nuclear force and
the magnetic dipole-dipole interaction, and the wavelength for thermal or cold
neutrons is in the range 1-10 A, comparable to the inter-atomic distances in solids.

In our study of nuclear magnetism the electrons are non-magnetic, and the
neutron-nucleus dipolar interaction is negligible due to the small nuclear dipole
moment. The only interaction to be considered is the strong nuclear force, giving
rise to scattering and, for some elements, absorption. This interaction depends
upon the total spin of the system nucleus plus neutron, the compound spin, J. As
the neutron spin is S = 1/2, J takes one of two values (for non-zero / ) :

J = 1± 1/2. (42)

In general one describes the spin state of a neutron beam by the polarization in
the same manner as formula (19)

Pn = (S')/S=n+-n., (43)

where n± is the relative populations of the spin-up and down states, n + + n_ = 1.
In the following subsections I will discuss the cross section for elastic scattering

of neutrons on a nuclear para- or antiferromagnet, and the principles of spin-
dependent absorption. For a general discussion on inelastic scattering, see e.g.
Squires [38]. See also the reprinted papers on low-dimensional magnetism [PI, P4,
P5].

In elastic scattering the kinetic energy of the neutron is conserved. With ki
denoting the wave vector of the incident neutron and kf the wave vector of the
scattered neutron, the energy conservation is expressed |kj| = |k - f|. For Bragg
scattering to occur, the scattering vector,

q = k r - k i , (44)

must equal one of the reciprocal lattice vectors of either the chemical or the mag-
netic unit cell, q = K,-. This is illustrated in figure 5.

K220
X . X ' ' ' • . X

k/

K002
X

Figure 5. The geometry for elastic Bragg scattering, viewed in a [001],[110] scatter-
ing plane 0} an fee lattice. The crosses represent the reciprocal lattice vectors, K,-,
the open circle being the origin. The elastic condition, |kj| = |kf|, is represented
by the circle. Bragg scattering is possible only when q = Kj.

A detailed discussion of the use of the spin dependent neutron-nucleus interac-
tion for determining nuclear antiferromagnetic order and nuclear polarization is
given by Steiner [13], and more formal descriptions of the theoretical background
are given in the textbooks by Abragam and Goldman [8], and Postma [39, ch.7].
The application of these principles to measurements of the spin temperature is
presented in our publication [P5] as well as in this thesis.
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Spin dependent neutron scattering
An incident neutron has a certain amplitude for scattering from each nucleus,
also called the scattering length, b, which is independent of neutron wavelength,
A. The scattering length has in general different values, 6±, for the two values of
the compound spin, J. Using the spin operators this may be written as [40]:

S . (45)

The symbols 60, 6N are connected to 6± by

1)6+ + /6_
b0 =

2/ + 1
2(6+ - 6_)

( 4 6 )

For 109Ag, 60 = 4.19 fm and 6N = -3.7 fm (1 fm, called femtometer, is 10"15 m).
The negative sign tells that the scattering is strongest when the spins are anti-
parallel, see also figure 6. The scattering lengths for a number of isotopes are listed
in appendix C.

From the form (45) of the scattering length it can be seen that all components of
the nuclear spin contribute to the scattering. This is unlike the much more frequent
case of dipolar magnetic scattering, where only spin components perpendicular to
q contribute [38].

The total cross section for scattering is proportional to the square of the scat-
tering length, (b2), while the coherent cross section is proportional to (b)2. The
coherent cross section gives rise to nuclear Bragg scattering, by which the crystal
structure of a material may be studied. The difference between the total cross
section and the coherent cross section, the incoherent cross section, gives rise only
to an isotropic background [8, 38]:

^inc = 4TT ((62) - (b)2) = vb% (1(1 +l)-lPnp- IP2). (47)

The strength of the Bragg scattering for a given value of q is expressed by the
scattering power [41, ch.3]

Q = Vr
c

2sin(20)> ^

l^ being the volume of the unit cell, and 20 being the scattering angle. The
structure factor is given by:

2 2

(49)

where the sum is over the atoms of the unit cell. For the fee lattice I choose a
four-atom unit cell as shown in figure 2.

In a simple type-I fee antiferromagnet (with (OOl)-order, see section 2.5) in zero
field two of the spins in the unit cell are polarized in one direction, the two others
in the opposite direction, each spin having the same sublattice polarization, Ps.
The lattice is thus divided into two sublattices, and the structure factor for a
spin-up neutron now becomes:

|Ff;(ooi) = i + \bN (It + J|) - 260 - ±bK (JJ + n) } | = b^P?, (50)

assuming the spins to be polarized in the z-direction. The same result is obtained
for a spin-down neutron. The (001) reflection thus vanishes (is forbidden) in the
paramagnetic state where Ps = 0, and appears only in the AFM ordere-i state. An
observation of the (001) peak (or similar forbidden peaks) is therefore conclusive
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evidence for antiferromagnetic order, provided no change in lattice symmetry has
taken place.

The (111) Bragg scattering depends on the neutron spin. For totally polarized
neutrons the structure factor reads [42]:

| F | I (111) = I665 ± 8bobtiP + tf,P2. (51)

For a partially polarized neutron beam, the mean structure factor is found by
a weighted average of the two beam components; since neutrons in different spin
states have essentially different properties, a spin-up neutron cannot interfere with
a spin-down neutron.

|F | 2 (111) = n+ \F\\ + n_ \F\2_ = 166g + 8bQbNPnP + b2
NP'. (52)

We see, that in addition to the usual high-temperature nuclear Bragg contribution
(the first term), two other terms contribute to the structure factor: One term that
depends on the beam polarization, and one term that only depends on the total
nuclear polarization. It is thus possible to determine P from a careful measurement
of the Bragg reflection [42]. One defines the flipping ratio, FR, as the ratio between
the Bragg intensities, $, with neutron polarization up and down. Assuming 100%
efficiency for flipping the neutron polarization one reaches

F R - * " - llffrn) ,53*
r R - * d - i m - p n r (53)

With unpolarized neutrons the effect of nuclear polarization on the (111) Bragg
peak (52) is usually much smaller than with polarized neutrons, as b^ is much
smaller, typically by an order of magnitude, than 65 in most materials. The effect
may nevertheless be observable, as discussed in [P5].

More careful treatments of this problem are presented by Moon, Riste and
Koehler [43] and Schermer and Blume [40]. These calculations reveal a fourth
term in (52), which contributes only in crystals without an inversion center. The
Moon, Riste and Koehler treatment distinguishes between scattering that flips
the neutron spins and scattering that does not. Thus, their formulae should be
applied when studying nuclear ordering with polarized neutrons. In the present
experiment polarized neutrons are only applied in the paramagnetic state, where
the cross section for spin-flip processes vanishes [43].

In a real crystal the beam will be attenuated throughout the crystal due to
absorption (see next subsection) and scattering. This effect is called extinction,
and is discussed in [42, P5]. I will here only mention that the extinction is called
primary when the beam is attenuated significantly within one single crystallite,
and secondary when the beam attenuation |is substantial only in the crystal as
a whole [41, ch.3]. A standard description|of secondary extinction is given by
Becker and Coppens [44]. As a consequence of extinction the strength of the Bragg
scattering is weakened, represented by multiplying the scattering power (48) with
the extinction coefficient, £(Q) < 1.

Spin dependent neu t ron absorption
The cross section for absorption of slow neutrons by a nucleus is normally propor-
tional to the neutron wavelength, A [39]. Exceptions are nuclei where the absorp-
tion energy level - or resonance - has an unusually low energy, but these cases
will be ignored in the following.

For each resonance the compound nuclear spin, J, is a good quantum number.
Usually one speaks about the two spin channels: J = I±1/2, and the correspond-
ing absorption cross sections for all resonances in each channel are denoted: <r;j.
and at- For a neutron polarized up or downi the absorption cross section is given
by [45]

a^/d = ^±P^, (54)
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where the new cross sections are defined as
a _ (J + 1 K + T *

ff° ~ 2/ + 1

ffN - 27+
Thus for an / = 1/2 nucleus where only the J = 1 channel absorbs we reach,
at = 0, ON/O-O = i A This is very close to the case of 109Ag, where o^/crl = 0.329.

When the neutrons travel through the sample, the beam components are being
damped exponentially, but the two components are damped differently. When
neglecting damping by incoherent scattering, the transmittance is given by [46]:

T± oc exp ( - />N '<4) = <*P ( - P N ' K ± ^ N ) ) , (56)

PN being the number density of nuclei, and / the length of the path through the
material. Taking the weighted average of the beam components the total trans-
mission is

T = n+T++7i_T_ = exp (-PNI^O) (COS1I(.P/?N/ON) - Pn sinh(.P/3NcfoN)) -(57)
In an experiment with polarized neutrons the relative transmission effect is defined
by

T u - T d
c = = p n (58)

where Tu and Tj are the transmission factors for beam polarized up and down,
respectively. This has been used frequently to study nuclear polarization effects
from transmission of polarized neutrons, as presented in [P5]. However, also the
transmission of unpolarized neutrons is affected by the nuclear polarization, as
can be seen from (57). This feature has been very important in our study of
nuclear magnetism in Ag, as we in low applied fields were unable to maintain
the polarization of the beam. To our knowledge, polarization measurements by
transmission of unpolarized neutrons have not earlier been published, although
the method has been applied [47]. See also section 3.2 and [P5].

(a) (b)

Figure 6. Main features of the interaction between neutrons and polarized l09Ag
nuclei. The anti-parallel beam component is reflected or transmitted (a), and the
parallel component is absorbed (b).

Because the beam components are absorbed with different weights, the polariza-
tion of the beam is changed in the transmission. This is the basis for an important
development of beam polarizers [48], where an unpolarized beam is transmitted
through a polarized target. The polarization of the outgoing beam is

Pn = = - t a n h

The absorptive material used is 3He, where the absorption is dominated by the J =
0 channel (o~p = 0). Thus (T^j/crl = - 1 , and T+ —• 1 for large 3He polarizations,
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2.4 Experiments on nuclear magnetic ordering

In 1974 an ambitious project was started at the Low Temperature Laboratory
in Helsinki: Nuclear magnetic ordering in the noble metals, of which the work
presented in this thesis is a small part. The first metal studied was copper. Silver
is currently under investigation, and a study of gold is in preparation [49]. This
section is devoted to a summary of the experimental results obtained till now.
The section includes a few references to the theoretical predictions, presented in
sections 2.5 and 2.6.

The basic motivation for the nuclear ordering project can be understood in
terms of notions explained earlier: The RK interaction is antiferromagnetic, which
together with the fee structure of the noble metals leads to topological frustration
in the nuclear spin systems [50, 51, 11]. The RK and other interactions for Cu
and Ag are well known from first principle calculations [24, 25, 26, 28, 29, 27].
Furthermore the nuclear spins are fairly small: 1/2 for Ag, 3/2 for Cu and Au.
The spins are well localized, and no symmetry-breaking lattice deformations have
been observed even at the lowest temperatures. This leads to a situation where
it is possible to compare a non-trivial, well described theoretical problem directly
with experimental results. The nuclear spins of the noble metals thus form ideal
model systems.

In all experiments corrections were made for the demagnetization fields from
the anisotropic dipolar interaction (and for some experiments also for the RK
interaction). The origin of this correction is the induced nuclear magnetization in
a field. The contributions from even very far neighbour spins will be important,
whence the result depends crucially on the geometry of the sample. I will not go
into any detail with the derivation of this correction, just mention its final form:

Be(f = B + (L - Daa + R){i0MsatP, (60)

where 71 is the RK parameter, L = 1/3 is the Lorentz factor from the dipolar
interaction, and DQO is the relevant component of the shape dependent demagne-
tization tensor, found by approximating the sample shape with an ellipsoid. The
saturation magnetization is given by Msat = Psf1 [52]. For low polarizations - and
in the ordered state - the product MsatP may be approximated by Bx'o, so that
the effective field is simply proportional to the applied field.

Magnet ic measurements on Cu nuclei
To reach the extremely low temperatures required for nuclear ordering in Cu, a new
type of cryostat was developed. The cooling principle is nuclear demagnetization
in two stages, the second stage being the sample itself [53]; this cooling technique
is also called "cascade demagnetization". The two-stage nuclear demagnetization
refrigerator is still being used, and a closer description of it and of the operating
principles is found in sections 3.1 and 3.3.

Using the cascade demagnetization cryostat,, a sample of copper wires (natural
abundance) was cooled to a temperature of T « 50 nK during the first series
of experiments in the late 70'ies. The NMR absorption spectrum, x"(w)> w a s

measured at different temperatures using a SQUID (see section 3.1). The static
susceptibility, \'o, in various small fields was deduced from the Kramers-Kronig
relation (10). The entropy of the spin system was determined by measuring the
polarization of the nuclei by NMR in high fields, assuming adiabaticity in the
field sweeps [55]. From the temperature dependence of the susceptibility signal
the spin-spin interaction was seen to be antiferromagnetic, but no signature of
ordering was seen from the entropy data [56].

In 1982, nuclear ordering was deduced from the low-frequency SQUID suscepti-
bility signal measured by Huiku et al. on a sample of Cu foils [57]. The sample was
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Figure 7. Nuclear magnetic phase diagram of Cu in the (S, B) plane, as measured
by SQUID susceptibility. The three ordered phases are labeled AF1, AF2 and AF3,
and the paramagnetic phase with P. The entropy is given in units of the maximal
entropy, Sm a x = Nke ln(4). The shaded area indicates a region of first-order phase
transition. The sketched spin arrangements (top right) illustrate the interpretation
of the experiment at that time; later neutron diffraction experiments modified this
picture. From [54].

cooled to the lowest obtainable temperature, and the susceptibility was monitored
as a function of time, while the system slowly heated up due to the spin-lattice
relaxation; the phase transition was identified as the maximum of the x'(t) curve.
The important improvement from the earlier attempts was that the magnetic im-
purities in the sample had been neutralized by oxidation, yielding a much longer
spin-lattice relaxation time, T\. As the process of forming ordered domains is rather
slow, the spins in the early experiments simply had no time to form an ordered
structure before the spin temperature exceeded the critical temperature, TN [57].

The temperature was measured by use of the second law of thermodynamics,
T = AQ/AS. Here AQ was a heat pulse, applied by NMR absorption, and AS was
deduced from the change of nuclear polarization. This polarization was measured
at high fields before and after application of the heat pulse at low field. Assuming
adiabaticity of the field sweeps the entropy change could thus be calculated. In
this way the Neel temperature in zero field was determined to 60 ± 10 nK.

In these early Cu experiments the field was varied in the range 0-300 /zT, and
three different magnetic phases were seen [58]. This is illustrated in figure 7 in
a typical magnetic phase diagram for nuclear ordering: The abscissa is not tem-
perature, but entropy. The existence of three different AFM phases in the phase
diagram was quite a surprise, as they were in disagreement with theoretical pre-
dictions from that time [59], see also section 2.5. A long paper describing in detail
the experimental set-up and the results from the susceptibility measurements on
Cu was later published by Huiku et al. [54].

Neut ron diffraction on Cu nuclei
In order to study the nature of the antiferromagnetic ordered structure in copper, it
was decided to prepare a neutron diffraction experiment at Rise. This experiment
was expected to be exceedingly difficult, as the surroundings of the cryostat in
a neutron guide hall could cause problems to the ultra low temperature set-up.
These problems could be mechanical vibrations, electrical noise, beam heating
etc. [CO]. Indeed, three years of hard work was spent before the first AFM Bragg
reflection was seen by Jyrkkio et al. in 1988 [61].
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Figure 8. Nuclear ordering in Cu. Neutron intensity as a function of the magni-
tude and direction of the magnetic field in the [100j-[011] plane. The gray curves
represent the intensity of the ( 0 | | ) reflection, while the black curves show the
intensity of the (100) reflection, units in counts/second. From [62].

At high and low fields (phases AF1 and AF3 in fig. 7) a structure with long
range (100) order was seen, but no neutron signal was observed at intermediate
fields (AF2) in the first sets of experiments [63].

In later experiments Annila ct al. were able to move the spectrometer while the
sample was at the lowest temperatures, thus scanning the reciprocal space for nu-
clear ordering signals. Surprisingly, they found a totally new type of order, ( 0 | | ) ,
corresponding to the intermediate AF2 phase [64]. The magnetic phase diagram
was investigated for different values and directions of the resulting field in the
[100]-[011] plane [62], as shown in fig. 8. A "hole" was found in the phase dia-
gram for high fields along the [111] directions, where susceptibility measurements
suggest an ordered structure, but no corresponding reflections have been localized
yet. By monitoring the neutron intensity as a function of time after a change in
the magnetic field, the dynamics of the phase transitions could be followed. In
electronic systems these phenomena occur much too fast to be studied [62].

The experimental set-up for the Cu experiments at Rise was very similar to
that used for the current project, which is described in chapter 3. In all ordering
experiments, an isotopically pure sample of 65Cu was used. This isotope has a
smaller absorption cross section and a larger spin-dependent scattering length
than the other Cu isotope, 03Cu.

Magnetic measurements on Ag nuclei
Simultaneously with the neutron experiments on copper, an NMR study of silver
began in Helsinki. As the nuclear moment of Ag is an order of magnitude lower
than that of Cu, the nucleus-nucleus interaction is two order of magnitudes weaker,
and the ordering temperature was from Monte-Carlo calculations expected to be
around 0.5 nK [65]. The nuclear ordering experiment was thus harder to perform,
as the heat leaks and remanent fields were required to be very small.

The experiments were done on a sample of polycrystalline foils of natural silver:
52% 107Ag and 48% 109Ag. The remanent fields were shielded by two coaxial /i-
metal cylinders and compensated by coils inside the shields. The NMR spectrum,
X'"(w) was measured using a SQUID, and as in the Cu experiments x'o w a s deduced
from the Kramers-Kronig relations (10). Likewise, T was determined from the
second law of thermodynamics by applying a heat pulse and measuring the entropy
change. In the first series of experiments a temperature of 800 pK was obtained,
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and antiferromagnetic coupling between the nuclei was deduced from the x'o vs- T
graph [66], as seen in fig. 9. However, no signs of ordering (like saturation of the
static susceptibility or changes in the NMR line shapes) were found.

Figure 9. The inverse static susceptibility, 1/x'o, is <* function of temperature for
a polycrysialline sample of natural silver. Results for both positive and negative
temperatures (open and filled circles, respectively) are shown. The Curie- Weiss
temperatures were found to QA = -4.8 nK and Op = +2.8 nK at positive and
negative temperatures, respectively. From [66].

Traces of nuclear ordering in Ag were found in 1988 by Oja et al., but not
published until three years later [68]. Simultaneously, Hakonen et al. published
clear evidence for AFM ordering in Ag at the record low transition temperature
560 ± 60 pK, the critical field being 100 //T [67]. The fact that TN is much
less than the Curie-Weiss temperature2, 0 , was interpreted as a sign of strong
quantum fluctuations. The ordering was deduced from a plateau in the static
susceptibility as a function of time while the system was slowly heating, see fig. 10.
The temperature was deduced from measurements of the polarization in high
fields. The calibration constant, c, in (37) was determined to c = 0.55 (nK)"1

using the second law of thermodynamics [35].

From the shape of the NMR signal it was argued that the phase transition
was of first order in low fields, but of second order in high fields. In fig. 11 the
measured phase diagram in the (B,S) plane is shown. The inward-bending shape
of the phase diagram is very remarkable, and it could be ascribed to a "lifting" of
the frustration by the field, which would make the effects of frustration prominent
only in low fields. The authors applied the Clausius-Clapeyron equation to the
magnetic phase boundary:

dT

Since the entropy change must be higher in the PM phase, and since the magneti-
zation is unlikely to be highest in the AFM phase, it was concluded that dB/dT
would be negative, and the phase diagram would thus look "normal" in the (B,T)
plane, i.e. TN{0pT) > TN(Z0fiT). Thus the (S,T) relation can not be monotonous
at the lowest fields [67].

A fascinating feature in the Ag experiments was the possibility of achieving
negative absolute temperatures, inverting the population of the Zeeman levels by
reversing the field on a time scale equal to (or shorter than) the spin-spin relaxation

2The significance of a Curie-Weiss temperature is explained in Ashcroft and Mermin [5, ch.33].
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Figure 10. The normalized static susceptibility, Xo/Xomax> a s a function of time
after cooling to the lowest temperature for a polycrystalline sample of natural sil-
ver. Results are shown for four different values of the applied field, B. The arrows
indicate the positions of the phase transition, deduced from changes in the NMR
line shapes. The fast initial decrease in the signal for the lowest field was inter-
preted as the effects of supercooling. From [67].

Figure 11. Phase diagram for the nuclear antiferromagnetic state in silver in the
(Z?, 5) plane. The entropy is measured in units of the maximum molar entropy,
Smax = 7iln(2). Note the inward bending of the phase boundary at low fields, see
discussion in text. From [67].
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time, Tn [66, 69]. Negative nuclear temperatures in insulators were earlier produced
in the rotating frame [8, ch.5], but never before in the laboratory system. As
expected from thermodynamic considerations [8, ch.5], the AFM nucleus-nucleus
interactions lead to ferromagnetism at negative temperatures, as also explained in
section 2.2. Ferromagnetic behaviour was deduced from plotting l/,\d as a function
of T, as seen in fig. 9. Later, ferromagnetic order was measured by Hakonen tl al.
[70, 71], who found the critical temperature Tc = -1.9 ±0.4 nK.

Other work on nuclear ordering
It is now timely to briefly mention the important work on nuclear ordering per-
formed by other groups, covering many types of material, ranging from different
metals over insulating salts to the exotic 3He.

In Helsinki a sample of rhodium (Rh) has recently been cooled to the p.t. world
record positive and negative temperatures of T = 280 pK and —750 pK, re-
spectively, by the same methods as used for the noble metals [72]. At positive
temperatures an AFM behaviour was seen from \', but no indication of an or-
dered phase was found, even when the initial polarization was as high as 83%. At
negative temperatures the susceptibility indicates a cross-over from FM to AFM
behaviour, but no ordering was found here either. A large decrease in T\ was seen
at low fields. This was interpreted as an effect of paramagnetic impurities [52].

In Bayreuth, Eska and Schuberth have worked on nuclear ordering in thallium
(Tl) metal, where the RK interaction is very strong [73, 74]. They observed split-
ting of the NMR signals at temperatures of 70-150 /:K, which was interpreted as a
precursor of nuclear ordering. Due to fast spin-lattice relaxation, the nuclear tem-
perature was equal to the electronic temperature, and the nuclear system could
not be cooled further. As Tl is a superconductor the experiments were performed
above the critical field for the superconductivity, which in turn is a factor of 5
larger than the expected Dc for Tl nuclei [74].

Apart from pure metals, nuclear ordering lias been found in the inter-metallic
compound AUIIIT, which at low temperatures becomes a superconductor. The In
nuclei have spin / = 9/2 and interacts ferromagnetic by a strong RK force, whereas
the dipolar force is much weaker. The system was thus presumed to behave like a
classical Ileisenberg ferromagnet. By measurements of x'<x" anc^ n e a t capacity a
FM phase was observed below 35 //K. See [75] and references herein.

Spontaneous nuclear ordering was first achieved in 1969 in Saclay [76]. Here
insulating crystals were cooled by DNP followed by ADRF, as discussed in section
2.2. The nuclear ordering was in this case caused by the truncated dipolar Hamil-
tonian (13), and the critical temperatures were found to be of the order of a few
fiK. The most studied material was CaFo, where the / = 1/2 19F nuclei form a
simple cubic lattice not interacting with the non-magnetic 40Ca nuclei. The static
susceptibility, \'o, was deduced from NMR measurements. The saturation of the
susceptibility indicated antiferromagnetic ordering at negative temperatures [76].
Similar results were obtained for LiF and Ca(OH)2. In LiH neutron diffraction
was applied, and the observation of a (110) peak from the fee lattice of hydrogen
proved the existence of an ordered AFM state [77]. These experiments were all
reviewed by Abragam and Goldman [8, ch.8] [78]. Recently, nuclear ferromagnetic
order in the Perovskite structure KMgF3 has been investigated by NMR methods
at both positive and negative temperatures. See ref. [79], which also contains many
references to the earlier work on nuclear ordering in insulators.

In Van Vlcck paramagnets the nuclear moments induce magnetization of the
electronic environment by hyperfine interactions. This in effect enhances the ef-
fective nuclear moment, and nuclear magnetic ordering may arise already in the
mK regime. A typical Van Vleck magnet is HOVO4, where the nuclear spins of Ho
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are enhanced by a factor of « 170 and enter an AFM structure below 4.8 mK,
as found by "brute force" cooling by Suzuki et al. [80]. The AFM ordered phases
of IIoVO^ was later studied by neutron diffraction [81]. Evidence of enhanced nu-
clear order in the rare earth metal Pr was found in an experiment with polarized
neutrons, where the nuclear and electronic contributions to the scattering could
be separated [82]. The crystal structure of Pr is double-hep, and the ordered struc-
ture was found to be incommensurate, with an ordering vector of (0.S7 0 0) below
an ordering temperature of around 60 mK. Nuclear order has been produced by
DNP and ADRF in the rare-earth compound TmPC>4 (thulium phosphate), which
shows highly anisotropic Van Vleck magnetism. The experiments and the cooling
procedures are described thoroughly in ref. [83], which also contains references to
other nuclear ordering experiments with Van Vleck compounds.

Nuclear antiferromagnetism was observed in C0F2 by Steiner ei al. [84], who
observed the (001) reflection by neutron diffraction. In this experiment the cause
of nuclear ordering was not the nuclear mutual interaction. Instead, the nuclei
were polarized in the hyperfine field from the AFM electronic system.

A very different kind of nuclear magnetism is seen in solid 3He, where the mag-
netic interactions are caused by direct two-, three-, and four-particle exchange
between the nuclei. These interactions are in turn caused by the large zero-point
motion of the light nuclei. Magnetic order in 3He was in 1974 seen in thermody-
namic measurements, where T,\ « 1.1 mK was deduced from the behaviour of
S(T), as calculated from the Clausius-Clapeyron equation applied to the solid-
liquid phase boundary [85]. Later, an unusual AFM ordering structure (up-up-
down-down) was deduced from NMR experiments [86]. This was later confirmed
by observation of the corresponding (^00) peak in a neutron diffraction experi-
ment, which was very difficult due to the large neutron absorption cross section
of3lle[87].

2.5 Magnetic ordering: Semi-classical theories

Having presented the nuclear spin-spin interactions and described the results of
experiments with nuclear spins at extremely low temperatures, I am now at one
of the key problems in the whole project: Is it possible to make calculations that
explain the observed ordered structures and even predict unseen structures?

There arc many different theoretical approaches to this problem. In this section
1 shall deal with the class of theories that treat the spins as classical vectors, and
quantum effects as possible perturbations on the classical ground state(s). For
more quantum mechanical - and much less tractable - approaches, see section 2.6.

The presentation of each calculation method starts with a general introduction
to the method and specializes later to the results relevant for magnetic ordering
in Cu and Ag. The nuclear Hamiltonian will be given the shorthand notation:

tf = 5 £ If • A(r,-;) • I; - ATNB • £ > (62)

Here, A is the interaction matrix including both the dipolar and the R.K interac-
tions:

g ^ ( ) J{vij)8al3, (63)

where fy is a unit vector from site i to site j , (a, (3) are the Cartesian coordinates,
(x, .1/,:), 6o13 is a Kronecker delta, and J(i"y) is the strength of the RK interaction.
For the calculation of nuclear ordering in Cu, the interaction matrix may include
other indirect terms, but these are unimportant for Ag.
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Mean field theory
In the mean field theory each spin is assumed to interact with the average value of
the other spins. Formally, each spin operator is replaced by a constant vector plus
a "small" contribution: Ij = (Ij) + SJ. The mean field approximation is to discard
all terms quadratic in the s operators. In terms of the original spin operators, I,
the Hamiltonian (62) is then written

= Eo + X) Ii • Atj • {Ij) - hfNB • £ Ij = Eo + hjN J2 Ij • Bj. (64)
•Vi i i

Thus, each spin, Ij moves in an effective mean field, Bj, from its neighbours and
the applied field, hence the name of the method. The approximation transforms
the complicated quantum mechanical problem into a simpler one, neglecting the
effects of quantum correlations. Each spin is polarized in its effective field according
to the Brillouin function:

(Ij) = IB6,(tilNBj/kBT), (65)

B being a unit vector in the direction of the applied field.
The ordered structures may be found by minimizing (64) with respect to spin

orientation and modulation. This can be done by assuming that the structure can
be divided into a certain number of sublattices, the spins on each sublattice having
identical polarizations. This type of ordered AFM state is also called a Neil state.
By this method the Harniltonian is in effect truncated to include interactions from
only the first few neighbours, a fairly good approximation for especially the spin
system of Ag. An extensive mean field analysis of the fee lattice using sublattices
was made by ter Haar and Lines, who analyzed 32 sublattices with up to 4th
neighbour interactions [50]. For the pure n.n. Heisenberg model many different
ground states are possible, but the degeneracy is lifted by applying n.n.n. interac-
tions and/or anisotropy. From the ter Haar & Lines and similar calculations, four
different types of ordered structures in the fee lattice have been characterized, as
reviewed by Brown [88], see table 2. The predictions from the model has been
found to be in good agreement with electronic fee systems [89].

Type Ordering vector, k
I (2jr/a)(l,0,0)

III (2jr/a)(l,i I0)
IV (2v/a)(h,%tQ)

Table 2. The four conventional types of ordered structures in fee lattices, as clas-
sified by Drown [88]. The structures are described by their ordering vector, k. The
lattice constant of the simple cubic unit cell is denoted by a.

A way of including the long-range interactions in the mean field analysis is to
Fourier transform the Hamiltonian, using

oje lk r>. (66)

The problem of finding the energy of a spin structure is now transformed to an
eigenvalue problem for each value of k [59, 90, 91]:

A(k)-dm(k) = Aradm(k) (67)

where m = 1,2,3, and dm is the orientation of the spins. The ordering vector of
the ground state, k', is the value of k that has the lowest (negative) eigenvalue,
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A .. The dipolar interaction ensures that the direction of the modulation, k', is
perpendicular to the corresponding spin orientation, d' [59, 23]

k' • d' = 0. (68)

Another way of performing the mean-field calculations is for a finite number of
spins to make direct numerical iterations of the equations (64) and (65) to obtain
a self-consistent structure. See ref. [92].

The resulting structure should, for T = 0, fulfill that all spins are of the same
length, | I j | = / , as the sublattices are assumed to be totally polarized. Such
an equal movient structure is also called permanent, and was first considered by
Luttinger and Tisza [8, ch.8]. At temperatures just below T/v, on the other hand,
the spin polarization is very weak, and the requirement of equal moments need
not be fulfilled. The sublattice polarization is thus low, and the Brillouin function
can be linearized. This method is due to Villain [93].

The mean field ground state is in general a linear combination of n plane wave
modulations

= do+£dmcos(k'm.iV). (69)
m = l

Usually n < 3, see figure 12, but structures with n = 6 has also been discussed. In
general a structure with n modulations is called a n-k structure. The field induced
magnetization per spin is given by [23]

do = (70)

where the static susceptibility, \'o, in the mean field theory is independent of field
and temperature inside the ordered phase.

la)

Figure 12. Three different types of ordered structures at B = 0 as predicted from
mean field theory, a) 1-V. structure, the usual typc-I aniiferromagnet. b) 2-k struc-
ture, each plane is aniiferromagnetic in itself, but there is no correlation between
the staggered magnetization of the layers, c) 5-k structure, the moments of each
plane are aniiferromagneiic, but with a finite moment, which is correlated between
the layers. From [23].

The transition temperature in the mean-field theory is given by

I rri _ _ T/ T . 1 \ \ (r7\ \

In a pioneering paper from 1979, Kjaldman and Kurkijarvi found the ordering
vector for the fee structure to be of type I, k = 2/r/a(0,0,1), for strong values of
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the RK interaction [59]. For a weak RK interaction ferromagnctism was predicted,
and in the intermediate range, TJ as 1, or R m —0.5, as for Cu, many different non-
permanent structures were found. Oja, Kumar and Kurkijarvi [94, 95] interpreted
the three observed AFM phases in Cu [58] as incommensurate, commensurate,
and incommensurate phases, respectively. This would be explained by mean field
theory provided that the RK interaction was smaller than deduced from NMR
experiments. The mean field calculations in an applied field is explained by the
same authors in a thorough paper [23].

In the earliest mean field calculations for Cu the free electron form of the RK
interaction was used. The introduction of first principles calculations (see sec-
tion 2.1) for the RK and other indirect interactions altered the results. Oja and
Kumar found an incommensurate (00£) structure around 7jv = 170 nK [28, 29],
transforming into an (001) structure in applied fields or at lower temperatures.
The strong discrepancy in the value of TN may be seen as an indication that the
mean field method does not give a true representation of the underlying physics,
as pointed out by Kurkijarvi [96].

After the observation of the remarkable ( |§0) ordering in Cu [64], an explana-
tion for this behaviour was searched. An explanation using the concept of perma-
nent structures was given by Viertio and Oja [97, 91], even though the energy of
the (§§0) structure was found to be 10% larger than the (001) type structures.
The otherwise non-permanent (§§0) structure is permanent in a field of B — Bc/3
[91], as illustrated on figure 13. These calculations were supported by Monte-Carlo
simulations, see next subsection.

uud" B = 0

A , A , A ,,
M / M / W

"uud" B = Bc/3

B

Figure 13. A representation of a 7-k (§ |0) structure in zero field (top) and in a
field of B = Z?c/3 (bottom). The applied field makes the structure permanent: The
spin lengths become equal. From [91].

The "missing phase" with the field along [111] was discussed by the same authors
[98], who suggested an incommensurate 4-k or 6-k structure or a structure of the
general type [h,k,l] (or [£,£,£]), which would extend down to zero field. This was
supported by numerical calculations using a Hamiltonian which was modified by
up to 18%. Here, a structure of the type (§§g) was found to be stable in high
fields around the [111] direction [92].

For Ag, Oja and Kumar predicted the ordered structures to be of the (001) type,
either 1-k, 2-k or 3-k. The critical temperature and field were found to Tjv = 2 nK,
Bc = 100 fiT. Several predictions for the ordered state of silver are summarized in
table 3.
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Method

Mean field theory
Spin wave theory
Monte-Carlo
Correlation theory

2nd order
perturbation
Exact diagonalization

R

- 1.7
- 1.7
- 1.7
-2.26
- 1.70
Any
Any

(-oo)

TN

(nK)
~ 9

0.50
1.50
1.17

-

1.20

Bc

(A«T)

100

140
~

:

-

Type

5 = 0
1-k, 2-k
1-k
1-k

1-k
1-k

of (001) structure
B || [001] B || [110]
and 3-k <
1-k
3-k
~

3-k
3-k

degenerate
3-k
3-k
-

3-k

not determined

Section

2.5
2.5
2.5
2.5

2.6
2.6
2.7

Ref.

[28]

[91]

[91]

[27]

[99]

[100]
This work

Table 3. Summary of quantitative theoretical predictions for nuclear ordering in
Ag. All ordered structures are predicted to be of type-I, which is implicit in the
table. Column "Section" refers to section numbers in this thesis, and "Ref" gives
a reference to the published results. R is the relative strength of the RK to the
dipolar interaction, see (17). For the spin wave calculations the free electron form
of the RK interaction was employed, while the exact diagonalizaiion only used
Heiscnberg interactions between n.n. - and no dipolar interactions (thus the — oo).

Spin-wave theory
In a Ileisenberg ferromagnet, the ground state, |0), is well known: All spins point
in the direction of the applied field. Likewise, the elementary excitations can be
calculated exactly [5, ch.33]:

(72)

The energy of a spin wave goes to zero as q~ around q = 0. Making the approxima-
tion that the spin waves do not interact mutually, the thermal properties, e.g. the
low temperature magnetization, of the ferromagnet may be calculated by statis-
tical mechanics. The predictions of the Curie temperature, 7c, is however not in
good agreement with more realistic models.

For the ordered st- (••• of the antiferromagnet the same method is in principle
possible, though it faces a major problem: The ground state is not well known.
One often assumes a particular ground state, a Neel state, as found from e.g. mean
field theory. The Fourier transformed spin deviation operators for each sublattice
arc then treated separately. This method was developed in 1952 by Anderson [101]
and Kubo [102], and it leads to AFM spin waves, where the energies are linear
in q around q = 0 and q = k, with k being the ordering vector. The zero point
energy of the spin waves gives a correction to the mean field ground state energy
and magnetization. This was discussed by ter Haar and Lines [51], who found that
for very degenerate ground states, as e.g. the n.n. Heisenberg model on the fee
lattice, some of these thermodynamical properties were actually diverging. The
authors found that a certain amount of anisotropy and/or n.n.n. interactions were
needed to stabilize LRO in the frustrated fee lattice. A good introduction to the
spin-wave theory for antiferromagnets is given by Mattis [6].

The Kubo/Anderson AFM spin-wave theory was applied to nuclear ordering by
Viertio and Oja, who used it to investigate the stability of different type-I states
at T = 0 varying the field in the [110]-[001] plane [103]. Their results depended on
the relative strength of the dipolar and (free electron) RK interactions. For values
corresponding to Cu they found multi-k structures except for a region of 1-k
structure at high fields around the [111] direction. For very large RK interactions,
as for Au, the results show a 1-k structure, except for high fields in the [110]
direction.
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Another application of the spin-wave theory was presented by Lindgard [104],
whose ideas were elaborated by Oja and Viertio [105]. They studied the phase
transition at (B,T) — (Bc,0) for different field directions, using a Hamiltonian
containing both RK and dipolar interactions. Just above the ordered state the
system is paramagnetic and thus totally polarized, a well known ground state.
One then considers the energy of the spin waves as a function of propagation
vector, q, and field, B. When the spin wave energy becomes zero at q = k, a
macroscopical number of spin waves with this wave vector are created, and the
paramagnetic state is transformed into an AFM state with ordering vector k. A
spin wave with zero energy is also called a soft mode.

In a simple derivation, using the Holslein-Primakoff transformation [106], one
considers the deviation of each spin from the polarized ground state:

Ij = I-a]aj, (73)

where the aj operator creates one spin deviation on site j . The transverse spin
operators then become:

If = a}yj2I-a]aj (74)

The Hamiltonian is now expanded in terms of the new operators, only keeping
terms of zeroth and second order. One employs a Fourier transformation

where N is the total number of spins and r,- is the position of spin j . The spin-wave
Hamiltonian now reads:

(76)

where the Cq terms contain the isotropic part of the interaction and Dq the
anisotropic part. If the interaction is purely isotropic, the Hamiltonian is now
diagonal, otherwise a Bogoliubov transformation is applied 3 :

(77)

where 0 and <j> are related to Cq and Dq, in such a way that the Hamiltonian is
diagonal in the new operators, aq

The spin wave energy is given by eq = -JC- — 4 | JDJ 2 . For a full derivation of the

above formulae, see [105].
Lindgard used the soft-mode approach, applying a n.n.n. Hamiltonian found

from first-principles calculations combined with considerations about nuclear zero-
point motion. He found soft modes at (001) when the field was applied around the
[001] or [110] directions, while a field in the [111] direction caused a (§ + 6, | - 5 , 0 )
structure, where 6 w0.05 [104].

Using the soft-mode theory with a first principles Hamiltonian for Cu, Oja and
Viertio found the soft mode, and thus the high field ordered structure, to be of
the type (001), see ref. [105]. By modifying the Hamiltonian, they found a soft
mode of the type ( | ^g ) when the field was in the [111] direction. The change in

3Dcspite the different name, this transformation is a part of the original Holstein-Primakoff
transformation [106].
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Hamiltonian and the results are identical to a simultaneous mean field work by
the same authors [92], see the previous subsection on mean field theory. Recently,
Heinila and Oja applied soft-mode theory in classical non-linear spin wave the-
ory in the paramagnetic state [107]. They used a n.n.n. Heisenberg Hamiltonian
with various interaction parameters, and found a lifting of the degeneracy of the
type-I structures due to the higher order spin-wave interactions, but no specific
predictions for any nuclear spin system was made.

For Ag, Oja and ViertiS found a type-I structure with spin orientations per-
pendicular to k for all directions of the field [105]. This was in agreement with
the earlier mean field theory results. Viertio calculated the structures for various
directions and strengths of the field [91]. She found type-I structures for all values
of B, a 1-k structure when B is along [001], and a 3-k structure at high fields
between the [111] and the [110] directions, see figure 14.

[0011

[111]

[110]

Figure 1J,. Phase diagram for the ordered state of silver in various field directions,
determined by linear spin-wave theory. Gray areas represent /-k structures, while
black and hatched areas all are 3-k structures. From [91].

Monte-Carlo simulations
Monte-Carlo simulation is a numerical technique, which is based on random sam-
pling in configuration space for a finite-sized system. The method is a way of
making an approximation to the thermal expectation value of an observable, O:

In Monte-Carlo simulations the expectation values are calculated from configura-
tions of (classical) finite size systems

Oit (80)

where the sum is taken over a small subset of the states in configuration space.
The probability for any state to be contained in the sum is proportional to the
Doltzmann factor, cxp (—Ej/3), and the actual selection of states is determined by
use of random numbers. The most well known realization of this idea is in the
Metropolis algorithm [108], described in table 4. More efficient, but in principle e-
quivalent, methods have been employed for the study of nuclear magnetic ordering
in Cu [109].
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Repeat
1
2

4
Until

Start with a state of random configuration, j = 1.

Choose a candidate for a new state, j + 1.
Calculate the energy difference, AE = £j-+i — Ej.

Accept the new state with the probability < L^Ea A o ~ n

{ e~ ?, Ati > 0

If the new state is accepted: Calculate the properties of interest,
enough cycles has been made.

Table 4- The central parts of the Metropolis algorithm [108].

The Monte-Carlo methods have been used extensively for studying the nuclear
ordered state. The first results for Cu were published in 1988 by Frisken and
Miller [109], who performed Monte-Carlo simulations of 123/2 spins, using their
own first principles values of the Hamiltonian including interactions up to the
8th nearest neighbours. The authors found TN = 65 nK in good agreement with
the experimental value of 58 nK [57]. However, the critical field was found to
Bc = 700 /iT, three times the observed value. They found order of type I in 4
phases with increasing field.

Oja and Viertio employed the Monte Carlo simulations to a n.n.n. model with
interaction values from the first-principles calculations for Cu. They found three
different type-I phases. With increasing field along [001] they found a 2-sublattice,
a 4-sublattice, and again a 2-sublattice structure, while a field along [110] caused
a 3-sublattice structure [110, 111]. The ordering temperature was found to be
TN = 65 nK, and the critical field was found to Bc = 410 fiT, 50% larger than the
observed value. No signs of the experimentally observed ( | | 0 ) ordering has been
found in any Monte-Carlo simulations for Cu.

The ordered state of Ag was simulated in 1990 by Viertio in a field along the
[110] direction using the first principles calculated RK interaction up to 8th nearest
neighbours at a system of 123/2 spins [65]. She found the ordering temperature
to Tjv = 500 pK, in agreement with the experiments [66]. The ordered structures
were found to be of the (001) type, 1-k (2-sublattice) in fields B < 0ABc, 3-k
(3-sublattice) in higher fields, see figures 15 and 16.

fa) J

V /
is'

Figure 15. The spin structure in the ordered state of silver, determined by Monte-
Carlo simulations with applied fields along [110]. The ordering is of type I; at low
fields the state is 1-k (a), while at B > 0ABc the structure is a 3-k state. From
165].
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[001]

urn

[110]

Figure 16. Phase diagram for ihe ordered stale of silver in various field directions,
determined by Monte-Carlo simulations. The grey areas represent different i-k
structures, while the black; doited, and hatched areas all are 5-k structures. From
[91].

Other methods
I will now briefly mention the other methods that have been employed for the
prediction of nuclear ordered structures in Cu or Ag. Unfortunately, there has been
published no work which utilized the diagrammatical method for high temperature
expansion, a method successfully applied to nuclear magnetism in insulators, see
[8].

In the spherical model one relaxes the condition that every site has a certain
spin length, ij = / ( / + 1). This is replaced by the weaker condition, £ / = i i j =
N 1(1 -f 1), easing the calculation of the partition sum. This method is known
to give good results when the coordination number is large (as in fee), even in
quantum mechanical systems [112]. The calculations utilize a diagonalization of
the Fourier transformed Hamiltonian, similar to the mean field theory. Kumar
ct al. used the spherical model to calculate the susceptibility, entropy, and critical
temperature for several values of the RK strength using the free electron RK
interaction [113, 112]. For Cu they found the transition temperature to an ordered
type-I state to be 100 nK. Also the values for S(T) and \'Q{T) deviated from
the experiments:, although the agreement was better than in the first mean field
calculations.

Using correlation theory as a generalization of the spherical moJol (as described
in [114]), Lindgard et al. predicted the ordering vectors and critical temperatures
for Cu [115] from the newly calculated RK interaction parameters [24]. They found
the pure dipolar interaction to select a ferromagnetic ordering, while the pure RK
interaction selects type-I order. In the total Hamiltonian they found a fine balance
between the dipolar and the indirect interaction: For R = 0.42 type-I order was
preferred, while for smaller values of R, an ordering vector (££0) was found, with
£ « 0.6. This very important prediction lead to the discovery of the (|§0) order
four years later [64]. The ordering temperature was found to be TN — 60 nK in
excellent agreement with experiments.

For Ag the correlation theory shows type-I order, as calculated by Harmon
c/ al. using the RK parameters found from first principles [27]. The transition
temperature was found to TAT = 1.5 nK, three times more than the experimental
value. They concluded that quantum corrections are very important for this I =
1/2 system.

A high temperature expansion for Cu has been performed by Niskanen and
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Kurkijarvi [116], who expanded the heat capacity and susceptibility in powers
of /? (see also section 2.1). The authors used the free electron form for the RK
interaction, and found transition temperatures above 150 nK for all values of the
RK strength.

2.6 Magnetic ordering: Quantum theory

From the results shown in the previous section it seems fair to conclude that the
semi-classical theories have serious problems. The high temperature expansions
and the mean field theory fail to predict the correct transition temperature, TN , for
both Ag and Cu, and the Hamiltonian has to be modified "by hand" to explain the
observed (§§0) structure. In Monte-Carlo calculations TN comes out reasonably,
but only type-I order is obtained. The failures of these semi-classical models might
be ascribed to the fact that the nuclear spin for both Cu and, especially, Ag, is
small, making the / = oo approximation very poor. It was already argued a few
decades ago that the mean-field and spin-wave approximations may not give the
right answer, especially for the extreme quantum case I = 1/2 [117, 118] and
for frustrated lattices [119]. Seen in this light it seems necessary to try a more
quantum mechanical approach to the nuclear ordering problem.

The most prominent example of quantum mechanical effects in magnetism is
the 1-D nearest neighbour Heisenberg model. The exact ground state for / = 1/2
was found already in 1931 by Bethe [120] and some years later Hulthen calculated
the energy of this state [121]. It was later shown that the ground state is a spin
singlet and has no LRO. In 1962, des Cloizeaux and Pearson [122] found that
the elementary excitations upon the ground state could not be described by the
Kubo/Anderson spin-wave theory. For a more detailed discussion on the I = 1/2
Heisenberg chain, see the two reprinted papers [P4, P6] and references therein.

More recently, Haldane [123] found that the Heisenberg chain of integer spin,
7 = 1,2,... is described by a singlet ground state with an energy gap to the lowest
excitations. As discussed below, similar quantum features may be expected from
the 7 = 1 / 2 Heisenberg spins on a 2-D triangular lattice.

The RVB s ta te
As discussed earlier, the 2-D triangular lattice AFM shows a strong topological
frustration. In the classical case, 7 = oo, the ground state of the system is a three-
sublattice structure, as seen in figure 1. Twenty years ago, Anderson and Fazekas
suggested that for I = 1/2 quantum effects would transform the ground state into
a "spin liquid" state with no LRO, only short range correlations [124, 125]. This
state is called the resonating valence bond (or RVB) state after Pauling's picture
of the resonating single and double bonds of the benzene ring. In the RVB state
each spin forms a singlet pair with one of its neighbours, causing a dimer covering
of the lattice, as shown in figure 17. The elementary excitations upon the ground
state are called spinons and are created in pairs by breaking one singlet bond.
The spinons behave like free charge-less spins, each carrying 5 = 1/2 in contrast
to 5 = 1 for ordinary spin waves.

The RVB state on the triangular lattice is discussed thoroughly in our paper
[PI]. In this work we employed a Schwinger boson approach, where the number of
spins on each site is unity only in average. The spinons are bosons by construction,
and each spin operator is replaced by the product of two boson operators, e.g.

If = s]]Sjl. (81)

The flipping of a spin is thus seen as a removal of one spin-down particle (a "real"

50 Ris0-R-85O(EN)



(a) (b)

Figure 17. The RVB state, (a) The ground state with singlet bonds covering the
lattice. The marked bond is about to be broken into (b): an excited state with two
free spinons, which are able to move independently by changing the local bond
configuration. Two such moves have already occured.

spin, not a spinon) and a creation of a spin-up particle. The operator

(82)

creates a singlet bond on an empty lattice. Taking the RVB state as a ground
state, we now employed a mean field type of expansion, using as order parameter
the mean strength of the singlet bonds:

(83)

where r is a direction to one of the n.n.. By mathematical methods similar to
those earlier presented for the spin-wave theory: Fourier and Bogoliubov trans-
formations, the energy of the spinons were determined, and we searched for soft
modes which could make the RVB state unstable. We found two self-consistent
solutions:

(A) The classical state: A soft mode causes the RVB state to collapse into a LRO
state with ordering vector (55) like in the classical solution.

(B) The RVB state: The ground state has no LRO, and the spinon spectrum
shows a gap of as J /6 .

However, we were not able to choose between these two solutions, since the
Sclnvinger boson method does not yield the ground state energy very accurately.
Actually, no other work has yet been able to determine whether the triangular
Heisenberg / = 1/2 model has a LRO or rather a spin-liquid ground state, al-
though there seems to be some indications of LRO. See the discussion in [PI].

An extension of the RVB calculations to the fee lattice seems promising, but
has not been performed. The chance for finding an RVB ground state for the
n.n. Heisenberg model on this lattice is in my judgment rather small, as quantum
effects are in general known to be favoured by low coordination number and low
dimensionality [126] and the triangular lattice seems to be on the edge of LRO
already. However, additional frustration from competing interactions of longer
range could make the RVB picture an interesting alternative to the semi-classical
solutions.

Per turba t ion calculations
Another interesting step from mean field theory towards a quantum mechanical
treatment of the spin-structure problem was done by Lindgard [100], who studied
a cluster of four spins in the mean field from the remaining lattice. The quan-
tum corrections were performed by second-order perturbation theory in a canted
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structure, using the spin non-conserving terms, like 1*1*, of the Hamiltonian.
This procedure bears some resemblance to the RVB idea, but is independent of
the size of the nuclear spin, / . The quantum corrections were seen to reduce the
transition temperature, TN, and to select 1-k, 2-k and 3-k structures with in-
creasing field for a dipolar-RK ratio corresponding to Cu. For Ag only 1-k and
3-k structures are stabilized.

A generalization of this method was made by Heinila and Oja who repeated
the calculation of Lindgard with slightly different results [99]. The calculation was
done for the field directions [001] and [110], and the results seem to agree with
previous mean-field and Monte-Carlo calculations. The stabilization of the (§ |0)
structure in Cu could not be explained by this work, and the authors called for
an improved first-principles calculation of the indirect couplings.

For Ag a transition from a 1-k to a 3-k structure at fields around Bc/2 was
predicted. This can be seen in figure 18, where the phase diagram for different
values of the ratio between dipolar and RK interactions is shown.

Figure IS. Ordered structures as a function of the dipolar interaction and the
external field in the [001] direction, as determined by the perturbation method.
The parameter d is given by d = 3Doi/(Joi + An) , where DQ\ is the strength of
the dipolar interaction bctivcen n.n. For Ag, d has the value 0.75. The stability
regions of two different 1-k, one 2-k, and one 3-k are shown. From [99].

2.7 Magnetic ordering: Exact diagonalization

The most certain way of including quantum corrections in the study of nuclear
ordering is to solve the problem by an exact diagonalization of a very large number
of spins interacting with the full Hamiltonian (62). Unfortunately, this is not
possible, as the dimension of the Hilbert space for a cluster of N spins is (27+ l)N.
This limits the cluster size to N fa 32 for the problem of just finding the ground
state even on the largest computers.

Here I present the results of my own calculations for the thermodynamic prop-
erties of spin clusters of 4, 8, and 16 spins in an fee lattice with periodic boundary
conditions. The 16 spin cluster is created from a 32 spin cluster ( 2 x 2 x 2 tetra-
hedra), by letting every spin occur twice, displaced along the [111] direction. This
size of cluster is convenient because it is the smallest where no pair of spins is
connected by more than one n.n. bond. The next larger symmetric cluster would
be N = 32, but a full thermodynamic calculation of this has no chance of being

52 Ris0-R-85O(EN)



carried out on any present day computer.
I have chosen to study the simple n.n. Heisenberg model, since this is a fairly

good approximation to the nuclear spin system of Ag.

£ (84)
{iJ)

where h is the reduced field along the r-direction, h =

Symmetr ies of the problem
A direct computation even of a N = 16 problem would require a diagonalization
of a 216 x 216 matrix - an impossible task for any computer. Thus, prior to di-
agonalization the Hamiltonian must be broken up into sub-matrices, utilizing the
inherent symmetries of the problem. The first relation to use is

[Hlv,I'] = 0, (85)

where I" = J2j Ij represents the total magnetization. This means that the state
space can be broken up into subspaces with different eigenvalues, I'\<f>j,m) =

m|<5$;,m). By using this symmetry the maximal dimensionality of the problem is
reduced by a factor w y/N. Another useful relation is

[#H',i2] = 0. (86)
-2 / \ 2

where the total spin operator I = f £] . I ;J has the eigenvalues /(/ + 1). These
values had to be explicitly calculated subsequent to diagonalization. As known
from atomic physics a state with total spin / can have m = - / , - / + 1,..., 0,..., /.
These levels are degenerate in zero field but are split by the Zeeman interaction.
Every state in the m' subspace may be generated by applying 7+ = £ . /j1" m!
times to all m = 0 states with / > m', the new energies being Ejim-mi = jEj,m=o —
m'hJ. The problem thus only needs to be solved for m = 0. For this subspace
another symmetry applies:

F] = 0, (87)

where F = \[ • If is the operator that flips every spin in an Ising eigenstate.

As F2 = i (the unity operator), the eigenvalues of F must be ±1 , reducing the
dimension of the problem by a factor of two.

The problem is further reduced by applying the translation symmetry

[Hu,,fT} = 0, (88)

where TT is the operator that translates every spin along one n.n. bond. Only
three nearest neighbours are needed to cover every possible translation. These
neighbours are described by the vectors

r , = (0,1,1)

r2 = (1,0,1) (89)

ra = (1,1,0)

Since two TV = 16 clusters constitute the cubic N = 32 cluster, the former inherits
the periodic boundary conditions from the latter, thus

T? = I, (90)
This means that the eigenvalues of all TV are restricted to A;- = ± l , ± i . For the
JV = 32 cluster the boundary conditions give another restriction of the translation
operators: TffoTg = 1. For the N = 16 cluster this restriction becomes:

fif2f3 = I. (91)
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The eigenvalues are thus connected by A1A2A3 = 1, all in all giving 16 (in general
N) allowed combinations of A's. The basis vectors for the diagonalization are now
constructed as automatically being eigenvectors for the translation operators. This
reduces the dimensionality of the problem by a factor of N.

For N - 4 only two essentially different translation symmetries are found. For
Ar = 8 and N = 16 this number is 3, and N = 32 gives 6. The translational
eigenvalues relate to the wave vectors, k, by

A J = e ' k r ' . (92)

The three combinations of Aj, their degeneracies and the corresponding values of
k can be seen in table 5, and the reduction of dimensionality from applying the
symmetries of the Hamiltonian is shown in table 6.

(AiA2A3)

(1,1,1)
(-1.-1,1)
( i , i , - l )
( j ,? , 1)

(-1,-1,-1)
(-M,-I)

-

k
(0,0,0)
(0,0,1)

( i , I , 0 )
(0,0, i)

V.2' 2 ' 2 /

-

Point ;

r
X
-
-

K
W

Sum

•t(4) i

1
3
0
0
0
0
4

rfc(8) i
1
3
0
0
4
0
8

•*(16)
1
3

12
0
0
0

16

**(32)
1
3

12
6
4
6

32

Table 5. The allowed translation symmetries and the corresponding k vectors for
fee clusters with N — 4,8,16,32 and periodic boundary conditions. The column
Point represents the corresponding points on the Drillouin zone boundary, see also
figure 19. The symbols ;.k{N) represent the number of equivalent symmetries in a
cluster of size N.

(I I I\
\ 2 ' 2' 2'

(0 ,0 ,1)

Figure 19. The Brillouin zone for an fee lattice, viewed in the [001],[110] plane.

The types of points attainable by exact diagonalization of a N = 32 cubic cluster

are shown as open circles and labeled by the value o /k . The crysiallographic sym-

bols, F, A', L, W, and K are shown as filled circles. The point W = (0, \,l) lies

above the plane - above the zone corner marked with "(W)".
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Symmetry
None
771= 0

T
F

JV = 4

16
6
3
3

JV = 8

256
70
14
10

JV = 16

65536

12870

822
414

JV =

4.294

6.01 •
« 1.88 •

«9.39

= 32
10s

108

107

106

Table 6. Dimensionality of the Hamiltonian matrix in exact diagonalization for
fee spin clusters of N = 4,8,16,32 and periodic boundary conditions. The N = 4
cluster is so small that no additional improvements can be made by applying the
spin-flip symmetry, F. The two last numbers for N = 32 are estimates, as the
actual calculations have never been carried out.

Calculat ion principles
The subsequent diagonalization of the Hamiltonian matrix is in this work done by
direct methods, as found in e.g. Numerical recipes [127, ch.2]. In our work on diag-
onalization of the 1-D Heisenberg chain [P6], the much faster Lanczos algorithm
[128] was applied. This algorithm, however, does not obtain every eigenenergy
of the Hamiltonian, and is thus not ideal for a calculation of thermodynamical
properties, although it may be applied for finding the ground state of the JV = 32
problem.

When the energy of every state is obtained, it is an easy exercise in statistical
mechanics to calculate the thermodynamical properties, all as a function of applied
field and temperature, ( J 3 , T ) . The basic formulae are [5, ch.31]

Z(B,T) =
i

F(B,T) = -kBT\n(Z(B,T))

U(B,T) =

5(B,T) = ^ T ) ; F ( B ' r ) (93)

(94)X'(BT) = ±dM(B,T) _

Here, Z(B,T) is the partition function, F(B,T) is Helmholz free energy, U(B,T)
is the internal energy, and /* the magnetic moment of the particles. In the following
H = l, the temperature is given in dimension-less units: v = ksT/J, and h is used
for the field value.

Diagonalization results: Ground states
A first noticeable result from the diagonalizations is the degeneracy of the ground
states. For JV = 4 and JV = 8 the degeneracy is twofold and threefold, respectively,
while the JV = 16 ground state is five times degenerate. All ground states have
/ = 0 and k0 = 0. Another remarkable feature is that for all three clusters every
eigenenergy is a whole multiple of J. The basic properties of the three clusters are
found in table 7.

The field values, hm, where the ground state(s) is magnetized from m — 1 to
77?, are for all three clusters equidistant, the distance being Ah = JV/16. The field
where the ground state becomes totally polarized is for all clusters /IFM = 8.
This is also found from diagonalizations of the small m = 14,15,16 subspaces for
JV = 3 2 .

The energy per spin of the ground state converges as 1/JV towards EQ/N =
—J/2. This value is also obtained from the magnetization considerations above:
The zero field energy of the totally polarized state will for all clusters equal J /4
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Size
N
4
8
16

Ground state
Eo go So/Smax

-6 J 2 0.2500
-8 J 3 0.1981

-12.1 5 0.1451

1st excited state
AiTi /i ki gi

4J 1 (001) 3
2J 1 (001) 2
1J 1 (001) 4

2nd excited state
A£o h ko 92
12 J 2 (000) 1
2J 0 (111) 1
2J 0 (110) 3

Table 7. Basic results from spin cluster diagonalization of the n.n. Heisenberg
model. EQ denotes the energy of the /o = 0 ground states, and go is the degeneracy
of this level, giving rise to a finite ground state entropy, So, measured in units of
the maximum entropy, 5max = NICQ ln(2). The two lowest excited levels are rep-
resented by the energy gap to the ground states, AEj, their translation symmetry,
kj, and the total spin, Ij. The total number of states in a given level is (2Ij + l)gj.

per neighbour bond, hence £>M = %NJ. Since the lowest state in the subspace
m = TTIFM — 1 is degenerate with the polarized state in a field of h = /IFM. their
zero field energy difference is IIFMJ. In general the zero field energy difference
difference between the ground state of m and of m — 1 is hm J. Working our way
back towards m = 0 we get the ground state energy:

1

Ea = £FM - £ hmj = -NJ/2 - AJ. (95)

This expression is exact for N = 4,8,16 and I assume it to hold also for N = 32.
It is difficult to say if the equidistance of the field values hm is an artifact caused
by the "small" cluster size, or if the above formula is true for all fee clusters. In
the latter case this simple calculation might turn out to be important.

The first excited state is always an / = 1, k = (001) state, and the energy gap
between this and the ground state, AE, decreases to zero as l/N. This indicates
that there will be elastic (001) scattering in the thermodynamic limit, iV —* 00,
a sign of either short or long ranged order [P6]. However, care should be taken
in drawing the conclusions, because the smallest clusters, N = 4,8 have repeated
neighbours. Also low-lying (553) s t a t e s for AT = 8 obscure the picture, although
they have / = 0 like the ground state, and neutron scattering cannot take place
between two / = 0 states [P6]. Considering the points mentioned above it would
be very interesting to make a diagonalization for N = 32.

Direct calculations of the structure factors

of the ground state has not been done, since this does not seem very promising. For
q = 0 the structure factor is proportional to m2, leaving only two non-equivalent
values of q, see table 5. For at least one of these two q-values the structure factor
must be finite at m < N/2 due to the sum rule

^pl = ̂ N. (97)
1

The structure factors of these small clusters would thus not tell very much about
the behaviour of the infinite system.

Diagonalization results: Thermodynamic propert ies
The thermodynamic behaviour of a (not too) small cluster often resembles the
behaviour of an infinite system, if the temperature is not too low. I have therefore
put my efforts into this subject. As a first analysis, I have obtained the entropy,
5, and the susceptibility, ,\', as functions of field and temperature, {h,v).
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Figure SO. The zero field susceptibility, \'{h,v), obtained from exact diagonaliza-
tion of a N = 16 cluster. For h = 0 a characteristic soft maximum in x' is seen,
while this feature is absent on the h = 2 data. Forv < 0.5 finite size effects become
important, so the results here are meaningless.
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Figure 21. The susceptibility, ,\'(/i,S), obtained from exact diagonalization of a
N = 16 cluster. The curve for h = 0 shows a plateau with a soft maximum in x',
while the h = 2 curve shows no maximum.
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For h = 0 the susceptibility shows a soft maximum around v = 0.85 — 0.9,
as seen in figure 20. This looks similar to the observed susceptibility data, and I
will interpret this as an indication of a phase transition. Using a value of the RK
interaction of J = 1.35 nK, one reaches a zero field transition temperature of 1.15-
1.2 nK, a factor of two higher than the experimental results. With increasing field,
the maximum starts to move towards lower temperatures and then disappears
because of finite-size effects, as seen on the curve for h = 2. For 109Ag, h = 2
corresponds to a field of 32.6 /iT. In figure 21, x' is plotted as a function of S.
The zero field critical entropy is found to Sc « 0.65 5 m a x , the same value as was
found in the NMR experiments at 30 /xT. With increasing h, the maximum first
stays constant, and then moves to lower entropies.

Curves with constant 5 (isentropes) in the (u, h) plane are shown in figure 22.
At high (v, h) the curves are following straight lines, as expected from the high-
temperature approximation (36). At lower fields the isentropes bend over, and
at the lowest fields the entropies are nearly independent of h. The same type of
behaviour was seen from the mean-field and Monte-Carlo calculations [129]. For
low temperature and fields the isentropes (5 /5 m a x < 0.30) are wiggled, having a
discontinuity around every integer value of h. At these fields the group of lowest
lying excited states are close in energy to the group of ground states, and exactly
at the integer field value they are degenerate. This causes the increase in the low-
temperature entropy at integer fields. A such behaviour is clearly unphysical, and
is a typical finite-size effect.

For v < 0.88 the slopes dh/dv of the isentropes are negative at low fields.
According to an analysis of Joenk [130], negative slopes in the isentropes is an
indication of an ordered AFM state, this is in partial agreement with the results
from [129]. Interpreting a sign change in the slope as a phase boundary, a phase
diagram was constructed, as is shown on the enlarged picture on figure 23. Due
to finite-size effects many possible boundaries (shown as dotted lines) are visible
at low temperatures, but at higher v the boundary is unique, and the critical
temperature can be found to u/v = 0.88, corresponding to 1.19 nK.

It is more difficult to obtain the critical field. The phase boundary on figure 23
is horizontal at h = 3 at low v, but from the slope at higher v, the critical field
would rather be around h = 4 — 5. This is discussed in more detail below.

To facilitate a direct comparison with the experiments the phase diagram has
also been plotted in the (S, h) plane. In figure 24 it is seen that the phase diagram
consists of 7 short and 1 long curves, all unconnected. The short curves are seen
for h close to an integer value, and they are most probably caused by the integer-
h finite-size effect discussed above. The longer high-entropy curve, though, seems
unconnected to the discreteness of the problem. Furthermore, it has the expected
shape of an AFM phase boundary and a reasonable value, 0.63 5 m a x , for the critical
entropy, Sc-1 will thus interpret this curve as an approximation of the "true" phase
boundary of the n.n. fee S = 1/2 Heisenberg AFM. No signs of "inward bending"
of the phase boundary are seen, in contrast to the experimental results.

The critical field, /ic, is difficult to determine from the figure, since the boundary
does not continue into the low-entropy region, and since its behaviour at S/Sma>t <
0.4 is probably connected to integer-/i finite-size effect for h = 3. From the rather
linear region around entropies of 0.5, the critical field could be extrapolated to
approximately 6. One should also bear in mind that the ground state is only
totally polarized at fields of h > /IFM = 8 Thus, at any lower fields the ground
state has some AFM component, suggesting that the true critical field is 8. A value
of/ic = (i would •/ i i a critical field of 97 /zT, very close to the experimental value,
while /ic = 8 c c : > nds to the too large value of 130 /*T. These field values are,
however, not rehuoie, since neither the n.n.n. terms nor the dipolar terms of the
full Hamiltonian has been applied. At present I cannot draw a conclusion upon
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Figure 22. Isentropes, lines of constant S(h, v), obtained from exact diagonaliza-
tion of a N = 16 cluster. The isentropes are shown as lines in the plane. Notice
the linear behaviour of S for high h, and the clear "bend" followed by a reverse in
slope as the field is lowered. The wiggled shape of the isentropes for S/Smax < 0.30
is caused by an unphysical finite-size effect.
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Figure 23. Isentropes, lines of constant S(h,v), obtained from exact diagonaliza-
tion of a N = 16 cluster. This figure is an enlargement of the low-field, low-
temperature part of figure 22. The curves made from small dots show where the
slopes of the isentropes change sign. The large region with negative isentrope slopes
corresponds to the ordered AFM phase, see text. The small "pockets" of opposite
slope at low v are unphysical finite-size effects.
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the value of the critical field in the exact diagonalizations.
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Entropy, S
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Figure 2/t. Phase diagram in the (S, h) plane, obtained from exact diagonalization
of a N = 16 cluster. The curves made by small dots marks the positions here
dS/dv changes sign, as in figure 23. The short, unconnected low-entropy curves are
most probably finite-size effects, while the longer high-entropy curve is interpreted
as a "true" AFM phase boundary, see discussion in text.

For a discussion of exact diagonalization on the 1-D Heisenberg model, see [P6].
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3 Experimental equipment and methods
This chapter is devoted to a fairly detailed description of the experimental set-
up and procedures used for studying nuclear ordering in silver. I first describe the
advanced cryostat containing the cooling facilities used to obtain the extremely low
temperatures, below 700 pK, at which our experiments were performed. The rather
standard two-axis neutron spectrometer used for the experiments is presented, and
the chapter ends with a description of the experimental procedures.

The design of the experiment is based on a feasibility study [131] made in 1990
by the groups who had performed the neutron experiments on Cu and the NMR
measurements on Ag. In this chapter the feasibility study is only referred to, where
the actual set-up differs from the proposed.

The experiment was set up in the neutron guide hall of the reactor BEIt II,
at the Hahn-Meitner Institut, Berlin. The very tedious work of assembling and
testing the cryostat was mostly performed by Kaj Nummilaand Juha Tuoriniemi,
while Albert Metz and I had the somewhat easier task of assembling the spec-
trometer and other neutron equipment. After the construction and testing of the
apparatus, the actual experiments were performed mostly by the four of us, plus
Reko Vuorinen and Finn Berg Rasmussen.

3.1 Description of the cryogenic equipment

The cryostat used for our experiments is an upgraded version of that used for
the copper experiments at Ris0 [63]. The 1st and 2nd stage magnets have been
replaced, and the 1st nuclear stage and (of course) the sample is new.

This section contains a description of our cryogenic equipment: First the cool-
ing system from top to bottom, then the various instruments placed inside the
cryostat. A sketch of the lower half of the cryostat is shown in figure 25, and a
close-up of the sample and nearest surroundings is shown in figure 26. A collection
of photographs of the running experiment is found in appendix B.

All electrical lines entering the cryostat are effectively filtered to reduce heat-
ing to the inner resistors from AC currents and noise. To avoid vibrations from
the fairly noisy surroundings, all pumping lines are vibration isolated by bellows
connected to a large mass, and the cryostat is suspended on active air springs, see
also section 3.2.

The "warmer" par t s
The outermost part of the cryostat is a 173 cm tall 4He dewar, with a diameter
of 4S cm, surrounding a central inner vacuum chamber (IVC) made of stainless
steel. The dewar volume is approximately 60 L, and liquid He must be transferred
at least every 40 hours to keep the dilution unit running. The boil-off from the
dewar is 1.0 L/hour, clearly less than the 1.8 L/hour from the same dewar at
Rise* [131]. Due to the height of the cryostat, the helium transfer procedure in this
experiment is fairly tedious, see pictures in appendix B.

The cooling from 4.2 K to around 10 mK is performed by an Oxford 600 di-
iution unit with a cooling power of 2.5 /AV at 10 mK, and a base temperature
of 6.2 mK, both with a circulation rate of 600 //moles/sec. At a lower circulation
rate, 250 //moles/sec, the base temperature is as low as 4.5 mK.

The physics and the operational principles of 3He/4He dilution refrigeration is
described in several textbooks, see e. g. Lounasmaa [21, ch.3]. Here I will only
mention an unusual incident that caused a major delay of the entire project: The
sintered silver heat exchangers in the mixing chamber had cracked and lost thermal
contact to the metallic body of the mixing chamber. As a results the performance

Riso-R-850(EN) 61



4He pot

Oxford 600 dilution
refrigerator

60Co nuclear orientation
thermometer

Pl-NMR thermometer

Refrigerant magnet; 9 T

Nuclear cooling stage;
1.4 kg ofCu in field

Radiation shields

Thermal link; natural Ag

Polarization magnet; 7 T

Static coils; x, y, z

Sample; 2 g of 109Ag

Cryopcrm shield

Heat switch; Al foils

Neutron beam path

Static susceptibility coils

Figure 25. The lower part of the cryostat. The different parts are labeled in the
figure. The large crosses symbolize the first stage magnet and the split-pair second
stage magnet (bottom of figure), while the smaller crosses are the compensation
coils. For a close-up of the sample surroundings, see figure 26.
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x—coil

Inner vacuum
chamber
(aluminium)

Mixing chamber
shield (brass)

x Still shield (brass)

y-coil

z-coil

Cu and Al Windows

Pick up coils

Excitation coil

Cryoperm-10

Figure 26. The 109Ag sample and nearest surroundings below the bottom of the
1st nuclear stage. The concentric cylinders are (from outside): The walls of the
inner vacuum chamber, the Cryoperm-10 shield, the still shield, and the mixing
chamber shield. The x- and y-coils are shown as dashed curves, while the z-coils, the
excitation coil, and the pick-up coils are represented by rows of dots. The neutron
beam is imagined to arrive from the left, hitting the upper part of the sample
(center). The lower part of the sample extends down into the upper excitation
coil.
The drawing is simplified to underline the principles behind the set-up, and it is
not to scale.
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of the dilution unit was seriously deteriorated. The silver sinters in the step heat
exchangers and in the mixing chamber had to be replaced.

To protect the inner parts of the cryostat from thermal radiation two concentric
brass shields were used. One is thermally anchored to the still at 0.7 K, and
the other is anchored to the mixing chamber (which is at the base temperature,
4.5 mK, during the experiments). Above the liquid 4He in the dewar a series of
disk-shaped baffles protect against radiation from the warm top flange.

1st nuclear stage
The first of the two nuclear adiabatic demagnetization stages is made of a large rod
of copper, into which slices have been cut to reduce eddy currents during demag-
netization. The Cu stage was heat treated for 79 hours at a temperature of 970°C
and a pressure of 2.5 • 10~3 mbar of dry air to selectively oxidize the paramagnetic
impurities. By this procedure the thermal conductivity was increased. Since the
thermal conductivity by the Wiedemann-Franz law [5, ch.l] is proportional to the
electrical conductivity, we used resistance measurements to assess the effect of the
heat treatment. We found that the residual resistivity ratio4, increased from a
typical value of 50 before heat treatment to about 900.

The field on the 1st stage is supplied by a superconducting solenoid. At the
maximum current of 75 A the field is 9 T. The magnet has a superconducting
switch for operations in persistent mode. The effective amount of Cu within the
high field region is 22 moles,

Thermal contact between the mixing chamber and the 1st stage is provided by
an Al heat switch. As long as the switch is in a low field, it is superconducting
and thus unable to conduct heat: The switch is "off". When a field larger than
the critical field for Al, Be = 10 mT, is applied, the switch goes normal and does
conduct heat: The switch is "on". The operation of the heat switch is important
for the cooling cycle, as explained in section 3.3.

The sample and its surroundings
The 2nd nuclear stage is the sample itself. This was made from 1.6 g of very pure
silver (less than 10 ppm metallic impurities), which is isotopically enriched to
contain more than 99.7% 109Ag. The reason for choosing an isotopically enriched
sample is that the spin dependent scattering lengths of the two Ag isotopes have
opposite signs. In a sample of natural composition the nuclear ordering signal from
the two isotopes would thus nearly cancel. The isotope 109Ag is chosen despite of
its larger absorption cross section, because the spin dependent scattering cross
section is largest for this isotope. The selection was done after a careful numerical
study of the heat leak problems by Nummila [49], see also the calculations in the
feasibility study [131].

The sample is a single crystal grown by zone melting from a small seed crystal
of natural silver, in order to control the lattice direction along the long axis of the
crystal. The sample has the shape of a thin slab with dimensions 0.7 x 12 x 25 mm3.
It was heat treated in -5 • 10~4 mbar of dry air at a temperature of 800°C for
50 hours, whereby the RRR increased to 4200.

The longest sample dimension corresponds to the [110] crystalline direction,
and the sample is mounted so that this direction is vertical. The scattering plane
is thus spanned by the lattice vectors (001) and (110), which implies that all
the main cubic directions, including [111], are found in the scattering plane. The
lattice planes of the crystal do not coincide with the sample surface, as shown on
figure 27.

ratio between resistances at room temperature (another definition uses ice-water tem-
perature) and '1.2 K. This is also called RRR.
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(001) reciprocal
lattice vector

Perpendicular to beam

r r
Direct beam (001) reflection

Figure 21. The orientation of the crystal and the (001) reciprocal lattice vector
during (001) diffraction. The angle between the [001] direction and the flat surface
of the crystal is 2J,". Also the spectrometer angles 20 and w are shown, these are
explained in section 3.2.

The sample is connected to the 1st nuclear stage by a link of 99.99+% of natural
silver. The heat treatment of the link was made in dry air at a pressure of 5 •
10~4 mbar for 87 hours at a temperature of 840°C. The resulting RRR was 1700.
The Ag link is cross shaped to reduce sample vibrations, which in an applied field
would cause eddy current heating. The link was connected, first to the sample
and then to the 1st stage, by electron beam welding. It was important to keep
the thermal resistance, R = ATe/Q, of the link low, as otherwise even small heat
leaks, Q to the sample would cause a large (electronic) temperature difference
between the sample and the 1st stage. Since the thermal resistance of the link
is proportional to the inverse temperature, R = Ro/Te [21, ch.9][20, ch.3], the
temperature difference is in equilibrium given by:

T?2-T?{. (98)
The large field used to polarize the sample is provided by a superconducting

split-pair magnet, supplying a field of 7 T at the maximum current of 77 A.
At the location of the Ag link the stray field of this magnet is counteracted by
compensation coils in order to keep the nuclear heat capacity of the link low. The
sample is shielded from the 1-2 mT remanent field of the magnet by a 1.5 mm
thick cylinder made of the magnetically soft material Cryoperm-10. The length of
this cylinder is 180 mm, and the inner diameter is 36 mm. The shielding factor is
1G00, and the saturation flux density in the material is 0.9 T, corresponding to an
external field of 9 mT.5

Under typical experimental conditions our sample was highly polarized, 95%, at
low electronic temperatures, Tei « 70 fiK, Te2 « 130/zK and a high field, 7 T. By a
slow demagnetization (2 hours) of the field, the nuclear polarization decreased due
to spin-lattice relaxation. The total loss of polarization during demagnetization
was about 4%.

During the experiments fields of the order 0-500 //T were required. These were
provided by small experimental "x-y-z" coils wound from superconducting wire.
The z-coil is of the Helmholz type with a field inhomogeneity less than 5% over
the sample volume. The y and x coils are, due to geometric constraints, formed as

5Cryopcrm-10 was obtained from Vaccumschmeltze, Hanau, Germany.
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saddle shaped coils. The field inhomogeneity of the x and y coils is less than 2%
over the sample volume.

Thermometers
A general problem in thermometry at low temperatures is the thermal contact, as
the thermal conductivity in metals falls ofi" proportional to temperature, and for
insulators as fast as Tj? [21, ch.9]. Since there will always exist a heat input to any
thermometer, there will be a temperature difference to the sample. To determine
the temperature of the sample during the experiments we used neutron trans-
mission (see sections 2.3 and 3.2). Consequently the temperature was measured
directly on the nuclear spin system, whence the problem of thermal difference was
eliminated. However, a number of other thermometers were used as well, mainly
to monitor the performance of the dilution unit and the 1st nuclear stage. These
are described below. In the test phase we relied heavily on a 60Co nuclear ori-
entation thermometer to measure the temperature of the mixing chamber. This
thermometer is bcsed on the emission of 7-rays from polarized 60Co nuclei in-
corporated in a mono-crystal of hexagonal Co. In a needle-like crystal the high
magnetic anisotropy leads to spontaneous alignment of the magnetic domains.
This causes a constant effective field inside the Co crystal, which in turn polarizes
the 60Co nuclei. The anisotropy of the 7-emission can be directly converted to
nuclear polarization, and thereby to temperature, knowing the internal field of
metallic Co [132]. This thermometer is sensitive from 4 mK up to around 20 mK.
We used only one 7-detector, which was located outside the cryostat.

The temperature of the mixing chamber was constantly monitored by a carbon
resistor, which was calibrated against the 60Co thermometer and an NBS6 SRM-
7SG fixed point device. The latter is based on the known transition temperatures
of various superconducting materials, listed in table 8.

Material
W
Be
Ir
AuAlo
Auhio

Tc (mK)
15.71
23.55
99.52
162.5
208.7

Table 8. Transition temperatures for the fixed point device.

Most important during the experiments has been the Pt NMR thermometer,
which is connected to the top of the 1st nuclear stage. The principle of this is
pulsed NMR on 195Pt nuclei, where the integral of the FID signal is proportional
to the nuclear polarization, and thus inversely proportional to the temperature,
see sections 2.1 and 2.2. The sample of 25 fim Pt wires is placed in a constant field
of 14.25 mT. The Korringa constant for Pt is Kpt = 30 msK, giving n = 5 min at
Te = 100 fiK. Due to the long relaxation time the interval between two pulses must
be rather long, up to 30 min is used. The Pt thermometer is sensitive from 50 mK,
and temperatures as low as 100 fiK have been measured. However, already around
1 mK a temperature difference between the thermometer and the first stage has
been observed, probably due to a direct heat leak to the thermometer combined
with an insufficient thermal contact to the 1st nuclear stage.

cThe former US National Bureau of Standards, now NIST (National Institute of Science and
Technology, Gaithcrsburg, Maryland).
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The SQUID system
The static susceptibility of the sample is approximated by the low-frequency
(7.9 Hz) AC susceptibility, x'(w)- The weak AC signal is provided by the ex-
citation coil and is measured by a pick-up coil connected to an rf-SQUID (Super-
conducting QUantum Interference Device). The pick-up coil is placed inside the
mixing chamber shield and consists of two astatic (oppositely wound) coils, one
surrounding the lower part of the sample, and one free. The pick-up coil is thus
not sensitive to overall flux changes, only to changes in the sample polarization.
Since the astatic coils cannot be made perfectly symmetric, a small compensation
signal to eliminate the direct pick-up is needed. This is done by a compensation
coil, connected to the SQUID. Since the proper compensation coil was out of or-
der during the reported experiments, we used one of the experimental coils for
compensation purposes. We were thus not able to use all of the x-y-z coils and
perform SQUID measurements simultaneously.

The principle for the very sensitive SQUID detection is quantization of magnetic
flux inside a superconducting ring. An rf-SQUID has one weak spot, a Josephson
junction, and when the field gradient over the junction becomes too large, one flux
quantum, <J>Q = h/2e zzt 2 • 10~15 Wb, will force its way into (or out of) the ring.
This flux jump is compensated by an external feedback system, so that the SQUID
is constantly on the limit of allowing one flux jump. Thereby the SQUID system
becomes sensitive to field changes corresponding to less than one flux quantum
inside the ring.

The principles behind the SQUID system is described in detail in Lounasmaa
[21, ch.7].

3.2 Description of the neutron equipment

This section describes the equipment influencing the neutrons on their way from
the reactor to detection in our counters. The description is rather detailed, al-
though the set-up is not a new idea: Very similar equipment was used in the study
of nuclear magnetism in copper [42, 63], and the geometry is that of a standard
two-axis spectrometer. General introductions to neutron instrumentation are given
by Bacon [41] and Pynn [133].

An illustration of our neutron set-up is shown in figure 28. The automated part
of the equipment was controlled by a customized version of the Ris0 spectrometer
program TASCOM [134] running on an Alpha workstation, which was connected
to the instruments. This control system has been my main area of equipment
responsibility in the Ag project.

The neu t ron source and guide
The reactor BER II is a II2O-moderated 10 MW reactor with Be reflectors. The
core neutron flux is comparable to that of DR3, Ris0, where the Cu experiment
took place. After production in the fission processes the neutrons are thermalized
in a cold source, which consists of supercritical H2 at 25 K. The neutrons transfer
their kinetic energy to the hydrogen by scattering. For a fully moderated source the
final velocity distribution for the neutrons would be a Maxwell distribution, which
for 25 K corresponds to a mean neutron energy of « 3 meV. However, the source
is not large enough to moderate the neutrons completely, and the distribution
becomes shifted toward higher energies, with a typical maximum intensity at 5-
10 meV.

From a hole in the cold source the neutrons are lead into a 30 mm wide guide
tube with 58Ni coated walls. Neutrons with a low incident angle will make total
reflection (in the optical sense) on the guide walls. The critical angle is given by
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[41, ch.5]:

©c = WPNM/TT, (99)

which for this guide equals lO'-A/ A. Those neutrons, which are not reflected, are
absorbed by borated silica glass. The guide is slightly curved (radius 3.3 km), so
that no neutron can travel through the guide without being reflected at least once.
These features favour the transmission of low-energy neutrons.

The monochromator
To select neutrons with a single wavelength we use a monochromator, in our case
a pyrolytic graphite crystal 2 inches wide, from which the neutrons are diffracted
according to the well known Bragg law:

nA = 2«fsin(0), (100)

where d is the distance between the lattice planes (d = 3.35 A for the used
(002) reflection), 20 is the scattering angle (see figure 27) and n = 1,2,.... The
monochromator scattering angle is constant, 2 0 m ss 82°, because the cryostat
cannot be moved. From a calibration based on Bragg scattering from a powder of
Yttrium Iron Garnet (YIG), the wavelength of the first order (n = 1) reflection
was determined to A = 4.41 A. The monochromator has a effective mosaicity of
« 40' at that wavelength.

(11)

S> • L
(4) (5) * . "(6) .

Figure 28. The neutron part of the experimental set-up. From the monochromator
(1) a monochromatic beam passes the filter (2), and is polarized in the bender (3).
Tht flipper coil (4) is able to turn the polarization. The monitor (5) measures the
beam intensity before the sample (6) is hit inside the cryostat (dolled circle). The
polarization of the transmitted neutrons is measured using a Heussler crystal (7)
and a single detector (8). The scattered neutrons are being detected by another
single detector (9) or an area-sensitive detector (JO). All detector signals are an-
alyzed in the ECB electronics (11). The crosses represent the guide field, pointing
into the figure plane. For further details, see text.

Another possibility was to replace the flat monochromator by a vertically fo-
cusing one made from 5 separate graphite crystals, each with a height of 12 mm.
In this way the flux on the sample was increased by 50%. However, the focusing
monochromator seemed to cause problems for the beam of a neighbouring exper-
iment, and we have thus performed all experiments with the flat monochromator.
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The beryllium filter
From the Bragg law (100) it is seen that not only first order neutrons are selected
by the monochromator, but also higher order components like A/2, A/3 etc. These
higher order components are in most cases unwanted, and they are removed from
the beam by a filter, which in our case is made of polycrystalline Be. Neutrons
passing the filter have a large probability of being Bragg scattered from Be crys-
tallites, provided the Bragg condition (100) can be fulfilled. For large wavelengths,
> 3.97 A, no Bragg scattering from Be is possible, and the filter is nearly trans-
parent to neutrons. In our experiment the transmittance was 75% for first order
neutrons (4.41 A), and for second order neutrons the transmittance was 0.3%.

The Be filter constructed for the silver experiment was cooled by liquid No to
reduce inelastic scattering from phonons. It consists of 25 blocks of Be, 2 mm thick
and 100 mm long, separated by plastic film covered with neutron absorbing Gd
paint, as shown on figure 29. The Gd absorbs neutrons scattered in the filter and
serve simultaneously as a collimator, reducing the angular divergence of the beam.
The collimation width is 1.1°. A simple divergence calculation on the sample po-
sition gives A(20,n) ss 0.8°, limited by the large monochromator-sample distance
(distance collimation). The wavelength spread was found to AA w 0.06 A, limited
by the monochromator mosaicity and the angle of total reflection in the guide.

A mask of neutron-absorbing material was mounted after the Be-filter immedi-
ately before the cryostat, reducing the area of the beam to the size of the sample
to avoid unnecessary background.

Figure 29. Horizontal cross section of the Be filler. The Be blocks are marked as
dotted regions, while thick, dark lines illustrate the neutron absorbing Gd paint.
Thin lines illustrate different possible neutron paths through the filler.

The spectrometer platform
A central part of the set-up is the rather heavy (400-500 kg) spectrometer platform,
which supports the cryostat. The platform is in turn supported by three air springs,
which effectively reduce the transmission of vibrations with frequencies above the
resonance frequency o f « 1 Hz.

The geometry of the spectrometer is that of a standard two-axis machine. The
upper table - and thereby the cryostat and sample - is able to turn. This rotation
angle is called ui, and it is defined so that for u = 0 one axis of the reciprocal
crystal is perpendicular to the beam. On the spectrometer a revolving detector
arm is mounted. The corresponding angle is called 20, and it has zero point in
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the direct beam, see also figure 27
The motors turning the spectrometer axes were at the beginning of the experi-

ments mounted on the lower spectrometer platform. This, however, caused a high
vibrational level, which clearly increased heat leaks to the inner parts of the cryo-
stat when the motors were operated. The motors were later mounted on separate
concrete blocks, connected to the spectrometer only by rubber driving belts. This
was done in order to facilitate motion of the sample during measurements, making
scans in reciprocal space possible. This new set-up has not been tested.

The monitor and detectors
The detection of neutrons in our experiment is based on absorption of neutrons
in a gas containing 3He in a strong electrical field. The nuclear reaction

n + 3 I I e ^ p + 3 H + Q (101)

gives rise to an ionization cascade process in the gas. The resulting discharge is
analyzed electronically and if the pulse is accepted, one neutron count is recorded.

The monitor contains only a small amount of 3He, as it is meant to absorb only
a small fraction of the incoming neutrons. It is placed in the direct beam in front
of the sample, and the monitor counts are used to correct for the fluctuations in
the reactor flux. In our experiments the reactor flux often oscillated 1-2% with a
time constant of roughly 15 min.

Because of the "dead time" in the electronics after each pulse, the monitor
saturates at a high incoming flux. As we needed a very precise monitor correction
for our measurements of the neutron transmission, we placed the monitor behind
the masks, as shown on figure 28. Nevertheless we had to correct the monitor
count rate for a « 10% non-linearity, calibrated by comparing the change in the
monitor and transmission detector signals when the beam flux was varied by
reactor fluctuations or by attenuation.

The diffracted and transmitted beams are much weaker than the direct beam,
whence the corresponding detectors behave linearly. As a high efficiency is wanted,
the detectors are filled with 3IIe at high pressure. The single detector consists of
a single discharge tube holding a few atmospheres of 3He, and it has a detection
efficiency of « 95% at 2.2 A and 97-98% at 4.4 A. The detector is shielded by
a covering layer of neutron absorbing boron-rich plastic. The detector opening is
further shielded with a neutron absorbing "nose", extending all the way to the
cryostat, as seen in figure 28. The opening of the nose is 80 x 28 mm2, and it is
placed 150 mm from the sample. All this is done to reduce the background caused
by neutrons scattered from the cryostat (the beam passes liquid 4IIe, which is
a strong scatterer) and from the surroundings (other spectrometers etc.). The
background level was measured to be 50-60 cts/min under normal experimental
conditions, after the sample had entered the paramagnetic phase.

To measure the shape of the Bragg peak we used an area sensitive detector (or
position sensitive detector, PSD). This detector is able to localize the discharge
caused by neutron absorption with a resolution better than 5 mm. The detector
area of 100 x 100 mm is divided into at most 128 x 128 pixels, and the counts
in these pixels are transferred to the computer on request. The PSD has a low
detection efficiency, roughly 70% . Like for the single detector, a neutron absorbing
nose was constructed for the PSD. The total background level for the PSD is 400-
500 cts/min. A small fraction of this number comes from the (002) peak from
the 2nd order neutrons leaking through the Be filter. The rest of the background
is distributed evenly on the detector area, which gives approximately the same
"true" background per area as the single detector.

For a more detailed description of the PSD, see [135].
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Polarization equipment
The four types of devices: Bender, flipper, guide field sections and polarization
analyzer, are used to respectively produce, reverse, maintain and measure polar-
ization in the neutron beam. The equipment was used only in the first neutron
thermometry experiments, and was later removed from the set-up.

The principle of the bender is total reflection in a curved geometry - just like
the neutron beam guide. The bender walls are magnetized by strong permanent
magnets, and the combined nuclear and electronic magnetic interaction allows
total reflection for only one spin state. The geometry of the bender is shown in
figure 30.

Figure 30. Principle of the bender. The bender is seen from above. The neutron
absorbing layers covered by -magnetized reflecting surfaces are represented by the
thick curves. Straight lines illustrate beam paths for neutrons of either spin state:
One state is being reflected from the surface, the other is absorbed. Neutrons with
large or negative incident angles arc always absorbed, as illustrated on the figure.

To maintain beam polarization a weak guide field (1-2 mT) created by perma-
nent magnets was used. As the field is fairly constant, the neutron experiences field
direction changes which are slow in comparison to the Larmor precession, i.e. the
conditions are adiabatic. The neutron polarization will then "follow" the direction
of the applied field. The second stage magnet is constructed rcymmetrically to
avoid regions with zero field in the beam path, which would cause depolarization.
The stray field of the magnet acts as a guide field in the vicinity of the cryostat.

The flipper consists of two perpendicular flat solenoidal coils, as seen in figure
31. It is placed in the direct beam after the bender, see figure 28. The field from the
outer coil counteracts the guide field, while a field, perpendicular to the neutrons
polarization, from the inner coil causes the neutrons to precess during the passage.
By tuning this flipping field the beam polarization of a monochromatic beam may
be turned 180° with a depolarization of less than 1%. The flipper was shielded
magnetically in order to reduce the influence of the strong fields caused by the
large demagnetization coils.

The beam polarization was analyzed with a Heussler crystal (Cu2MnAl) [136,
ch.3] totally magnetized by a permanent magnet. In this material the nuclear and
spin-dependent magnetic Bragg scattering exactly cancel for one spin component,
while the other component is scattered into a single detector. The beam polariza-
tion is calculated by comparing the analyzer intensity for flipped and non-flipped
beams when the Heussler crystal is at the Bragg angle, and when it is rotated
away from the reflecting position. The polarization measurements were calibrated
from measurements with a depolarized beam. This was produced by inserting a
thin foil of soft Fe (a shim) in the beam path [136, ch.3].

We were able to obtain a polarization of 92.0% right after the bender and 84.9%
behind the cryostat (for that part of the beam that did not pass through the
sample). The principal factor of depolarization is the saturated Cryoperm shield,
each passage depolarizing the beam a certain amount. Thus, the polarization at
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Figure 31. A flat flipper coil. The horizontal coil compensates the external guide
field, while the vertical coil creates a field perpendicular to the neutron polarization.
This field causes the polarization to turn.

the sample position is found by a geometrical average, giving pn = 88.4 ± 0.4%,
including error from counting statistics. When the Cryoperm shield is not fully
saturated, it acts like a shim and causes total depolarization of the beam. We
were thus unable to use polarized neutrons while the sample was in a low field
(B < 10 mT).

More detailed descriptions of the principles of neutron polarization instrumen-
tation are given by Pynn [133] and Williams [136].

3.3 Performing the nuclear ordering experiments

This section is a short description of a typical experimental cycle. A much more
detailed description is found in the cryostat manual I wrote during the experi-
ments, see appendix A. I separately discuss how the neutron thermometry was
performed.

One experimental cycle
All experiments described below were done while the cryostat (and thereby the
sample) was oriented for the expected (001) reflection. The crystal was oriented
by observing the allowed (002) reflection from the 2nd order neutrons while the
Be filter was removed. The spectrometer orientation (20, w) for this reflection is
the same as for the 1st order (001) magnetic reflection. We have tried our best
to keep the experimental procedures as constant as possible in order to make the
results comparable.

The experimental cycle begins right after one experiment is finished. The first
stage magnet has just been magnetized to 9 T, and the two nuclear stages are at
a high temperature, ss 50 mK. Schematically, the following three days pass like
this:

1. Precooling of the 1st nuclear stage. The high cooling power of the dilution
refrigerator ensures a relatively fast initial cooling speed. As the tempera-
ture is lowered, however, the heat capacity of the 1st stage increases, the
cooling power is reduced, and the thermal contact becomes poorer. As a
consequence, the cooling becomes fairly slow. After 32-36 hours the final
temperature of 9-10 mK is reached.

2. Demagnetization of the 1st stage magnet. First, the heat switch is made su-
perconducting to isolate the nuclear stages from the dilution unit. The field
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on the 1st nuclear stage is then reduced from 9.0 T to 60 mT. The field sweep
takes about 4 hours, during which the sweep rate is gradually reduced, in
order to reduce the loss of nuclear polarization.
As the demagnetization is nearly adiabatic, and the electronic heat capacity
is negligible compared to the nuclear heat capacity at these temperatures,
the final temperature of the 1st stage is 60-80 fiK, see formula (40).

3. Magnetization of the 2nd stage magnet. The field from this magnet is slow-
ly (in about 2 hours) swept up to a value of 7.0 T. This induces some eddy
current heating in the sample, but it is insignificant compared to the large
heat capacity of the 1st stage. To save time, the magnetization is done simul-
taneously with the demagnetization of the 1st stage magnet (see previous
item).

4. Polarization of the Ag nuclei. The electronic temperature of the Ag link and
the Ag sample reach a common equilibrium temperature within a short time.
This temperature is reduced as the heat load from polarizing the nuclei
decreases, the final value being Te2 « 130 /iK. However, the low temperature
and the slow spin relaxation make T\ very long for the Ag nuclei. From the
Pirila-Jauho law (27) it can be calculated that T\ is of the order of 10 hours.
The spin temperature will thus slowly relax towards Teo, during the 28 hours
polarizing period. This time cannot be increased, as otherwise a disturbing
refilling of the large He dewar would be necessary during the sensitive low-
temperature phase of the experiment. The final Ag nuclear polarization is
larger than 95%.

5. Demagnetization of the 2nd stage magnet. The field is reduced to zero in
2 hours, while the 1st stage field is kept constant. A field set by the experi-
mental coils ensures that this demagnetization ends at about 0.5 mT.

6. Performing the experiments. The neutron beam is opened, and the transmis-
sion signal is measured for a few minutes in order to determine the nuclear
polarization, a common value being 90%. The field is reduced to zero, which
will cause the sample nuclei to enter the ordered state. The nuclear spin
temperature is at this point lower than 700 pK. After a few minutes the
field is set to the experimental value.
The transmitted and diffracted neutron signals are counted as a function of
time with 15-30 sec per point. In some experiments we performed SQUID
susceptibility measurements simultaneously with the neutron measurements,
in some experiments the SQUID was only operated after the neutron beam
was closed. One experiment lasts typically from one to three hours.

7. Preparing for the next cycle. The 1st stage magnet is remagnetized to 9.0 T,
and the thermal connection to the dilution unit is re-established by putting
the heat switch "on". The cycle starts from the beginning, and the next
experiment is "only" three days away - if everything goes well!

Calibration of the neutron thermometry
The preliminary experiments on ueutron thermometry were done in a slightly
different way than the ordering experiments.

First, we measured the spin dependent reflection of the (111) nuclear peak as
a function of temperature, measured by the Pt thermometer. This was done with
polarized (and later with unpolarized) first order neutrons. Demagnetization of
the first stage was performed in steps in order to reach a number of different
temperatures in the same experiment. The reflection was measured as a function
of time, yielding a very direct measurement of the spin-lattice relaxation, T\.
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Calibration of the transmission thermometry was done only with polarized 1st
order neutrons. The crystal was turned away from any nuclear Bragg point to
avoid damping from Bragg scattering. The orientation and effective thickness of
the sample was determined by scanning the u angle. It was vital to keep the beam
masked so tight that all of it was transmitted through the sample. This was rather
difficult, as the sample was not exactly on the center of rotation. Measurements
were performed for several values of the electronic temperature, Te\. This was
controlled by the field of the 1st stage magnet, as mentioned above. Since the
transmission count rate was rather high, 105 cts/min, it was possible to attenuate
the beam by a factor of 100 to reduce the beam heating, still obtaining a reasonable
counting statistics.
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4 Experimental results
In this chapter a selection of results from our experiments is presented. First,
the results concerning the cryostat itself are shown briefly (section 4.1). Then
the experiments with neutron thermometry are presented (section 4.2). The last
section (4.3) describes the most essential part of this thesis: The nuclear ordering
experiments.

During this chapter partial discussions, conclusions and comparisons with the
theoretical predictions are made, but the broader discussions and conclusions are
presented in chapter 5.

The field values mentioned in this section are the effective fields found from
(60).

4.1 Performance of the low-temperature equip-
ment

The assembly of the cryostat began during the summer of 1992, but due to prob-
lems with the dilution unit (see section 3.1) the lower parts of the cooling system
could not be tested until the autumn of the following year. In this section a few
of the most conclusive measurements are shown, most of them performed in 1994.
The important measurement of the thermal resistance of the heat link is presented
in section 4.2.

Heat leak measurements
The first thing to determine was how well the cryostat behaved under operating
conditions. A few of the results were already mentioned in section 3.1. An impor-
tant parameter is the small heat leak from the surroundings to the 1st and 2nd
nuclear stages. This was deduced by warm-up curves, measured by the Pt-NMR
thermometer, placed on the 1st nuclear stage. The results for neutron beam "on"
and "off" is presented in figure 32. The heat leak was calculated from the known
nuclear heat capacity of the Cu stage. The results show a large difference between
the heat input, Q, with and without a neutron beam. In the former case the heat-
ing is 14.8 nW, and without a beam we found 1.0 nW. Thus most of the heat
input comes from the neutrons via the nuclear reaction

109 110 , l loAg-+
l loCd + e-+Q. (102)

The small zero field heat leak is probably caused by vibrations from the surround-
ings, causing eddy current heating in the 1st nuclear stage. The value 1.0 nW is
much better than the 5 nW required in the feasibility study [131], so in this respect
the cryostat performs extremely well. To reduce the heat leak under experimental
conditions the beam heating must be decreased, e.g. by attenuating the beam or
making the sample even thinner [131]. An attenuation of the beam would lower
the count rate, and is thus only relevant for some measurements, see the later
sections.

Shielding factor of the Cryoperm-10 shield
The cylindrical Cryoperm-10 shield is used to eliminate the remanent fields from
(especially) the 2nd stage magnet. To investigate the effect of this shield we per-
formed an experiment where we measured the SQUID signal with the AC excita-
tion made by the 2nd stage magnet itself, overlayed by a constant DC field, Bt.
We measured the induced SQUID voltage, proportional to \ ' , for various values
of D., as shown in figure 33. The induced voltage decreases a factor of 1000 when
B: is close to zero. This indicates that field changes at low fields are nearly totally
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Figure 32. Measurement of the heat leak with and without a neutron beam. The
signal from the Pt thermometer is measured as a function of time. The beam is
"on" from 4 hours to 9 hours, where the signal decreases most rapidly. Experiment
performed November 26th, 1994-

compensated by the shield. The shielding factor is « 1600. From the asymmetry
of the shielding curve it can be deduced that the remanent field outside the shield
is about 2 mT and that the saturation field is about 9 mT.
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Figure 33. Shielding efficiency of the Cryoperm-10 shield. The logarithm, of the
SQUID signal is plotted as a function of the current-generated field in the 2nd
stage magnet. Experiment performed November 22nd, 1994-

4.2 Neutron thermometry results

In the spring of 1994 the cryostat and all cooling systems worked fairly reliably, but
nuclear ordering was still not observed (see section 4.3). At that point we chose to
study the polarization of the silver nuclei by monitoring the intensity of an allowed
(111) Bragg peak using polarized neutrons, inspired by the Cu experiments [42].
These measurements were carried on for several months, where we also investigated
related methods. In the end we had a complete set of thermometry measurements
for polarized and unpolarized neutrons in reflection and transmission geometry.
These results are presented in the paper [P5] as well as in the following.
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The strategy for all neutron thermometry measurements is to determine the
nuclear polarization induced by an applied field. If the field is high compared to
the local field, the spin temperature can be calculated from the polarization via
the Brillouin function (19), and the entropy can be calculated from (35). Since
the method determines the temperature of the sample itself, it is a more direct
thermometer than e.g. Pt-NMR, because problems with thermal contact to the
sample are eliminated.

All experiments to be presented in this section were made without the monitor
which was not yet installed at this stage of the project.

Reflection of polarized neut rons
As described in section 2.3, the structure factor of a nuclear Bragg reflection is
different for the two spin states of the neutron beam. For a polarized beam the
ratio between the "up" and "down" structure factors (the flipping ratio, FR) is
given by (53).

To investigate the dependence of the flipping ratio on temperature we mea-
sured the intensity of the 1st order (111) reflection with a beam polarized "up"
or "down", for various temperatures. The sample was oriented in the reflection
geometry as shown in figure 34.

(c)

Figure 3.j. The orientation of the sample in various measurements. For measuring
the (ill) JUpping ratio a reflection (or Bragg) geometry was used (a), while in the
(001) nuclear ordering experiments the transmission (or Laue) geometry was used
(b). In the transmission incasurement described in this section, the crystal is turned
away from any Bragg reflection (c). The angles of the incident and outgoing beam,
<j>i and <>>•> arc defined as seen in (a) and (b).

In figure 35 the observed flipping ratio, FRobsi is monitored during an experi-
ment where the electronic temperature of the 1st stage, Te\, is changed in steps
by demagnetizing the 1st stage magnet. The temperature is so high that we can
assume Ten x Tci, according to (98). After each change in Tei the flipping ratio
relaxes towards a new value with a time constant of the order of hours. This is a
very direct manifestation of the spin-lattice relaxation time, T\. In figure 36 the
equilibrium value of FRob5 is plotted vs. the value of the nuclear polarization,
P. This value is found either by measuring Teo and calculating P from (20), or
by measuring the transmission effect (see later subsection). The flipping ratio is
seen to depend almost linearly on nuclear polarization. The zero polarization off-
set is 2%, the same as in the copper experiment [42]. The offset is caused by the
Cryoperm shield, which transmits the two spin components differently.

The dashed line on figure 36 is the expected value of FRobs, where both atten-
uation by spin-dependent absorption and the effect of the Cryoperm shield are
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taken into account [131]:

where lr is the transmittance ratio of spin up and spin down neutrons through
the magnetized shield. This term occurs to the second power, because the shield
is crossed twice. jF r |

3 is the ratio of the structure factors for spin up and spin
down neutrons, and Ar is the ratio of the absorption factors, which depend upon
the geometry of scattering, especially the incident and scattering angles, <£i,02>
as defined in figure 34.

From the figure it is clear that formula (103) is not at all satisfactory, and
that extinction plays a large role in this crystal, in contrast to the expectations
in the feasibility study [131]. We therefore constructed a model including both
absorption and secondary extinction. The details of this model are presented in
[P5, Appendix]. The extinction model contains only one adjustable parameter:
The mosaicity of the sample. The best fits to the model gives a mosaicity of 0.1°-
0.2°, and is shown as the solid line in figure 36. Although the fit is rather good,
the model does not necessarily describe the physical reality, since also primary
extinction may be important in our sample [P5].

Because of the extinction, the flipping ratio measurement needs external calibra-
tion against another thermometer, before the nuclear polarization can be deduced.
This thermometry method is thus classified as a secondary thermometer [21, ch.8].

Reflection of unpolarized neutrons
Unpolarized neutrons are required for neutron thermometry at low fields, where
the Cryoperm-10 shield is unsaturatcd and thus depolarizes the beam completely.
We therefore removed the bender to gain intensity for the unpolarized experiments.

As shown in section 2.3, the structure factor depends on the nuclear polarization,
even for an unpolarized neutron beam. For 109Ag the structure factor is roughly
proportional to 1 + P2 /20, so the difference between structure factors for P = 0
and P = 90% is about 4%. Due to extinction this difference becomes even smaller.

Actually, we measured a weak increase, « 2% in reflected intensity when the
sample was polarized to about 90%, but the effect was on the order of our counting
statistics and hard to see (data not shown). We never used this method in practice,
but turned to the transmission measurements.

Transmission of polarized neutrons
In the formulae for the transmitted intensity there is one parameter, which was not
very well known, since it was from the beginning of the experiment not foreseen
to be of importance: The thickness, y, of the sample. As a first calibration we
determined the thickness, or rather the product p^a^y/cos(<f>\) This was done by
rotating the unpolarized sample in an unpolarized beam, thus varying 4>\ (data
not shown). A fit of the transmission data to the expected behaviour,

T oc exp (-pNo$y/ cos(^i)), (104)

yielded px(r%y/ cos(<f>i) = 1.235 ± 0.026, giving y w 0.7 mm. This was later found
by direct measurement to be correct. In this way the uncertainties on the determi-
nation of the individual parameters, p^,y and the zero point of <j>i are eliminated.
Using the tabulated values for O-^/CQ we reached a value for the product

C = pNififf/cosWi) = 1 . 2 3 5 ^ / ^ = 0.407 ±0.009. (105)

For the transmission experiments we oriented the sample so that no coherent
Bragg scattering could take place. The incoherent scattering cross section is so
small as to be neglected (see section 2.3).
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In the first experiments we studied the transmission effect, e (58), as a function
of time using a polarized beam. We varied Te\ by de- and re-magnetizing the first
stage magnet, while the sample was in the full field of 7.0 T. The data for a two-
temperature experiment are plotted in figure 37. The nuclear polarization slowly
relaxed towards its equilibrium value (20). From an exponential fit to the relax-
ation curves the temperature dependent equilibrium values off were determined.
These are shown in figure 38, where P has been determined from Tei, the Pt-
NMR thermometer reading. Te\ is so high that Tei « Te^. The transmission effect
follows the expected behaviour (solid line) very well, except for small deviations
at intermediate temperatures where uncertainties in the Pt-NMR measurements
have the largest importance.

0,3

0,2

0,1

0,0

T =0.41 mK

10 20
Time (h)

30 40

Figure 31. Transmission effect, c, as a function of lime for two electronic tem-
peratures. Each decrease in temperature causes the transmission effect to increase
towards its new equilibrium value. The field in the 2nd stage magnet is 1.0 T, and
/>„ = 89%.

0,3 •

Figure 38. Transmission effect as a function of nuclear polarization. The equi-
librium values of e are determined from experiments as shown in figure 31. The
polarization is calculated from the Pt-NMR thermometer. The solid line is the ex-
pected behaviour (no fit), and the dashed lines represents the uncertainties in the
measured value (,*.
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From these data and from the theoretical considerations we believe the transmis-
sion thermometer to be very reliable. To use the thermometer only a calibration
of £, a value for ON/O-JJ, and one zero-field measurement is needed. This is done
without the use of other thermometers, so the transmission measurement may be
classified as a primary thermometer [21, ch.8].

Transmission of unpolarized neutrons
In section 2.3 it was shown that the transmission depends on the nuclear polar-
ization, even with an unpolarized neutron beam. For 109Ag the transmission is
expected to be roughly proportional to (1 + P 2 /6 ) . We monitored the transmis-
sion signal during several experiments, and we saw a small, but clear effect. Since
the transmission signal is rather high (8-9 xlO4 cts/min) the error from counting
statistics is relatively low, but the reactor fluctuations were a problem in these first
measurements, since we did not use a monitor. We were thus unable to measure
the lowest polarizations where the effect is smallest. However, the values for the
highest nuclear polarizations obtained, 95%, agreed with the polarized transmis-
sion measurements.

From the success of the polarized thermometry and from the qualitative a-
greement of the unpolarized thermometry, the latter must also follow the theory
described in section 2.3, and thus constitute a very convenient primary thermome-
ter. Unlike measurement with a polarized beam this technique is also applicable
for (nuclear ordering) experiments, where the Cryoperm-10 shield will depolarize
the neutron beam.

Unpolarized transmission measurements were used repeatedly during the or-
dering experiments described in section 4.3, where examples illustrating this tech-
nique are shown. These measurements were done simultaneously with observing
the Bragg peak from the nuclear AFM ordered state. However, the structure factor
for AFM order is so small, that it did not affect the transmission measurements
significantly.

Measurements of the Korringa constant
We applied neutron transmission thermometry to study some aspects of the spin-
lattice relaxation. By measurement at high Te2 we found the Korringa constant to
K = 10.0±0.3 sK. With the first nuclear stage demagnetized to 70 /iK we measured
a relaxation rate of T\ = 8.0 ± 0.5 hours, giving an electronic temperature of the
sample of T& = 350±30 fiK, a factor 4 higher than with a closed beam. Comparing
with the known value of the beam heating we get from (98) the thermal resistance
factor of the heat link of Ro = 4.1 ± 1.1 K2/W. This is in good agreement with
the value 3.3 K2/W found from a measurement of the (constant) low-temperature
electric resistance, Re, using Wiedemann-Franz law. Re/R0 = (fcu/e)2 [5, ch.l].

Spin-lattice relaxation measurements
Having studied the thermodynamical properties of our system, we studied the spin-
lattice process in more detail. In figure 39 we have plotted values of ri vs. 1/Te2 for
measurements in fields of 7 T. The temperature was estimated from Tei and the
known beam heating, using (98). In the figure the measured data are compared
with the behaviour expected from the Korringa law (26), where the Korringa
constant is K =10.0 sK It is seen that n bends away from the Korringa law at
low temperatures and approaches a constant value, in good agreement with the
analysis by Jauho and Pirila [32]. See also section 2.2.

In figure 40 the nuclear polarization is shown as a function of time in a simple
cooling experiment. The temperature of the 1st stage is Te\ = 70 fiK, and the
temperature of the sample, T&, can be estimated to 140 /zK using RQ = 4 K2 /W.
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Figure 39. Dependence of spin-lattice relaxation on the inverse electronic temper-
ature, l/Te2- The deviation from the Korringa law (doited line) is clear. The solid
curve is the Pirild-Jauho prediction (27). The field on the sample is 7.0 T.

It is clear that the relaxation follows the expected behaviour (27), and that the
high-temperature expression (24) does not hold at these high polarizations.

1,0

0,8

0,6

0,4

0,2

0,0

• J

0 10 20 30
Time (h)

Figure J,0. Detailed study of the spin-lattice relaxation. The nuclear polarization
relaxes towards its equilibrium value in a field of 7 T during 30 hours. The elec-
tronic temperature of the sample varies from HO \iK to 200 fiK during the exper-
iment. The solid curves are the expected relaxation behaviour for n = 9,10, and
11 sK. The dashed curve shows the behaviour expected from the high-temperature
relaxation expression (21,).

We also studied the behaviour of ri as a function of fields comparable with the
local fields. In figure 41 the results for both high and low nuclear polarizations are
shown. The solid line is a fit of the low-polarization data to formula (30), while
the dashed line is a fit to the same formula for the high-polarization data.

For low P, the factor riiZ/rp (30) is fitted to 2.2 ± 0.5, a reasonable value.
However, the local field, B L , is by the same fit found to 60 fiT, some 50% more
than determined from other measurements. For high P, the relaxation rate is
faster, and B^ seems to have a larger value, around 110 /xT. However this was not
determined very accurately, as these measurements are not yet complete.

There seems to be an essential discrepancy with the theoretical prescriptions
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[32], since rj depends on P, also for high P. A discrepancy of this kind cannot
be explained by paramagnetic impurities, as was the case in the Rh study [52].
The observed behaviour could be intrinsic to the spin system, and it must be
investigated further.

The measurements of the relaxation time are described in detail in [P5].
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Figure J,l. Field dependence of spin-lattice relaxation. The measured value of T\
is plotted vs. the applied field in a plot with logarithmic B-axis. The lines are fits
to the data for high and low polarization, respectively.

4.3 The nuclear ordering experiments

Observation of spontaneous nuclear AFM order in silver was the primary goal of
all our experiments. In November 1993, after demagnetization of the 1st stage
magnet had been tested, we made attempts to cool the system by demagnetizing
the 2nd stage (the sample). In these experiment we looked for a (110) reflection,
which is equivalent to the (001) AFM order predicted theoretically (see section
2.5). But we found nothing!

During 1994 we occasionally looked for the (110) reflection, in between the neu-
tron thermometry measurements and the optimization of the cryostat operation,
still without success. When autumn approached our spirits were quite low. At that
time we had also searched for other reflections: (555), ( | | 0 ) , (5^1)1 and (55I),
all without success. One prominent candidate for our lack of success was supposed
to be remanent fields leaking through the Cryoperm shield. Such a field could be
compensated by the x-y-z coils, guided by \' measurements as was also done in
the Cu experiments [56, 131].

During the first susceptibility measurement in October 1994 we discovered to
our surprise that the neutron signal was slightly increased after the final demagne-
tization of the sample, slowly decreasing to the background value. The experiment
was repeated, and although the count rate was low, the conclusion was clear: Nu-
clear (001) ordering in silver was observed. The data from the first experiment is
shown in figure 42.

After this first success we turned the spectrometer to the (001) position, aligned
by the nuclear (002) Bragg reflection from 2nd order neutrons. Nuclear ordering
was again observed, with a factor of 10 increase in the intensity7. The new orien-
tation of the crystal is the one shown in figure 34(b).

"It is not clear to us what caused the low intensities in the first experiments.
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Figure J,2. First evidence of nuclear (001) ordering in silver. The neutrons reflected
from the (110) peak arc counted for 2 min per point and plotted as a function of
lime. Experiment from October 17th, 199Jt.

Application of unpolarized neutron transmission measurements allowed us to
determine the induced polarization of the sample both in the ordered and in the
paramagnetic state. In this way we were able to compensate the remanent field,
which was found to be of the order of 10-20 fiT. With this knowledge we were able
to conduct a systematic survey of the behaviour of the (001) order as a function
of applied field.

In the following subsections I present a number of the results we have obtained
during the first 8 months of successful ordering experiments. First the results of
a few "routine" measurements are presented, later some of the more specialized
ones.

Order ing exper iments in zero field
In a typical ordering experiment the current in the 2nd stage magnet is decreased
to zero. The resulting field is determined by the experimental coils, typically
500 fiT in the [001] direction. The neutron beam is opened, and after 20-30 sec
the neutron counting is started.8 Counts in both the transmission detector and
the reflection detector are recorded every 15 or 30 sec.

After 2-3 min the experimental field is lowered to zero in the experiment shown
in figure 43. The neutron count rate in the single detector is seen to increase by
a factor of « 20 above background level, which is conclusive evidence for nuclear
magnetic (001) order. This signal reaches its maximum within 1 min then starts a
slow, almost linear decrease towards the background level. A power law fit shows
that the intensity is oc (tc — t)096, where tc is the time where the intensity disap-
pears. The disappearance of the reflection is an indication of a phase transition.
The intensity decrease is caused by the spin-lattice relaxation, which slowly warms
up the nuclear spin system, thus destroying the AFM order. 40 min after entering
the ordered phase, the nuclear spin system is back in the paramagnetic phase.
This time is in good agreement with the estimated 30 min in the Ag feasibility
study [131, ch.3], and should be compared to the corresponding value of 5-7 min
for Cu [63].

The transmission signal is seen in figure 44. At the lowering of the experimental
field, the transmission rate decreases by w 10% because the induced polarization,
P, vanishes in zero field. By relating the transmissions in finite field and zero field,

8This break was made to eliminate the effect of a transient behaviour in the detector elec-
tronics, causing a 5-10% increase in the initial transmission intensity.
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Figure J,3. Neutron (001) reflection as a function of time. Filled circles: The ex-
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signal above background is seen. Experiments performed April 2J,lh and 28ih 1995,
respectively.
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Figure J,J,. Neutron transmission as a function of time. Circles indicate the mea-
sured points, and the solid line is the monitor corrected data. The experimental
field is lowered from 500 (iT to zero from the [001] direction at 2 min. At this time
the transmission signal drops significantly. At 50 min, 90 min, and 1J,5 min the
experimental field is increased to 300 fiT for some time, causing an increase in
the transmission signal. Experiment from April tfth 1995.
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Figure J,5. Induced nuclear polarization, P, at a field of 300 y.T before and after a
zero field ordering experiment. P is calculated from the transmission data in figure
44, and is plotted as a function of time on a logarithmic scale. The line is a linear
fit, which is used to find the critical polarization, Pc, see text. Experiment from
April 84th 1995.

the initial polarization, Pu may be calculated, as explained in section 4.2. For most
of our experiments, P{ = 88-92%.

Later, after the (001) peak has disappeared, the field is twice increased to 300 fiT
for 5-10 min. This again polarizes the nuclei, and the transmission signal increas-
es. From the transmission measurements in high field, P is calculated and plotted
vs. time, as shown in figure 45. According to the theory for spin-lattice relaxation
at low fields, P is assumed to relax exponentially to its equilibrium value, which is
very close to zero at these low fields and "high" electronic temperatures. The fit to
an exponential decrease in figure 45 seems to be reasonable, although some devi-
ation is seen for the lowest polarization, consistent with the anomaly discussed in
section 4.2. The exponential fit is used to interpolate the value that the polariza-
tion would have had in a high field, at exactly the time where the (001) reflection
disappears and the paramagnetic phase is entered. The polarization at this point
is called the critical polarization, Pc.

The critical entropy, Sc, was calculated from Pc by means of (35). At zero field
the value was found to 5C = 0.57Smax, higher than previously found in the NMR
experiments. The critical temperature was found by using the P-T relation (37).
The value of the calibration constant for natural silver was adjusted according to
the larger average local field of pure 109Ag. Since both the RK and the dipolar
interaction are proportional to /z2, the local field is too. The adjusted value of the
calibration constant then becomes

\ 2

O^nKr^c = P O n̂Kr
\/'lO9/

In this way the critical temperature was found to be TN = 700 ± 80 pK.

(106)

Ordering experiments in applied Reids
We performed a number of experiments to study the ordered AFM state in an
applied field. The experiments were performed in the same way as the zero field
experiments, with the exception that a horizontal field of < 60 fiT was applied
a few minutes after the final demagnetization to zero field. The direction of this
field was the same as the direction of the field in the final demagnetization: [001].

The outcome of a typical finite-field experiment is shown in figure 46. The
intensity of the (001) signal decreased when the field was applied and then fell
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off in the same way as in the zero-field experiment. The (001) intensities are
discussed in a later subsection. The transmission signal showed a clear increase
when the field was applied, corresponding to an induced polarization inside the
AFM phase. This polarization decreased slowly in time, and was not affected by
the phase transition at 16 min, in total agreement with the mean field theory [23].
The experimental field was later lowered to zero to make a reference point for
the transmission measurements. The values of the initial and critical polarizations
could then be determined in the same way as for the zero field experiments. For
high fields, B > 60 f/T, Pc was in stead found by sweeping the field up an down,
since in this way more measurements could be carried out during each cycle.

By extrapolating the high-field results to zero temperature, the critical field was
found to Bc = 100±10/iK.
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Figure 1,6. Results of an ordering experiment in applied field, J^O pT. The (001)
signal (top) is similar io the zero field experiment. The application of a field at
7 min is seen in the increase in the transmission signal (bottom). The transmission
signal is unaffected by the phase transition at 16 min. The labels Pi indicate the
polarization measured in a high field. Experiment performed May 7th, 1995.

A series of similar experiments was actually performed earlier than the ones
mentioned above. The only difference was that the polarity of the x-coils had by
mistake been reversed, causing the final demagnetization to be from a direction
close to [0.8 0.8 1], 7° from the [111] direction. The applied fields in these experi-
ments ranged from 5 ^T to 80 /zT, and the intensities and general behaviour were
rather similar to those previously shown. However, the critical entropies were con-

Ris0-R-85O(EN) 87



sistently ss 0.045max smaller. The effects of changing the field direction are also
discussed below. The magnetic phase diagram, resulting from these measurements,
is shown in chapter 5.

Ordering exper iments in different field directions
In one of the first measurements we found a very clear result. We demagnetized
to zero from a direction in the plane 24° off from [0 0 1] and observed the (001)
reflection. Then we remagnetized and demagnetized to zero in the vertical [110]
direction, and no signal was seen. At last we remagnetized and demagnetized to
zero from the original direction - and the signal reappeared! These results are
shown in figure 47. After the [110] demagnetization the entropy must have been
low enough to reach the AFM state, since the ordered phase was reached later.
But the ordering vector was clearly not (001). Similar experiments were conducted
with the direction of the demagnetization being [100] or [010], and still the (001)
signal was missing.

0 -

10 20
Time (min)

30

Figure J,T. Three cycles of demagnetization-remagnetization in the same experi-
ment, first from the [0.5 0.5 1] direction at 2 min, then from [110] at 8 min, and
then again from [0.5 0.5 1] at 14 min. After the second demagnetization no signal
is seen, but after the third it reappears. Experiment performed November 11th,
1991

These observations exclude multi-k (100)-type structures, because the (001)
reflection in both cases would have been observed when the field is in the [100] or
[010] direction. According to the mean field theory [91] a3-k structure is predicted
at high fields in a narrow region close to [001] (see also sections 2.5 and 5.2). We
have searched for indications of this 3-k structure without success, but due to
the uncertainties of the field values, we cannot really claim to have disproved the
theoretical prediction.

We performed a series of experiments where we varied the field direction and
observed the corresponding change in the (001) intensity for a constant field of
50 /iT, both in the scattering plane and perpendicular to the plane. The results of
one of the latter experiments are shown in figure 48. We found intensity within a
cone of 110° opening around the [001] direction. The [001] cone covers the [001],
[011], [Oil], [101], and [101] directions, and just reach the four body diagonals
[111], [ i l l ] , [111], and [III]. The intensity is nearly constant inside the cone,
although it decreases towards the surface of the cone, as seen on figure 48. When
turning the field some hysteresis was seen when a cone surface was crossed, but
only within 10°. Outside the cones no (001) intensity was observed.

Ris0-R-85O(EN)



1600

o ioo

60 120 180 240
Angle of field (deg)

Figure J,8. The (001) intensity in an experiment where the field direction is varied
perpendicularly to the scattering plane. The initial demagnetization was performed
from the [0.5 0.5 1] direction. The 50 nT field was then swept past [110] and
further to [111], before it was swept all the way back again. Experiment performed
April 12th, 1995.

In one experiment we first demagnetized from the [100] direction and saw as
before no reflection. We then applied a field of 30 fiT along the [001] direction,
whereby the (001) reflection appeared. However, a subsequent demagnetization to
zero caused the reflection to vanish. We then applied a field of CO fiT along [001],
and the same pattern appeared, (experiment performed March 6th, 1995, data
not shown.) It seems as though the spin system remembered the direction from
which it was originally demagnetized, although it was able to reorient the ordered
structure according to the (small) experimental field. This "memory effect" is yet
not understood and must be investigated further.

The (001) peak observed with an area sensitive detector
To study the (001) reflection in more detail we replaced the single detector with
a PSD (see section 3.2). In this way the spatial variation of the peak could be
observed. The angular range covered 4° on either side of the (001) Bragg position.
The out-of-plane angle, F, ideally being zero, was covered between ±4°.

The result of one of these experiments is shown in figure 49. On the three-
dimensional plot the peak is seen to be clearly elongated in the F direction. This
is no surprise, since the vertical divergence in the beam guide is larger than the
horizontal divergence, and since the total scattering angle entering Braggs law
(100) depends on 20 to first order but on F only to second order.

To eliminate the effects of the vertical divergence we summed the pixels over
the F-direction, the result being equivalent to a 20 scan with a high and very
narrow single detector. The time evolution of the horizontal peak shape is shown
in figure 50. The Gaussian (001) peak is very clear, and its intensity decreases
with time, as already seen on the single detector data. The width of the (001)
peak is 0.45 ± 0.02° initially, and it is constant most of the time in the ordered
phase, increasing to 0.7 ± 0.1° around the phase transition. This could be a sign
of critical scattering, typical for a second order phase transition [126, ch.7], but
the statistics of the data is too low to conclude this for certain.

At the times corresponding to the initial and final PSD spectrum shown in figure
50 the sample is in the paramagnetic phase, but a weak peak is still visible. This
is the (002) nuclear Bragg peak from the few 2nd order neutrons leaking through
the Be-filter. The width of this peak is 0.41 ± 0.02°, slightly smaller than the
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Figure /,9. Shape of the (001) peak in a zero field experiment, measured by the
PSD during the first 10 min in the ordered phase. The height represents the counts
in each pixel (smoothened). The elongated peak shape (the larger width in the T
direction) is caused by the large vertical beam divergence. Experiment performed
November 26th, 199/,.
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Figure 50. Time development of the (001) peak shape, measured by the PSD in
a zero field experiment. Each curve is smoothened and covers a lime interval of
8 min, except for the initial curve, which covers only the first 2 min of the experi-
ment. The counts in this measurement have been scaled accordingly. The weak peak
in the first and last curved is the (002) structural Bragg reflection from the 2nd
order contamination of the beam. Experiment performed November 26th, 199/,.
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(001) peak. This difference is explained by the lower horizontal divergence of low
wavelength neutrons in the beam guide, and it is consistent with simple divergence
calculations (not presented). We conclude that the (001) peak is resolution limited,
and that the nuclear magnetic order is long ranged.

Classification of the phase transition
To establish whether the phase transition is of 1st or 2nd order, we performed a
few experiments where the field was swept between zero and 300 /iT repeatedly,
crossing the phase boundary several times. The additional entropy increase due
to each field cycling was found to be AS/Smax « 0.02, both in the ordered phase
and in the paramagnetic phase. The entropy increase in a similar measurement in
the copper experiment was A5/5max = 0.12 [58, 137]. This has been interpreted
as a manifestation of the latent heat from a 1st order phase transition. The small
entropy increase in this experiment suggests that the phase transition - at least
the investigated part of the phase boundary - is of second order.

Time constants in the phase transitions
A remarkable aspect of nuclear ordering experiments is the possibility to study
the dynamics of the ordering processes. In figures 43 and 46 the (001) peak is seen
to grow up during 30 sec after the final demagnetization. This time scale is on
the order of the experimental time resolution, whence not much can be concluded
upon these experiments. The time resolution may, however, be improved by simply
reducing the counting time per point.

Significantly larger time constants were seen in the experiments where the field
direction was turned. When the cone surface was crossed the signal decayed within
2-3 min. This we interpret as a reorganization of domains, nearly degenerate in
these field directions. The long times, compared to electronic systems, can be
understood in terms of the long time scales in the nuclear spin system in general.
For example, the Larmor precession in the local field is only 50-100 Hz.

Induced polarization in the AFM state
From the transmission measurements we were able to calculate the polarization
induced by the applied field within the ordered phase. In figure 51 the initial (low
entropy) value of P is plotted as a function of B, and the points are Fitted to a
straight line through the origin. P is seen to be directly proportional to B, as
expected from the mean field theory [23].

In the course of time, the nuclear system warms up, but P remains constant
within the ordered state. It seems, as if the heating only destroys the AFM order,
and does not affect the magnetization (as it does in the PM state). This behaviour
is in accordance with the mean field theory, and is also discussed in the context
of figure 46.

Sublattice polarization in the ordered state
Having performed the nuclear ordering experiments it should in principle be possi-
ble to calculate the sublattice polarization from (50). This is in fact rather difficult,
because the absolute beam intensity is unknown. We tried to determine this inten-
sity from the (111) and the 2nd order (002) structural reflections, but the results
were not consistent, probably due to extinction. From these two estimations we
reach Ps = 45 ± 10%.

When varying the magnetic field we observed a change in initial intensity of
the (001) signal. This can be understood from the fact that the spins cannot
simultaneously be totally polarized along the field and show AFM modulation. In
mean field theory the AFM spin directions are perpendicular to k. If B is along
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Figure 51. Induced polarization in the ordered state as a function of applied field.
The line is a linear fit through the origin. The polarization is calculated from trans-
mission measurements in a number of experiments where the final demagnetization
was performed along the x-y directions.

the [001] direction we then have

Pl = P2 + P-, (107)

where PL is the polarization in the local field. The entropy in the AFM state is in
this picture given by PL via (35). Since Jooi oc Ps

2 a nd P oc D, we must have

(108)/ooi(B) = /ooi(0) ( l -

where Dc is the critical field for the given entropy. In figure 52 is shown the results
of an experiment where the field was changed in small steps between 0 and 80 /iT
repeatedly. The agreement between the point inside one sweep-down-up series is
probably coincidental: The expected difference due to the steady heat input is for
this sweep rate compensated by a small hysteresis (which was also seen in the
transmission signal). Even though the counting statistics in this single experiment
is rather low, there is a general tendency to follow the prediction (108), solid curves
on the figure. This continuous behaviour of the intensity as a function of field does
not indicate the existence of more than one ordered phase in the scanned part of
the phase diagram.

Susceptibility measurements
In earlier ordering experiments a plateau in the susceptibility signal was inter-
preted as the signature of nuclear AFM order (see section 2.4). It was thus a
surprise for us that order in our experiment was at first seen only by neutron
diffraction, even though the susceptibility was simultaneously being measured by
the SQUID system. We later realized that \' behaves differently in experiments
with and without a neutron beam. With beam "on" the susceptibility displays no
signs of ordering, even though the ordered state is reached. This can be seen from
simultaneous susceptibility and neutron data in figure 53. If the beam is "off",
the susceptibility still decreases in time, but more slowly, and there is a weak
"kink" in the curve around 80 min. The susceptibility in two comparable ordering
experiments, one with beam "off" and one with beam "on", is shown in figure 54.
The difference in the behaviour of the susceptibility signal is probably related to
(he beam heating, although the reason for this is still unexplained.

To test the correlation between the susceptibility and the neutron (001) signal,
we performed a zero field experiment where the neutron beam was "on" only
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Figure 52. The observed intensity of the (001) reflection as a function of magnetic
field in one single experiment. The field was applied in the [001] direction and
swept in steps of 5 (iT from 80 nT down to zero - and then up again. This was
repeated four times, between the 2nd and 3rd cycle the field was raised to 300 y.Tto
measure the polarizaiion (as skown in insert). Each point was measured for 15 sec,
the open circles corresponds to field sweep up, and the filled ones to field sweep
down. The solid curves are fits to the expected parabolic behaviour (108) allowing
for different B-offseis, all found to be lower than 10 fiT. Experiment performed
May 2nd, 1995.

for 60 sec every 20 min. The outcome of this experiment is seen in figure 55.1'he
susceptibility shows a "kink" after 70 min, found by fitting a straight line to either
end of the data set, while the neutron intensity is still above background around
tc = 80 min. This shows that the susceptibility measurements probably do not
indicate the true phase transitions. This would have a large effect on the analysis
of nuclear ordering experiments done by direct susceptibility measurements.

Another surprise to us was the large hysteresis seen in the susceptibility mea-
surements. In figure 56, x' is plotted as a function of magnetic field in an experi-
ment where the field was varied from -150 to 150 fiT in steps of sa 30 fiT. A large
hysteresis is observed in the data points which were all taken in the paramagnetic
state. Thus, the hysteretic behaviour cannot be caused by motion of domain walls
inside the AFM state [5, ch.33].
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Figure 53. Simultaneous measurements of low-frequency susceptibility and (001)
neutron diffraction with constant beam in zero field. \' shows a monotonous de-
crease with time, and no kink in x' is seen when the neutron signal disappears. 4> is
the phase of the susceptibility signal, and it has a constant, small slope, except at
50 min when B is changed so the SQUID becomes unstable. Experiment performed
April 24th, 1995.
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Figure 54- Two measurements of low-frequency susceptibility, one with beam "on",
and one with beam "off". The time scales are different by a factor of four, corre-
sponding to the difference in relaxation time, caused by the beam heating. In the
paramagnetic phase (right) x' behaves similar, while the difference is striking for
the ordered phase (left). The solid vertical line at Pc indicates the phase transition
measured by neutrons, while the dashed line is an assumption of the phase transi-
tion in the beam "off" experiment, based upon a time scale argument. Experiments
performed April 2J,th, 1995 and March 27th, 1995.
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Figure 55. Simultaneous measurements of low-frequency susceptibility and (001)
neutron diffraction with the beam "off" 95% of the time. \' shows a slow decrease
xuith time, with a weak kink at about 70 min. The two lines are linear fits to
cither end of the data set. The neutron signal disappears between 80 and 100 min.
Experiment performed March 18th, 1995.
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Figure 56. Hysteresis in the susceptibility signal. The sample nuclei have just en-
tered the paramagnetic phase, and the field is swept up and down in steps. The
measured x' is plotted as a function of B, and a clear hysteresis is seen. Experi-
ment performed December 12th, 1994-
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5 Conclusion
First of all I must conclude that the experiment was a success! Despite the difficult
technical problems with the cryostat, we are now able to reach the ordered phase
in Ag and to study it in detail. Actually, we are able to remain in the ordered
phase for up to 45 min, which is better than expected in the feasibility study
[131]. The application of neutron thermometry allows us to measure the nuclear
polarization and entropy in a very direct way during the ordering experiments, a
considerable improvement from earlier experiments.

In the following sections I will first review what we have learned about the
ordered state from the experiments. After that I will compare our results with
the previous nuclear ordering experiments on Ag and the different theoretical
predictions, and I will conclude what the results have learned us about the physics
of a quantum frustrated system. At last I will make a few suggestions for future
developments of the nuclear ordering project.

5.1 Summary of the experimental results

The ordering we observed was LRO of type-I: a 1-k (001) structure. This was
observed for different field directions within a cone « 55° from [001]. For symmetry
reasons (100) and (010) order must be expected for field directions within 55° from
[100] and [010], respectively, and the same goes for the reverse directions, [001],
[010], and [l00]. The development of intensity with time showed no discontinuities
or kinks, which could be interpreted as phase boundaries within the ordered phase.

It is natural now to speculate whether any other ordered structures exist. The
directions that lies furthest from any of the six cubic [001] axes are the eight
[111] axes, which are just at the cone boundaries. Thus, every direction is covered
with just the six cones mentioned above. Our results indicate that there are no
other ordered structures than l-k-(OOl) - at least for fields of 50 //T, which was
the value used to investigate the different field directions. The cones from the
different [100] directions must have some overlap, most pronounced at the [110]
directions, and two ordering vectors may be seen here. This does not disagree with
the measurement, which shows a lowering of the intensity at this point.

The neutron measurements of the induced polarization inside the ordered phase
shows a linear dependence on field - for any values of the entropy. This indicates
that the static susceptibility measured by neutrons is field independent. The a-
diabatic susceptibility measured by the SQUID is actually also seen to vary only
weakly with field. The polarization decreases very slowly in time, and only after
the phase transition has taken place. This corresponds to a decreasing value of x'i
in agreement with the SQUID observations. The neutron polarization data are too
noisy to conclude whether any kink is seen. In contrast, the x' measurements with-
out a neutron beam do show susceptibility kinks in agreement with the Helsinki
measurements. The essential difference between the two types of experiments can
only be the higher value of Te2 in the neutron experiments, caused by the beam
heating. The effect of the higher electronic temperature is in turn an increased
heat input to the nuclei during neutron irradiation. The different behaviour of x'
is probably related to this, but a satisfactory explanation has not yet been found.

The phase diagram of the 109Ag spin system is shown in figure 57, where it
is compared to the results from the Helsinki NMR experiments. The critical en-
tropies observed in this experiment are seen to be systematically lower than those
obtained earlier, except for the lowest fields. There is an "inward bending" of the
phase boundary determined from the neutron experiments, but not as pronounced
as seen from the NMR results. These differences may be understood in view of the
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observation that the neutron and the susceptibility signal do not simultaneously
indicate the phase transition: At B = 0 the kink in x' appears at lower entropies
than the phase transition. The phase diagram shows a significant difference be-
tween the two field directions: The critical entropy for the [0.8 0.8 1] direction is
the highest, indicating that the observed (001) structure should be more stable in
this direction.

The phase transition is presumably of second order, as indicated by entropy
measurement and traces of critical scattering. The critical field is extrapolated to
Bc « 100 //T, and the critical entropy at zero field to Sc « 0.54 ± 0.02. The latter
value is slightly higher than the results of the previous NMR experiments. The
zero field critical temperature is found via the critical entropy to TN « 700 pK.
This critical temperature is 25% higher than the 560 pK found by the NMR ex-
periments. This discrepancy may be attributed partly to the differences in critical
entropy, and partly to to the differences between the samples: 109Ag has a w 15%
higher magnetic moment than 107Ag. The difference in ordering temperature be-
tween single crystals of either isotope should then be « 30%, since both the RK
and the dipolar interaction is proportional to /x2. Natural silver would have a crit-
ical temperature corresponding to the square of the average magnetic moment -
perhaps even closer to that of 107Ag, since the small random component of the
interaction due to isotopic mixing could reduce the critical temperature.
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Figure 57. The measured phase diagram in the (S,B)-plane compared to earlier
NMR results. The results are significantly different for the two investigated field
directions [001] (solid curve) and [0.8 0.8 1] (dashed curve), and arc both differ-
ent from the earlier results. The curves are guides to the eye. By reversing the
experimental field, an identical diagram appears (data not shown).

A peculiar feature in the results is the seemingly hysteretic behaviour of the sus-
ceptibility in the paramagnetic phase. One source of this hysteresis could be the
small field from paramagnetic impurities in the brass shields surrounding the sam-
ple. Paramagnetic impurities in the sample itself could show a similar behaviour,
but the high RRR indicates that the concentration of magnetic impurities in the
sample is extremely low, and this explanation does thus not seem plausible. If, on
the other hand, another ordered state exists beyond the (001) state, the hysteresis
could be explained by domain wall motion in this state. However, the hysteresis
have been observed up to very high entropies, and no other signs of a second phase
boundary have been observed. Thus, the first hypothesis seem most likely, and it
is about to be tested in a forthcoming experiment.

Another hysteretic behaviour was seen in the zero field (001) intensity, where
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the spin system seemed both to react on an applied field and still remember the
direction of the initial demagnetization. The results seems very peculiar, but might
still be explained with a small hysteretic external field, perhaps from the brass
shields.

5.2 Comparison of results with theory and ear-
lier experiments

The observation of the (001) LRO was in total agreement with the theoretical
work: Mean field theory, Monte-Carlo simulations, correlation theory and quantum
cluster calculations all predicted type-I order as a consequence of the dominating
RK interaction.

The stability of the 1-k structure in a 110° cone around [001] is in agreement
with the Monte-Carlo and spin-wave calculations by Viertio [91]. However, in
the Monte-Carlo work a 3-k structure was predicted for high fields very close
to the [001] direction, in disagreement with our experimental results. The failure
to observe this structure could be explained by the remanent fields, which has
prevented us from knowing the exact field direction in low fields. Monte-Carlo
simulations, spin-wave calculations and perturbation theory [99] all predict a 3-
k type-I structure for high fields near the [011] and similar directions. This has
effectively been disproved, since we observed no (001) intensity when the field was
along [110].

As mentioned earlier the critical temperature has been a problem for most of
the theoretical work, the zero-field results being typically a factor of 2-3 too high,
whereas the Monte-Carlo simulation yielded the observed value of TN, see table
3. The result from the current experiments, TN = 700 pK, does not resolve this
discrepancy, since the low TN is probably caused by the quantum fluctuations of
the nuclear spins, and quantum effects are not included in most of these methods.

The second order character of the phase transition agrees well with Monte-Carlo
and mean-field calculations [129], even though the phase transition in these works
is predicted to be of first order at temperatures lower than T N / 2 , since this is
probably colder than we have achieved in this experiment.

The inwards bending of the phase diagram in the (5, B) plane seems interesting.
In the NMR experiments it was concluded that the phase diagram in the (T, B)
plane would not exhibit an inwards bending, but this conclusion was based upon
the Clausius-Clapeyron equation, which is not applicable if the phase transition
(as we presume) is of second order. However, this scenario may still be close to the
truth. A "normal" looking phase diagram in the (T, B) plane might be converted
into the observed diagram in the (S,B) plane, provided the isentropes have a
negative slope within (parts of) the ordered phase. This is the case in the phase
diagram obtained from the exact diagonalization, which, however, does not show
any signs of inwards bending. The earlier theoretical calculations have mostly been
concentrating on predicting the phase diagram in the (T, B) plane. Especially for
the mean field theory this is necessary, since the ordered phase contains all allowed
value of the entropy, so that Sc in practice equals Smax. Anyway, the anomaly in
the phase diagram might be attributed to a "lifting" of the frustration by the field,
a feature seen in e.g. the phase diagram for the exactly solvable Ising model on a
frustrated lattice.

The disagreement between the positions of the phase boundary from neutron
and NMR measurements may need additional attention. As discussed in [8, ch.8F],
a such difference could be attributed to the existence of a mixed phase, containing
both AFM ordered and paramagnetic domains. The neutron signal would persist
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as long as any AFM domains were present, while the susceptibility measurements
might indicate any phase boundary perhaps that between the pure ordered phase
and the mixed phase. However, in intermediate and high fields critical entropy
found by susceptibility is higher than that found by neutrons, and the existence
of a mixed phase can thus no resolve this discrepancy. If, on the other hand, the
calibrations of the entropy scale in the two experiments differed by just a small
amount, the two phase boundaries might be found to be overlapping for all but the
smallest fields (below 30 ^T), where the differences between the two measurements
would form a small "pocket". A mixed phase should, however, not be found near
zero field [8, ch.SF]. This rules out the existence of this phase as an explanation
for the observed discrepancies. One should also remember that the "simultaneous"
measurement of beam-off susceptibility and (001) reflection gave a smaller critical
entropy in the neutron data. This seems to be in total contradiction to the idea
of a mixed phase. However, it seems not reasonable to conclude very much from
this single experiment, since it has not been reproduced, and since the mechanism
causing the dependence of the SQUID signal on the beam heating is still not
explained.

It should be kept in mind that the NMR experiments were made using a sample
of natural composition, while the neutron experiments were made using an isotopi-
cally pure sample. The difference in magnetic moment between the two isotopes is,
however, rather small. One would expect this small variation to slightly suppress
the ordering entropy, if it would have any effect at all. This could explain the
difference between the zero-field ordering entropies, but the discrepancies between
the high fields results would in that way increase.

A last thing to note is the observed difference in critical entropy for the different
field directions. At a first glance one would expect the critical entropy to be
higher for a field direction close to the edge of the cone, since it would there be
more unstable. However, one should remember the theoretical predictions of a
3-k structure when the field is very close to the [001] direction. Actually, there
may exist such a small, still undiscovered "pocket" in the phase diagram, in the
vicinity of which the 1-k structure will be less stable. Of course, the free energy
of the 1-k structure might simply experience a local maximum when the field is
along one of the main cubic axes. A systematic investigation of the variation of
the critical entropy with the field direction would shed more light on this, still
somewhat mysterious issue.

In conclusion, there seems to be nothing really new and exotic about the spin
system of 109Ag. The beautiful idea about a "spin-liquid" RVB ground state seems
not to hold: Neither the experiments nor the cluster diagonalization supports
the existence of this state, which might be limited to low-dimensional systems.
No other effects of frustration and quantum fluctuations have been found but a
lowering of TN and a weak anomaly in the phase boundary. This supports the
idea that the complicated phase diagram of Cu was caused rather by competing
interactions than by topological frustration in the fee lattice [104]. However, a few
mysteries and discrepancies in the results still remains to be solved before the final
conclusions may be drawn.

5.3 Future developments

At last I will like to present a few suggestions for further work, in the Ag experi-
ments as well as for work with the other noble metals.
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Continuing the silver experiment
From the discussion about the experimental results it seems probable that the
phase diagram of 109Ag contains nothing but 1-k (001) order. However, the the-
oretical prediction of a 3-k structure at high fields along the (001) direction calls
for a thorough investigation of this region. It would also be interesting to investi-
gate the field region close to [111] and [101] where several phases presumably are
degenerate and might be coexistent. It will, however, be difficult to distinguish
the effect of a distribution of domains from true 2-k or 3-k structures.

The apparent lower critical entropy when the field is in the [001] direction (see
figure 57) calls for more measurements. One could perform an experiment where
a field of, say, 50 (iT was turned between [001] and [0.8 0.8 1] while the entropy
is close to Sc.

The traces of critical scattering could be investigated further. A precise deter-
mination of the peak widths at the phase transition would require use of the PSD
over several identical experiments in order to collect enough counts to be able to
obtain any quantitative information about this.

Since the nuclear spin system sometimes responds very slowly to changes in
field, a systematic study of the kinetics of the domain reorientations could be
possible. This would be extremely interesting, as domain reorientations usually
occur much faster than experimental time scales. For a better time resolution a
higher beam intensity would be useful. This could be obtained by re-installing the
focusing monochromator.

Finally, it could be interesting to verify the observation of ferromagnetic order in
Ag at negative temperatures. This could be done directly by observation of changes
in the (111) intensity due to nuclear ordering. Another method is the neutron
transmission measurement, where ferromagnetic order would be revealed as a large
transmission in zero field, decreasing as the temperature increases. Obtaining the
acquired high negative polarization in the single crystal could, however, be a severe
problem. If the field is turned slowly in comparison with r2 = 10 ms, the nuclear
spins will just rotate to follow the field adiabatically. But the high conductivity of
the crystal makes the skin depth comparable to the sample thickness already at
10 Hz. Thus, even a very fast change in the outer field may only be sensed by the
surface of the sample, in effect causing nothing but a depolarization of the sample
as a whole.

Experimental improvements
For studying two reflections simultaneously, the spectrometer set-up should be
changed somewhat. A new crystal could be grown so that both the [100] and
[001] directions are in the scattering plane. By choosing 20 = 90°, A = 5.78 A,
the scattering condition could be fulfilled for both reflections simultaneously. This
would require a change in the monochromator angle to 2 0 m = 119° if the present
monochromator was used. With this set-up it would e.g. be possible to study the
transfer of intensity from one reflection to the other when the field direction is
varied.

A great nuisance in the silver experiment has been the presence of a large, un-
known remanent field, which, however, seems fairly reproducible from experiment
to experiment. A device to measure the magnitude and direction of the remanen-
t field would be desirable. Such a device could be made using the phenomenon
known as weak localization in a two-dimensional electron gas. In such a system the
resistance shows a characteristic peak when the temperature is low and the field
perpendicular to the system approaches zero [138]. A device consisting of three
perpendicular GaAs-GaAlAs two-dimensional structures could monitor the three
components of the remanent field, and by scanning the experimental coils the zero
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point could be found to within 5-10 fiT. It is possible to construct such a device
to be smaller than 3 x 3 x 10 mm [139]. A small and sensitive Hall probe would
yield more quantitative information about the experimental field, but with such
a device one would face the difficult problem of determining the zero-field offset.

Experiments with o ther samples
The nuclear spin system of 107Ag has the same ratio of dipolar to RK interactions
as 109Ag, because both these interactions are proportional to 7^. The absorption
cross section for 107Ag is, however, much smaller than for 109Ag. Simultaneous
measurements of x' a n d the (001) reflection in a single crystal of 107Ag could be
used to investigate the effect of beam heating on the susceptibility signal. However,
it is doubtful whether it would be worth the effort to produce a single crystal of
107Ag for just this one experiment.

In contrast, it is indisputable that it would be worthwhile to find the "missing
phase" in the Cu nuclear spin system in high fields along the [111] direction. Since
the 1st nuclear stage, link and sample from the last Cu experiments at Ris0 are
still connected, it would take only small efforts to substitute this for the current
nuclear stages. The search for the ordered phases may, however, take longer time,
since the reflection is most probably not in the scattering plane. If Lindgard's
(§ + S, § - 6,0) suggestion is correct, the reflection from structure could be seen
by placing the PSD close to the sample and perhaps tilting the cryostat some
degrees.

Concerning nuclear magnetic ordering, Au is a completely unexplored noble
metal. Like Cu and Ag, also Au will first be investigated by NMR and \' Mea-
surements in Helsinki, where a new and improved cryostat is being constructed.
An additional excitement arises in Au, since this is assumed to be superconduct-
ing below w 200 pK, although this has never been observed [49]. The interplay
between superconductivity and nuclear magnetism could provide the basis for yet
another chapter in the continuing story of nuclear magnetism. I hope to be able
to participate in these investigations.
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A A manual for running the Ag exper-
iment

This note describes a typical experimental 3-day cycle in details: Things to be
done, things to be monitored, and things to be avoided. The note cannot replace
actual experience, but gives some guidance to non-experts.

I have organized the schedule so that it follows the experimental cycle, the
contents is a checklist with explanations. The experiment cycle starts at Day 0,
shortly before midnight, when the neutron ordering experiment has just taken
place. Of course, the time schedule for the first experiment after a break (e.g. a
reactor shutdown) does not face similar restrictions, but the same procedure should
in general be followed.

Certain things (ordering experiments, demagnetizations, He transfers) should
always cause a note in the log-book, as will all changes, failures etc. not mentioned
in the schedule. Monitoring the dilution refrigerator is not a scheduled task, as the
fridge runs continuously. But for convenience I have placed the relevant description
under Day 1.

Day 0 Immediately after the ordering experiment preparations for the next
experiment begin by precooling the first nuclear stage.

• Start 1st stage remagnetizing. The current leads to the 1st stage magnet are
pulled down slowly and the cables are connected (the yellow labels mark the
polarity of the cable connections) and the shunts at the end of the cables
are removed. By pressing "% max" the 1st stage current is increased to
the value of the persistent current (0.5 A, but current supply has a 0.2 A
offset, giving a 0.7 A readout), and the magnet is depersisted by a voltage
from the power supply at the top of the right rack. Turn up the current
control, connect the supply to the heater (box switch on: "int", off: "ext"),
and turn the voltage control slowly towards 15 V. In this way, actually, both
magnets are depersisted, as the two persistence switch heaters are connected
to the same power supply, but the 2nd stage current is zero at this stage,
so depersisting it makes no difference. Next, remagnetization of 1st stage
magnet to a field of 9.0 T is done. The time constant at the power supply is
set to 300x5 s in low fields, and is changed to 300x10 s when the current is
40-50 A. The set-point remains at 75.2 A which is a constant max. setting.
During magnetization in a high field the induced voltage should not exceed
1 V.

• Transfer helium. This should be done while (or before) the 1st stage magnet
is being magnetized. The thin rubber return-line tube extending from the
current leads will freeze, and there is danger it will break. A full (at least
75%) 100 L He can is lifted about 1.5 m with the crane, the control is best
done from the platform. Siphoning is done using the flexible siphon and the
black taped balloon, and it should proceed to a level of 40 cm (max. readout
of the level meter). The siphoning procedure may be carried out by only one
person, but not without a fair amount of practice. A full dewar lasts 48 h
with the current leads up, giving a boil-off of about 1.0 L/h.

• Finish 1st stage magnetization. When the max. current has been reached
and the inductive voltage has died away (the needle sometimes gets stuck),
the magnet is persisted. Turn the voltage control on persistent switch heater
supply to 8 V, disconnect the supply from the heaters and then set current
control to zero. After 60 s the 1st stage current supply is swept down to zero
during a few minutes. At this point the leads are shunted, and the cables
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are disconnected. The current leads are pulled up; if they freeze they can be
heated with the air-gun. A few min before this, the return line tubes from
the current leads may have been closed in order to let the leads warm up, at
least if the He transfer were finished. The heat switch is taken up ("track"
on the current supply). A NOTE in the log-book concerning date, time and
action(s) should be made at this point.

• Fill LN2 traps. The trap on the 3He return line should always be 2/3 filled,
no more. The trap at the 60Co thermometer is only filled when that ther-
mometer is being used. Remember to exchange the empty LHe dewar for a
full one.

• Prepare precool monitoring. The (x — t) plotter is connected to the mixing
chamber (resistor 6) and to 3He flow meter. Pt NMR time (between mea-
surements) is set to 30 min, and the pulses are set by TRA=6, C=720. At
the PC to the right choose 'Param. Edit' in the menu reached by press-
ing "ESC". The program monitoring the Pt thermometer is found in the
directory 'C:/PLM' by the name 'PLM-4'.

Day 1 The first nuclear stage is precooling towards 9 mK, and nothing else
happens at the cryostat. This day is normally used for analyzing yesterdays data.
Another sensible thing to do is watching the performance of the dilution unit. At
least the following things should be checked:

• Still heating. The current is usually 7S = 7 mA, but it may be increased
to 7.4 mA. The heat input (and thereby circulation) is proportional to 7S

2,
and the system becomes unstable at too high circulation rates, so be careful
when 7S > 7 mA. The current to the still heater is controlled from a current
supply at the roof of the left rack.

• 3IIe back pressure. The pressure on the back of the pump must be 600-800 m-
bar. When the pressure reaches 900 mbar, an automatic valve is opened,
leading the excess gas into the tanks. This should be avoided. The readout
is on the front panel of the pumping station, labeled "p back".

• 3He still pressure. A pressure gauge situated at the still tube just above the
cryostat measures the gas pressure (at room temperature). The correct value
of this pressure is 200 /zbar. The readout is besides the roots pump behind
the pumping station.

• Pot pump pressure. A gauge measures the pressure before the pump to the
1 K pot. This should be 2 mbar, corresponding to the arrow at the readout
labeled 'from pot' at the front of the pumping station.

• Circulation rate. When the still heating is 7 mA, the circulation should be
600 /imole/sec. The rate of the 3He circulation is displayed on the front panel
of the pumping station.

• Blockings in the LN2 trap. The liquid nitrogen trap stands at the back of
the pumping station. The pressure difference over the trap should not exceed
100 mbar. The two pressures are read from the front panel of the pumping
station, labeled "p set" and "p cond", respectively.

Day 2 This day the first demagnetization is done and the sample starts the
polarization period. During this time the cryostat cannot be touched, the beam
should be closed, and electrical noise avoided.
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• 9.00: Transfer helium. NOTE the readout of the values of i?MC and TPl

before transfering. For Tpt = 9.5 mK the resistor value is R\\c « 122 kQ.
For details about He transfer, see Day 0.

• 10.00: Start 1st demag. Firstly, take the heat switch down ('down' on the
supply). Leads and cables for both magnets are connected (remember the
shunts), and the current in the 1st magnet supply is increased to the persisted
value, 75.2 A. Tighten the flow valve to 7 mm to reduce He vibrations in
the tubes. Depersisting (of both magnets) is done by a slow increase of the
heater voltage to 15 V. When magnets are depersisted, the time constant
is set to Ikxl5 s, and the current is swept down to 20 A (press "% max").
The set-point is 0.7 A. NOTE in the log-book.

• 10.15: Check lattice reflection. Remove the Be filter and measure the reflec-
tion for 60 s. At TASCOM (for description see Day 3) write "fina='tmp'
itime 1,60". At the alignments used so far the rate I/MON has been 14.0-
14.5xl0~3. Remember to reposition the Be filter at the optical bench and
to realign it. A double pencil mark indicates the right position to within a
few mm, but the last realignment must be done watching the transmission
analyzer with the beam open. Remember to close the beam afterwards to
avoid unnecessary beam heating. NOTE in the log-book. Remember to fill
the relevant t,rap(s) at this stage.

• 11.40: Magnetized 2nd stage magnet. When the 1st stage magnet current
has reached 25 A, the 2nd stage magnet is magnetized. With a sweep rate of
0.72 A/min the supply increases the magnet current to 77 A, corresponding
to 7.0 T (Press "set point"). The switch heater at the 2nd stage supply is not
connected to the cryostat, but must be on to make the supply function. As
the two magnets are persisted and depersisted simultaneously their mutual
inductance causes no problem. NOTE in the log-book.

• 12.00: Change demag speed. After 2 h the 1st stage magnet has reached 20 A,
and the sweep rate is decreased. New time constant is 3 x 10 ks, the set-point
remains unchanged. Change Pt-thermometer variables to (TRA=2, C=240),
for details see Day 0. NOTE in the log-book.

• 13.00: Change demag speed again. After 3 h the 1st stage magnet has reached
5 A, and the sweep rate is now reduced further The new time constant is
3 x 20 ks, set-point still unchanged. NOTE in the log-book.

• 13.30: Finish 1st demag. When both magnets are at their final current they
are persisted, the current in the supplies are taken down, the cables are
shunted and disconnected, and the leads are pulled up. The 1st stage tem-
perature, as read from the Pt thermometer, should now be less than 200 /zK,
decreasing to 120 /iK during the 28 h of polarization. NOTE in the log-book.

Day 3 This is the experiment day! The actual experiment takes place in the
evening, when everything is quiet. Until then the cryostat must be left alone.

• Noon: Fill Be filter with liquid nitrogen. The green labeled metal tube should
be used, as that extends to the bottom of the dewar. Refill after an hour or
two.

• 18.00: Start 2nd stage demag. Both 1st and 2nd stage current supplies are
connected. The 1st and 2nd stage supplies are initially set to 0.7 A and
77 A, respectively. Depersisting is done very carefully to avoid trouble due
to small losses in the persistent current in the 2nd stage magnet: The voltage
across the poles of the magnet is being monitored while the deperrist heater
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switch is being operated. The voltage should never exceed 0.05 V. The heater
voltage is gradually increased from 8 V to 15 V. Before proceeding wait
60 s, and check that the sweep rate for the 2nd stage magnet is set to
0.72 A/min. The 2nd stage current is then swept towards set-point zero.
This takes 1 h 45 min.

• Prepare for the experiment. Everything must be ready in advance so that
no experimental time is lost. The checklist is:

- Field control ready. The file controlling this nights experiments is writ-
ten. This type of files are located on the leftmost PC in the directory
'C:/DT2801'. A typical file name is 'EXP50.FLD'. See sample files in
this directory.

- xyz-coil ready. Firstly, the field direction is chosen from the switch box.
The current in the coils should be given the maximum value (400 mA
giving 500 //T) before the 2nd stage is fully demagnetized but not before
the 2nd stage current is below 20 A. Note that the color coding of the
'xyz' power supply is reversed: Connect black to red and red to black
at the supply front. The coil supply is controlled from the leftmost PC.
The program is located in 'C:/DT2801' and is run by typing "QBASIC
SUSI". The current is set by an initial control voltage, which should be
8.4 V. The output files are typically called 'or230195.dat'. The number
of conversions should be 50. Do not hit "ENTER" after this last type-in!

- Check all neutron equipment. High voltages should be on, and the
angles positioned. The display should show the things to be monitored,
typically the ratemeters 'RDM', 'RMS' and 'RAS' as well as the time
'TIM'. The Be filter should be in place and cold. The shutter control
is brought to the platform.

- TASCOM ready. The spectrometer program is run from the workstation
by typing "tascom" in the home directory of user 'tascom'.The filename
'fina' should be given a proper value ("fina = 'or2301' ") and segment
number 'segn' should be set to zero. The command "itime 999,60",
giving 999 measurements of each 60 s, should by typed. (Do not hit
"RETURN"!). Alternatively the command "itrig 999,60" could be used,
see item Run experiment . General information about TASCOM can
be obtained in the TASCOM manual.

- SQUID ready. The excitation should be set on the synthesizer to 41 mV,
7.9 Hz. The SQUID gain is set to 100. The output of the lock-in am-
plifier is connected to the plotter, which is set to scale 10 V, 5 cm/h.
Time constant in the lock-in amplifier should be 12.5 s, and the scale
30 mV x 1.

• 20.00: Start experiment. This involves doing several things rather quickly.
The routine is:

- Wait 1 min. This is done in order to let the remnant field, induced by
the 7 T magnet, decay - as well as the induced voltage over the magnet.

- Persist magnets. Turn off the persistent heater, wait 1 min (in this time
the leads are heated with the air-gun), shunt and remove the cables and
pull up the current leads quickly, so that they do not freeze on their
way.

- Tune SQUID. Mode is set to 'set2', and the rf level is tuned to the
maximum readout. Then set mode to 'slow'. Press the 50 Cl button on
the synthesizer to start the excitations.
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- Start chart recorder.

- Open neutron beam. Due to transients in the transmission detector,
AUX, the beam must be open 20 s before the measurements begin.

- Press RETURN on the two computers simultaneously! This starts the
data taking.

• Run experiment. Each experiment till now has followed a certain procedure
to ensure reproducibility. The details are, however, not critical for the success
of the experiment. The order is:

- Two points (i.e. 2 min) in max. field, 500 ^T.

- Sweep to zero field. In general, field sweeps last for one minute, and
two points are to be measured at zero field. As the measurements are
not stopped during the sweep, 3 points are taken in total.

- Sweep to experimental field. This field is normally in the range 0-70 fiT,
and the field remains constant for 40-50 min.

- Monitor the experiment. Watch the running experiment by 'MATLAB':
Type "matlab" in any open window at the workstation. The MATLAB
macro "rtplotc('or23010r,60)" produces 4 plots that each are being
updated every 60 s.

- Sweep to high field. This is done for 5-10 min after leaving the ordered
state to check the transmission signal, from which the polarization de-
cay in the paramagnetic state is deduced.

- Sweep back to experimental field. Measure for 15-20 min.

- Sweep to high field again. Measure for 5-10 min.

- Sweep down to zero field. Measure the transmission background for
15-20 min.

- Check count rates. Remove the Be filter and measure the 2nd order
lattice reflection for 1 min. Do not change the filename in TASCOM
(segment numbers are updated by the macros 'itime' and 'itrig'). This
measurement does only make sense, when the experiment is being car-
ried out at a reciprocal point, e. g. (0 0 1), which gives a 2nd order
nuclear reflection.

Each change in the magnetic field is programmed before the experiment, see
the item Prepa re for experiment . The actual triggering of field changes
are either done manually by pressing ("c" + "RETURN") on the leftmost PC
or programmed as a number of TASCOM points. These are being registered,
as TASCOM for each counting point releases voltage pulses in a current
supply controlled via the IEEE net. In the latter case, the TASCOM macro
'itrig' is used in stead of 'itime'.

• End experiment. The neutron measurements are finished by stopping the
TASCOM macro (press "CTRL-c") and closing the neutron beam. The
SQUID measurements may continue for several hours with the advantage
that the neutron heat input has been removed. Eventually, the 'SUSI' pro-
gram is stopped by "q"+"RETURN".

When the experiment is over the cryostat is immediately prepared for the next
precool. See the beginning of this note, Day 0.
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B Photographs of the experimental set-
up at HMI, Berlin

The following four photographs are a selection of pictures taken by Finn Berg
Rasmussen, 1994 and myself, 1995.

Figure 58. Left: Overview of the experimental set-up. The tall dewar extends from
the black spectrometer table (bottom) up through a hole in the platform (top),
where all the electronics for the cryogenic equipment is placed. The single detector
and Us black "nose" is mounted on the spectrometer arm, while the top of the
PSD (light blue) is seen on the floor in the foreground. Right: From the platform.
The 3//c pump line is seen to the right, extending towards the top flange of the
cryosial (hidden). The background is dominated by the two large racks containing
the electronics for the cryostat.

108 Ris0-R-85O(EN)



Figure 59. Top: A close-up of the sample region seen at the level of the neutron
beam. The walls of the bottom part of the dewar (middle) are thinner and un-
paintcd where the beam passes. To 1he left is the single detector with the neutron
absorbing "nose". To the right the monitor is seen between two masks. Due to sat-
uration problems this monitor was later replaced by a thinner, less efficient one.
Bottom: Transferring liquid helium. Julia and I are standing on the platform, and
the container is held by the large crane of the spectrometer hall, occupying this
for 30 viin. Although tedious, this was the only way to make the helium transfers.
The equipment on the floor in the foreground all belong to our experiment: The
yellow pump stand, the orange beam stop and the grey rack with electronics for
the neutron instrumentation. Note the large 3He pump line for the dilution unit,
extending from the pump (behind the beam stop) to the top of the cryostat.
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C Physical properties of some elements
and their isotopes

This appendix lists the lattice properties of some of the elements relevant for
nuclear magnetism - and the nuclear properties of some of the corresponding
isotopes. The data of lattice properties mainly comes from [5, cover], while the
nuclear isotope data have been found in [103, 140, 72]. The neutron-related and
abundance data are taken from (mostly) [141] and [142], and the NMR data ft urn
[143, 20].

Element
C
Sc
Cu
Rh
Pd
Ag
Pr
Pt
Au

No.
6

21
29
45
46
47
59
78
79

Structure
diamond
hep
fee
fee
fee

fee
hep
fee
fee

a (A)
3.57
3.31
3.61
3.80
3.89
4.09
3.67
3.92
4.08

c/a

1.594

1.614

p (103 kg/m3)
2.26
2.99
8.96
12.4
12.0
10.5
6.77
21.4
19.3

Table 9. Physical properties of selected elements of natural isoiopic abundance, a is
the cubic lattice constant (for hexagonal systems, a is the in-plane lattice constant,
while the plane-plane distance is called c) and p is the mass density

Isotope
/

Abundance

7N/27T

(MHz/T)

b0 (fm)
b (fm)

CTQ (barns)

at 1.794 A
o-yo-%

»H
1/2

99.985%
42.576

2.793
-3.74
58.35

0.3326

3He
1/2

1.4 ppm
32.433

-2.128
5.74
6.9

5333

-1

1 3 C

1/2
1.1%

10.705

6.19
-1.21

0.0014

63Cu
3/2

69.17%
11.285

2.226
6.40
0.23
4.50

-0.6

65Cu
3/2

30.83%
12.089

2.385
10.57
1.85
2.17

-0.2

103Rh
1/2

100%
1.340

-0.088
5.88

.
145

0.333

10TAg
1/2

51.83%
1.723

-0.114
7.64
2.32
37.6

0.277

109Ag

1/2
48.17%

1.981

-0.131
4.19
-3.7
91.0

0.329

195pt

1/2
33.8%
9.094

0.606
8.91
2.3
27.5

0.285

197Au
3/2

100%
0.7292

0.145
7.63
-1.81
98.7

0.54

Table 10. Physical properties of selected nuclei. The isotopes 4Hc, nC, 190Pl,
l92Pl, wPt, 196Pt, and 198Pl all have I = 0 and are thus non-magnetic. One
barn is 10~28 m2 .

Isotope 3Cu 65Cu 103Rh 7Ag 1 0 9Ag i95pt i97Au references

K (sK)
T2 (ms)

R

1.27 1.09 10 ± 2 12 ± 1 10 ± 0 . 3 0.030 4.6
0.15 0.15 10.5 ±1.0 10.4 ±0 .2 9.1 ±0 .2 1.0

-0.42 -0.42 -1 .3 ±0.2 -2 .5 ± 0 . 5 -2 .5 ±0 .5 « 5 9

[140, 62, 20, this work]
[140, 20]
[68, 62, 72]

Table 11. Relaxation and RK data for selected metal isotopes.
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D Reprints of own publications
The following list contains references to publications of work in which I have
participated during my Ph.D. study. The scientific publications are labeled [PI,
P2, P3, P4, P5, P6], and reprints of all these papers are enclosed in this chapter.
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In this paper we use a Schwinger-boson mean-field approach to calculate the neutron-scattering
cross section from the S = 5 antiferromagnet with nearest-neighbor isotropic Heisenberg interaction
on a two-dimensional triangular lattice. We investigate two solutions for T = 0: (i) a state with long-
range order resembling the Neel state and (ii) a resonating valence bond or "spin liquid" state with
an energy gap, Ea =s 0.17J, for the elementary excitations (spinons). For solution (ii) the neutron
cross section shows Bragg rods at K = K = (| , §), whereas solution (ii) shows no elastic, buf. a set
of broader dispersive spin excitations around fc ss (^, 0) and around a S3 ( | , | ) for w/Eg = 2.5-4.
It should thus be possible to distinguish these two states in a neutron-scattering experiment.

I. INTRODUCTION

The study of the magnetic properties of the low-
dimensional antifcrromagnct (AFM) has been going on
since the early days of quantum mechanics. Already in
the 1930s, Bcthc1 and Hulthen2 found the ground state
of the one-dimensional AFM chain of spin 5 = 1/2 with
nearest-neighbor Heisenberg interaction,

where {i, j) indicates that the sum ruus over pairs of near-
est neighbors. At all temperatures they found absence
of long-range order (LRO). The elementary excitations
showed no energy gap, aud the dispersion relation was
found to be w9 cc | sing|, where q is measured in units of
I/a, a being the lattice spacing.3

Despite much effort no similar problem in two dimen-
sions has been solved analytically, although the simplified
Ising model has been solved for both the square and the
triangular lattice (TAL).4'5

Recently, the case of the AFM square lattice has re-
cieved much interest due to its connection with the high-
Tc superconductors.6 In a review by Manousakis7 the
many analytical and numerical approaches to the prob-
lem are presented.

In the classical case the ground state of the TAL is
found by dividing the spins into three sublattices, the
angle between spins in different sublattices being 120°,
as shown in Fig. 1. This is called the Neel state. The
periodicity in this state is seen to be A/3 times the lattice
constant, corresponding to six ordering vectors at the
Nccl points Kj = (1/3,1/3) and similar positions, as
shown in Fig. 1.

In an AFM, pairs of neighboring spins can satisfy their
internal energy by having spins antiparallel. In the TAL

geometry thie cannot be done by all pairs simultaneously.
This is described by the term "topological frustration."
In the Isiug model the frustration causes the ground state
to be degenerate, having macroscopic entropy at T = 0
and no LRO as shown by Wannier.5 In the Heisenberg
model the nature of the ground state has not been deter-
mined, although results by several methods suggest that
LRO is present.

Experiments by Hirakawa et al.B have revealed no in-
formation of the magnetic structure of NaTiO2, winch
is believed to be the best candidate for a physical re-
alization of the 5 = 1/2 TAL AFM system. In these
experiments no trace of magnetic neutron scattering at
K or other scattering vectors was found at temperatures
down to 1.4 K. Recently, however, measurements of the
heat capacity and susceptibility by Takcda et al.9 have
suggested a magnetic phase transition around 260 K. At

FIG. 1. One representation of the classical Neel state. The
spins are forming three sublattices, each turned 120° with
respect to the two others. The periodicity is \fz x \fz times
larger than in the original lattice.
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present, neutron experiments are being carried out on
a powder sample of NaTiO2 (Ref. 10) and on a powder
sample of YCuO 2 . 5 . u Unfortunately, no single crystals
of any TAL Heisenbcrg AFM material are yet available,
but attempts of fabricating some are being done.12

In a semiclassical view of the TAL AFM the ground
state should be seen as a spin-wave modified Neel state,
as first described in a large-5 expansion by Anderson13

and Kubo.14 Also in this case the elementary excitations
arc uq oc |sinq|.3 '15 '16 This approach is, however, doubt-
ful, as it postulates LRO and divides the lattice into sub-
lattices. Thus the original SU(2) symmetry of the Hamil-
tonian (1) is broken "by hand." It was early pointed out
by Marshall that this method may not be valid for spins
S = 1/2.17-18 He suggested that the ground state could
be unordered, what is later known as a "spin liquid."

In famous later papers by Anderson and Fazekas it is
suggested that the S = 1/2 ground state can be seen as a
superposition of configurations of (moving) singlet pairs,
the so-called "resonating valence bond" (RVB) state,19-20

as illustrated by Fig. 2. The elementary excitations in
•.his picture are seen as (a supcrposistion of) states with
one unpaired spin. This "binding fault" is then able to
move by changing the bond configuration. In the RVB
state the possibility exists that there is an energy gap in
the elementary excitations.

Iu this paper we will follow the RVB point of view
by making a Hartree-Fock and BCS factorization of the
Hamiltonian, obtaining terms corresponding to singlet
bonds. The mean-field Hamiltonian is then diagonalized
to yield the dispersion of the elementary exciations (the
so-called spinons). We use the mean-field Hamiltonian to
obtain an expression for the polarized neutron-scattering
cross section for both a single crystal and a powder sam-
ple. The mean-field methods used in the present work
were first presented (for the square lattice) by Baskaran
and co-workers.21"22

The present method has the advantage that the lattice
is not divided into sublattices. It has, however, the draw-
back that the number of spins on each site is fluctuating,
being unity only on the average. This makes predictions
of the models ground-state energy less reliable. We shall
therefore omit discussion of the ground-state energy, con-
centrating rather on the systems dynamic properties.

The problem of the spinon dispersion has also been

\

FIG. 2. A resonating valence bond state. The ground state
is a condensate of singlet bonds. An elementary excitation is
seen as a single unpaired spin due to "failures" in the dimer
covering of the lattice. The excitations are created in pairs
by breaking one singlet bond, and they are able to move by
changing the dimer configuration.

studied by Yoshioka and Miyazaki,23 who have done the
calculations including a magnetic field, thereby obtaining
the spin susceptibility and magnetization. These calcu-
lations differ from ours in that their mean-field expan-
sion does not contain a ferromagnetic component. Other
recent work has been done by Sachdev,24 who has calcu-
lated the dispersion and the structure factor in a large-N
expansion, and by Elstner et al., who have calculated the
structure factor by high-temperature series expansion.20

A spin-wave study has been done by Jolicoeur and Le
Guillou,15 and exact diagonalization was done by Bernu
et al.26 Results from all groups suggest that the LRO
(1/3, 1/3) structure is the most probable ground state of
the TAL AFM system.

II. MODEL

As a starting point we take the (isotropic) Heisen-
berg Hamiltonian (1) with nearest-neighbor interaction
between localized spins S = 1/2 on a triangular lattice.
Each sitq is equivalent and the coordination number is
z = 6. The vectors describing the neighbor positions can
be written as

-...I.

the. three remaining vectors given by Tn+3 = —rn.
For the spins we make the formal substitution

(3)

where <Ta,a' are the Pauli matrices, and the operators
sl,sa are creation and annihilation operators for spin a,

We have the freedom of choice to let the sa be either
boson or fermion operators, as both choices are consis-
tent with the original spin commutation relations. In the
following mean-field treatment, however, the elementary
excitations retain the boson-fermion properties of the s,,
operators. The selection of statistics for the square lattice
has been discussed earlier by, on the one hand, Anderson
et al.22 and Kivelson et al.,27 and, on the other hand,
Auerbach and Arovas28 and Read and Chakraborty.29

We here take the latter view by defining the spin opera-
tors sa to obey Bose statistics also on a triangular lattice.

The sa operators are the so-called Schwinger-boson op-
erators. The spin-up and spin-down quasiparticles cre-
ated by these operators may be understood as two differ-
ent degrees of freedom for the system. In the Schwinger-
boson picture the number of spins per site is not fixed,
and so we need explicitly to require it to be unity:

n,- = s t T 5 i t + a t i S u = l. (4)

This relation will later be relaxed to be fulfilled only on
the average.

Writing out the components of the usual spin operator
S we get
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< r * - ^ (5) Neglecting constant terms, the it-space Harailtonian

(•)• " • *

n
The spin Hamiltonian is now rewritten in terms of the
Schwinger operators:

(8)

where TIJTIJ- gives a constant contribution, which we ne-
glect. The operator B[^ creates on an empty lattice a
pair of spins in singlet combination:

(9)

We note that the Hamiltonian (8) is not diagonal, as,
e.g., .6^,5(1 ^ 0 if j and / are two different neighbors
to i.

III. MEAN-FIELD TREATMENT

So far everything has been exact. We now employ a
mean-field approximation of the Hainiltoiiian (8) by a
Hartrce-Fock decoupling, obtaining the following fields:

A r = J(Biti+T),

Pr = •'(s-TS'+'-t

(10)

(11)

where i + T represents the nearest neighbor to i in the
r direction. A r is the singlet (antiferromagnetic) order
parameter, while pT is the field that represents the ferro-
magnetic correlations. For the square lattice this mean
field is zero, but the geometrical frustration of the tri-
angular lattice causes the field to become nonzero. This
may be understood from the classical ground states of
these lattices, as the spins on the triangular lattice are
unable to be antiparallel to their neighbor spins. By re-
taining the p field we deviate from the similar treatment
of the problem by Yoshioka and Miyazaki.23

The field (s^s.v) is omitted, as it would only con-
tribute to the (later defined) chemical potential, which we
use as a variational parameter anyway. The other mean-
field terms appearing in the decoupling are the spin-flip
terms [Eqs. (12,13)]. We have only been interested in
solutions where these terms self-consistently are zero:

(s* Si-a) = 0,

(*l,ai+r-a) = 0.

We now Fourier transform the spin operators:

Ska = - p = 2 j e l f c R ' s J ( r

st _ J_ re-ikR/t

(12)

(13)

(14)

(15)

(16)
k,<r

SLW +

where ji is equivalent to a chemical potential. It is in
our treatment always negative. For a discussion of the
appearance of fi in the mean-field Hamiltonian see Flens-
berg et al.30 The other new parameters are defined as

PT [1 + cos(r • k)] , (17)

(18)

To diagonalize the mean-field Hamiltonian we use a
Boguliobov transformation. The elementary excitations
(spinons) are created and annihilated by the 7J and 7*..
operators:

s-ki = vk-rL + uk-y-ki- (20)

Requiring the transformation to be canonical we reach
the constraint

|«fc|2 - |ufc|2 = 1. (21)

We now want to transform the mean-field Hamiltonian
into the following form:

k,a

which gives rise to the following relations:

At = 2ukvkEk,

ek - 11 = Ek (|ufc|
2 + M 2 ) .

(22)

(23)

(24)

From these relations the spinon energy, Ek, is found to
be given by

Finally, the zero-temperature free energy is

(25)

(26)

The absolute value of the free energy is, however, not a
very accurate means of choosing the ground state from
different self-consistent solutions. This is due to the fluc-
tuating spin numbers in the mean-field treatment. For
instance, the number correlation function for the square
lattice has been calculated to (njiij) a= 1.67.23'31"33

IV. SELF-CONSISTENCY

In the now established model it is not possible uniquely
to determine the relative strength and phases of the sin-
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glet field, AT. We have found two solutions using sym-
metry arguments. We assume translational invariance of
the field and that its strength is isotropic, i.e.,

A r = Aoe1'* (27)

where 4>T is the phase of the field in the direction T .
From the definition of A r it is seen that the field has odd;
parity: AT = — A_T. We furthermore assume that the
solution retains the sixfolt! symmetry of the lattice (that
the phases are a representation of the group Co). This
leaves us with two possibilities for the A r field:

(A) The phase of the field changes by TT for each 60°
rotation of T: <j>Tn = nir.

(B) The phase of the field changes by 7r/3 for each 60°
rotation of T: $Tfl = iiir/Z.3<i

The two choices of phase are illustrated in Fig. 3. Our
classification of phases follows Yoshioka and Miyazaki,
who also discuss two other phase choices with broken
symmetry.23

To establish self-consistency of the model we now set
up tliree equations: one for the strength of the sin-
glet field, Ao, one for the ferromagnetic field, p, and
one to secure that (n;) = 1. By expanding (17) and
(18) in terms of the spinon operators we reach the self-
consistency equations

Pr = Tf

where nB{E) = (e(E-">/fcT> - I ) " 1 is the Bose dis-
tribution function, and the singlet phase sum is £& =
£ T e1*' sin(k-r). We find that a constant ferromagnetic
field, p r = p, satisfies the self-consistency equations, and
we investigate no further possibilities for this field.

V. PROPERTIES OF THE (A) STATE

For the (A) choice of the AT field we were not able
to solve the self-consistency equations for T = 0 without

FIG. 3. The two possible choices of phase for the singlet
field AT under the assumption of sixfold symmetry. In solu-
tion (A) (loft) the phase is cither + or - , while solution (B)
(right) has complex phases, where the complex phase angles
follow the geometrical angles.

assuming that Bose condensation occurs at the energy
minima at the corners of the Brillouin zone, at K. The
relation E(K) = 0 determines the value of the chemical
potential:

(31)

Summations including the Bose occupation number are
then rewritten using the J-like properties of na- From the
Bose contribution to (30) the Bose condensed fraction is
calculated:

1

Ek

(32)

Here the contribution from the Bose condensate comes
from the six Neel points (each of weight 1/3). These
points can three by three be translated into one another
by a reciprocal lattice vector. The Bose distribution func-
tion may thus be substituted by a sum of 5 function in
the k plane:

NEk

•nB{Ek) —> — (33)

The three self-consistency equations are now solved, giv-
ing the values of UB> AO, and p. In Table I the obtained
values are presented and compared to those of Yoshioka
and Miyazaki.23 The effect of including the p field is seen
to be a reduction of the Bose-condensed fraction by 7%.
The dispersion relation is shown in Figs. 4 and 5. It is

TABLE I. The self-consistent values of the mean-field parameters for the two phase choices (A)
and (B) compared to those of Yoshioka and Miyazaki (Ref. 23), who did not include the p field. It
is evident that apart from the p field itself, the difference between the results is rather small.

Phase
Ao
P
P-

"B
E,

?min

Our results
(A)
0.6973J

-0.4642J
-2.910U
0.3048
0J
1

(B)
0.5533./
0.1760J

-1.0588J
0

0.1690J
0.4885

Results of Ref. 23
(A)
0.6981./
OJ
—
0.3277
0J
1

(B)
0.5562J
OJ
—
0

0.1658J
0.4469
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1.5

-0.5

- 1 . 5

FIG. 4. Spinon dispersion relation for the
(A) solution, where the energy at the K
points is zero and Bose condensation occurs.
In general lighter colors mean higher energy
(black is energy zero).

- i . s 1.5

seen to have a funnel-like minimum, as was also seen in
the ordered ground state of the square lattice.30'35

VI. PROPERTIES OF THE (B) STATE

The state obtained by the (B) choice of the A r field
shows no Bose condensation. The dispersion has six
minima at qn,RVB = 0.4885Kn with an energy gap of
Eg = 0.1G90J as shown in Figs. C and 7. As will be shown
in the next section, the energy gap implicates the absence
of LRO. This state thus resembles the RVB spin-liquid
state proposed by Anderson.19 In Table I the mean-field
parameters are shown and compared to those of Yoshika
and Miyazaki. The effect of including the p field is seen
to be rather small in this case, increasing the length of
qRVB by 7%.

As for the (A) state, we succeeded in reproducing the
results of Yoshioka and Miyazaki when ignoring the p
field.

VII. SPIN-SPIN CORRELATION

We will here show how to use the present formalism to
calculate the spin-spin correlation function. The result
is known from Yoshioka and Miyazaki,23 but the method
is nevertheless of importance for the later calculations of
the neutron-scattering cross section.

As the Hamiltonian is invariant to rotations in spin
spare [SU(2) invariant], the three components of the cor-
relation function are all equal. We choose to present only
the calculation of the x component:

(34)

The last equation holds because terms of the type
(S*Sj~) vanish. The spin operators are now rewritten
in terms of the spinon operators:

(35)
k,k',q,q'

where R is a vector from the ith to the j th site. As
the Hamillonian is diagonal in the spinon representation,
only terms with matching creation and annihilation oper-
ators contribute, i.e., for the case (k = - q and k' = —q')
or the case (k = q' and k' = q). Collecting these terms
from the quadrouple sum, we reach

2.5

~ 2

1 0.5

•V

-1.5 - 1 - 0 . 5 0
h (rlu)

0.5 1.5

FIG. 5. The spinon dispersion relation along two lines in
the Brillouin zone for the (A) solution. The solid line is along
the [11] direction, and the dashed line is along the [10] direc-
tion.
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1.5

0.5

- O . b

FIG. 6. Spinon dispersion relation for the
(B) solution, which has its smallest excita-
tion energy at qRVB inside the zone. Lighter
colors mean higher energy.

0.5 0.5

fc.li1

A ^ A . * . + (efc - ,i)(ejk. - M + f

(ck-n- Ek)(ek, - n - Ev)).

( e f c _ (36)

Ek)}

Searching for LRO, we take the limit R -4 oo. For k = k'
each term of the double sum is zero, and for k ^ k' the
fast oscillations in e'<k " k ) n make the summation of all
but the first term vanish. Hence, the (B) state has no
LRO, as nD(Ek) = 0 for all k. For the (A) state we
substitute ns(Efc) by 5 functions using (33) yielding

(37)

The term in the parentheses is 0 when j = /, and we
reach the final result

(38)

where the cosine gives 1 if R is joining spins on the same
sublattice, —1/2 otherwise. This is as expected from the
classical Neel state with a magnetic moment reduced by
a factor VQ.

We note that the LRO disappears with the Bose con-
densate at finite temperatures, as a manifestation of the
Mermin-Wagner theorem.36

VIII. NEUTRON-SCATTERING
CROSS SECTION

For the purpose of comparison between theory and ex-
periment we have calculated the cross section to be mea-
sured in a neutron-scattering experiment using polarized
neutrons.

The central term in the neutron cross section is the
van Hove scattering function 5 Q / 3 (K ,W) , here expressed

-1.5

FIG. 7. The spinon dispersion relation along two lines in
the Brillouin zone for the (B) solution. The solid line is along
the (11] direction, and the dashed line is along the [10] direc-
tion.
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in a common notation as found, e.g., in Ref. 37:

(39)

where ui is the neutron energy loss and hn is the mfl-
mentum transfer. In this expression we have expanded
the spin operators Sj{t) using the time-dependent spinon
operators

Jut (40)

The resulting calculation is a straightforward extension
of that used in the previous section. We will thus only
mention the results.

We have found that the only nonzero terms are the
diagonal ones Saa(n,ti>). These three terms are shown
to be identical in accordance with the SU(2) invariance
of the original Hamiltonian (1). The final expression is

8N ^ EkEK-k

X {[(efc - n + Ek)(eK-k - fi - EK-k

+[(ek -fi- Ek)(eK-k - /i - EK-k) + (ek-fi + Ek){eK-k - n + EK-k)

xnB(-Efc)[nB(-B«-fc) + 1]<5 (tiu + Ek- EK^k) + [(ek - y. + Ek)[eK-k -p.- JSK_

+ l][nB(£K_fc) +1)6 [hui-Ek- EK-k)}.

(41)

In this formidable expression, the first term in the curly
brackets describes the process where two spinons are ab-
sorbed by the neutron. The second term describes scat-
tering of one spinon, and the third term the creation of
two spinons. That the neutron-scattering process always
involves two spinons is understood by the fact that the
spinous have 5 = 1/2, whereas for the neutron we must
have A5 = 0 ,± l .

This result was earlier reached by several authors and
utilized for the calculation of the neutron-scattering cross
section from the square lattice.28'35

IX. POLARIZED NEUTRON CROSS SECTION

We will now go a step further to calculate the scatter-
ing cross section for polarized neutrons. We take the z
direction to be in the direction of neutron polarization
independently of the crystal orientation. Our starting
point is the formulas for the cross section for scattering
of polarized neutrons on a system of localized spins, first
given by Moon et a/.38 We use a common notation, as
given by Squires:39

dQ.dE'))

(42)

where A labels the state of the spin system, and a labels
the state of the neutron. Primed factors describe the
system after scattering, unprimed before. Here, k is the
neutron wave vector, ro = e2/mcc

2 the classical electron
radius, and 7 = —1.913 the neutron gyromagnetic ratio.
The magnetic scattering vector Q is given by

(43)

where g = 2 is the electron gyromagnetic ratio and F(it)

is the magnetic form factor that depends on the actual
electon distribution. The component of Q perpendicular
to K is written as

(44)

where K is a unit vector in the n direction. For non-spin-
flip scattering we utilize that

{(r|cr-Qj.|(7>=sgn{a)Qj.i, (45)

where sgn(o-) = +1 for spin up and - 1 for spin down.
The corresponding equation for the spin-flip scattering
reads

(-0- \cr • Q ± | a) = QXx + sgn(o-)i<2j.y. (46)

We now find the total cross section by summing over
the final states A' and making a thermal average over
A. The sums over matrix elements are evaluated using
Sal3(K,u>) = 8apSaa[K.,ti)). The final formula for the
cross section now reads

flF(K)j Sa°(K,w), (47)

where e~2W is the Debye-Waller factor and the polariza-
tion factor P(k) is given by

t ^ _ j 1 - k\ nonspin flip,
spin flip.

(48)

The polarization factor for this system is thus identical
to that of a paramagnet.
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X. ANALYTICAL RESULTS

The only contributions to the elastic cross section come
from the process where two zero-energy spinons are in-
volved. This happens only at the Neel points, Ki, in
solution (A), where the k sums of (41) are readily evalu-
ated giving

5 act/
el (

i=i 1=1
1 +

(49)

As the term inside the sum vanishes for j = /, it is seen
that there is no scattering from K = 0. All scattering
comes from the Neel points, corresponding to Bragg scat-
tering from an ordered state:

(«) = (50)

The 8 functions involved in scattering from a two-
dimensional (2D) system are of course themselves only
two dimensional. In an actual experiment, the scatter-
ing vector is three dimensional, and the resulting cross
section extends into the third dimension. In general the
calculated cross sections do not depend upon the third
component of tt. This fact turns, e.g., a 2D 5 function
into a Bragg rod.

The scattering process involving one zero-energy
spinon and one finite-energy spinon is found only in
solution (A), giving rise to a signal resembling Kubo-
Anderson spin waves. This is easily shown by evaluating
the k sums of (41), and observing that £fc, Afc, and Ek
are all even around a Neel point. The final formula for
this reads

(51)

AH
- EK.Kj).

2.5

T 1.5

0.5

0.5 0.6 0<7
A (rlu)

0.9 I

FIG. 8. S°"(K.,UI) for the Neel-like (A) state plotted along
the [11] direction for fixed values of u. The 5-like spin-wave
part has been added to the small non-spin-wave contribution
and broadened by an experimental resolution of 0.01 recipro-
cal lattice units. Note that the resulting spectrum is nearly
indistinguishable from the semiclassical Kubo-Anderson spin

0.2 0.4 ,0.6
h (rlu)

0.8

FIG. 9. S°°(/c,w) for the (B) state plotted unbroadened
along the [10] direction for fixed values of ui. The center of
symmetry at h = \/3/2 is the (1/2,0) point, and the main
feature is seen to emerge hercfrom and to drift outwards with
increasing u.

We thus reach a 1/w dependence of the spin-wave in-
tensity, as was also the case for the calculations on the
square lattice.35

XI. NUMERICAL RESULTS

The non-spin-wave part of the correlation function
Saa(K, w) is the part where two finite-energy spinons
are involved. The distinction between 58W and 5n3W is
of more technical than physical character, as the total
scattering function is the sum of the two contributions.
However, SjJJJ, must be calculated by numerical integra-
tion, and that has been done for T = 0 using a triangular
grid of 200 x 200.

For solution (A) the non-spin-wave part contributes
only as a broadening of the spin-wave part as the energy
conservation restricts the two spinons to the bottom of
the funnels. The sum of the two contributions thus differs
only marginally from the results of semiclassical spin-
wave theory. We have plotted this sum for fixed values
of w along the [11] direction as shown in Fig. 8.

h (rlu)

FIG. 10. SaQ(/c,w) for the (B) state plotted unbroadened
along the [11] direction for fixed values of u . The contribu-
tion at qRVBC* = 0.49) is nearly invisible besides the feature
around K(fc = 1). With increasing u the main peak moves
into the zone and new features emerge.
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1.4

1.2

1

0.8

0.6

0.4

0.2

0

u = O.bJ

u = OAJ

u = 0.3./

u = 0.2/

0.2 0.4 0.6 0.8 1
A (tlu)

1.2

FIG. 11. Powder-averaged scattering function, S(K,OJ), of
the LRO (A) state. The (J-function peaks from the corre-
sponding single-crystal spectrum, Fig. 8, have been smeared
out giving the characteristic Warren line shapes at low ui,
while at higher w a plateau forms around k = 1.

(I.X I
/- (rlu)

FIG. 12. Powder-averaged scattering function S(K,U) for
the liquid (B) state. The graph shows the S{n) dependence for
various values of u. S(K,LJ) readies it maximum a t u % U.tiJ
in contrast tu the (A)-statc spectrum, wliicli has its maximal
peak size fur smallest u>.

In the (B) solution all Bose factors vanish as T -> 0.40

Thus no elastic scattering is present, and inelastic scat-
tering is only possible for energy transfers of u) > 2EU.
We have calculated the values of Sao(n,uj) for several
fixed values of u and plotted these along the [10] and
[11] directions as shown in Figs. 9 and 10. For values
of id just above 2Eg a small, broad feature is seen inside
the Brillouin zone around qRVBi but for oi as (2.5-4)Ey

larger peaks are seen to grow close to K and (1/2, 0).

XII. POWDER SPECTRA

All results presented until now are valid for a single-
crystal. As current experiments are being performed us-
ing powder samples, we have been averaging the single-
crystal cross sections to yield the powder cross sections.
In a powder all orientations arc equally represented, and
so the powder cross section is obtained by averaging over
all solid angles, assuming that F(K) is isotropic:

<<u) = hJ> (52)

where n is a unit vector in the fi direction. The elas-
tic Bragg rod contribution can be averaged analytically,
giving the characteristic Warren line shape.41 For the in-
elastic part of Saa(/c,oi) we have performed the averag-
ing numerically. The resulting powder cross sections are
shown in Fig. 11. For solution (A) the Warren line is
seen to broaden gradually with increasing u>.

For solution (B), the averaged cross sections are shown
as Fig. 12. Here broad features around |qRVB| arc just
visible slightly above 2Eg (w a OAJ), while a peak cor-
responding to the (1/2, 0) point is very dominating at
w =s 0.6J. This will be the main fingerprint of the (B)
state to look for in an experiment.

XIII. CONCLUSION

In this p.apor we havr refined the previous menu-field
calculations to facilitate a test l>y neutron-scattering ex-
periments. Our calculations show two T = I) solutions,
one [(A)] with Necl-type ordering of spins and FJIoch spin-
wave behavior and one [(B)] spin-liquid (RV'B) statr with
an energy gap in the excitation spectrum and in the neu-
tron cross section.

W<! cannot determine which of the two .solutions de-
scribes the ground state for the nearest-neighbor TAL
AFM Heisenbcrg model. We have, however, found two
candidates for the ground state of systems for which the
model is only an approximation. For the model in ques-
tion, the ordered (A) stiit.e seems from numerical studies
to be tin1 ground state, but. real world couplings to uoxt-
uearest neighbors may actually stabilize the (B) state.

The two solutions may be; distinguished by neutron
scattering, the Ncel state having elastic [leaks at K =
K = (1/3, 1/3) like the classical three-stiljlattire Neel
state, the RVB state having a broader, iucl.-istir powder
signal at K a O.U5|K| with an energy gap of uu s: O.IM./.
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NMR measurements on single crystals of pure 13C diamond arc reported. The line shape is
very sensitive to the orientation of the external magnetic field relative to the crystallographic axes,
typical of dipolar line broadening. With the magnetic field oriented along the [110] direction, the
line is broad and flat, whereas a more narrow, Gaussian shape is seen along [001]. For the [111]
direction, a spectacular line splitting of 8.5 kHz is observed. For the sample studied, the spin-lattice
relaxation time was about 15 s at room temperature and 140 s at 140 K. The spectra are interpreted
by a simple model using dipolar interactions.

I. INTRODUCTION

Already during the first years of nuclear magnetic res-
onance (NMR), the effects of magnetic dipolar interac-
tions became recognized and essentially understood. Van
Vleck, in a famous paper from 1948,* demonstrated how
the width of resonance lines broadened by the dipolar in-
teraction could be predicted by the method of moments.
His method was immediately applied to the resonance of
19F nuclei in single crystals of CaF2.2 In these crystals,
the 19F nuclei (nuclear spin I = | ) form a simple cubic
latt>:e, and due to the anisotropy of the dipolar interac-
tion, widely different line widths are observed when the
orientation of the external magnetic field is varied rela-
tive to the crystal axes. This system was later subject to
more accurate studies3 and may now be considered the
classical textbook example4 of dipolar broadening.

A simpler situation arises when the nuclear spin con-
sidered has only a few nuclear spins near enough to cause
a substantial interaction. The fine structure produced in
this case was observed by Pake5 in a study of the proton
resonance in gypsum, CaSO4-2H2O. Here, the two pro-
tons in each water molecule form a pair, which is only
weakly affected by other, more distant, protons. The res-
onance is split into two lines, a "Pake's doublet," for each
pair. The splitting and its dependence on field direction
allowed Pake to determine length and orientation of the
proton-proton vector of the pairs. Up to now this effect
has only been observed in connection with molecules.

Prediction of the precise NMR line shape to be ex-
pected for an actual system requires, in principle, knowl-
edge of all the Van Vleck moments: the second, the
fourth, etc., or some other scheme for a microscopic cal-

culation. One of the attempts to circumvent these calcu-
latioual difficulties was done by Parker and Lado,6 who
used a memory function approach taking as input the
second and the fourth moment plus some less transpar-
ent qualitative knowledge of the spectrum. Among other
cases, they considered the broadening of the components
of a Pake's doublet as the spin pairs are brought closer
together, and make the following statement: "when the
spins become more or less uniformly distributed in space
the resonance line becomes a single broad line as is ob-
served from calcium fluoride."

In the following we describe NMR studies of diamonds
of 13C, which must be considered an ideal system for
the study of nuclear magnetic dipolar interactions: 13C
has a nuclear spin / = | , so the nuclei have no electric
quadrupolar moment; the material is perfectly insulating,
so there are no conduction electrons, which could other-
wise lead to an indirect Ruderman-Kittel-Kasuya-Yosida
(RKKY) interaction. Therefore, such a diamond is ex-
pected to have its intrinsic NMR properties determined
purely by the magnetic nuclear dipole-dipole interaction.
In addition, only one nuclear species is present and all
spins are positioned on equivalent crystal sites.

We find that in this system of nuclear spins with / = \ ,
arranged in the diamond lattice, the two dipolar effects
combine in a spectacular manner: the linewidth varies
with orientation, and around particular field directions
a splitting similar to a Pake's doublet is observed. The
data can be understood qualitatively by means of a rather
simple model. These properties make 13C diamond a
NMR model system exhibiting, in a very illustrative way,
the effects of nuclear dipolc-dipole interactions.

Seen more generally, diamond has always been one
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of the model systems for solid state physics. In the
past few years, our understanding of the extreme prop-
erties of diamond has become deepened by observation
of their dependence on isotopic composition. Natural
carbon contains about 1.1% l 3 C. Anthony et al. have
produced diamonds with this "impurity" concentration.-
reduced to 0.1% and observed a substantial increase ini,.
thermal diffusivity.7 In diamonds of nearly pure (99%)
13C, the enhanced atomic mass means reduced zero point
motion and consequently a reduced lattice parameter as
observed by Holloway et al.;8 this in turn leads to slightly
enhanced elastic constants and Ramdas el <i/.9 conjecture
from this result that 13C diamond will be the hardest ma-
terial known.

II. EXPERIMENTAL METHOD

Our crystals have been produced from carbon contain-
ing over 99% 13C. They were synthesized10 at high pres-
sure and high temperature using a Ni catalyst contain-
ing a few percent Ti. Six samples of roughly 30 mg each
have been available. Optical inspection showed well de-
veloped (001) and ( i l l ) faces on most of them. They
were all greenish in color and transparent, except for
some small inclusions of unknown composition. The lat-
tice constant was determined by means of the K a i x-ray
line from Cu (0.1450 nm) selected by the [111] reflection
from a germanium single crystal monochromator. Using
the [004] reflection from the diamond, the lattice con-
stant was measured to be 0.3567 nm, in agreement with
the value 0.356 66 nm measured by Holloway el al.B

An introductory NMR survey at 9.4 T of all samples,
indicated qualitatively the features to be described be-
low. Since the setup for this survey did not allow ade-
quate control of crystal orientation relative to the magnet
field direction, a more systematic study of line shape ver-
sus field direction was undertaken in another spectrome-
ter.

The line shapes shown later were measured at room
temperature in a Brukcr MSL300 spectrometer. The
13C nuclear resonance frequency was 75.468 MHz (cor-
responding approximately to a 7 T field). Samples were
glued by means of Apiezon T grease in a sample holder
consisting of three AI2O3 platelets forming one half of
a cube. The sample holder was mounted on a Doty go-
niometer probehead DSI418 that allowed rotation about
specific crystal axes. The orientation of these axes was
determined by optical goniometry.

Spectra were recorded as Fourier transforms of free in-
duction decay signals following a n/2 pulse. Pulse length
was 5.5 (is, and the dead time delay 2 /is. The spin-lattice
relaxation time, TI, was found to be slightly anisotropic,
ranging from 14 to 17 s. Therefore, our repetition rate
was kept below 3 spectra per minute. The magnetic field
was rotated in several crystal planes and spectra recorded
at 4.5° intervals.

As a part of the introductory survey, TJ was measured
at a few temperatures below ambient, ranging down to
140 K. Ti was determined by applying a % pulse to the
nuclear system and observing the subsequent recovery of

the signal.
A search for paramagnetic impurities was done by elec-

tron spin resonance (ESR). A weak signal was found cor-
responding to a g value of 2.032. The source was not
identified, but the presence of paramagnetic centers, pre-
sumably at a ppm concentration level, is significant for
the relaxation processes.

III. EXPERIMENTAL RESULTS

The characteristic spectral features could be observed
by rotation of the magnetic field vector in one partic-
ular plane, the (IlO) plane shown in Fig. 1. Figure 2
shows some of the resulting spectra for one crystal. For
illustration, every third spectrum only, at angular inter-
vals of 13.5°, is shown. In this way, the figure covers a
substantial angular range and comes close to the princi-
pal directions indicated at right. A second crystal gave
results that Were identical with these within the experi-
mental resolution.

Among the spectra in Fig. 2 three characteristic shapes
are apparent. Around [110] the line has a broad, trape-
zoidal shape. Around [001] the line is more narrow and
nearly Gaussian. For field directions around [ill] the
resonance is split in two Gaussian lines, each of the same
width as the [001] line. The splitting is most pronounced
exactly in [111] directions, and to demonstrate the con-
sistency of this observation, the directions [111] and [111]
have been included in the figure. We are not aware of a
similar observation in any solid crystal consisting of like
nuclear spins positioned in sites that are equivalent (ex-
cept for an obvious up-down asymmetry).

In Fig. 3 we display the spin-lattice relaxation time
measured at various temperatures in a field of 9.4 T. The
dashed line should be considered only as a guide to the

(0011

[110]

FIG. 1. Diamond lattice showing the (110) plane, in which
the magnetic field is rotated to yield Fig. 2.
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FIG. 2. A series of spectra with the magnetic field in the
(llO) plane. Between each spectrum and the next the crystal
is rotated 13.5° with respect to the field. During this sequence
the field comes close to the crystal directions indicated at
right.

eye, but it serves also to indicate the simplest power law
that could describe the data.

IV. DISCUSSION

In a solid it is expected that all resonances are broad-
ened by the magnetic dipole-dipole interaction

200 300
Temperature (K)

FIG. 3. Spin-lattice relaxation time at various tempera-
tures for one sample of "C diamond, measured at 9.4 T.
The dashed line, corresponding to a T"3 temperature depen-
dence, only serves to illustrate how rapidly the relaxation time
changes with temperature.

where the sum runs over all spin pairs (i,j), r y is the
vector from site i to site j , and f y is a dimensionless unit
vector along r y . 7 = 67.261 Mrad/(sT) is the magneto-
gyric ratio of the 13C nucleus.

First we notice that the dipolar interaction is much
weaker than the Zeeman interaction. Thus the only sig-
nificant dipolar terms are of the types 7*7? and 7*7T
which commute with the Zeeman Hamiltonian. The
truncated Hamiltonian reads

x ( l - 3 c o s 2 0 y ) , (2)

where 0y is the angle between the magnetic field direc-
tion and the vector ry .

As the nuclear spin is I — 5, no quadrupolar interac-
tion is present, and since the diamond is an insulator, the
electron mediated RICKY interaction can be ruled out as
well. Furthermore all nuclear sites are equivalent, so the
chemical shift is uniform and need not be considered.
We will neclect the effects of impurities and discuss the
observed line shapes in terms of the truncated dipolar
interaction in a perfect 13C diamond crystal.

a. Qualitative observations. When the applied field is
along the [001] direction, all nearest-neighbor bonds are
at the same angle, 6 = 54.7°, to the field. This is the so-
called magic angle, where the term 1 - 3 cos2 0 vanishes,
and the truncated dipolar interaction (2) is zero. Con-
sequently, only next-nearest neighbors and nuclei further
away contribute to the dipolar line broadening. The line
is thus expected to be relatively narrow, as the dipolar
interaction falls off rapidly with the distance r (as 1/r3).
This prediction is in accordance with the measured spec-
tra, where the line is seen to have a narrow, Gaussian
shape.

For the field along [110], the angles of the nearest-
neighbor bonds are nonmagic, and these bonds con-
tribute to the line broadening. The resonance is cor-
respondingly expected to be much broader than for the
[001] direction. The observed spectral line is actually
rather broad and has a nearly flat top. As mentioned in
the Introduction, a famous analog to these observations
is the resonance of l 0F in CaF2, where the narrow line is
found for the [111] orientation and the broad, flat one at
the [001] orientation, due to the simple cubic symmetry
of that material.4

When the field is along the [111] direction, one of the
four nearest-neighbor bond directions lies parallel to the
field. Pairs of nuclei connected by these bonds experience
the maximum truncated dipolar interaction, whereas the
interaction along the other nearest-neighbor bonds is a
factor of 3 smaller. This situation is very similar to that
observed in gypsum, CaSCv2H2O, where the strong in-
teraction between the protons in each water molecule
gives rise to a triplet-singlet splitting of the energy lev-
els, which in turn causes the line splitting known as the
Pake's doublet.5 And a doublet is indeed what we observe
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in 13C diamond for this case.
b. Method of moments. For a more quantitative dis-

cussion of the line shapes we apply the method of mo-
ments, «ts developed by van Vleck.1 The second moment,
M2, of the spectral line for a purely dipolar interaction
is given rigorously11 by

}*0

(3)

Here, an arbitrary nucleus is taken as the origin and the
index j runs over all other nuclei, 6j being the angle
between the magnetic field and Tj. Due to the strong de-
pendence on r this sum converges rapidly, and it can be
evaluated numerically. We have summed the contribu-
tions from all (2163) neighbors out to a distance of four
lattice constants (about 1.4 nm), estimating the remain-
ing contributions by an integral. In Table I the values
of (3) are compared to the measured ones for the mag-
netic field along the three main crystal directions. Appar-
ently, the dipolar interaction accounts for the observed
anisotropy of M2. We expect an additional broadening
from (electronic) paramagnetic impurities, whose pres-
ence is signaled by the relatively short spin-lattice relax-
ation time. Since different broadening mechanisms yield
additive components to Mi it is noteworthy that the ad-
ditional broadening of the [001] and [110] lines are clearly
different. Our knowledge of the impurities is insufficient
to resolve this question.

To understand the [ill] line shape one must first look
at the Pake's doublet splitting for an isolated pair of 13C
nuclei oriented with the bond parallel to the field. In
terms of frequency, the splitting is given12 by

• - 1) = 6.24 kHz. (4)

In a diamond crystal one could assume the weaker, al-
though not negligible, interactions between these pairs to
cause a uniform Gaussian broadening (width <Ti) of the
double line. For such a line shape the second moment is
just

Here the first term comes from the line splitting [but
is identical to the contribution to (3) coming from the
neighbour in the direction of the applied field]. The
Gaussian broadening

a\ = Mi - A / 2 = 5.17 kHz2
(6)

is the sum of all other contributions to (3) but is never-
theless the smaller term.

TABLE I. The measured values of Mj compared with the
value given by the formula (3) for dipolar line broadening.

Orientation
001)
110]

[111]

Mi measured (kHz2)
4.6

20.5
24.7

Mi calculated (kHz3)
1.85

11.70
14.90
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FIG. 4. A typical NMR spectrum with the magnetic field
along the [111] direction. The dashed line is the line shape as
calculated in our simple model assuming dipolar interactions,
see text.

In Fig. 4 we show the line shape for the [111] orien-
tation, calculated by the method described above, com-
pared to the observed line. This curve is simply a su-
perposition of two Gaussian lines of width O\ positioned
2A/i apart. The experimental spectrum shown nearly
fits two Gaussians with a = 2.1 kHz and 2A/ = 8.5 kHz.
It is evident that the measured splitting is somewhat en-
hanced from what is expected in the simple spin-pair
picture.

c. Memory functions. A more detailed calculation of
the expected line shapes may be made by considering the
higher-order moments of the spectral line. The selection
of line shapes having the correct values of both M2 and
Mn has been discussed by Parker and Lado.8 They use
the approach of Gaussian memory functions as first de-
veloped by Lado, Memory, and Parker.13 They find that
the ratio M^/M| is a natural parameter for characteriz-
ing the shape of the resonance line. Of particular interest
in the present context is their analysis of what happens to
an initially sharp Pake's doublet, when the two peaks of
an isolated pair are broadened by spins in the neighbor-
hood. A sharp double peak (two 5 functions) corresponds
to M4/M2 = li while the double-peaked shape melts into
a single line for M\IM\ = 2.85. A single Gaussian line
has M4/M2 = 3. For this value, Parker and Lado find a
more flat-topped shape.

A significant result of the analysis is that as the ratio
M4/M2 increases from 1, the peaks can move away from
each other by as much as 20% . Our line shape for the
[111] direction would correspond to a value near 2 for the
ratio M^/Ml

d. Direct methods. The ideal way of calculating the
spectral line shapes would of course be to solve the nu-
clear eigenvalue problem exactly. As this task is clearly
impossible, a number of approximate schemes may be
tried.

One of these is exact numerical diagonalizing of small
clusters of spins interacting via the dipolar force. An at-
tempt with a cluster of five spins (one spin plus four near-
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est neighbors) has been done by Schaumburg, Shabanova,
and Seilschop,14 who by fitting the width of the individ-
ual lines arrive at a curve very similar to the dashed line
in Fig. 4.

A more interesting calculation has been performed by
Rischel15 who treated clusters of 12 spins. He finds an-
enhauceuient of the [111] line splitting that correspond^,
to the value observed in the present work.

An impressive agreement between observed and pre-
dicted line shapes is found in a very recent calculation
by Jensen.16 His preliminary curves fit our spectra for
all three main crystal directions, although there seems
to remain a discrepancy near the centers of the spectra.
It should be noted that Parker and Lado6 found a simi-
lar discrepancy in their comparison with an experimental
double-peaked spectrum.

e. Spin-lattice relaxation. Compared to the day-long
13C relaxation times occurring in high purity diamonds of
natural carbon, the relaxation times encountered in the
present work are short. Since paramagnetic impurities
or at least paramagnetic centers are present, it is natu-
ral to identify the dominant T\ mechanism as impurity
relaxation combined with spin diffusion.17 Schaumburg,
Shabanova, and Seilschop18 compared T\ for a crystal
from the present study with Tj for a purer, colorless 13C
diamond and came to the same conclusion, since the col-
orless diamond had a Ti of about 5 h, three orders of
magnitude longer than for the greenish sample. They
estimated the impurity concentration of the greenish di-
amond to be of the order of 1 ppm. (We have checked the
colorless diamond19 by ESR and indeed found no signal
above the detection limit.)

For the relaxation mechanism mentioned, a tempera-
ture dependence is only expected for the spin-lattice re-
laxation of the paramagnetic impurity. The Debye tem-
perature of diamond is around 1900 K (maybe higher for
13C). In our temperature range, this relaxation rate may
therefore depend on temperature T as T7 (the predic-

tion for Raman processes), which in turn should imply17

a r l - 7 s dependence for the nuclear relaxation rate. The
stronger temperature dependence of Ti observed in the
present work and displayed in Fig. 3 indicates a need to
consider other processes as well.

V. CONCLUSION

We report NMR spectra of a pure 13C diamond. The
shape and broadening of the spectral lines vary with the
orientation of the crystal in the magnetic field, the main
feature being a line splitting observed when the field is
in or near the [111] direction. The splitting and the
anisotropy of the total second moment can be qualita-
tively understood by means of the Pake's doublet mech-
anism and the dipolar interaction. The size of the split-
ting and detailed features of line broadening and line
narrowing seem to be accounted for by recent, as yet
unpublished, calculations. Observed relaxation rates are
not fully understood, but may be motivations for further
work.
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Spontaneous long-range nuclear ami ferromagnetic order in the spin-- sysieni of silver nuclei was
observed by nemron diffraction on a single crystal of ilNAg. A structure with the ordering vector k =
(2—/fl)(0.0.1) developed when ilic antiferromagneiic siaie was entered by adiabaiic demagnetization
along the [001] axis. No domains of the other two symmetry-equivalent k vectors. l2~/a) (0.1.0) and
(2w/o) (1.0.0). formed during wunnup in zero field. Nuclear susceptibility and entropy were found by
neutron transmission. In B = 0. the critical entropy of ordering was 5, = (0.54 ± 0.031/? In2.

PACS numbers: 75.25.+/. 6l.l2.Gz. 75.-IO.C.\. 75.5l».Ee

Cooperative phenomena between nuclear magnetic mo-
ments are governed by the weakest forces known in
condensed matter. Spontaneous ordering thus occurs at
extremely low temperatures. The problem of finding the
magnetic ground state of nuclei is attractive because the
interactions between the spins, localized in the crystalline
lattice, can often be calculated from first principles. The
simple metals, like copper and silver, arc particularly good
model systems for testing theory against experiments [1].
Neutron diffraction, using the spin dependence of the nu-
clear scattering length, is a unique method for extracting
microscopic information on the spin configurations [2],

The potential of this type of study was demonstrated
in the pioneering work on copper, whose nuclei or-
der antiferromagnetically at 60 nK [3]. Susceptibility
and neutron-diffraction experiments revealed a rich phase
diagram [4-6], which has inspired many theoretical
investigations [7]. It is understood that the complex
behavior in Cu results from competition between a
conduction-electron mediated antiferromagnetic exchange
interaction and a ferromagnetic dipolar force of compara-
ble strengths.

In natural silver an antiferromagnetic state has been
observed below Tn = 560 pK in magnetic-susceptibility
measurements [8], At negative spin temperatures ferro-
magnetism. with TQ = -1 .9 nK, has been found [9]. An
essential difference from Cu is that in Ag the indirect-
exchange interaction exceeds the dipolar term by a factor
of about 3 [10]. Therefore, silver is a close realization
of the theoretically interesting nearest-neighbor Heisen-
berg antiferromagnet on the topologically frustrated fee

lattice. The ground state of frustrated systems is strongly
degenerate, which may even suppress the long-range or-
der completely. Quantum effects are emphasized by the
spin / = 3 in Ag.

In experiment:- on nuclear magnets, which are only
weakly coupled to the lattice, it is often problematic to
measure the spin temperature T or entropy S. In our
case, the spin dependence of neutron absorption by ""As
provided a simple way to deduce these quantities for
polarized nuclei in the paramagnetic phase [11]. The
ordered state was entered by decreasing the magnetic
field adiabatically. whereby the ami ferromagnetic S-B
phase diagram could be established by a concurrent
measurement of direct neutron transmission and of Bragg
diffraction from the magnetic superstructure.

For neutron diffraction the sample had to be isotopi-
cally pure, since IO7Ag (51.8%) and l(WAg (48.27c) in natu-
ral silver have opposite signs of spin-dependent scattering
lengths, strongly depressing the dependence of coherent
neutron scattering on the alignment of nuclear spins. We
used 99.7% enriched isotope l09Ag, of which a single crys-
tal with dimensions 0.7 X 12 X 25 mm3 was grown. The
crystal axis [llO] was parallel to the longest edge, which
was fixed upright in our cryostat. The cubic direction [001 ]
pointed 24° away from the flat surface of the sample; see
Fig. l(a).

The experiments were performed at the BER II reactor
of the Hahn-Meitner Institut in Berlin. We used a
monochromatic neutron beam with A = 4.4 A; the A/2
contamination was removed by a beryllium filter. The
diffracted neutrons were recorded at a fixed scattering
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Itiso-R-850(EN) 127



VOLUME 75. NUMBER 20 PHYSICAL REVIEW LETTERS 13 NOVEMBER

M 10)

24°

[001]

12 mm [ U l ]

FIG. 1. (a) Orientation of the crystallographic axes within
our slab-shaped silver sample (shaded rectangle) is illustrated
by a cube in the appropriate alignment, (b) Field directions
in which the (001) reflection was observed during the field-
rotation experiments are shown by thick lines (the center of
the cube as the origin). The end points and their symmetry
equivalents are marked by black squares. A structure with
k = (27r/fl)(0,0.1) was thus confined so that B had to be
around [001] within a cone of 110° full opening; its outer
surfacejs shaded in the figure, (c) Field directions, [001] and
[0.S0.8 1], in which the phase diagram was studied in greater
detail: the crystal is viewed from above.

angle by a single counter or by an area-sensitive detector.
Another neutron counter monitored the transmitted beam.

The sample was cooled in a cascade nuclear-
demagnetization cryostat [12], which had a 9 T magnet
for a massive copper stage and a 7 T magnet for the
sample. The copper refrigerant, demagnetized to 60 mT.
kept the lattice temperature at about 100 /xK. while the
"NAg nuclei were polarized to about 95?c in a vertical
7 T field (II). The silver nuclei were cooled further into
the picokelvin range by reducing the external field to
zero. Before the end of demagnetization, an additional
500 /J.T field was applied on the sample by a set of small
coils, so that the ordered state could be entered with any
field direction. External stray fields and the remnant field
of the big magnet were expelled by a magnetic shield.
The remaining offset was compensated by the small coils
to about ±5 ixX.

At all stages, the lattice and the conduction electrons
of the sample remained in thermal contact with the
copper refrigerant. The nuclear-spin temperature could
differ from the electronic temperature by several orders of
magnitude, since the spin-lattice relaxation time T\ was
as long as 10-20 h during the cooling procedure [11].
During measurements, however, the neutron beam was the
main source of heat, reducing T\ to 3 h in B = 0.

Prior to demagnetizations, the diffractometer was
aligned to the (001) Bragg position of the type I antiferro-
magnet on an fee lattice. The presence of this reflection
provides unambiguous proof for antiferromagnetic order.
In Fig. 2 two sets of neutron-diffraction data in B = 0 are
shown. The nuclei were demagnetized into the ordered
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FIG. 2. Time dependence of neutron intensity, measured by
a single counter (30 s per point) at the (001) position. The
initiaf polarization P = 0.91 ± 0.02 was recorded in a 500-/xT
field in the paramagnetic phase, whereafter B. in the [0011
or [010] direction ( • and O. respectively), was reduced to
zero (±5 /xT) at'/ = 3 min. The (001) reflection appeared
immediately below 3C, but only when B || [001]. The inset
shows the exponential relaxation of nuclear polarization, with
r, =3.1 h. The critical value P, = 0.75 ± 0.02 was found
by interpolation.

state with B along the [001] or [010] directions, and
neutron counts were monitored while the spin system
warmed up.

A clear (001) retlection appeared when the demagne-
tization was made with B parallel to the corresponding
ordering vector. It is important to note that the neutron
signal remained essentially absent when the ordered state
was entered from the perpendicular direction [0l()|. al-
though in B = 0 the three k vectors, producing the (100)
reflections, are equivalent owing to the cubic symmetry.
We conclude that the observed antiferromagnetic state had
a simple I - k structure and that the stable spin configu-
ration was created during demagnetization.

To demonstrate that the observed intensity indeed was
a Bragg peak, we used an area-sensitive detector. Time
development of the diffraction pattern, integrated over the
vertical dimension, is shown in Fig. 3. The line shape of
the antiferromagnetic peak was Gaussian, and its width
was comparable to that of the (002) second-order lattice
reflection.

The critical entropy of ordering was found using the
neutron transmission data. Nuclear polarization P could
be deduced from the count rate when the nuclei were
aligned by a field in the paramagnetic state. For this
purpose we applied 500 fiT at the beginning of each
experiment. The orientation of this field also determined
the direction along which the ordered state was entered. P
was measured again a few times after the disappearance
of the antiferromagnetic signal, and the critical value P,
was found by interpolation. Nuclear entropy 5 could be
calculated from the paramagnetic polarization in 500 /J.T-
The field changes were nearly adiabatic (AS ~ 0.01 R In2
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(001)

-2 -1 0
A(29) (deg)

FIG. 3. Time evolution of the antiferromagnelic Bragg peak
in a 30 ^ T Held. IB dependence of scattered neutrons is
plotted as a function of deviation from ihe (001) position. The
hell-shaped curves are Gaussian fits to counts collected during
6 min intervals. Only every second spectrum is shown. For
clarity, the successive spectra are offset vertically by 5 counts/
min. The residual peak, visible in the lower curves, is the
(002) lattice reflection of second-order neutrons leaking through
the Be filter (transmittance 0.39c at A/2). The initial and
critical polarizations in this experiment were 0.89 ± 0.02 and
O.fi9 - 0.02. respectively.

for each sweep between B = 0 and 500 fxT). whereby
the entropy was known in any Held. In the zero-field
experiment of Fig. 2 we obtained Pc = 0.75 r 0.02.
corresponding to Sc = (0.54 ± 0.03)/? In2.

To estimate the Neel temperature for nuclear ordering
in "wAg we used the semiempirical relation between T
in zero field and P in the paramagnetic state, \/P - I v-
T, established in earlier NMR measurements on natural
silver [8]. We obtained TN = 700 ± SO pK. This is
larger than 560 pK for natural silver because the strength
of the mutual interactions is scaled by Ihe magnetic
moment squared (a factor of 1.15). The remaining
difference is within the given errors.

The amplitude of the order parameter, i.e.. the antifer-
romagnetic sublattice polarization ^ A F - w a s estimated by
comparing the Bragg intensity /lOoi> with the strength of
the (002) second-order lattice peak. The maximum signal
in Fig. 2 at P = 0.90 corresponds to P A F = 0.48 ±0 .10 .
Extrapolation of the almost linear dependence of /(ooi) on
\/P,- - \/P suggests that P A F at P = 1 (7 = 0) is still
clearly below the complete polarization P^F — '• This
may reflect quantum fluctuations or frustration in the fee
lattice.

It is important to examine the response of the spin sys-
tem to an applied magnetic field and to its alisnmcnt.
With B || [001], the antiferromagnetic intensity decreased
smoothly towards the critical field Bc. The spins thus
lined up continuously towards the increasina field, as in
ihe spin-flip phase of a weakly anisotropic antiferromag-
net. No field-induced phase transitions within the ordered
state could be identified, which is in contrast with a theoret-
ically predicted 1 - k to 3 - A: transition [13]. Repetitive
field cyclings across the phase boundary to the paramag-
netic state did not produce any appreciable hysteresis nor
excess nonadiabaticity, whence the ordering transition was
presumably of second order.

The effect of the field direction was studied by rotating
B with Respect to the crystal axes. In a turn extending
from [TTO] to [110], the (001) reflection was visible when
the magnetic field (B = 50 ^T) was aligned between
the axes,[l 11] and [111]. Within this arc"(-110°), the
neutron intensity did not vary substantially. Another field
rotation was made perpendicular to the previous one.

starting from [^ 11] and passing over [Oil] towards [llO].
The neutron signal disappeared about 10° beyond the
[011] axis, confining the observed phase roughly within a
cone of 110° full opening. This is illustrated in Fig. Kb).

Further experiments were made in two different field
directions within this cone: B || [001] and B || [0.8 0.8J].
The latter was close to the edge, about 7° from the [ T i l ]
axis. These directions were symmetric with respect to
the shape of the crystal, about 24° away from the fiat
surface |see Fig. l(c)], so that the same correction for
the demagnetization effect could be applied. The results
were compiled into an entropy vs field phase diagram,
shown in Fig. 4. The observed neutron intensities during
the respective experiments in the two directions were
comparable. On the other hand, the critical entropy was
systematically higher near the edge of the cone than
along the central [001] axis. Interestingly, the ordered
structure was thus more stable close to a direction where
the ordering vector changes. Note that a small difference
in 5,- remained in B = 0. too. This shows that the zero-
field spin configuration depended on the orientation of B
during demagnetization.

The induced nuclear magnetization M was inferred
from the neutron transmission signal [11]. In accordance
with standard mean field results for an antiferromagnot.
we obtained a constant value for the static susceptibility
,Y = fJ-uM/B = 0.36 ± 0.01, independent of B and S
within the ordered state. The value is in good agreement
with the former results [8].

Finally, we want to compare our results with theoreti-
cal work. First of all, the observed type I ordering vec-
tor has been predicted for silver from correlation theory
on the basis of calculated and measured interaction pa-
rameters [10]. The ground-state spin structure in Ag has
been studied by perturbation analysis [13] and by Monte
Carlo simulations [14]. Both methods indicated that in

Itis0-R-S5O(EN) 129



VOLUME 75. NUMBER 20 PHYSICAL REVIEW LETTERS 13 NOVEMBER 1995

D || [001] a 1 - k configuration is stable in low mag-
netic fields below B ~ 0.5flc. k = (27r/fl)(0,0,1) was
expected, in perfect agreement with our observations. In
higher fields, however, a 3 - k structure was predicted.
According to the simulations this structure is stable only
if B is within a narrow cone (<5°) around the [100]-type
axes. Our measurements did not provide any evidence for
a 3 - k state, although it was searched for in field-sweep.
and rotation experiments.

The simulations suggested further that only one k
vector. (2-/fl)(0,0,1), appears if B lies between the
[001] and [III] axes, apart from the 3 - k region close
to [001]. This is in agreement with out data, except for
the proposed 3 — k phase. When B is turned beyond
the [111] axis the structure should transform first into
another 1 — k configuration, giving rise to a (100) or
(010) reflection. Closer to [110], another 3 - k state
should exist when B > 0.5Bc. These predictions have not
been tested experimentally, and their verification requires
measurements with other field orientations.

In conclusion, the observed antiferromagnetic (001)
Bragg peak proves decisively the spontaneous long-
range nuclear-spin ordering in silver. In a magnetic
field along the [0011 direction, a 1 - k state with k =
(27r/«)(0,0.1) formed. A structure with this ordering
vector remained stable in zero field. Domains with the
other equivalent k vectors did not appear within the
available experimental time, as deduced from the lack
of (001) intensity in measurements with B \\ [010]. The
results supported the theoretically predicted structure for
low magnetic fields along the [001] axis, but no evidence
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FIG. 4. Magnetic field v.s cntrop_v_ phase diagram of silver;
B was along the [0011 or [0.80.81] direction ( • and O,
respectively). Earlier NMR results [81 on a polycrystalline
sample arc shown for comparison (O). The curves are just
guides to the eye.

for a proposed 3 — k state in higher fields was seen.
In 50 (J-T, the (001) reflection was observed if B was
aligned within a cone of 110° opening around the [001]
axis, in partial agreement with Monte Carlo simulations.
Slight variation of 5C with the field direction was found.
Nevertheless, our phase diagram resembled earlier NMR
results on a polycrystalline sample of natural stiver [8].
The transition to the paramagnetic phase was apparently
of second order.
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We use magnetic susceptibility and inelastic neutron
scattering measurements to show that copper benzoate,
On^CsnjCOO^-SDjO, is a qiiasi-one-dimensional S = 1/2
antiferromagnet with an exchange constant J = 1.57meV. Be-
low T=0.8K a ferromagnetic contribution to the susceptibili-
ty marks the onset of canted 3D-antiferromagnetic order. An
external magnetic field suppresses this effect, and the suscep-
tibility measured in high field shows only the response of an S
= 1/2 chain. The dynamic correlation function S(q, u) mea-
sured by neutron scattering shows only ID spin correlations
for hu > 0.4 meV at T == 1.8 K. There is clear evidence of
a continuum of magnetic excitations, consistent with the cur-
rent, theoretical picture of the excitation spectrum of the S =
1/2 chain at T = 0 K.

I. INTRODUCTION

The linear chain S = 1/2 Heisenberg antiferromag-
net (AFM) is of fundamental importance in many-body
physics, as it is one of the few systems where a non-trivial
ground state is known exactly [1], This ground state has
only quasi-long range order with power law decay of the
instantaneous spin correlations [2]. The Hamiltonian for
this system in an applied magnetic field H is

(1)

Unlike spin-wave excitations in ordered magnets, which
are spin-1 objects, the elementary excitations of the S =
1/2 chain, known as spinons, carry spin 1/2 [3]. Although
the spinons have a well-defined dispersion relation, they
can be produced only in pairs, and the resulting magnetic
excitation spectrum is a continuum bounded from below
by the des Cloiseaux-Pearson (dCP) relation [4]

and above by

(2)

(3)

There is now considerable theoretical and numerical ev-
idence for this continuum based on Bethe Ansatz, ex-
act diagonalization, and quantum Monte Carlo studies.
[5-10] The 7r/2 enhancement of ei(ij) compared to spin-
wave theory was first observed experimentally by inelas-
tic neutron scattering experiments on the material CPC
[11]. Hints of the continuum were found in line shape
asymmetries observed in CPC [12] and LCCuF3, [13,14],
but the .best evidence to date comes from recent experi-
ments on KC11F3 that show a clear magnetic response at
energies well above the dCP lower bound [15,16].

There remain, however, a number of important, ques-
tions that deserve further study. These include the dy-
namics in high magnetic fields [6,17,18], and the prox-
imity of the system to a T = 0 quantum critical point
[19], It is thus of interest to obtain and characterize
additional S=l /2 materials to address those issues. In
this work, we present magnetic susceptibility and inelas-
tic neutron scattering measurements on copper benzoate
that demonstrate that it is a clean model system that
is particularly well suited for magnetic field studies. We
have also obtained a complete mapping of the spinon
continuum for this material.

II. EXPERIMENTAL

Copper benzoate, Cu(C6H5COO)2-3H2O, was first
identified as a linear chain antiferromagnet by Date et
al. [20]. Its crystal structure is monoclinic with room
temperature lattice constants a = 6.98 A, b = 34.12 A,
c = 6.30 A, and 8 = 89.5° [21]. At T = 4.2K, we find a
= 6.913 A, c = 6.225 A, and 0 = 89.3°. The Cu3+ ions
form chains along the c-axis, with a Cu-Cu distance of
c/2. There are two copper sites that alternate along the
chain with local symmetry axes that differ by 20° [20].
This is relevant for the low temperature and low field
properties as will be discussed below. Through Faraday
balance, ESR, and NMR measurements Date et al. de-
termined the exchange constant along the chain to be
J = 1.5 ± 0.1 meV from a comparison to the standard
Bonncr-Fishcr result for the susceptibility x(T) of the
S=l /2 AFM chain [22]. Substantial deviations from the
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Bonner-Fisher curve were reported for 4K < T < 8K,
particularly for H || c, where there was a sharp up-turn
in \ (T) at the lowest temperatures. No field dependence
of \ was reported. We note that these techniques in-
volve the application of fields of order several kOc, and
thus the low-field features we describe below were not
observed. Spin diffusion in this material has been stud-
ied extensively by ESR and NMR [23], and evidence-has
been reported for Nccl ordering at Tjv = 0.76 K [24]i.

A. Sampln Preparation

Copper benzoate is insoluble in water, but single crys-
tals may be grown from water solutions by a diffusion
method [20]. The crystals grow as flat plates in the (010)
plane with wcll-dcfincd edges parallel to the c-axis. To
grow dcuterated samples for neutron scattering studies,
crystallization dishes with vertical glass dividers sepa-
rating the reagents C6D5COONa and CuSO4-5H2O were
slowly filled with DjO under a No atmosphere. The dish-
es were placed in sealed jars in a cold water bath at T
= 10 °C for five to eight days while the crystals grew on
the tops of the dividers. Typical crystal dimensions were
5 x 0.4 x 15 mm3 along the a, b , and c axes, respectively.
Deuteration was >95% as determined by prompt 7-ray
neutron activation analysis [25].

B. Susceptibility

We have performed a detailed exploration of the ac sus-
ceptibility \(II,T) as a function of temperature and dc
magnetic field. The susceptibilities measured with the
magnetic field parallel to the principal crystal axes are
denoted \ a , \ \ and ,\c, respectively. For 3 < T < 300
K, measurements were made in a commercial (Quan-
tum Design) SQUID magnetometer. Below 8 K, mea-
surements were made with a home-built ac susccptomc-
ler mounted on the top-loader of a dilution refrigerator.
To obtain sufficient sensitivity for these measurements,
the pick-up coils of the ac susceptometer were connect-
ed to a low-tcmpcraturc LC circuit consisting of a su-
perconducting inductor L = 0.1 H in scries with a ca-
pacitor C ~ 1/JF. When the susceptometer is driven at
/o = l/'2ir\/ZC ~ 550//r, the LC circuit provides both
a highly stable gain of Q = 200, and good matching to
the noise figure contour of the room temperature lock-in
detection electronics. At /o, the sensitivity of the sus-
ceptometer is 2 • 10~10emu/\[Wz in zero field. This sen-
sitivity decreases by only a factor of 1.5 at H = 2 T.

C. Neutron Scattering

For inelastic neutron scattering measurements, the
sample consisted of approximately 450 deuterated crys-

tals arranged in six stacks. The crystals were aligned
by placing their c-axis edges against a metal plate and
clamping the stack. The total sample mass was 3.47 g,
and the mosaic was 5° in the (hQl) scattering plane. The
Cu-atoms in a chain arc spaced by c/2, and so we refer to
momentum transfer along the chain as q = Q • c/2 = It.
The experiment was performed on the TAS7 cold neu-
tron triple-axis spectrometer at Riso National Laborato-
ry in Denmark. All measurements were made with the
pyrolythic graphite PG(002) analyzer fixed at a nominal
final energy Ej = 5.1 meV. Full Width at Half Max-
imum (FWHM) beam divergences were 60 ;/k(A-1)-49'
around the PG(002) monochromator, k being the inci-
dent neutron wave vector, and 100'-256' around the ana-
lyzer. A liquid nitrogen-cooled beryllium filter was used
after the sample to exclude neutrons with energies above
5.1meV from the detection system. This filter also had
the effect of transferring the good energy resolution of the
monochromating system to the fiw > 0 side of the over-
all energy resolution function of the instrument whose
FWHM for incoherent elastic scattering was AE = 0.23
mcV.

III. RESULTS AND DISCUSSION

A. Susceptibility

In copper benzoate in small fields, the magnetic re-
sponse associated with linear chain antiferromagnetism
is obscured by a large paramagnetic feature at low tem-
peratures. As will be shown below, this feature is sup-
pressed by the application of a magnetic field, and the
ID behavior may be observed directly in the susceptibil-
ity for H > 1 T. At very low fields, H < 50 Oc, y is
highly anisotropic. ,\'c is as much as 10 times bigger than
Xa and 100 times bigger than \'6. This prevents accurate
measurements of x \ as even a 1° misalignment between
the ac field and b is sufficient to cause a significant error.
Figure 1 shows x* for 0.3 < T < 3.5 K and / / < 80 Oe.
This figure is a 3D representation of a data set containing
approximately 1000 measured values of xe- The intersec-
tions of the lines on the grid correspond directly to the
data points. The spacing between points in T is AT =
0.05 K for 0.3 < T < 2 K, and AT = 0.3 K for T > 2 K.
The spacing in H is AH = 1.4 Oe for H < 32 Oe, and
AH = 10 Oe for H > 32 Oe. The zero-field susceptibil-
ity is indicated by a thick black line. Note that there is
a sharp peak in xc a t T = 0.8A' and H = 20C. Above
this field, xc is drastically reduced. At temperatures be-
low the peak and for fields near the peak, the imaginary
component of the susceptibility, x"t w a s nonzero. Cou-
pled with the concomitant decrease in X'I this indicates
that the average spin relaxation time grows larger than
l/2;r/o in this region. \" >s negligible, however, for fields
greater than 50G.
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The presence of two different orientations of the local
environment of the Cu sites and the large susceptibility
for H || f. suggests that spin canting occurs along that
direction as the system enters a three dimensional anti-
fcrromagnctically ordered state [29]. The small value of
\b indicates that b is the easy axis for the antifcrromag-
nctic order. Similar ac susceptibilities of weak ferromag-
ncts have been reported previously [30]. The observed
long relaxation times at low fields can be attributed* to
the motion of domain walls. Applying a weak field is
sufficient to align the domains, at which point the ac
susceptibility is reduced and independent of frequency.

To further suppress the weak ferromagnetic response
due to the spin canting, we measured xCH in progres-
sively larger fields. Figure 2 shows the temperature de-
pendence of \c as II is increased. As II increases, ,\'c de-
creases further, and its temperature dependence changes.
For H > 1 T, the susceptibility is an increasing function
of temperature in the range of temperatures shown, and
effects due to linear chain antifeiromagnetism can be ob-
served. This is demonstrated in Figure 3, which shows
the susceptibility measured with the SQUID at fields H
= 2 T and 5 T || c, and H = 2 T || a. As can be seen
in the inset, \- is much more isotropic than at low fields.
The inset also shows the low-tcmpcraturc data at H = 2
T, where the remnant of the low field feature can still be
seen. Note that, low-temperature c-axis data at H = 2 T
is the same curve as that in Figure 2. The main part of
Figure 3 shows ,\-c for H = 2 T over our full temperature
range, and shows clearly the characteristic response of a
ID aiitiferromagnet.

To determine the parameters in H (Eq. 1) appropri-
ate for copper benzoate, we fit the data in Figure 3 to
\ ( / / , T ) calculated from exact diagonalization of % for
spin chains of up to 16 sites. Comparison between re-
sults for chains with even and odd numbers of spins in-
dicate that \(H,T) calculated in this manner is valid for
kyT/J > 0.25, and we therefore confined our fits to the
temperature range 5 < T < 300 K. Using ga = 2.17
and gc = 2.27, the values determined by ESR [20], our
three data sets with Ha = 2T, and Hc = 2 and 5 T
were fit. simultaneously, yielding J = 1.57 ± O.OlmeV
(=Jbfl x 18.2 ±0.1 K). The results of this fit arc shown as
solid lines in Figure 3, demonstrating that linear chain
antifcrromagnctism dominates the bulk properties of this
material at high magnetic fields.

B. Neutron Scattering

Inelastic neutron scattering provides additional proof
that copper benzoate is a quasi-one-dimensional antifer-
romagnct. Figure 4 shows the Q-dependence of the in-
clastic scattering intensity at hw = 0.4 meV along lines
parallel and perpendicular to the chain direction in the
(/i0/) reciprocal lattice plane. Parallel to the chain di-
rection, the intensity distribution is strongly peaked for

Q • c = c*, corresponding to wave vector transfer q — ~
along the chain. Because this peak vanishes on warm-
ing to T = 40 K (open diamonds in Figure 4a), it must
arise from magnetic scattering and not scattering from
phonons, which increases with temperature. From Lhe
position of the peak we conclude that spins displaced
from each other by c/2 are antiferromagnetically corre-
lated. Figure 4b shows that there is no discernible varia-
tion of the inelastic scattering intensity with momentum
transfer perpendicular to the chain whether the parallel
component, Q • c, corresponds to the center of the peak
in Figure 4a (q = v) or not (q = 1.25ff). This proves
that magnetic correlations are absent along a for energies
down to hu> = 0.4 meV. We have not probed the Q • b
dependence of the magnetic scattering, but since the spin
chains are separated by 34 A along b , any magnetic in-
teractions must he even smaller along that direction than
along a. Therefore, we conclude that magnetic correla-
tions at T = 1.8 K are antiferromagnetic and purely one-
dimensional in the energy range hu > 0.4 meV probed
by these neutron scattering measurements.

We now' turn to a detailed investigation of the q and
u dependence of the magnetic scattering cross section.
Since thb cross section is independent of Q • a we can
choose this component of wave vector transfer to opti-
mize resolution and signal to noise. The broad sample
mosaic (77 « 5" FWHM) makes the projection of the
resolution function onto the direction in the horizontal
plane perpendicular to Q, |6Q±| « 0.09|Q|, longer than
its projection onto Q, |<5Q||| « 0.04A"1. The best reso-
lution of wave vector transfer along the chain, q, is there-
fore achieved for Q || c. However, to avoid background
from a ridge of coherent diffuse elastic scattering along
Q = (/i01), we chose to perform the experiment, along
the (0.3,0,/) direction. Data were taken at T = l.SK on
a grid in the range 7r < q < 2TT and 0.4 meV < hu < 6
ineV with grid spacings O.ITT and 0.2 ineV, respectively.

Figure 5 shows a constant q = 1.37T cut through the
raw intensity distribution (solid circles). We observe an
asymmetric peak with a lower bound of 1.75 meV and
a high energy tail that extends up to at least 4 meV.
The low energy upturn arises from incoherent elastic
scattering. Although the magnetic signal is clearly vis-
ible, a detailed determination of the background, which
we shall now describe, is necessary to establish the na-
ture of the magnetic scattering cross section. After ex-
tracting the sample with its aluminum holder from the
cryostat, we measured the contribution to the detector
count rate not associated with neutrons scattered from
the sample region. Under these conditions, the count
rate throughout the range of Q and w described above
was 3.2(3)counts/107 monitor counts w fi.5inin. This
is shown as a dashed line in Fig. 5. Upon subtracting
this constant background and applying a measured, hu-
dependent factor compensating for the contribution to
the monitor count rate from higher order neutrons re-
flected by the monochromator, the magnetic contribu-
tion to the data is proportional to \F(Q)\2I(q,u), where
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F(Q) is the magnetic form factor [26], and

(4)

In this expression 5°^(Q,w) is the convolution of the
dynamic spin correlation function [27],

RR'

x ,.-'«•(*-#>, (5)

with the normalized, instrumental resolution function in
Q - w space [28]. Additional contributions to the coun-
t rate in the detector, however, arise from incoherent
elastic nuclear scattering and inelastic scattering from
phonons. These background contributions may be iso-
lated by examining the T-dependence of the scattering
data. Magnetic neutron scattering from an isotropic one-
dimensional magnet satisfies the total moment sum-rule

^ / hdul{q,w) =

lu) = S(S + l), (6)

whereas inelastic nuclear scattering increases with tem-
perature according to the Bose-Einstcin thermal popula-
tion factor l + n(u) = l /(l-exp(-/9riw)). At sufficiently
high T, scattering from phonons is therefore the domi-
nant inelastic contribution to the intensity. At T=85K
the integrated magnetic scattering cross section accounts
for only 26% of the integrated inelastic intensity, so we
took data over our selected range of Q and u at this tem-
perature. As expected, these data were only weakly q and
u dependent, and so to improve statistics we performed
a moving average which effectively coarsened the resolu-
tion to Sq = 0.2 and h6u = 0.4. After appropriate scaling
with the oz-dependent ratio of Rose-Einstein factors, this
yielded the inelastic nuclear scattering background at T
= 1.8 K, shown as open circles in Fig. 5.

Incoherent elastic nuclear scattering is approximately
T-indcpcndent for T << 0£> and this allows us to derive
its contribution to the detector count rate by comparing
data at T=1.8K and 85K. To this end we used the follow-
ing ansatz for the low energy nuclear scattering intensity:

(7)

where g(w) is a sharply peaked function of u normal-
ized to 1 at w = 0 that describes the elastic scattering
profile and the second term accounts for the incoherent
inelastic nuclear scattering. We extracted g(ui) by fitting
ij-integrated data with hu < ci(q) at T = 1.8 K and T =
85 K to the ^-integral of this equation. Subsequent sca-
ling by f(q) ss I(q,u = 0) yielded an accurate measure

of the "wings" of the elastic scattering profile, shown in
Fig. 5 as open diamonds.

After subtracting these two background components
we divided the data by the squared magnetic form factor
[20] and normalized it by imposing the total moment sum
rule of Eq. (G). The resulting magnetic intensity distri-
bution, /(?,u>), is shown as a color contour map in Figure
6. At first glance the data resembles inelastic scattering
from a classical long range ordered antiferromagnet. The
intensity is highest close to q = IT and hu = 0 and as q
varies through the Brillouin zone there is a ridge in q — u
space which approximately follows a sinusoidal disper-
sion relation. Closer examination of the data, however,
reveals an important qualitative result: the asymmetric
maximum in I(q,u) for q w it is much broader than the
half maximum resolution ellipse also shown in Figure 6.
From this observation it follows that l{q,u) cannot be
accounted for by the discrete dispersion relation of con-
ventional long-lived spin wave excitations. Instead, the
data bears evidence of a continuum of excited states. The
solid lines in Figure 6 arc the boundaries of the spinon
continuum £1(9) and cn{q) (Eqs. 2 and 3), calculated us-
ing the value J = 1.57 mcV, derived from our suscepti-
bility measurements. Whereas the data is too noisy to
identify an upper bound on the continuum, it does show
clear evidence of a resolution limited lower edge which
follows ci(q), the des Cloiseaux-Pearson lower bound on
the energy of excited states with wave vector q in the
S=l/2 one-dimensional antiferromagnet.

Miiller ei al [5,6] have derived an approximate model
for the dynamic spin correlation function, S(q,u>) of the
S = 1/2 chain

(8)

where Q(x) is the step function. There are two param-
eters in this model, A and J. Taking the value J = 1.57
meV obtained from our susceptibility measurements, we
performed a simultaneous onc-paramcter fit of Eq. (4)
convolved with the instrumental resolution function [28]
to the entire data set represented in Figure 6. The model
provides a good fit to the data (\-2 = 2.3) for A=1.2±0.2.
Not surprisingly, given that we normalized our data by
imposing the total moment sum rule, this value of A is
indistinguishable from the value Awl.347 for which E-
q. (8) satisfies the same sum rule [5]. Figure 7 provides a
detailed comparison of model and data from which it is
evident that our magnetic neutron scattering data from
copper benzoate are very well accounted for by equation
(8).

IV. SUMMARY AND CONCLUSION

Through high field susceptibility measurements and
inelastic neutron scattering we have shown that copper
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benzoate is a quasi-one-dimensional S=l /2 antiferromag-
nct with an exchange constant J=1.57±0.01meV. Weak
ferromagnetic behavior at low temperature and low mag-
netic field was carefully characterized, and we have deter-
mined that it is likely to result from spin canting in the
three dimensional antiferromagnetic state and has little
consequence for g/iBH/J > 0.1 or hu/J > 0.25. Al-
though we could not grow large single crystals of the ma-
terial, we have demonstrated the feasibility of combining
large numbers of single crystals to form an oriented sam-
ple suitable for neutron scattering experiments. Using
this sample we obtained a map of the dynamic spin cor-
relation function S(q,u) at fc/jT/J = 0.1 for ir < q < In
and 0.257 < hu < 3.8J. These data clearly show a
hounded continuum of excited states as has been predict-
ed for the one-dimensional S= l /2 antiferromagnet. The
approximate expression for S(q,u) derived by Miillcr ct
at. for zero temperature adequately describes the data
with an overall scale factor as the only adjustable pa-
rameter. The value of the exchange constant in copper
benzoate, J = 1.57 mcV, renders this organic magnet
an excellent system in which to study the field depen-
dence of S(q,u) for the S=l /2 antiferromagnetic spin
chain. First, as our experiments demonstrate, adequate
energy resolution and sensitivity is obtained on conven-
tional cold neutron triple axis spectrometers. Second,
given a 10T superconducting magnet it will be possible
to achieve a reduced field h = (g^gH/J) = 0.8 which will
bring the system deeply into the high field phase where
unusual incommensurate spin correlations have been pre-
dicted [6,17]. High field inelastic neutron scattering ex-
periments in copper benzoate to explore this phase are
currently underway.
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FIG. 1. AC susceptibility for H || c of copper benzoate at
low field. The intersections of the grid correspond to mea-
sured points. The bold curve highlights the zero-field re-
sponse.

FIG. 2. AC susceptibility for H || c of copper benzoate.
Note suppression of low-field paramagnetic signal with in-
creasing field.

FIG. 3. High-field susceptibility of copper benzoate for H
= 2T || c. Inset: Open squares: ,\-a at H = 2 T; open circles:
,\-e at H = 2 T; filled circles: ,\-c at H = 5 T. Dashed lines:
low temperature susceptibility \" a n d \'G at H = 2 T. Solid
lines: fit with J = 1.57 meV as described in the text.

FIG. 4. Wave vector dependence of inelastic neutron scat-
tering at hui = 0.4 meV (a) for Q = (0.3,0,1) varying only
along the chain direction at T = 1.8 K (solid symbols) and T
= 40 K (open symbols), and (b) for Q = (ft, 0,1) and Q =
(A, 0,1.25) varying only perpendicular to the chain direction
at T = 1.8 K.

FIG. 5. Filled symbols show raw inelastic neutron scatte-
ring intensity versus energy for copper benzoate at T = 1.8 K
and Q = (0.3,0,1.3) corresponding to q = 1.3rr. The asymmet-
ric peak at hu> « 2 meV is magnetic. The dashed line shows
the average detector count rate after extracting the sample
from the cryostat. Open symbols show the background con-
tributions from incompletely resolved elastic nuclear scatte-
ring (diamonds) and from inelastic nuclear scattering (open
circles) as determined by the procedures described in the text.

FIG. 6. Contour plot of background subtracted and nor-
malized magnetic neutron scattering intensity from copper
iienzoate at T = 1.8 K. The ellipsoid is the half maximum
contour of the instrumental resolution function. Solid lines
i.re boundaries of the spinon continuum given by Eqs. 2 and
3 in the text with J = 1.57 meV.

FIG. 7. Constant g cuts through the magnetic neutron
scattering data shown in figure 6. Solid lines are a one pa-
rameter fit of the theory of Muller el of. [5,6] to the entire
data set.
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Abstract

Interaction of slow neutrons with nuclei has been used to study the nuclear spin-!/2

system of Ag in an isotopically pure single crystal at ultralow temperatures. The

scattering length and the absorption cross section both depend on the relative orienta-

tion of the neutron and nuclear spins; nuclear polarization thus affects the diffracted

and transmitted neutron intensities. A transmission measurement employing a polarized

neutron beam provides a very convenient primary thermometer probing the spin tem-

perature directly. In these experiments we achieved nuclear polarizations above 95% in

a field of 7 T. The polarized nuclei were cooled to nanokelvin temperatures by adia-

batic demagnetization. In this regime of low magnetic fields an unpolarized neutron

beam had to be used. We demonstrated that nuclear polarization is obtained from the

transmission rate of unpolarized neutrons through second-order effects. By these

methods we studied spin-lattice relaxation in silver metal beyond the validity of the

normal Korringa relation Ti = K/TQ. For the Korringa constant of 109Ag we obtained K

= (10.0 ± 0.3) sK, which differs slightly from the value reported earlier. Unpolarized

neutron transmission measurements were used to find the critical value of entropy SN

for spontaneous nuclear magnetic ordering and to determine the induced magnetization

MN in the antiferromagnetically ordered state. In B = 0, magnetic order existed below

SN = (0.54 ± 0.03) R In2, and within the ordered state, independently of SN and B (Bc«

100 (J.T), a constant nuclear susceptibility XN = udM^IB = 0.36 ± 0.01 was measured.
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1. Introduction

1.1. Background and history

Spin dependence of the neutron cross sections arises from the formation of a so-called

compound nucleus during the interaction with the target. The interaction may leed to

scattering or to a creation of another isotope through neutron absorption. The cross

sections depend on the energy level structure of the short living compound nucleus and

can be calculated from the measured resonance parameters using the Breit-Wigner

formalism [1,2]. Each compound state has a total spin J which, for slow neutrons of

spin s = V2, can assume values J = I + V2 or J = \I - Vi\, where / is the spin of the target

nucleus. Therefore, the probability of scattering and absorption depends on the relative

orientation of the neutron and nuclear spins.

The idea of studying oriented nuclei by neutrons dates back to the proposal by Rose in

1949 [3]. The first actual measurements were made on systems with a large hyperfine

splitting, so that considerable nuclear polarization could be produced at relatively high

temperatures by the strong coupling to the electronic moments. The early experiments

aimed at determining the total spin of the compound states, but in some cases the hy-

perfine constants of the investigated materials were obtained as well (see e.g. Refs.

[4-6]). In the simple paramagnetic metal vanadium, the effect of a minute nuclear

polarization on neutron scattering was observed at liquid helium temperatures, because

coherent scattering from vanadium is otherwise very weak [7]. In He, owing to its

strong neutron absorption, only a modest nuclear polarization was needed to find that

the interaction with thermal neutrons was essentially governed by the J = 0 channel

alone; polarized neutrons were used to measure the nuclear susceptibility of He ad-

sorbed on zeolite [8]. Current development of 3He neutron polarizers is also based on

the exclusive absorption of just one spin state [9]. An exhaustive list of references to

experiments in which the spins of the compound states have been determined by polar-

ized neutrons interacting with polarized nuclei has been published by Postma [10].

Neutron-nucleus interactions can be used to measure the nuclear polarization once the

contributions of the two spin channels are known. For a system of non-interacting

spins, statistical mechanics relates the spin polarization to the ratio of the applied mag-

netic field and temperature by the Brillouin function. Under conditions at which mutual

spin interactions can be neglected, a measurement of polarization in a given magnetic

field yields the spin temperature.

In experiments with polarized nuclei the spins are often only loosely coupled to the

lattice; in insulators this is true at ordinary temperatures. In metals the hyperfine inter-
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action between the nuclei and the conduction electrons provides an additional thermal

path between the spins and the lattice. This contact is restricted by the number of free

energy levels near the Fermi surface, whereby the spin-lattice relaxation time t\ is in-

versely proportional to the electronic temperature Te; this is known as the Korringa

relation. At low temperatures t\ becomes typically several minutes or even hours. Be-

cause the nuclei thermalize among themselves on a time scale on the order of the spin-

spin relaxation time T2, typically less than a millisecond (10 ms in 109Ag), a different

temperature has to be ascribed to the nuclei (TNy ' and to the lattice and conduction

electrons (Tc) [11]. In silver at Ts = 100 [4.K, X\ can be as long as 28 hours. On an ex-

perimental time scale of minutes the nuclear spin system is thus completely isolated,

and consequently, its temperature must be measured directly. A thermometer coupled

to the lattice cannot provide information on 7N.

In fact, the problem in many cases is not to polarize the nuclei but to measure the re-

sulting polarization. This is often the situation when using dynamic nuclear polarization

in insulators [12]. The usual way of determining the spin temperature is to measure the

nuclear susceptibility j£N by magnetic induction. The susceptibility obeys the Curie law

down to the microkelvin regime or below, until mutual interactions between the spins

become important. These thermometers are secondary since a calibration at a known

temperature is needed to establish the total gain in the circuitry, i.e. the absolute value

of ZN. Very small nuclear polarizations can be measured accurately by resonance meth-

ods, but the resonance condition restricts the NMR technique to certain magnetic

fields. In metals the small skin depth due to eddy currents prevents susceptibility meas-

urements in high fields, where the moments would respond at high frequency. The

neutron thermometer described in this paper is primary in the very sense of the word;

no calibration is necessary. It can also be employed in any magnetic field.

Previously, neutron techniques have been applied to temperature measurements in a

few cases. Passell and Schermer [8] employed the resonant absorption of 185Re at the

neutron energy of 2.16 eV to extend their temperature scale down to 0.06 K. Owing to

hyperfine coupling and some corrections needed for working at a neutron resonance, a

calibration at higher temperatures was necessary. Benoit et al. [13] demonstrated that

neutron experiments on antiferromagnetically ordered solid 3He below 1 mK are pos-

sible, in spite of the enormous absorption cross section of 3He. Nuclear magnetic or-

dering could be confirmed from the transmission of polarized neutrons. This group also

used the spin-dependent Bragg scattering of polarized neutrons from a copper single

' This symbol should not be confused with the Neel temperature of an antiferromag-
net. For consistency, we denote all symbols related to nuclear spins by the subscript
N, whereas the properties of the neutron beam are indicated by the subscript n.
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crystal to obtain the temperature of the container of their 3He sample. This was done

without calibration. It may have led to erroneous results, however, because for single

crystals in general, the structure factor cannot be deduced directly from the reflected

intensity, not even in a relative manner. The observed count rate must be corrected for

extinction, which accounts for attenuation of the neutron beam inside the crystal,

caused by scattering and absorption. It is difficult to predict the magnitude of the ex-

tinction correction, which depends on the quality of the crystal. Therefore, the meas-

ured quantity should be calibrated over the entire polarization range. We made such

measurements on our silver crystal; the extinction problem will be discussed in Section

2.4 and in the Appendix.

Bragg scattering of unpolarized neutrons has been utilized by Steiner et al. [14] to

estimate the nuclear temperature of 59Co in C0F2, which is an insulator. An unpolar-

ized beam could be used because the cobalt nuclei were polarized in the hyperfine field

of the electronic antiferromagnet, so that a nuclear superlattice reflection was ob-

served. The measured intensity was normalized against a lattice reflection, but no cor-

rection for extinction was made. Polarized neutron diffraction has been employed to

study the polarization of holmium and vanadium nuclei in HOVO4 [15]. The interpre-

tation of the results was complicated by the presence of two species of polarized nu-

clei, of which 165Ho was a hyperfine enhanced system, whereas the polarization of 51V

was induced by the external magnetic field [16].

Neutron thermometry was developed into a practical tool by Jyrkkio et al. [17] in a

study of nuclear magnetism in copper. Spin dependent Bragg scattering was measured

from single crystals of natural copper and of isotopically enriched 65Cu [18]. Extinc-

tion effects were found to be important for the proper interpretation of the data. Cali-

bration was made over the whole polarization scale; measurements were carried out at

temperatures from 20 mK to 100 |iK.

1.2. Measurements on Ag

The isotope 109Ag (/ = Vz) is well suited for neutron studies, since the cross sections at

thermal energies are affected almost solely by the resonance at 5.19 eV, with 7 = 1 .

The absorption cross section falls into a suitable range ( a a = 91 b at X = 1.794 A), so

that transmission measurements by cold neutrons are most sensitive through about

1 mm thick sample. Neutron experiments on highly polarized silver spins have not been

performed so far because of the smallness of the nuclear magnetic moment. To polar-

ize 109Ag nuclei (> 95%) we applied a magnetic field of 7 T while the sample tempera-
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ture was lowered close to 100 |iK. Our specimen was an isotopically enriched single

crystal, so that diffraction measurements were possible as well.

109Ag is one of the first isotopes for which the parameters of the lowest energy reso-

nance of the compound nucleus were determined [19]. This was possible even for un-

polarized neutrons and nuclei, because the interaction is relatively strong and domi-

nated by the 5.19-eV resonance, accounting for about 97% of the total absorption at

thermal energies. Up to now, no direct measurement on the effect of polarization of

silver nuclei on neutron absorption has been reported. The spin-dependent scattering

lengths of 109Ag have been measured by the pseudomagnetic-precession method at low

nuclear polarizations (~ 1%) [20]. The data agree with the values obtained using the

resonance parameters and the Breit-Wigner formalism [2]. Spin-dependent neutron

absorption has been used in producing a polarized subsample of the unstable isotope
110Ag at liquid-helium temperatures, by the preferred absorption of polarized neutrons

into those 109Ag nuclei whose spin is parallel to the beam polarization [21]. The very

dilute spin system with PN ~ 10% was examined by observing a directional asymmetry

in the emitted (3-particles.

In this paper we demonstrate how absorption of polarized and even unpolarized neu-

trons can be used for absolute thermometry without calibration. We measured the nu-

clear polarization of 109Ag in a magnetic field of 7 T by monitoring the transmission of

a polarized neutron beam. The results were compared against readings of an external

thermometer. Moreover, the transmission method is sufficiently sensitive for silver with

unpolarized neutrons as well. This allowed us to extend neutron thermometry to the

nanokelvin regime, which was reached by adiabatic demagnetization of the polarized

nuclei. This is the first time that the intensity of an unpolarized transmitted beam has

been used to probe nuclear magnetization. To find PN, we could not employ conven-

tional NMR methods, successful with specimens made of thin foils [24, 25], because

the excitation field would not have penetrated our highly conducting crystal.

From a practical point of view it was important that, by having direct access to PN, we

were able to extract information on the performance of our nuclear demagnetization

refrigerator. In addition to being a diagnostic tool, we applied our methods for examin-

ing some basic properties of the polarized spin system of 109Ag nuclei. By monitoring

the evolution of polarization towards equilibrium we studied the spin-lattice relaxation

[c] The beam polarizes slightly during the passage owing to selective absorption of the
spin components. This phenomenon is used in neutron polarizing filters employing
polarized nuclei [9, 22, 23]. In our case, no analysis of resulting neutron polariza-
tion was possible nor necessary.
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in isotopically pure silver metal. At the lowest temperatures, where spontaneous nu-

clear magnetic ordering took place, the unpolarized neutron transmission measure-

ments established the nuclear entropy scale and gave the nuclear susceptibility in abso-

lute units.

It should be appreciated that in order to polarize a sample it is important, in addition to

having magnetic moments in the specimen, to have a mechanism which couples the

spins to a thermal reservoir. In particular, at temperatures below 1 mK an effective

contact is crucial, since no continuous cooling methods are available and, therefore, the

experimental time is limited. The nuclear relaxation process via conduction electrons in

metals is well understood (see e.g. Refs. [26-28]). We have extended Z\- measure-

ments into two extreme limits, where the normal Korringa relation T\ = K/Te fails.

In high magnetic fields, where the characteristic Zeeman energy fiB of the nuclei ex-

ceeds the thermal width kBTc at the Fermi surface, the relaxation time becomes tem-

perature independent and assumes the value T\ = Kk^lpiB [28, 29]. Saturation towards

this limit was confirmed by our experiments on 109Ag in a 7-T field. A similar effect

has been observed before only in nuclear-orientation experiments on radioactive im-

purity systems polarized in the hyperfine field of the ferromagnetic host. In these sys-

tems, in general, it is not possible to define an independent spin temperature (since T2 ~

Ti), which complicates the analysis of the relaxation phenomena.

In low magnetic fields, where the Zeeman energy is comparable to the mutual interac-

tion energy of the spins (B ~ flioc = 40 |iT in 109Ag), the relaxation time becomes field

dependent. In zero field, T\ should be reduced by a factor of about two from the Kor-

ringa value [26, 30]. Quite unexpectedly, the behavior in 109Ag was found to depend

also on nuclear entropy.

In addition, we studied Bragg scattering of polarized neutrons from polarized nuclei of

our I09Ag single crystal. The diffracted intensities were affected both by extinction and

by spin-dependent absorption. The magnitude of the extinction correction yielded in-

formation about the quality of the crystal.

In the following we first recall the definitions of relevant parameters for the neutron-

nucleus interaction and work out the expressions necessary for interpreting our data.

The essentials of cryogenics and neutron instrumentation are then described. The ex-

perimental section begins by confirming the expected behavior of polarized neutron

transmission through a polarized 109Ag target. This is followed by diffraction results on

polarized ,:.outrons and by applications of the transmission methods to spin-lattice re-
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laxation, nuclear entropy, and nuclear susceptibility measurements. The extinction

problem in the case of a slab-shaped sample is discussed in the Appendix.

2. Neutron-nucleus interactions

2.1. Spin dependence

The scattering of a slow neutron from a nucleus can be described by two scattering

lengths, b+ and b-, corresponding to the two spin channels J=\I± Vz\. It is convenient

to express the scattering length in operator form [31], viz.,

b = bo + bj-s, (1)

where b0 = [(/ + \)b+ + Ib-]/(2I + 1) is the polarization-independent coherent scatter-

ing length. The other term with bN = 2{b+ - b-)/(2I + 1) is responsible for spin-

incoherent scattering and all polarization effects. The ordinary coherent scattering

cross section is obtained as crs = 4n(b) .

Analogously, neutron absorption can be treated by defining two absorption cross sec-

tions, (7a+ and (7a_, one for each spin channel. Far below the absorption resonances

these quantities are directly proportional to the neutron wavelength X. The nuclear and

neutron polarizations along the magnetic field (z direction) are PN = (Iz)/I and pn =

(sz)/s = n+ - ii-, where n+ and n- are the normalized occupation numbers of the neu-

tron-spin states parallel and antiparallel to the magnetic field, respectively. The absorp-

tion cross section can be written as [6, 10,12]

V w , (2)

where cr% = [(/ + l)cra+ + /cra_]/(27 + 1) is the absorption cross section for unpolarized

nuclei and the polarization dependence is determined by <7a
N = (<ra

+ - aa_)//(27 + 1). If

absorption is solely due to resonances with J = I+Vz (<7_ = 0), then a%/a% is equal

to //(/ + 1), but if only the other spin channel, J = I - Vi, is important (<ja+ = 0), then

<? V<7ao = - 1 . Note that cra
N may be negative if <ra_ > a\, but the physical absorption

cross sections a\, cra_, and <7aare always positive.

In a transmission measurement, absorption cannot be distinguished from scattering

which also attenuates the direct beam. In the absence of electronic moments, magnetic

dipolar scattering may be neglected. If the sample is a single crystal it can be oriented

so that there is no coherent Bragg scattering, which also can be eliminated by using

neutrons with long wavelengths beyond the Bragg limit. Then, only the isotropic inco-
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herent scattering needs to be considered. Further, if the sample consists of a single

isotope there is no isotopic incoherence. The cross section for the remaining spin-

incoherent scattering is given by [31, 32]

2) = nb2[IU + 1) 7 P P (7P)2]n, PN) = 4rc«Z;2> - (b)2) = nbH
2[IU + 1) - 7PnPN - (7PN)2], (3)

which, for a non-zero 7, vanishes only when pn^N = 1 • The averages written above are

correct for independent spins only, i.e., when mutual interactions can be neglected.

Incoherent scattering may easily be included to the total attenuation cross section crT =

cra + cr1. In 109Ag, which is considered here, cr'(PN = 0) = 0.3 b and can be omitted in

comparison with the absorption <ja
0 = 223 b at our neutron wavelength A = 4.4 A.

2.2. Neutron transmission through a polarized target

The two components of the neutron beam, with spins parallel or antiparallel to the

magnetic field, are considered separately. Their respective occupation numbers are n+

- (1 + £>n)/2 and »_ = (1 - pn)/2. Both components are damped exponentially on their

way through the sample, and the transmittances T+ and T*_ are given by

T±(PN) = exp[-AWt7T(pn = ±1)] = exp[-M/(cra
0 + PN<ra

N)], (4)

where N is the atomic density and d is the distance travelled inside the sample. This

expression accounts for absorption only. Transmittance of the total beam is a weighted

average over the two components, viz.,

T(pn, PN) = exp(-M/aao)[cosh(CPN) - pn sinh(CPN)], (5)

where the dimensionless parameter £ = Nd<J% has been introduced for brevity. pn is

here the polarization of the beam as it enters the sample. It is convenient to define the

relative transmission effect [5, 10]

e = ( r p - Ya)/(YP + ra) = - p n tanh(CPN), (6)

where the subscripts 'p ' and 'a' refer to a beam which is polarized parallel (n+ > nJ) or

antiparallel (n- > n+) to the magnetic field, respectively. It is assumed here that the

beam polarization can be reversed with 100% efficiency, so that Ta(pn, PN) = rp(-/?n,

PN). This was achieved very nearly in practice.

The simple Eq. (6) above needs a slight modification if the beam must traverse magnet-

ized material on its way from the polarizer to the neutron counter. In our case the
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sample was surrounded by a cylindrical magnetic shield with high permeability. Neu-

tron polarization could be maintained only if the magnetization of the cylinder was fully

saturated. The magnetized shield had slightly different transmittance, /+ and /_, for the

two beam components. Taking this into account we obtain for the transmission effect

e = pn [h2 - exp(2£PN)]/[fr
2 + exp(2£PN)], (7)

where tT = f+/r_. The squared term tT
2 appears because the shield was crossed twice.

The magnitude of tr was readily deduced from a transmission measurement at PN = 0.

In practice, this correction was small, on the order of a few percent.

In low magnetic fields it was impossible to use a polarized neutron beam, because the

unsaturated magnetic shield would have depolarized it completely anyway. However,

nuclear polarization affects the transmission of unpolarized neutrons as well, which can

be seen from Eq. (5). We define the ratio of transmitted intensities

rT = 7{0, PtdmO, 0) = cosh(fPN). (8)

It is stressed at this point that to obtain the unpolarized beam effect correctly one must

not simply put pn = 0 in the definition for the absorption cross section oa(pn, PN) f° r

polarized neutrons in Eq. (2). The beam components n+ = ;i_ = Vi must be considered

separately, as the beam will become slightly polarized on its way through the sample

due to preferential absorption of one of the components.

Transmittance at zero polarization, Y(0, 0), was measured by "switching off the in-

duced nuclear magnetization by reducing the field to zero, where no net polarization

remained because of the random internal field. In this way it was not necessary to

heat the spin system in order to get the ratio of intensities. T(0, PN) was measured in a

field sufficiently high to force the magnetization along the field (B » B\oc ~ 40 |iT in
109Ag). This was necessary to obtain the paramagnetic polarization, which could be

converted to nuclear entropy and to a spin temperature by using simple thermodynamic

relations.151 The field changes were adiabatic, so that the entropy, found in the par-

^ At low entropies below 0.54 R In2, the nuclear spin system of 109Ag transformed
into an antiferromagnetic structure [33], which neither supports net magnetization
in zero field.

(e) By the term "paramagnetic polarization" we mean PN in the regime where the mu-
tual interactions between the spins could be neglected and the simple paramagnetic
relations between PN, SN, and TN held, i.e. B » B^. The nuclear spin system in
our experiments was effectively isolated, so that in this regime PN was independent
of magnetic field. In lower fields the mutual interactions competed with the ten-
dency of the external field to align the spins.
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amagnetic regime, characterized the state of the spin system in any magnetic field. In-

dependently of the field, the ratio of transmitted intensities yielded the induced mag-

netization MN = uNPfl, so that the absolute value of the static nuclear susceptibility XN

was obtained.

2.3. Bragg scattering from a polarized target

In the nuclear paramagnetic state the coherent Bragg scattering is obtained from the

average scattering length

(b)± = bo + bN(Is)± = bo± VibNIPN , (9)

which is given for the beam components with spins parallel (+) and antiparallel (-) to

the magnetic field. The corresponding structure factors IF+(PN)I and IF_(PN)I, respec-

tively, in a Bravais lattice are given by

IF±(PN)I2 = (b)±2 = b0
2 ± fco&N/PN + (fcN/PN/2)2 • (10)

By taking the weighted average over the polarized beam components, one obtains the

well known expression for the structure factor for polarized nuclei [31]

\F(pn, PN)I2 =•• bo + bJbNIPnPN + (fcN/PN/2)2 . (11)

In the case of no extinction and no spin dependent absorption, the total scattered in-

tensity in a Bragg reflection is proportional to the square of the structure factor. It is

common to define a flipping ratio FR, i.e., the ratio of intensities measured with equal

neutron polarizations \pn\ parallel (p) and antiparallel (a) to the magnetic field, viz.,

FR =
(VPN/2)2 "

In a relative quantity, like FR, many experimental factors such as the beam intensity,

divergence, detector efficiency, etc. cancel out and may be neglected. When the
n

transmittance factor tT of the magnetic shield is included we obtain

( 1 3 )

where a relative structure factor IFrl = IF+I/IFJ has been used.

It should be noted that the scattered intensity of unpolarized neutrons also depends on

nuclear polarization. The ratio of reflected intensities is defined as
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rR = IF(O, PN)l2/IF(0, 0)l2 = 1 + [VPN/(2Z>0)]
2 •' (14)

Corrections to Eqs. (13) and (14) due to extinction and absorption will be discussed

next.

2.4. Extinction and absorption corrections in a scattering measurement

Because the neutron absorption is spin dependent and relatively strong in silver, it is

crucial to take this into account when computing the diffracted intensities. When the

nuclei are polarized, the spin components of a reflected neutron beam are attenuated

by different fractions during their travel within the sample. We introduce absorption

factors A+ and A_ for the two neutron-spin states, and write the reflected intensities as

/±~/±2A±IF±l2. (15)

These factors depend on the geometry of the sample. In the simple plane-parallel ge-

ometry, relevant to our study, they are given in the Appendix. We define the relative

quantity Ar = AJA-, whereby the flipping ratio becomes

Yet another factor must be introduced, since in actual experiments the intensity of a

Bragg peak is not strictly proportional to the square of the structure factor. This is

because coherent scattering and absorption attenuate the direct neutron beam as it

travels through the sample. The resulting extinction is called primary when the incident

beam intensity is reduced appreciably within a single crystallite. This is common in X-

ray scattering, but for neutron diffraction primary extinction is usually less important

[34]. It is often sufficient to consider secondary extinction, i.e., reduction of the inci-

dent beam intensity along the depth of the whole crystal.

Extinction can be incorporated into our formalism by additional factors F,+(IF+I2) and

£_(IF_I ) for the two neutron-spin states, whereby we have

I± oc ;±
2A±£±(IF±I

2)IF±I
2 . (17)

Extinction depends on the sample geometry, and the appropriate factors are elaborated

in the Appendix. The relative quantity Er = EJE- can be included into the flipping

ratio equation, which then reads

FR _
E -pn)ArETtT

2\FT\2 + (1 + pn) '
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It must be stressed that when extinction has to be taken into account, it cannot be de-

tached from the absorption effect, although the two factors appear separately in Eq.

(18). This distinction was made to emphasize that (/) absorption alone does not invali-

date the square dependence of the intensity on the structure factor and that (//) an ex-

tinction correction always flattens the dependence of the flipping ratio on nuclear po-

larization. Spin dependent absorption, on the other hand, often enhances the depend-

ence, like in 109Ag. An example with an opposite tendency is 107Ag, the other stable

isotope in natural silver. The different behavior originates from the fact that cra
N/(Tao

and b+ - b- have opposite/same sign in 109Ag/107Ag, respectively (see Table 1 in Sec.

3.3).

It should also be pointed out that although FRE appears to depend on many factors in

Eq. (18), most of them are known in advance: pn and tr can be measured independ-

ently of the sample, and AT can be computed from the sample geometry (see Appen-

dix). The dependence of lFrl on PN is exactly that of Eq. (12) when inserting pn = 1.

Only the factor Er remains undetermined, but in terms of secondary extinction it can be

described by a single parameter Z (see Appendix), which is found from a calibration of

FRE against PN. Once Z is known, nuclear polarization can be extracted from flipping-

ratio data.

Finally, we want to remark that in the formula given by Jyrkkio et al. [17], correspond-

ing to Eq. (18), the factor IFrl
2 was erroneously replaced by FR itself.

3. Experimental setup

3.1. Cryogenic installation

The sample was cooled in a two-stage nuclear-demagnetization cryostat designed for

neutron-diffraction experiments. The operating principles of our machine are the same

as for the facility in Helsinki [35], and the construction of the apparatus was based on

the instrument used for the neutron-diffraction study in Ris0 on nuclear magnetism in

copper [18].

The first nuclear stage, the main refrigerant, was made of a grooved copper rod, on

which a magnetic field of 9 T could be applied. The effective amount of copper in the

high-field region was 1.4 kg (22 mol). The second stage, the sample itself, was an iso-

topically enriched (99.7%) 109Ag single crystal of about 2 g and dimensions 0.7 x 12x

25 mm . The polarizing field of 7 T on the sample was generated by a split coil allow-

ing passage of the neutron beam. The two nuclear stages were connected by a high-
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conductivity thermal link made of natural silver. The cooling stages and the link were

oxygen annealed under low pressure of dry air to neutralize and cluster magnetic im-

purities. The joints of the link to the nuclear stages were made by electron-beam

welding [36].

The silver sample was polarized in the following way: First, the copper nuclear stage,

in a magnetic field of 9 T, was precooled to about 10 mK by a dilution refrigerator.

The thermal connection between the copper stage and the mixing chamber was then

broken by a superconducting heat switch. Next, the copper refrigerant was cooled to

the desired temperature by reducing the magnetic field. During this process of adia-

batic demagnetization the ratio of the magnetic field to temperature remained constant

(when B » B\K). At the same time, a polarizing field of 7 T was applied to the sam-

ple, whereafter equilibrium nuclear polarization was approached with a time constant

determined by spin-lattice relaxation. The copper stage was usually demagnetized to

60 mT to maintain sufficient heat capacity for absorbing the inevitable heat leak during

the long time needed for polarizing the silver nuclei (~ 30 h). Adiabaticity of the de-

magnetization of the first stage was better than 90%, and its estimated minimum tem-

perature was about 50 |iK.

The equilibrium value of nuclear polarization is governed by the Brillouin function Wh

which is particularly simple for a spin-1/* system, viz.,

PN = &»WW = tanhO*fl/*BrN), (19)

where // = -0.130//N is the magnetic moment of Ag (/iN is the nuclear magneton), B

is the applied field, and kB is the Boltzmann constant. It should be noted that the po-

larization at positive spin temperatures is formally negative in Ag because of the sign

of the magnetic moment. Often, however, PN is treated as a positive quantity, but in

the formulae for neutron scattering and absorption the sign must be carried along in

order to obtain correct results.

An idea of the experimental conditions can be given by the terms under which the

characteristic magnetic and thermal energies of the 109Ag nuclei are equal, i.e. nB =

kBTN. A field-temperature ratio of about 2-104 T/K, or equivalently IPNI = 0.76, is re-

quired, which corresponds to 7N = 330 J IK in a 7-T field. The time scale of an experi-

ment was set by the spin-lattice relaxation time of silver. With the conduction electrons

at the temperature mentioned above one would obtain X\ = K/Te = 8.3 h, when using

the Korringa relation with K = 10 sK. It will be shown in Sec. 4.2, however, that under

these conditions the Korringa relation fails and Z\ does not exceed the given value even

at lower temperatures.
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The electronic temperature Te of the nuclear stages was measured by the pulsed NMR

technique on l95Pt, using 25 Jim platinum wires [37]. The Pt thermometer was cali-

brated against a Co nuclear-orientation thermometer between 4 and 20 mK, and the

calibration was checked by comparison with the low-temperature reference standard

SRM 786 . The reliability of extrapolation to lower temperatures was investigated

during a demagnetization-remagnetization cycle of the copper refrigerant. We found

that the platinum data began to deviate from the true temperature at 1 mK. The read-

ing was correct within 10% down to about 0.4 mK and saturated to about 100 \iK

when the actual temperature was Te ~ 50 (iK. This probably resulted from deficient

thermal contact to the nuclear stage, whereby a minute direct heat leak to the Pt ther-

mometer was sufficient to maintain a temperature difference to the nuclear stage.

The platinum thermometer was located on top of the copper nuclear refrigerant. In

spite of the high conductivity of heat along the assembly of the nuclear stages, thermal

gradients in Tc developed at the lowest temperatures. To estimate the electronic tem-

perature of the sample, one had to know the thermal resistance RL of the link between

the two stages and the heat load to the specimen. In a 7-T field we measured a heat

leak dQ&gldt = (1.4 ± 0.2) nW, caused by vibration-induced eddy currents.181 The me-

tallic thermal conductivity is proportional to temperature, so that the temperature dif-

ference over the thermal link obeys a quadratic dependence

TAl-TCu=2RLdQAg/dt, (20)

where TA& and 7cu
 refer t 0 the electronic temperatures of the silver sample and the

copper nuclear stage, respectively. For RL we measured, as explained below, the value

(4.1 ± 1.1) K2/W. At the minimum temperature Tcu ~ 50 \xK one thus obtains TA& ~

120 |iK. Since the total heat leak to the nuclear stages was on the order of a few

nanowatts, there was essentially no temperature difference between the nuclei and the

conduction electrons in the copper refrigerant, even at the lowest temperatures.

It must be kept in mind that the neutron beam produced additional heating in the sam-

ple. Full flux available for our measurements gave rise to the rather high heat load of

1 0 - 2 0 nW, depending on the orientation of the crystal. The heat was mainly dissi-

pated into the lattice by p-particles emitted in the decay of the unstable isotope 110Ag,

^ US National Bureau of Standards (now National Institute of Science and Technol-
ogy, Gaithersburg, Maryland). The lowest of the five calibration points was the
superconducting transition temperature of W at 15.71 mK.

Isl Heat leaks were measured by monitoring the warm-up rate of the copper nuclear
stage by the platinum thermometer at about 2 mK. The heat capasity was essen-
tially due to the copper nuclei only and could be calculated accurately.
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which had been produced by neutron absorption. The measured beam heating agreed

well with the estimated values [38]. The intensity of the polarized beam was already

lower by a factor of 5 to 10 and, in order to depress the heating to an insignificant level

(< 1 nW) during the polarization process, the neutron flux was further reduced by a

factor up to ten when measurements were made at the lowest temperatures. In spite of

this decrease in the beam intensity, the counting statistics was reasonable because the

experiments lasted several hours owing to the slow relaxation of nuclear polarization.

After the 109Ag nuclei had been polarized, they were cooled further by demagnetizing

the sample itself. This was done rapidly in comparison with the spin-lattice relaxation

time. Thus, the spin temperature could be lowered by several orders of magnitude,

while the conduction electrons remained in thermal contact with the copper refrigerant.

However, the changing magnetic field induced eddy currents, which increased the

electronic temperature TXg of the sample and, consequently, speeded up the spin-lattice

relaxation. We used an optimal demagnetization rate which minimized the loss of po-

larization caused by the combined effects of the background and eddy-current heat

leaks. The latter is proportional to the square of the rate of change of the magnetic

field: dQcc/dt = q(dBldf) . The constant of proportionality q could be calculated from

the dimensions and the electrical conductivities of the sample and the thermal link, and

the result agreed well with the actually measured value q = (2.6 ± 0.3)-10~3 Js/T2. With

the given parameters and typical initial conditions, TQU = 70 JJ.K, IPNI = 0.95, and B =

7 T, the estimated loss of polarization was about 4% for a linear demagnetization

sweep carried out during two hours.

Relaxation of the cold spins, after demagnetization, towards the lattice temperature

enabled to determine the thermal resistance RL of the connection between the sample

and the copper nuclear stage. The neutron beam acted as a heater and the Korringa

relation T\ = K/T^, valid under these circumstances, as a thermometer on the speci-

men. For the chosen sample orientation, beam heating of dQn\Jdt = (13.8 ± 0.1) nW

was measured. When the sample was exposed to neutrons, the spin-lattice relaxation

time was shorter by about a factor of four, compared to the situation when the beam

was shut off, giving directly the ratio, Tr = ron/roff = 4.0 ± 0.5, of the lattice tempera-

tures under the two different conditions. Using the Korringa constant K= 10 sK, the

inverse proportionality pt <* \IT of thermal resistivity to temperature, and the observed

relaxation time X\ = 8 h with the beam on, we obtain RL = (1 - Tr~ )(K/Z\) I

We can compare this result with that estimated from the electrical resistivity pe using

the Wiedemann-Franz law. This is interesting, in particular, because discrepancies of
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more than an order of magnitude have been reported quite recently for silver at low

temperatures [39]. Other observations, on the other hand, have supported the validity

of the Wiedemann-Franz relation pe/pt = (7tfcB/e)2r/3 = L0T [40, 41]. The thermal path

between the nuclear stages consisted of the lower end of the copper refrigerant stage,

the thermal link of natural silver, and the connections between them. The electrical

resistances were measured at 4 K, resulting in a total value of 81 n£2, of which about

80% was due to the silver link alone (residual resistivity ratio RRR = 1700).[hl When

this is converted to thermal resistance, using the Lorenz number Lo = 24.5 nWQ/K ,

we obtain 3.3 K2AV, in agreement with the directly measured value. The relation be-

tween the two resistivities is important in designing low-temperature experiments,

since low thermal resistance is crucial but determination of the electrical resistance is

by far simpler.

Measurements in low magnetic fields on the order of 5ioc = 40 \xT required protecting

the sample against external stray fields by a magnetic shield made of high permeability

material. We used a single Cryoperm-10^ cylinder, 180 mm long, of 36 mm inner di-

ameter, and 1.5 mm wall thickness. The measured longitudinal shielding factor for this

tube was 1630 ± 50, so that the 1 - 2 mT remanent field of the split-pair magnet was

effectively screened out. The magnetization of the shield saturated in an external field

of 10 mT.

In order to produce the experimental magnetic field (< 1 mT) after demagnetization

from 7 T to zero, the sample was surrounded by a small solenoid and two orthogonal

saddle coils located inside the Cryoperm shield.111 The experimental field could thus be

oriented to any angle with respect to the crystallographic axes of the sample.

Duration of experiments from the beginning of the demagnetization of the copper stage

was limited to about 45 h because the liquid helium bath of the cryostat was then ex-

hausted. A refill caused inevitable vibrations disturbing the system. Therefore, a new

experimental cycle, beginning with the precool of the nuclear stages, was started when

a helium transfer became necessary.

For an electron-beam welded copper-silver test joint we measured R = 5 nD. corre-
sponding to a surface resistivity of (0.18 ± 0.04) |iQ mm , which is equal to that
reported earlier for a similar joint [36].
Vacuumschmelze, Hanau, Germany.

U1 The superconducting wiring of these coils seemed to trap some field ( 10 -20 \iT),
which was compensated actively by the coil system itself to better than ± 5 |iT.
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3.2. Neutron instrumentation

Our experiments were carried out in the neutron guide hall of the 10 MW research

reactor BER II at the Hahn-Meitner-Institut in Berlin. Neutrons were led from the

25 K hydrogen cold source by a curved 58Ni guide, with a critical angle of 10' A"1. A

neutron wavelength of 4.4 A was selected by the (002) reflection from a 5 cm wide

pyrolytic graphite monochromator, having a mosaicity of 40'. The higher-order con-

tamination was removed by a liquid-nitrogen cooled Be filter with 1.1° collimation.

The transmittance of the filter was 75% for first-order and 0.3% for second-order

neutrons. The distance from the monochromator to the sample was 2.2 m.

The neutron flux at the sample site was 2-10 s~ cm" . The intensity of the beam from

the reactor fluctuated within about 1 % with a characteristic time of about 15 min. It

was necessary to correct for this variation during the transmission measurements with

unpolarized neutrons because the observed changes in the count rate were on the order

of 10% only. This was done by monitoring the incoming flux.

The cryostat was placed on the turntable of a standard two-axis spectrometer. The

table was supported by air springs to decouple the cryostat from vibrations of the

building. Any mechanical disturbance causing movements of the nuclear stages in high

magnetic fields would have induced eddy currents and, therefore, excess heat leak. For

the same reason, the spectrometer angles were kept fixed when the sample was polar-

ized.

For observing the diffracted or transmitted neutrons, 3He filled single detectors were

used. A mask was placed in front of the cryostat to control the shape of the beam. For

the transmission measurements it was vital that all neutrons detected behind the sample

were transmitted through the specimen, whence another mask was put between the

sample and the counter.

In the setup for polarized neutrons a bender-type polarizer was used, giving pn = 0.92

with an intensity loss by a factor of 5 - 10. Polarization of the beam was maintained by

a constant vertical guide field of 1 - 2 mT outside the cryostat, and by the large field of

the asymmetric second stage magnet inside. Neutron polarization could be reversed by

flat dc-flipper coils, with an efficiency better than 99%. Stray fields of the large de-

magnetization coils disturbed the performance of the spin flipper, wherefore magnetic

shielding was necessary.
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Fig. 1. Experimental geometries for transmission and diffraction measurements with
polarized and unpolarized neutrons, (a) Transmission experiment with polarized neu-
trons. A cold neutron beam was monochromated (A = 4.4 A), attenuated if necessary,
and polarized (pn = 0.92) by a bender. The polarization of the beam was flipped for
every other counting period. The beryllium filter removed the )J2 contamination and
the beam was narrowed by masking diaphragms. Finally, neutrons were detected be-
hind the 109Ag crystal, which was inside the cryostat in a high magnetic field (B = 7 T).
The sample was oriented so that no coherent scattering took place, (b) Flipping-ratio
measurement. The beam was prepared as in (a) but now the crystal was oriented to the
(111) lattice reflection. Beam polarization could be monitored continuously behind the
cryostat by a Heusler analyzer crystal, (c) Ordering experiments with unpolarized neu-
trons in low magnetic fields. The crystal was oriented to the (001) nuclear antiferro-
magnetic Bragg reflection. Magnetization of the nuclei could be deduced from the
transmission signal. It was important to monitor and correct for variations in the neu-
tron flux (~ 1%). Weak coherent scattering from the magnetic structure could be ne-
glected in the transmission measurement, (d) Orientation of the crystallographic axes in
our single-crystal sample is shown by one cubic fee cell. The dots denotejhe lattice
sites in one horizontal plane, in which the cubic cells lay diagonally (the [110] direc-
tion was upright). The primary axis [001] made an angle of 24° with the flat surface of
the sample. Diagrams (a) - (c) are not drawn to scale. The size of the slab-shaped
sample was 0.7 x 12 x 25 mm3 and its distance from the monochromator 2.2 m.
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Beam polarization was analyzed using a Heusler (Cu2MnAl) crystal [23]. During flip-

ping-ratio measurements we monitored continuously the polarization behind the cry-

ostat, using that part of the beam which was not transmitted through the sample. Neu-

tron polarization was found to depend on the magnetic field in the second stage. This

was obviously because the asymmetry of the split magnet was not adequate to move

the low-field region of the field profile away from the beam path. When using the full

field of 7 T, we measured pn = 0.85 behind the cryostat, whereas in B = 1.7 or 0.5 T,

pn was only 0.76 or 0.65 after the passage, respectively. For this reason, most of the

polarized-beam measurements were carried out in the maximum field. The neutron

polarization at the sample site was obtained as the geometric average of the polariza-

tions in front of and behind the cryostat, since the paths in and out were identical. This

yielded pn = 0.88 for neutrons entering the sample in full field. The different experi-

mental geometries are illustrated in Fig. 1.

3.3. Silver sample

The silver sample was grown to a single crystal, so that diffraction studies were possi-

ble. To obtain substantial spin-dependent scattering the material had to be isotopically

enriched. This is because the two isotopes of natural silver, 107Ag and 109Ag, have

opposite signs of jufeN, so that their contributions would interference destructively and

nearly cancel the spin-dependent signal. The relevant properties of the stable isotopes

and natural silver are given in Table 1.

The face-centered cubic 109Ag single crystal, with dimensions 0.7 x 12x25 mm , was

grown so that the [110] axis was along the longest edge. This was upright in the cry-

ostat, parallel to the rotation axis as well as to the polarizing field. The primary cubic

axis [001] in the horizontal plane pointed 24° away from the flat surface of the crystal

(see Fig. l(d)). This angle dictated the orientation and thus the effective thickness of

the sample slab in concurrent diffraction and transmission measurements.

The sample material contained magnetic impurities (Fe, Cr, Ni) less than 10 ppm each.

To neutralize them the sample was heat treated in 50 mPa of dry air at 1070 K for

50 h. In test pieces of both natural and isotopic silver the annealing resulted in a resid-

ual resistivity ratio RRR > 4000.
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Table 1. Neutron absorption^ [2] and scattering [31] parameters, and the magnetic
moments [42] of the silver isotopes and natural silver.

Quantity

/

Abundance (%)

cra
0(b)

U N/C7 0

bo(fm)

^N(fm)

N(1028m~3)

107Ag

Vi

51.8

37.6

0.277

7.56

2.3

-0.1130

l09 A g

48.2

91

0.329

4.17

-3.7

-0.1299

Ag

63.3

0.302

5.92

-0.6

5.86

-0.121

4. Experimental results

4.1. Transmission effect for polarized neutrons

To check the expected dependence, Eq. (7) of the transmission effect e on the nuclear

polarization we needed a value for the parameter f = NdG%. For a slab-shaped sample,

like ours, the effective thickness d depends on the orientation of the crystal with re-

spect to the incoming beam. Denoting the sample thickness by D and the angle of inci-

dence by (p\, we have d = aD, where a= l/cos(<pi). This dependence actually allowed

us to find the product NaDa% directly by monitoring the change in the transmission of

unpolarized neutrons through the unpolarized sample as a function of q>\ (see Eq. (5)).

This procedure eliminated inaccuracies in the individual terms. The alternative way, to

measure the transmission with and without the sample, would have been much more

elaborate in our case, since demounting of the nuclear stages would have been neces-

sary. The product NaDo\ was determined for the sample cooled below 4 K, so that

the resulting value was not subject to an error due to thermal contraction. The polar-

ized neutron-transmission measurements were made with A = 4.4 A at q>\ = 39.5°,

which was about 8° off from the closest lattice reflection (11 1). For this angle of inci-

[1]

The absorption cross sections are given at the standard neutron wavelength X =
1.798 A.
The spin dependence of the absorption cross sections at thermal neutron energies
are not known from experiments, but they have been deduced from the neutron
resonance parameters [2]. The resonances account well for the measured spin-inde-
pendent absorption and also for the spin-dependent scattering length, whereby the
entries may be regarded reliable. The values of cr^/cr^, close to //(/ + 1) = 1/3,
especially for 109Ag, indicate that the spin channel 7= 1 is dominant.
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dence we obtained NaDa% = 1.235 ± 0.026. This value is in good agreement with the

individual factors. The ratio O%IG\ = 0.329 was found from the tabulated resonance

parameters for 109Ag [2], so that we had £= 0.407 ± 0.009.

Polarization of the neutron beam had to be known as it entered the sample. Slight de-

polarization was observed when the beam passed through the cryostat. In front we

measured /?„' = 0.920, whereas behind we had /?/ = 0.849, when the 7-T magnet was

fully charged. The polarization at the sample site was obtained as the geometric aver-

age Pn = 4PTP~T = 0.884 ± 0.004.

The equilibrium polarization of the silver nuclei was deduced directly from our plati-

num-thermometer readings. The uncertainty of the polarization values was assessed on

the basis of the estimated thermal gradient between the nuclear stages and of the non-

ideal behavior of the thermometer. Allowed errors on the high temperature side were

obtained, quite conservatively, by accepting the noncorrected thermometer readings in

presence of a thermal gradient over the thermal link. Correspondingly, the low tem-

perature errors include the ultimate situation where no temperature gradient was as-

sumed to exist between the nuclear stages but the thermometer readings were cor-

rected downwards. The maximum resulting uncertainty was about 5% on either side.

Accidentally, the two nonidealities almost counterbalanced each other, so that the plain

Pt reading can be considered to represent rather well the actual electronic temperature

of the sample.

The measured transmission effect £ as a function of nuclear polarization PN in 7-T field

is presented in Fig. 2. For each data point the copper nuclear stage was demagnetized

to the desired temperature, and the nuclear-spin system in the silver specimen was al-

lowed to relax for three to four time constants before changing the lattice temperature.

An example of the measured relaxation curves is shown in Fig. 3. The equilibrium

value of the transmission effect was obtained by fitting the data by an exponential

evolution of the nuclear polarization, using the initial and final values as well as the

relaxation-time constant as free parameters. The Cryoperm transmittance ratio /r =

1.02 was found from the measurement with PN = 0. The solid line in Fig. 2 is the theo-

retical dependence, Eq. (7), when using the values for f and pn given above. The sta-

tistical error in the equilibrium transmission effect was usually smaller than the point

size, although the neutron flux was attenuated up to two orders of magnitude at the

lowest temperatures to reduce beam heating. As explained above, the error bars on the

polarization data accounted for the estimated offset in the platinum thermometer read-

ings and for the temperature gradient between the nuclear stages, resulting from a heat

leak dQxJdt = 2 nW and a thermal resistance RL = 4 K2/W.
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Fig. 2. Transmission effect e as a function of nuclear polarization PN of 109Ag in 7 T.
The polarization was deduced from readings of the platinum thermometer on top of the
copper-nuclear stage (top axis), and the error bars result from nonidealities connected
to this method, as explained in the text. The expected dependence, with no free pa-
rameters, is plotted as the solid line. The shaded band represents the uncertainties in
the beam polarization at the sample site and in the parameter £=Ndoa

N.

4.2. Spin-lattice relaxation in high magnetic fields

The observed time evolution of the transmission effect, as illustrated in Fig. 3, made it

possible to study the spin-lattice relaxation process in high magnetic fields, otherwise

difficult in bulk-metal samples. Conventionally, the relaxation equation is written in

terms of temperatures

(21)

where t\ is the spin-lattice relaxation time. According to the Korringa relation X\ = TK

= K/TC, where Kris the Korringa constant for the material. The relaxation rate is deter-

mined by the electronic temperature Te because only conduction electrons within the

thermal width kBTc from the Fermi surface can contribute to the energy exchange with

the nuclei. For 109Ag a value K= (9 ± 1) sK has been reported [43] but we adopt K =

(10.0 ± 0.3) sK given by our own measurements, as will be explained below.
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109/Fig. 3. Example of the measured transmission effects, while polarizing the Ag
sample in a 7-T field. Each data point was obtained by counting neutrons polarized
parallel to the field for 10 min and flipped neutrons for another 10 min. At the time t =
0 the electronic temperature of the sample was adjusted to Te = 0.61 mK by demagnet-
izing the copper-nuclear stage to an appropriate magnetic field. The nuclear spin sys-
tem of 109Ag was then let to relax close to equilibrium, as seen from the signal sensing
the nuclear polarization in situ, whereafter the lattice temperature was reduced to
0.41 mK by further demagnetizing the copper stage. New equilibrium value of e was
then approached. The data have been fitted by exponential evolution of nuclear polari-
zation utilizing the theoretical dependence of Eq. (7). After 40 hours, liquid helium in
the dewar became exhausted, whereby a new measurement cycle had to be started.

If the electronic temperature is constant, the differential equation (21) is easily solved,

giving

i/rN(r) = [i/rN(0) - l / r j exP(-r/TK) + i/re

In terms of nuclear polarization one obtains

(22)

PN(/) = tanh{(rz/re)[l - exp(-//TK)]} , (23)

where it has been assumed, for simplicity, that the initial polarization is zero. Here Tz =

is the characteristic Zeeman temperature.

Eqs. (21) and (23) are valid only if the electronic temperature is much higher than the

Zeeman temperature, i.e., Ta » Tz. In the opposite limit the energy gain from nuclear

spin flips makes it possible to excite electrons within /iB from the Fermi surface. In the
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general case, the spin-lattice relaxation is expressed more conveniently directly by nu-

clear polarization [28, 44]. For spin / = Vz the relation is fairly simple, viz.,

dP^ldt = (Tz/K)[\ - PN coth(7yre)]. (24)

For constant electronic temperature the evolution of polarization (PN(0) = 0) is expo-

nential

PN(0 = tanh(7-z/re) [1 - exp(-f/T,)], (25)

with the relaxation time

T1 = (?c/rz)tanh(Tz/7'c). (26)

When Tc » Tz, X\ —> TK and the two results, Eqs. (23) and (25), coincide.

At very low temperatures, Te « Tz, T\ saturates towards the value TZ = K/TZ =

KkB/nB, and the relaxation of nuclear polarization becomes independent of the elec-

tronic temperature Te. It is noted that TZ is formally very similar to TK; only the elec-

tronic temperature is replaced by Tz = fiB/kB, so that t\ becomes inversely proportional

to the magnetic field. In our setup with B = 7 T, the Zeeman temperature for silver

nuclei was Tz = 0.33 mK. We could achieve conditions where Tz/Te ~ 2.4, and since

tanh(2.4) == 0.98, the spin-lattice relaxation time was nearly saturated to Tz = 8.3 h.

A saturated relaxation rate has been observed before [29], in experiments on radioac-

tive impurity systems embedded into a ferromagnetic host, where nuclear polarization

was induced by the hyperfine field. In these systems, however, no independent nuclear

spin temperature could be defined because the spin-spin relaxation time T2 might be as

long as t\, so that the spin system had no time to thermalize before reaching equilib-

rium with the lattice. This complicated the analysis of relaxation of the nuclear-

orientation parameters and, at intermediate temperatures Tc ~ Tz, the behavior was

sensitive to initial conditions (occupation of the nuclear Zeeman levels) [45]. In prac-

tice, the data, obtained after agitating the spin system from the equilibrium state, was

described by a single effective exponential relaxation time Ti'. This quantity, however,

had no clear physical interpretation at intermediate temperatures since the relaxation

was not strictly exponential for nuclei with / > V2 and since the actual way of perturb-

ing the system affected the observed behavior. At very low temperatures Te « Tz the

relaxation could, on the other hand, always be described by the single exponential time

constant TZ = K/TZ.
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The analysis of our relaxation data was straightforward when the lattice temperature Tc

remained constant during the experiment. This condition was well satisfied, except at

the lowest temperatures. For example, during the measurement at Te = 0.41 mK in Fig.

3, the temperature of the lattice changed only by approximately 2%, mainly because of

a drift in the temperature of the copper stage caused by the external heat leak. On the

other hand, during measurements below 0.2 mK, the lattice temperature of the sample

could vary as much as 50% in the course of an experiment. This was because the heat

of magnetization at the beginning of the polarization period was sufficient to induce a

temperature gradient over the thermal link. The largest heat flow from the nuclei was

approximately 3 nW at the beginning of the experiments. Assuming that the copper

stage was at 70 |iK, we find, using a background heat flow of 1.6 nW (from vibrations

and the neutron beam), that the lattice temperature of the sample changed from 0.20 to

0.14 mK in the course of an experiment. The relaxation time constant X\ varied very

little, however, because it was essentially saturated to Tz at these temperatures. Using

the numerical values given above, one obtains X\ = 7.8 - 8.2 h. This change can be

taken into account in a numerical simulation but the result does not differ substantially

from a simple calculation assuming that Tc was constant.

The spin-lattice relaxation times obtained from a simple analysis are presented in Fig. 4

as a function of the inverse conduction-electron temperature. At Tc < 0.2 mK, only the

relaxation tail IPNI > 0.7 was fitted by an exponential function in order to reduce the

error caused by the temperature variation during the measurements. The time constant

as written in Eq. (26) describes the data very well with the Korringa constant K =

10 sK.

The outcome of a more careful analysis of our neutron-transmission data at the lowest

temperature 7cu = 70 jiK is shown in Fig. 5. The previously mentioned values for the

experimental parameters, RL = 4 K /W and dQp^dt = 1.6 nW, were assumed, in addi-

tion to the measured heat leak of 4 nW into the first nuclear stage1 . An excellent fit

to the relaxation data was obtained using K= 10 sK, which is in perfect agreement with

the results at higher temperatures (see Fig. 4). This choice of K, in turn, led to the pre-

viously mentioned variation T^g = 0.20 - 0.14 mK in the conduction-electron and lat-

tice temperature, as the spin system released heat, at a rate determined by T\, while

being magnetized. On the basis of the data in Figs. 4 and 5 we adopt the Korringa

constant K= (10.0 ±0.3) sKfor 109Ag.

tm^ This heat leak was mainly due to the 60Co nuclear orientation thermometer with an
activity of 84 kBq. In a later series of experiments the thermometer was moved
from the nuclear stage to the mixing chamber of the dilution unit.
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Fig. 4. Spin-lattice relaxation time Tj for 109Ag as a function of inverse electronic
temperature 1/Te. The relaxation times were obtained from measurements like that in
Fig. 3, and the temperatures were read from the platinum thermometer. The horizontal
error bars represent uncertainties in Tc as explained in context of Fig. 2. The time con-
stants carry the statistical error resulting from fitting the exponential functions (see e.g.
Fig. 3). The electronic temperature was assumed to remain constant during the meas-
urements, which was very well the case except at the lowest two temperatures. I he
problem was then avoided by determining T\ using data above IPNI = 0.7 only, where
the change in Te was insignificant. The dashed line represents the conventional Kor-
ringa relation Tj = K/TC, whereas the solid curve results from the proper analysis in the
case when the nuclear Zeeman levels may be separated by an energy comparable to the
thermal width at the Fermi surface of the conduction electrons. Clear deviation of the
data from the Korringa relation and saturation towards TZ = KkB//iB is observed. The
solid and dashed lines were drawn with K= 10.0 sK giving the best fit to Eq. (26).

For comparison, the relaxation curve, according to the high temperature approximation

of Eq. (21), is also shown in Fig. 5. The difference with the proper function, perhaps

surprisingly, is not very large, only about 3% at most. This can be understood by

looking at the corresponding equations (23) and (25) in the limit Te « Tz. According

to the general treatment T\ = TZ « tK, so that the relaxation of polarization takes place

essentially completely before t = TK. When t « rK, the high temperature result (Eq.

(23)) reduces to Pu(t) ~ tanh(tTz/K). The initial slope thus coincides with that of Eq.

(25), i.e. PN(/) ~ t/tz when / « Tz. In the opposite limit, t » TK, both solutions give

PN = tanh(rz/re). It is noted, perhaps counterintuitively, that the behavior following

the high temperature approximation also becomes essentially independent of the elec-
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Fig. 5. Polarization IPNI of 109Ag nuclei as deduced from a transmission measurement
by polarized neutrons, while the sample was being polarized in 7 T. At the beginning of
the experiment the copper refrigerant was demagnetized from 9 T to 60 mT in 4 h
lowering the temperature to approximately 70 U.K in the copper stage. The curves re-
sult from a numerical simulation of the polarization process, using the measured pa-
rameters dQAg/dt = 1.6 nW, RL = 4 K2/W, and dQcJdt - 4 nW. The three solid lines
were obtained using the generally applicable Eq. (24) with K= 9, 10, and 11 sK from
the topmost curve, respectively (the line with 10 sK is almost hidden by the data
points). The dashed line represents the high temperature approximation of Eq. (21)
with K = 9 sK. The deviation from the corresponding general solution is not large,
although the conditions were clearly beyond the validity of Eq. (21). It may be men-
tioned that the relaxation rate of nuclear polarization was not very sensitive to heat
leaks nor to the resistance of the thermal link because t\ was almost saturated already
at these temperatures (TAg < 0.20 mK). The final temperature, however, was set by the
relation TAz = (TCu + 2RLdQAz/dt)U2 (see Eq. (20)).

tronic temperature in the limit Te « Tz. The difference with the proper analysis is just

the nonexponential relaxation of PN in the conventional treatment.

4.3. Flipping ratio measurements

The squared nuclear structure factor If!2 of 10^Ag for thermal neutrons changes by a

factor of about 2.5 when the neutron spin is turned from parallel to antiparallel with

respect to the silver nuclei at PN = 1. Therefore, with a polarized specimen it was pos-

sible to study the dependence of the scattered neutron intensity on the structure factor,

i.e., extinction in the crystal. For any lattice reflection, IF1 changes continuously with

PN according to Eq. (11). In silver the absorption must be taken into account in the
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analysis because it is relatively strong and polarization dependent. A flipping-ratio

measurement can be used for determining the nuclear polarization, as described in Ref.

[17], only if the extinction properties of the sample are known or if the measured

quantity can be calibrated over the whole polarization range.

We measured the flipping ratio FRE (see Eq. (18)) at the (11 1) lattice reflection as a

function of nuclear polarization. Three methods were used to determine PN, and the

results are summarized in Fig. 6. The first set of data was obtained as in the transmis-

sion measurements, i.e., the equilibrium nuclear polarization was found from the read-

ing of the platinum thermometer on top of the first nuclear stage. The uncertainties

connected with this procedure were explained in Sec. 4.1, when describing the experi-

ments on the transmission effect e. The second method was to measure e and FRE si-

multaneously and to convert the transmission data to polarization readings. This may

have led to somewhat erroneous values (a few percents too low) because the coherent

scattering was not taken into account when deducing the nuclear polarization from the

attenuation of the neutron beam. Finally, we made two separate runs with similar ex-

ternal conditions. In one cooldown e was monitored in the absence of coherent scatter-

ing and in the other FRE was measured. Assuming that the time dependence of spin

polarization was the same in both experiments, we were able to cover almost the entire

range of PN. All three data sets fell close to each other (see Fig. 6) and the scatter in

the points may be considered as the experimental uncertainty in nuclear polarization.

The measurements of the flipping ratio were performed at A = 4.4 A, so that the scat-

tering angle 29 was 138°. The beam polarization at the sample site was pn = 0.88,

yielding a maximum value of FR (see Eq. (12)), without absorption or extinction cor-

rections, of about 2.2. The effect of the spin-dependent absorption in l09Ag increased

the flipping ratio. In our geometry (Bragg case) the incident and diffracted beams made

angles of <p\ =31.5° and (fo = 10.5°, correspondingly, with respect to the normal of the

flat sample, so that the maximum ratio in an extinction-free situation would have been

about 3.2. The extinction correction, on the other hand, flattened the dependence of

FRA (see Eq. (16)) on nuclear polarization. The combined effects in our crystal re-

sulted, incidentally, in only a small deviation from the noncorrected Eq. (12).

The measured flipping ratios could be well accounted for by the secondary-extinction

formulae introduced in the Appendix. We obtained for the only free parameter Z =

(255 + 6)£>/rad = 1.95 mm"1, where Q = N2\F\2X3/s\n(29) is the ordinary scattering

power. Z is much larger than Nas (= Q) owing to the coherence of scattering. If the

value above is interpreted as resulting from the mosaic spread rjm of the sample, i.e., E
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Fig. 6. Measured flipping ratio at the (111) lattice reflection from the I09Ag single
crystal as a function of nuclear polarization. Three methods of determining the nuclear
polarization were employed: the platinum thermometer (•), transmission measurement
in a separate run (o), and transmission measurement in the same run (o). The nonide-
alities connected with each of these methods are discussed in the text. The curves illus-
trate the theoretical dependencies: FR (dashed line) is free from the absorption and
extinction effects, FRA (dotted line) takes into account the spin-dependent absorption,
and FRE (solid line) is fitted to the data using the formulae for secondary extinction
with one free parameter Z. A numerical value Z= (255 ± 6)Q/rad was obtained.

. we find 77m = 0.2°. The validity of this assumption requires that the mean size

of the crystallites was much larger than Xl[r\m sin(20)] = 0.1 urn [46]. This condition

was obviously fulfilled in our carefully annealed metal crystal. It is not possible, how-

ever, to exclude primary extinction, which also attenuates the incident beam if the

crystallite size exceeds ~ 1/(N/UFI). In 109Ag the limit is at about 10 urn. For crystallites

of about this size the dynamical theory of diffraction should be applied [47]. Because

our analysis, on the basis of secondary extinction alone, was quite successful and be-

cause there is a wide range in the size of the crystallites, 0.1 - 10 urn, in which the

simpler treatment is applicable, no effort was made to separate the contributions of

primary and secondary extinction. The observed relative extinction factor ET for our

crystal is plotted into Fig. 7.

Since the mosaic spread appeared to be relatively small and comparable to the diver-

gence of the neutron beam, which was estimated to be 0.4°, a proper treatment of the

extinction should take into account the finite collimation of the beam as well. For this

purpose the actual shape of the mosaic distribution should be known. The effect of
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Fig. 7. Lower part displays the relative extinction factor Er for our crystal, obtained
from the flipping-ratio measurements, as a function of nuclear polarization. The solid
line represents the theoretical expression for secondary extinction with Z = 255Q/rad.
Upper part of the figure shows the corresponding bare extinction correction E as a
function of the squared structure factor. Zero nuclear polarization in 109Ag corre-
sponds to IFI = 17.4 fm (vertical line). For polarized nuclei IFI2 grows for the beam
component with spin parallel to the magnetic field (p) and diminishes for the antiparal-
Iel alignment (a). At Pu = 1, IFI differs by a factor of 2.5 for the two cases (endpoints
of the solid line). The dashed line depicts the behavior beyond the range of possible
structure factors in 109Ag.

beam divergence is to reduce the flattening of the FR curve, so that the actual mosaic

spread must have been somewhat smaller in order to account for the measured de-

pendence. In the extreme limit, with the beam divergence much larger than r]m, we

would need about two times smaller spread to produce the observed extinction, assum-

ing a Gaussian mosaicity. The true value would, therefore, lie in the range ?7m = 0.1 ° -

0.2°.
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It should be mentioned that we observed, as well, the nuclear polarization dependence

of scattering of unpolarized neutrons (see Eq. (14)), although no data are presented

here. Such a measurement of the ratio of reflected intensities for unpolarized neutrons

could not compete with the unpolarized transmission method (discussed below) be-

cause the counting statistics was worse by a factor of 2, the effect itself was smaller by

about the same factor, and the analysis would have been complicated by extinction

effects. Furthermore, no additional information could be deduced from such measure-

ments in our case.

4.4. Transmission measurements at nanokelvin temperatures

By adiabatic demagnetization the spin temperature of the polarized silver nuclei could

be lowered into the nanokelvin regime. Some properties of the highly polarized nu-

clear-spin system in 109Ag were studied in magnetic fields on the order of the local field

of the nuclear moments (~ 40 jiT). We were able to measure the induced polarization

of the nuclei in a very direct way by utilizing the spin dependent neutron absorption, as

was described in the end of Sec. 2.2. In low magnetic fields, only unpolarized neutrons

could be used because the unsaturated magnetic shield, through which the neutrons

had to pass, anyway would have depolarized the beam. This implies that we were

probing only second order effects of nuclear polarization. Because of the relatively

strong absorption of I09Ag, almost entirely due to the spin triplet channel (J = 1), these

effects were readily measurable. The observed quantity was the ratio of transmitted

intensities rT of Eq. (8), from which the nuclear polarization was obtained as PN = (1/0

arcosh(rT). The only additional parameter involved was £ = Ndaa
u, which was deter-

mined as explained at the beginning of Sec. 4.1.

Most of our measurements in low magnetic fields were performed in the course of our

studies of the spontaneously ordered antiferromagnetic state of the nuclear spins, with

the specimen oriented to the superlattice (001) reflection. Coherent scattering from

the magnetic structure was relatively weak, more than two orders of magnitude less

than from the fee structural (111) peak, so that it had practically no influence on the

transmission signal. The angle of incidence at this crystal orientation was q>\ = 57°,

implying £ = 0.577. Therefore, the maximum ratio of transmitted intensities at full nu-

clear polarization would have been rr = 1.17. A typical count rate in the transmission

detector was about 2000 Cts/s, so that a statistical accuracy of ± 0.02 for PN was

achieved with counting times of about two minutes in the measuring field as well as in

the reference field (B = 0).
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Full intensity of the neutron beam was used. Therefore, the lattice temperature 7Ag of

the sample was determined almost solely by beam heating and by the conductivity of

the thermal link, and 7Ag was not very sensitive to variations in the temperature of the

copper nuclear stage {TQU £ 100 |iK) (see Eq. (20)). Under neutron bombardment,

Tty was readily obtained from the spin-lattice relaxation time T\ = (8.0 ± 0.5) h, which

was measured within the Korringa regime. This yields 7Ag = KIT\ = (350 ± 30) jiK,

using K= IOSK. Beam heating was (13.8 ±0.1) nW for this crystal orientation.

An example of the measured transmission signals is illustrated in Fig. 8. The magnetic

field was swept between zero, where the nuclei were randomly oriented (or antiferro-

magnetically ordered above a critical value of polarization), and 300 |iT, which was

sufficient to align the nuclear magnetization along the external field. The change in the

transmission rate decreased with time as the spin system wanned towards the lattice

temperature. From measurements like this we obtained the nuclear polarization PN, as

well as its relaxation rate. It cannot be emphasized enough that no calibration of the

observed signal against any external standard was necessary for this purpose.

The observed nuclear polarization, IPNI = 0.89, at the beginning of the experiment in

Fig. 8 corresponds to a spin temperature TN= 10 nK in a magnetic field of 300 |iT. In

low fields (~ 40 |iT), mutual interactions between the spins determine their thermody-

namics, so that the simple paramagnetic relations were not applicable. Consequently,

the nuclear temperature could not be deduced in this regime from our measurements.

However, the nuclear entropy, given by 5N = 7?{ln2 - [(! + PN) ln(l + PN) + (1 - PN)x

ln(l - PN)]/2} in the paramagnetic regime, remained constant independently of B, as

the field changes were adiabatic in the effectively isolated system. Therefore, results in

any field could be linked to the relevant thermodynamic variable Su.

During the experiment of Fig. 8, the spin system ordered antiferromagnetically below

the critical field Bc ~ 100 |iT in the first five field cycles, as manifested by the observed

superlattice (001) Bragg peak. This allowed us to estimate the critical entropy of

nuclear ordering. More data on the critical values, as a function of B, were obtained

during other measurements, from which a complete entropy vs. field phase diagram

was constructed [33]. For example, in B = 0, the system ordered with IPNI = 0.75 ±

0.02, corresponding to SN = 0.54 R In2. Further, the paramagnetic polarization was

connected to the spin temperature in zero field by the simple semi-empirical relation

established in earlier NMR experiments on natural silver [24]. The relation I1/PNI - 1 =

0.48 irN/nKI, scaled according to the slightly larger magnetic moment of 109Ag, yielded

an estimate Tc = (700 ± 80) pK for the critical temperature in zero field.

™ Diffraction results in the ordered state have been described in Ref. [33].
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Fig. 8. Ratio of transmitted intensities rT for unpolarized neutrons through the polar-
ized 109Ag sample. The signal was higher when the nuclei were aligned by a magnetic
field of 300 (iT, and lower when the field was brought to zero, since zero field sup-
ported no net magnetization. The signal diminished in the course of time because the
spin system warmed up. The first field cycle was made in steps of 5 JJ.T from 100 |iT to
zero and to 100 (J.T again in order to determine the critical field of nuclear antiferro-
magnetic ordering. In the successive cycles the field was changed alternately between
300 |iT and zero. Each data point in the main frame was counted for 15 s. Each period
in 300 |4.T (8 points or 2 min) was averaged and converted to a nuclear polarization
reading in the inset. The polarization decreased exponentially (solid line) but the decay
appeared to slow down slightly at low polarizations. In the end of the experiment a
longer period of time was spent in 300 |iT, whereafter a reference level for the trans-
mission with MN = 0 was measured in B = 0. The normal of the sample slab made an
angle of (p\ = 57° with the incident beam. The data were corrected for the variation in
the reactor flux (~ 1 %), but the contribution of the coherent scattering from the antif-
erromagnetic structure and of the spin-incoherent scattering (~ 0.1%) were omitted.

The neutron transmission measurements also gave the absolute value of the static nu-

clear susceptibility XN = / W V 5 . As the linear dependence of MN on B indicates (see

Fig. 9), Xfi was constant in the ordered state, in accordance with standard mean-field

results for antiferromagnetically ordered spins. The numerical value 0.36 ± 0.01 is in

good agreement with the result (£N ~ 0.34) of earlier NMR measurements on a poly-

crystalline sample with a natural mixture of isotopes [24]. The authors of this publica-

tion quoted, however, an accuracy of 10 - 20% only. It is reminded that £N is expected

to assume the same value in the ordered state for isotopic and natural silver, since it is

determined only by the nature of mutual interactions [25], which should be the same

for both isotopes despite of the different magnetic moments.
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Fig. 9. Magnetization MN, scaled by the saturation value Ms = iVl/zl = (48 \iT)/fi0, of
I09Ag nuclei in the antiferromagnetically ordered state as a function of magnetic field
Bxy. Measurements were made with field in the horizontal plane (xy) in either of the
two directions making an angle of 24° with respect to the flat surface of the crystal.
The same antiferromagnetic (001) reflection was observed with these two field direc-
tions (see also Ref. [33]). The critical field for antiferromagnetic ordering was Bc ~
100 JJ.T. The linear dependence shown by the solid line corresponds to a constant nu-
clear susceptibility XN = 0.36. (The scale of A/N is positive for both polarities of the
field, because only the length of MN could be measured by unpolarized neutrons. The
reversed field data are plotted with a reversed vertical scale to emphasize the continu-
ous linear behavior.)

In Fig. 10 the magnetization in a constant field is plotted as a function of time when the

spin system relaxed towards zero polarization. It is clearly seen that the susceptibility

was constant, as expected, at high nuclear polarizations and began to fall only after

passing the transition point for nuclear antiferromagnetic ordering. The instant of the

transition was deduced from the neutron diffraction signal; the antiferromagnetic

(001) reflection was visible for the first 20 minutes during this experiment. It is re-

markable that, by showing a saturation of the susceptibility, a simple neutron transmis-

sion measurement alone could confirm the antiferromagnetic ordering of the nuclear

spins, independently of observing the diffraction signal from the magnetic superstruc-

ture. This would be important if the spin structure had unexpected ordering vectors or

if polycrystals were investigated, although it would be impossible to extract any micro-

scopic information and even to locate the exact transition point.
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Fig. 10. Magnetization of the 109Ag nuclei, as deduced from the unpolarized neutron
transmission signal during an ordering experiment in B = 60 jiT. At the beginning the
magnetization was constant, corresponding to a nuclear susceptibility X^ = 0.36. The
antiferromagnetic transition point (vertical arrow) could be located as the instant when
the antiferromagnetic (001) reflection disappeared [33]. After transition to the par-
amagnetic state, the magnetization began to decay as the spin system kept warming up.
Nuclear polarization was measured from time to time in a magnetic field of 500 |iT;
these data points are denoted by open spheres above the 60 |iT level and the obtained
polarizations are shown in the inset. The polarization relaxed exponentially with T\ =
4.0 h, as shown by the solid line in the inset. A curve with the same time constant, but
scaled to the data recorded in 60 |iT at t ~ 2 h (IPNI = 0.5), is shown in the main frame.
It appears, both in the inset and from the data in 60 |iT, that the relaxation slowed
down at low polarizations (t > 3 h).

4.5. Spin-lattice relaxation in low magnetic fields

In addition to providing the value of the nuclear entropy and magnetization in the or-

dering experiments, our transmission measurements yielded the spin-lattice relaxation

constant t\ in small magnetic fields. When mutual interactions of the spins are compa-

rable with the Zeeman energy, T\ deviates from the Korringa relation X\ - K/Te, and

becomes field dependent [26, 30], viz.,

= (K/Tt)(B
2 BlQC

2)/(B2 aBlQC
2) , (27)

where B\oc (~ 40 |iT for 109Ag) describes the strength of the spin-spin interactions and

parameter a has a theoretical value 2 for uncorrelated relaxation processes. In the
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presence of magnetic impurities the relaxation in low fields may be further enhanced,

f] f1and the effective relaxation rate becomes Te{f] = rf1 + Tjm^1. This would manifest

itself as an apparently much larger a together with a shift in the characteristic field.

The relaxation data for our silver crystal in magnetic fields on the order of 5|oc are

shown in Fig. 11. Equation (27) describes well the behavior of X\, yielding a = 2.2 ±

0.5, when SN > 0.8 R In2 (corresponding to IPNI < 0.5 in the paramagnetic regime).

This value of a does not leave much room for the impurity contribution. The selective

oxidation procedure, described in Sec. 3.3, may thus be considered very successful.

T:\TJK
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Fig. 11. Spin-lattice relaxation time X\ of 109Ag in low magnetic fields. The data are
presented as the product T\TC/K, which is not sensitive to changes in the electronic
temperature Tc. Actually, the mean temperature Tc = 0.35 mK of the sample was de-
duced from the relaxation time t\ = 8 h, measured in B ~ 1 mT, using the Korringa
constant K= 10 sK. The estimated variation in the temperature between different ex-
periments was very small, a few microkelvins only, because Te was determined mainly
by beam heating and by the resistivity of the thermal link. The data at high nuclear
entropies (SN > 0.8 R In2) were well described by the theoretical dependence Z\TC/K-

(B2 + Z?ioc )/(#2 + aB\oc2), when values a = 2.2 and B^ = 60 |iT were chosen (solid
line). At low entropies (SN < 0.8 R In2), however, the crossover field moved to 110 [iT
(dashed line). Both of the apparent values of 5]0C are larger than the actual local field
~ 40 (iT, which has been estimated on the basis of the measured and calculated inter-
actions between the nuclear spins in silver. The relaxation rates in zero field also
seemed to be different at low and high nuclear entropies, but no firm conclusion can be
drawn owing to scarcity of the data.
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Reduction of T\ in zero field by a factor as large as 100 has been observed in rhodium

[48] and in nonoxidized copper [49] containing magnetic impurities in concentrations

at the ppm level.

It is interesting to note that the low field relaxation appeared to be faster at low nuclear

entropies 5N = 0.4 R In2. Also the characteristic field, in which the time constant

changed, was clearly larger, by a factor of about 2, at low entropies. The behavior

seemed to change around 5N = 0.8 R In2, as indicated, for example, by deviation of the

relaxation data from the straight line below the corresponding value of IPNI = 0.5 in the

inset of Fig. 8. A similar tendency towards slower relaxation at low polarizations is

seen also in the inset of Fig. 10. A polarization dependent T\ has been observed in

rhodium [48], where the effect was attributed to iron impurities. This explanation is

not plausible in our case, since the observed value of a excluded serious impurity ef-

fects.

5. Discussion and conclusions

5.1. Neutron transmission method

In studies of highly polarized nuclei it is essential that the probe is in direct contact

with the spin system, which is effectively decoupled from the lattice at low tempera-

tures. Transmission of thermal neutrons, which depends on nuclear polarization, pro-

vides a convenient tool for monitoring the state and evolution of the spin assembly.

Neutron transmission experiments are particularly simple and straightforward when

"brute force" polarization by an external magnetic field is used. The method can be

applied in any field and for bulk metal samples, unlike NMR techniques. Furthermore,

the observed signal is not sensitive to lattice imperfections nor impurity effects, such as

dilute contamination by electronic moments, like methods relying on magnetic cou-

pling.

The transmission method is very flexible towards requirements about the type of the

sample; single crystals are by no means necessary, nor are bulk samples. In fact, foil

specimens would be favored in ultralow-temperature experiments, since eddy-current

heating could be largely eliminated. For polycrystals, coherent scattering processes as

well must be accounted for. An advantage over measuring the flipping ratio at a Bragg

reflection is also that the sample may be turned freely to any orientation in order to find

the most sensitive effective thickness. For our measurements, in particular, it was es-

sential to be able to monitor simultaneously the nuclear antiferromagnetic reflection.
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No calibration of the measured effect is necessary if the partial absorption cross sec-

tions aa+ due to the two possible spin channels J = 1/ ± Vz\ are known. Of course, the

transmission effect e can be utilized in the opposite way too: if nuclear polarization can

be determined by other means, it is possible to deduce the relative weight of the spin

dependent absorption components. In fact, this has been the main interest in the past.

5.2. Measurements on 109Ag

In our experiments the 109Ag nuclei were polarized to more than 95% under the condi-

tions Te = 140 jiK and B = 7 T. It was possible to follow the evolution of nuclear po-

larization in that field by monitoring the transmission of polarized neutrons as the spin

system relaxed towards the electronic and lattice temperature. The experiments con-

firmed that the spin-lattice relaxation time X\ saturates towards Tz = KITZ when Ta < Tz

= /uB/ka. We obtained the Korringa constant K= (10.0 ± 0.3) sK, which differs slightly

from the previously reported value.

By performing flipping-ratio measurements at the (111) structural diffraction peak and

by analyzing the deviations from the expected behavior, we were able to study extinc-

tion effects and to deduce a parameter describing the quality of the crystal. A simple

approach using flux-transfer equations proved to account for the observed extinction

phenomena, which enables determination of PN from flipping-ratio data.

The polarized silver nuclei were cooled by adiabatic demagnetization to temperatures

in the nanokelvin regime. Our experiments in low magnetic fields demonstrated that an

unpolarized neutron beam can be used for measuring the nuclear polarization of 109Ag

at these extremely low temperatures. The ratio of transmitted intensities rT of unpolar-

ized neutrons yielded the nuclear polarization from the simple formula Pu = (l/£)x

arcosh(rT), where the parameter f = AWcraN contains only known material constants and

depends on the thickness of the sample. In the paramagnetic regime the polarization

could be converted to nuclear entropy and spin temperature. Particularly important for

our experiments on nuclear ordering was the knowledge of entropy, since it remains

constant during field changes in an adiabatic system, and thus characterizes the state of

the spin assembly in any magnetic field.

As such, the relatively strong neutron absorption cross section of 109Ag, a\ = 223 b at

A = 4.4 A, was a drawback at very low temperatures. With the full neutron flux avail-
^ —9 —1

able in our measurements, j0 = 2-10 cm s , the beam heating amounted to 10 -

20 nW, depending on the orientation of the sample, which was by far the largest heat

leak to the nuclear stages. In the transmission-effect measurements by polarized neu-
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trons the beam could be attenuated by a factor of up to 100 to reduce the heating to an

insubstantial level without degrading counting statistics too much. On the other hand,

during experiments with unpolarized neutrons in the nanokelvin regime, where rela-

tively weak magnetic scattering from antiferromagnetically ordered nuclei were meas-

ured and small changes in the transmission level were monitored, it was advantageous

to use the full flux, because longer measuring time due to reduced beam heating would

not have balanced the decreased precision. Nevertheless, it was possible to maintain a

spin temperature several orders of magnitude below the lattice temperature for reason-

able periods of time, because heating due to neutron capture was dissipated by the

radioactive decay products into the lattice, which was thermally connected to the large

copper refrigerant by conduction electrons, whereby most of the heating power was

eventually absorbed by the copper nuclei. In effect, beam heating accelerated the spin-

lattice relaxation in the sample by a factor of four owing to an increase of the conduc-

tion-electron temperature (see Eq. (20)).

Some of our experiments were carried out in the antiferromagnetically ordered state,

which exists for 109Ag nuclei below 700 pK. The description of the ordered state is

given elsewhere [33], and this paper just presents the measurements utilizing neutron

transmission. We determined the induced nuclear magnetization, which, within the

ordered state, was directly proportional to the magnetic field, corresponding to a con-

stant value of the static susceptibility. This, in fact, made it possible to confirm, inde-

pendently from the diffraction results, the antiferromagnetic nature of the ordered

state. The information about the actual spin configurations, of course, called for dif-

fraction measurements. The critical entropy of ordering was deduced from the trans-

mission data. The ordinary way of measuring the susceptibility and the nuclear entropy,

by using NMR techniques, would have been impossible in our case since the ac-

excitation field would not have penetrated the highly conducting single-crystal sample.

In silver NMR absorption reaches its maximum at about 50 Hz in zero field [24], while

the cut-off frequency^ for our sample was less than 10 Hz.

The observed decay of nuclear polarization after demagnetization to low temperatures

yielded the spin-lattice relaxation time t\ in small magnetic fields. It was found that the

relaxation became faster by a factor of 2.2 ± 0.5 in fields B « 5]oc ~ 40 |iT, in accor-

dance with theory. The reason for the factor of 2 reduction in X\ towards zero field

may be understood qualitatively by a simple argument: In high magnetic fields the spins

are independent, and by flipping one spin the polarization or, equivalently, the normal-

ized energy of the system changes by an amount IAPN1 * I4£N/£SI = 2/Ns (Ns is the

The skin depth becomes smaller than the thickness of the sample.
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number of spins and Es = -V2^iBNs is the minimum energy). In low fields mutual inter-

actions determine the internal effective field, and it is not meaningfull to regard polari-

zation as such. Therefore, we consider the change in energy when flipping one spin. In

case of a simplified example, illustrated in Fig. 12, it is easy to verify that in B = 0

\AEN/ES\ = 41NS (£s is still the minimum energy of the system, although different from

that in high fields). Since the spin flips occur at a constant rate due to the Korringa

process, the energy in the interaction reservoir decays twice as fast as the field induced

polarization. The relaxation was actually observed by measuring the polarization in a

high magnetic field (300 - 500 (J.T) before and after spending a certain time in a low

field. This does not imply any complications, because the field changes were adiabatic,

so that the normalized energy remained constant when changing the field.

B» B. B « B.
n . IOC lOC

-ttttt .tint;
Flip 1 Flip

11 It t l t i . l t ;
£ N /£ S = (A +̂ - N_)/Ns Eu/Es = (Â ++ - N_.)/Ns

Fig. 12. Schematic illustration of a qualitative argument on why spin-lattice relaxation
is twice as fast in an interaction-dominated case as compared with independent spins.
The simplified picture consists of a linear chain of Ising spins, which may assume two
possible states, parallel or antiparallel to the magnetic field, and which are coupled by a
ferromagnetic nearest-neighbor interaction. In nigh fields mutual interactions may be
neglected and the consequence of a single spin flip is easily seen. In low magnetic fields
(B « 5ioc), however, a single independent spin flip produces a relative energy change
twice as large as in the high-field case. Since the relaxation process is limited by the
Fermi statistics obeyed by conduction electrons, the rate of spin flips does not depend
on the varying properties of the nuclear spins, e.g., the nuclear heat capacity, but the
flips occur at a constant rate. Therefore, a factor of 2 reduction of r\ in zero field is
expected in all metals irrespective of the nature of the spin-spin interactions. The same
reasoning applies, for example, when more distant interaction terms are included, for
antiferromagnetic couplings, and in higher-dimensional lattices; it is quite generally
valid within the mean field approach. Quantitative treatment, found in textbooks [26,
30], shows that the value of a in Eq. (27) may actually vary between 2 and 3 for corre-
lated relaxation mechanisms.
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The observed increase of the cross-over field to about 2Z?ioc at low nuclear entropies

(SN < 0.8 R In2) is understandable, since the spin-spin correlations become important in

the vicinity of the ordering transition. It is more difficult to explain why the spin-lattice

relaxation appeared to be somewhat faster at low entropies in zero field, too. Unfortu-

nately, no quantitative conclusion may be drawn owing to the small amount of data in

low fields and low polarizations.

The results of our transmission and diffraction measurements with polarized and unpo-

larized neutrons are summarized in Table 2.

Table 2. Experimental results.

Method
Transmission,
polarized beam

Structural reflec-
tion (111),
polarized beam

Transmission,
unpolarized beam

Structural reflec-
tion (111),
unpolarized beam
Superlattice re-
flection (001),
unpolarized beam

Results
Demonstrate the expected transmission
effect £(PN) for 109Ag in B = 7 T
Measure x\ when }iB > kBTe (B = 7 T)
Korringa relation Ti = K/TC not valid,
Ti saturates to Kkul(iB
Calibrate FRE(PN)

Behavior explained in terms of secon-
dary extinction
Absolute thermometry at nanokelvin
temperatures
Antiferromagnetism could be seen
Data on properties of the ordered state:

Critical entropies

Static susceptibility,
constant within the ordered state

Ti in low fields (B ~ 5Ioc « 40 pT)
T,TJK= (B2 + BlQC

2)/( B1 + aB]oc
2)

Wiedemann-Frantz law valid for silver
at7/es=100nK
Demonstrate the effect
(no data shown)

Antiferromagnetic structure [33]
(no data shown)

Numerical values

K= (10.0 ± 0.03) sK

£=(255±6)Q/rad
(77m = O.15°±O.O5°)

5C = (0.54 ± 0.03) R In2
in 5 = 0

#N = 0.36 ±0.01
a = 2.2 ± 0.5; Apparent
Bioc = 60(110) nT, when
SK/(R In2) > 0.8 (< 0.8)

7?L
t=(4.1±l.l)K2AV

/?L
e=(3.3±0.4)K2/W[pl

Superscripts (t) and (e) for the resistance of the thermal link RL stand for meas-
urements of thermal and electric resistances, respectively.
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5.5. Future prospects

The measurements described in this paper relied on the difference in the strength of the

neutron-nucleus interaction depending on the relative orientation of the spins. I09Ag is

a good example of an isotope which absorbs almost solely via a single spin channel.

Furthermore, the inverse of the linear absorption coefficient is about 1 mm for cold

neutrons, so that the transmission measurement is, quite conveniently, most sensitive

with a sample of about this thickness. It is important to stress that there exists many

other isotopes with suitable properties in this respect. A few examples were mentioned

already in the introduction; 3He is perhaps the most famous of these. Rare-earth com-

pounds have been the subject of many studies, partly because hyperfine coupling to

electrons assists in polarizing the nuclei at moderate temperatures.

Current interest on highly polarized nuclei in metals [50] has been devoted, for exam-

ple, to45Sc, 103Rh, Ag (isotopes 107 and 109), 1I5In, and 197Au, which all are good

candidates for neutron studies similar to those presented in this paper. Polarized nuclei

of these elements have been studied by magnetic susceptibility methods: pure scandium

[51] and rhodium [52], natural silver [24], and the intermetallic compound Auln2 [53]

have been investigated. With the exception of silver, these metals have a single stable

isotope or nearly so in the natural composition, so that isotopic enrichment would not

be necessary. Silver, too, could be used for neutron-transmission measurements in its

natural form, but the spin-dependent scattering would be very weak. Therefore, an

enriched sample of I09Ag was employed in our study. The relevant properties of the

enlisted isotopes have been collected into Table 3. There might be some interest on
l95Pt as well, whereas 65Cu, in which highly polarized nuclei and nuclear ordering has

been studied extensively by neutron diffraction [18, 54], is not particularly suitable for

neutron-transmission measurements.
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Table 3. Relevant properties of selected isotopes for neutron experiments on polar-
ized nuclei [2, 31, 37,42].

Isotopelql

45Sc
6 3Cu
65Cu

Cu
103Rh
107Ag
109Ag

Ag
115In

In
1 9 5 ^

Pt
197Au

/

7/2

3/2

3/2

1/2

1/2

1/2

9/2

1/2

3/2

Abn
(%)

100

69.1

30.9

100

51.8

48.2

95.7

33.8

100

a a
0

W

(b)

27.2

4.50

2.17

3.78

145

37.6

91

63.3

202

194

27.5

10.3

98.65

_a /_a Is.tja N/(TO

-0.86

-0.6

-0.2

-0.5

0.333

0.277

0.329

0.302

0.800

0.736

0.285

0.54

b0

(fm)

12.2

6.7

11.1

7.7

5.9

7.56

4.17

5.92

4.00

4.07

8.91

9.60

7.90

b+-b.M

(fm)

-12.3

0.45

3.7

1.5
_jM

2.3

-3.7

-0.6

-4.3

2.3[w]

-3.8

l//xa

(mm)

9.18

26.2

54.3

31.2

0.950

4.57

1.87

2.69

1.29

1.34

5.50

14.7

1.72

4.749

2.221

2.379

2.27

-0.0879

-0.1130

-0.1299

-0.121

5.508

5.507

0.6004

0.1435

K

(sK)

1.6

1.27

1.09

10

12

10

0.09

0.030

4.6

[r]

[t]

'

Most of these elements occupy a face-centered cubic lattice, where quadrupolar
effects may be neglected. The exceptions are Sc (hexagonal) and In (tetragonal),
where these effects are important in low magnetic fields. The compound Auln2,
mentioned in the text, however has a cubic lattice.
The absorption cross sections are given at the standard neutron wavelength A =
1.798 A.
The spin-dependent absorption cross sections have been calculated from the tabu-
lated resonance parameters.
(7a

N may be negative because it is not a physical absorption cross section, although
practical in describing the polarized effects. The physical entities a\, aa_, and a\
are always positive, since l<7a

N/t7a
0l < 1.

It is common to list b+ - b- rather than bN [31]. These quantities are related by bN =
2(b+ - b-)/(2I + 1). For / = V2 they are identical. *

The spin-dependent scattering length for rhodium has not been measured. The
value given here was estimated from the tabulated resonance parameters. The
scattering length so obtained may be sensitive to errors owing to missing parame-
ters of the high energy resonances, since their contribution decreases only in in-
verse proportion to the resonance energy.
The measured b+ - b- for I95Pt has a negative sign [31], whereas the resonance
parameters indicate a positive sign [2]. The absolute values are in agreement.
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Appendix

A.I. Absorption factors

We give here explicitly the absorption coefficients A+ and A_, used in Eq. (15), for our

sample geometry of a plane-parallel slab. Let (p\ and 92 be the angles between the

normal of the sample surface and the incident and diffracted beams, respectively. We

define the parameters a = \lcoscpi and j3 = l/cos^. The reflection geometry (Bragg

case) and the transmission geometry (Laue case) (see Fig. 13) must be inspected sepa-

rately. In the Bragg case the neutron wave diffracted at a depth x from the flat surface

(a) (b)
Monochromatic

neutrons
Diffracted

Transmitted
neutrons

Monochromatic
neutrons

Diffracted

Transmitted
neutrons

Fig. 13. Reflection (a) and transmission (b) geometries, i.e., Bragg and Laue cases,
respectively, are distinguished by whether the diffracted beam passes through the entire
sample or not. The bars in the figure represent the crystal, for which the width and
thickness are drawn to scale with our silver sample (the longest dimension was vertical
and wouldjpoint out from the paper), (a) actually shows the orientation of our crystal
at the (11 1) lattice position, and in (b) it is turned to (001). The incident and dif-
fracted beams make angles q>\ and <% with respect to the normal of the surface of the
slab-shaped sample. The scattering angle 20 also appears in the figures.
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is attenuated within the sample by a factor aB{x) = exp[-(a + P)fiax], where /*a = Mr a

is the linear absorption coefficient. The absorption factor is found by simple integra-

tion, viz.,

An = faB(x)dx/D = {1 - exp[-(a + j3)/ia£>]}/[(a + p)^D], (A 1)

where D is the thickness of the sample. A± is obtained from cra = G\ + cra
N. Similarily,

for the Laue case aL(x) = exp{-/xa[ax + p(D - x)]}, and further

AL = [exp(-a/xaD) - exp(-/J/iaD)]/[(« - )3)/iaD]. (A2)

A.2. Secondary extinction

To account for secondary extinction we apply a simple model based on flux transfer

between the direct and diffracted beams [46, 55]. The balance between the neutron

flux j \ in the direct beam and the flux fa in the diffracted beam is described by the

Darwin transfer equations

-h)-fh, (A3)

where Z is the effective scattering cross section per unit volume. Because of coherence

Z » Nas. The coordinates x\ and x2 denote the distances along the direct and dif-

fracted beam directions, respectively.

Real crystals may be described by a mosaic model [56], which assumes randomly ori-

ented perfect crystallites with a mean radius r. The orientations are distributed accord-

ing to a normalized function W(S), characterized by a mosaic spread 7]m, Often, a

Gaussian distribution W(S) = (l/rjm) exp(-7i5 lr]m) is adopted. The inherent linewidth

due to the size of the crystallites is rjr = 2/l/[3r sin(20)] [46]. Two extreme cases may

be dealt with separately: If the mosaic spread is much larger than the "crystallite

width", 77m » r]r, it is the mosaicity that determines the scattering coefficient, which

then becomes Z(S) = QW(6) (type I crystals [55]). Here we have introduced the usual

scattering power Q = N2\F\2A?/sin(26), where IB is the scattering angle. In the other

extreme, r\T» 7]m, one obtains in analogy Z(5) = QU(8) (type II crystals), but now the

distribution U(8) is characterized by the crystallite width i]T. It is important to realize

that for large crystallites (type I) it may be necessary also to consider primary extinc-

tion. In the following we shall drop the explicit 8 dependence from Z.
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In the plane-parallel geometry the transfer equations (A3) are easily solved, using the

transformations dx\ldx = l/cos<pi = a and dxildx = l/cos^2 = p. The two diffraction

geometries (Bragg and Laue cases) must again be considered separately. The reflectiv-

ity R =j2(D)a/jop is found under the boundary conditions^(0) =j0 (incident flux) and

72(0) = 0. In the Bragg case we obtain

/?„ = 2aEI[{a + P)(E + ff) + yB coth(Dya/2)] , (A4)

where the quantity yB is given by

n = [{a + fi)\z + l??-A<xfSL2]m • (AS)

In the Laue geometry a similar calculation gives

RL = (2aZlyL) exp[-(a + P){E + fia)D/2] sinh(DyL/2), (A6)

7L = [(cc-p)2(Z + ̂ )2 + 4apE2f2. (A7)

For the symmetric case a = p all results are simplified considerably, and reduce to

those presented earlier in the literature [57].

It is useful to examine some limiting cases of the formulae above. First, if absorption

and extinction are weak, i.e., (E+ ff)D « 1, we obtain RB = RL ~ aZD = Ro, which

yields the usual extinction free integrated reflectivity aQD by performing, equivalent to

a rocking scan, an integration over the variable S. In the other extreme of a very strong

extinction, which dominates over absorption, i.e., ED » 1 and Z» jia, we obtain RB

~ 1 and RL ~ [a/(a + p)] exp[-2c$ua£>/(a + p)]. (The reflectivity must, of course, satu-

rate to R < 1.) RB and RL no longer depend on the structure factor so that the flipping

ratio (Eq. (18)) would always be exactly = 1. To find the integrated reflectivity in this

limit one must perform the integration over 8 prior to letting ED —> °°. The expres-

sions above become simply multiplied by the divergence of the diffracted beam, which

is equal to the mosaic spread T]m or to the crystallite width 7]x, whichever is larger.

It is easy to verify that when absorption dominates over pure extinction, i.e. /da » E,

Eqs. (A4) and (A6) reduce to RBL = ABLaED = ABLR0. Therefore, it is natural to de-

fine the extinction factor £BLby the formula

£B,L = ( V ^ O ) A B , L " ' . (A8)

2 2

The factors E+ and £_ of Eqs. (17) and (18) are obtained by inserting IF+I and IF_I to

Q, respectively.
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To obtain the actually measured intensities, one has to consider the divergence of the

incident neutron beam. For an ideal, perfectly collimated beam, it is sufficient to

evaluate the expressions at 8 = 0 (peak intensity). In practice, one has to take into ac-

count the angular distribution f(5b) of the beam whereby the true reflectivity is ob-

tained as a convolution

J°°¥(8^(8- 8b)d8b . (A9)

If the divergence of the beam itself is much larger than the spread due to the crystal,

(A9) becomes exactly the same as the integrated intensity, which was discussed above

in a few special cases. If the two widths are comparable, one must assume some par-

ticular distribution functions and evaluate the integral numerically.

A.3 Primary extinction

Finally, we want to say a few words about the primary extinction, which can become

important for type I crystals. To a first approximation one may separate the effects of

primary and secondary extinctions by writing [58]

E = Ep(xp)Es[Ep(xp)xs], (A10)

where xp = 2>Qrl(2r\r) and xs = aQDIr]m explicitly display the dependence of the ex-

tinction factors Ep and Es on the scattering power Q, on the relevant line width 7]r or

rim, and on the average path length 3/72 or aD. The actual scattering coefficient Z for a

perfect crystallite is EPQW{8) because primary extinction within the crystallite has al-

ready reduced the strength of the diffracted beam.

The condition under which the primary extinction is important may be estimated using

the results of the dynamical theory of diffraction [47]. The characteristic scale is the

so-called Pendellosung length A = 7t/[MFlA(a/3)1/2], varying typically between 10-100

\nm (~ 30 urn for 109Ag). If the size of the crystallites is comparable to or larger than A,

the primary extinction must be taken into account. When r ~ A, we have Z{0) ~ Qlr\x ~

Qr/X = N1FIA, which is about 105 m~' for 109Ag at A = 4.4 A. It is noted that the con-

dition fia « Z holds for primary extinction in most practical cases.

Proper treatment of primary extinction is a complex matter, and methods beyond the

transfer equation approach must be employed. It has been argued, however, that for

spherical crystallites an analysis based on Eqs. (A3) gives reasonable results for Ep at
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small and intermediate values of xp [46]. Numerical data have been tabulated and an

empirical formula has been given for ;cp < 45 [46].
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Dynamical correlation functions of the S = 1/2 nearest neighbor and Haldane-Shastry
Heisenberg Antiferromagnetic chains in applied fields
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We present a numerical diagonalization study of two one-
dimensional S = 1/2 antiferromagnetic Heisenberg chains,
having nearest neighbor and Haldane-Shastry (1/r2) interac-
tions, respectively. We discuss the field dependent suscepti-
bility as well as the T = 0 dynamical correlation function,
Saa{q,u), for chains of length N = 10 to 26. We have stud-
ied Sz*(q, w) for the Heisenberg chain in zero field, and from
finite-size scaling we have obtained a limiting behaviour that
for large u> deviates from the conjecture proposed earlier by
Miiller et ah. Recent neutron scattering experiments on quasi-
1-D systems seems to support our analysis. For both chains
we describe the behaviour of Szz(q, w) and S"(q,u>) for se-
lected values of the applied field, and compare with previous
work by Miiller et al., and Talstra and Haldane. Suggestions
for future finite-field experiments are made.

PACS numbers: 75.10 Jm, 75.40 Mg, 75.50 Ee

I. INTRODUCTION

A. The nearest neighbor model

The 5 = 1/2 antiferromagnetic one-dimensional near-
est neighbor Heisenberg model with periodic boundary
conditions (NNM) is described by the Hamiltonian

N N

• Sn+i + hj Y^ s (1)

SjV+1 =

n=l

S i ,

n = l

where the reduced field is defined by h = QUBB/J. The
NNM is one of the few many-body problems where the
ground state and the lowest excited states are known
exactly. The study of this problem is of fundamental in-
terest to both theoretical and experimental physics, and
extensive effort has been made to investigate materials
that displays one-dimensional behaviour.

The first theoretical work dates back to the 30's where
Bethe made his ansatz [1] for the singlet ground state of
the NNM in zero field, and Hulthen [2] calculated the
energy of that ground state to be E/N = (1/4 — ln(2))J.
Later, it was shown that the ground state possesses no
long range order, but rather an algebraically decaying

spin-spin correlation [3,4]. Most thermodynamic prop-
erties are, however, not obtainable by the Bethe ansatz.
These properties have been estimated from a pioneer-
ing finite-chain analysis by Bonner and Fischer [5], valid
down to a reduced temperature of t = kT/J w 0.5, just
below a characteristic soft maximum in susceptibility at
t = 0.64. At t = 0 the susceptibility has been calcu-
lated exactly to x(0)/W = g2n2

B/(n2J) [6,7]. Recently,
Eggert, Affleck and Takahashi have calculated the zero-
field susceptibility, by Bethe ansatz methods valid at all
temperatures [8].

An important class of triplet excitations were found by
des Cloizeaux and Pearson [9] and Yamada [10]. These
states form a "spin wave continuum" (SWC) defined by
the limits

(2)

(3)€2{g) = 7r|sin(g/2)|J,

where q is the wavenumber.
All information about the magnetic structure and dy-

namics of the system is contained in the dynamic correla-
tion function Sa^(q,ui), which is directly proportional to
the neutron scattering cross section. For a system with
only Heisenberg and Zeeman interactions the off-diagonal
elements Sal3(q,w) are zero. As discussed in an impor-
tant paper by Miiller et al. [11], the major contributions
to Saa(q,u)) at zero temperature and in zero applied field
come from the states in the SWC. Guided by finite chain
results, Miiller et al. conjectured:

2ir.
x0(w-ei (?) )0(e 2 («f ) -wM4)

where 0(x) is the Heaviside step function and As* 1. At
the lower boundary, £1(5), the correlation function has a
square root divergence, unless at q = TT, where it diverges
as 1/w. The equation (4) is not exact, as can be seen
from the fact that various sum rules derived earlier by
Hohenberg and Brinckman [12] cannot be simultaneously
fulfilled [11].

A different approach to the NNM was presented by
Viswanath et al., who calculated the correlation functions
by a continued-fraction method [13]. Besides a singular-
ity at the lower bound of the SWC the authoi-s found a
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small maximum at the top of the continuum. The latter
feature was assumed to be an artifact.

The temperature dependence of Saa(q,u) in zero field
was later studied by quantum field theory by Schultz [14]
and by quantum Monte Carlo methods by Deisz et at.
[15]. We will restrict our study otSaa(q,u) to zero tem-
perature.

For the NNM in applied fields, Ishimura and Shiba
[16] and Miiller et al. [11] studied the dynamical corre-
lation functions by exact diagonalization. Both authors
achieved approximate analytical expressions for the dif-
ferent continuum limits for this system. The limits of
these continua are illustrated in figure 1. In a nota-
tion to be adopted in this paper, the correlation function
S"(<7,w) resides in continuum (i) and (ii). For the ther-
modynamic limit it was predicted [11] that (i) would be
dominant for h = 0, but negleglible for h > 0, whereas
(ii) is important for h > 0 and not existent for h = 0. For
non-zero h a main feature is that a soft mode for 5 " (q, w)
inside the zone gradually moves away from q = TT with
increasing h. S~+(q,u) resides in continuum (iii), its
importance decreasing with increasing field. The correla-
tion function S+~(q,w) was described by three continua:
(>v)> (v)> a n d (vi). At h = 0 (iv) was predicted to be
dominant, while (vi) would dominate in the case h > 0.
(v) was predicted to exist only for finite-sized systems.

B. The Haldane-Shastry model

Much interest has recently been given to a model for
the S = 1/2 antiferromagnetic Heisenberg chain suggest-
ed simultaneously by Ilaldane [17] and Shastry [18] In the
Haldane-Shastry model (IISM) the interactions between
the spins are long-ranged

(5)
N

In the limit of an infinite chain the spin-spin interaction
decays as the inverse square of the spin-spin distance.
The IISM model has shown to be solvable to a large
extent. In zero field the elementary excitations of the
IISM are S = 1/2 spinons, which obey semionic statis-
tics and always appear in pairs [19], as anticipated earlier
for the NNM by Faddeev and Takhtajan [20]. Because of
the conceptual simplicity, the HSM is believed to give a
good insight to the physics of the one-dimensional quan-
tum spin chain, including the NNM [21].

Ilaldane and Zirnbauer made an exact derivation of
the dynamical correlation function, which was found to
reside totally inside a continuum resembling the SWC
[19]. The result reads

where the lower continuum boundaries are given by

and the upper boundary reads

(7)

(8)

(9)

S"{q,u) = ±Q (6)

The correlation function (6) shows the same types of di-
vergences as the Miiller conjecture (4), and at q = it the
two equations are equal.

Talstra and Haldane (TH) obtained analytical results
for the field dependent correlation functions of the HSM
[22]. In finite fields the 5 = 1/2 spinons are accompanied
by 5 = 1 spin-waves (magnons). An closed-form expres-
sion for Saa(q,u) was not obtained, but some exact re-
sults about the continuum limits, resembling the Miiller
continua, were derived. The most remarkable features of
the HSM continua for S"(q,w) are that two sets of soft
modes emerge in applied field: One "slow" mode which
moves from q = it to the zone center with increasing field,
and one "fast" mode, which moves from q = 0 to q = 2ir.
Sxx(q,u>) behaves in the same way as for the NNM.

C. Experimental studies

Neutron scattering studies of a one-dimensional S =
1/2 antiferromagnet has been done by Endoh et al.
[23,24] using the compound CuCl2-2N(C5D5) (CPC)
Their results were later found by Miiller et al. [11] to
be consistent with the conjecture (4). Later neutron s-
tudies on the compound KCUF3 were done by Hutchings
et al. [25] and Satija ei al. [26]. These results were con-
sistent with the CPC results. Recent work on KCUF3 by
Nagler et al. [27,28,21] also fit rather well to the Miiller
conjecture (4).

Neutron experiments with CPC in an applied field of
h = 0.35 were done by Heilmann et al. [24], who observed
a broadening of the zero-field features around the soft
mode at 7 = 7T, but no clear evidence of the predicted
deviation from the zero field behaviour was seen.

D. This work

In this paper we present theoretical predictions of the
dynamical structure factors in zero and finite magnet-
ic fields, based on exact diagonalization of finite NNM
and HSM chains using the Lanczos method. We com-
pare with recent zero-field experiments and present pre-
dictions for the outcome of experiments in applied fields.
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In addition we have calculated a few thermodynamical
properties of the NNM chain.

Our work may be seen as a natural continuation of the
numerical work by Miiller ti al. [11] and TH [22] using im-
proved algorithms which allows us to treat longer chains
(N = 24,26) than previously published (N = 10,14).
The larger system size has made it feasible for us from
finite-size scaling to separate finite-size effects from the
behaviour of the Heisenberg chains in the thermodynam-
ic limit, N —- oo.

II. NUMERICAL METHODS

By utilizing the symmetry properties of the Hamilto-
nian operator the corresponding matrix can be separated
into a number of independent sub-matrices, as explained
detailed by Lin [29]. The first symmetry to apply is

S = Y^n *n being the total spin operator. The eigenval-
ues of Sz and S2 are called m and /(/ + 1), respectively.
Due to the periodic boundary conditions the translation
operator T that moves each spin one site along the chain
also commutes with H. Finally, in the Sz = 0 subspace,
the spin-flip operator F = nn(2s*) commutes with H.
For N = 16, application of all symmetries gives the max-
imum size of one individual subspace of 415 states, a
reduction by a factor of ~ 150 from the original 216 s-
tatcs. For large N the size reduction from our algorithm
is proportional to iV3/2, not at all sufficient to stop the
exponential 2 N growth of the dimensionality of the prob-
lem.

As basis states we chose the Ising eigenstates, repre-
sented as bit patterns. The basis states can be divided
into groups where all members can be constructed from
the others by repeated application of T and/or F [29].
Picking one state from each group generates a set of u-
nique states, from which the separate sub-spaces can be
implicitly constructed. The non-zero matrix elements of
the Ilamiltonian operator in each subspace is found very
rapidly by application of the Snsn+i and s^s*+ 1 terms
in / / to the unique states. As m is a good quantum num-
ber for a Heisenberg system, the Zeeman term is imme-
diately diagonal, and the energy of any state is given by
Eniin = Enfi — hJm, where En,o is the zero-field energy.
By choosing the states simultaneously to be eigenvalues
of S2, the multiplicity (2/ + 1) of any m = 0 state is
found, and only the zero-field calculation is needed to
determine the energy of every eigenstate. By inspection
we found that any m = 0 state obtained by our direct
diagonalization method was automatically an eigenstate
of S2 , despite of degeneracies.

For N > 16, the lowest lying states were found by the
Lanczos algorithm [30,31]. The Lanczos algorithm is well

suited for finding the lowest lying states, but has numer-
ical instabilities that prevent it from finding all eigenval-
ues of large matrices [31]. Comparison with the results
of a full diagonalization for N = 16 showed excellent n-
greement for the lowest eigenvalues.

All calculations were done on a HP Apollo 735 work-
station, on which we were able to diagonalize chains up
to N = 26. The time and memory requirements for the
calculations are shown in table I. The longest 5 = 1/2
chain for which the ground state has been found numer-
ically is to our knowledge N = 30 [4],

III. THERMODYNAMICAL QUANTITIES OF
THE NEAREST NEIGHBOR CHAIN

For calculating the thermal behaviour of the NNM
Heisenberg chain we have used the energies obtained from
the full diagonalization for a chain with N = 16. The dy-
namical susceptibility per particle was calculated using:

lafiBd(Ss){h,t)
N J OB

«S:)(/M)-(S.>2(M)),

(11)

NtJ

where the reduced temperature is given by t = ki
In figure 2 the susceptibility is plotted as a function of t
for various values of h. The characteristic broad maxi-
mum at tmax = 0.64 is consistent with earlier results, but
the exact zero-temperature value ,\(0,0) = g2^rB/2z2 is
not reached. This is due to the fact that finite-size ef-
fects becomes important when tJ is comparable to the
energy spacing between the ground state and the lowest
excited state. With increasing field the maximum value
°f -\'(/M) increases and is shifted towards lower values of
/. This observation is of importance for interpretation of
AC susceptibility measurements in applied fields, as the
position of <max is often used to determine J.

We have also calculated the heat capacity in zero field.
The result is in good agreement with the limiting curve
proposed by Bonner and Fisher [5] (data not shown).

IV. ZERO FIELD CORRELATION FUNCTION
FOR THE NEAREST NEIGHBOR CHAIN

A. Basic formulae

After having found the exact ground state from one cy-
cle of the Lanczos algorithm, we calculated the dynamic
correlation function

Szz(q,u>) = 2_. MeZ((Z'w)^ (w + £o — Ee), (12)
e

where the matrix element is given by

M " ( , , W ) = 2 ir|{c|f lf|0)|2l (13)
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|0) being the ground state and |e) being any eigenstate.
s~ is the Fourier transform of the spin operators s*:

N
(14)

The values of M" were found by using the Lanczos algo-
rithm with si |0) as the first vector in the basis generated
by the algorithm. Since diagonalization of the Lanczos
matrix yields the eigenvectors in this basis, the number
(e|s*|0) is proportional to the first element in the eigen-
vector corresponding to a state |e).

Jn zero field the Heisenberg chain has SU(2) symmetry,
as no spatial direction for the spins is preferred. Hence
S"(q,uj),Syy{q,u), and Szz{q,u) are equal, so we have
only calculated the latter. All results were checked using
the sum rule

r
J-

= ^ . (15)

and the relative deviations were all less than 10~6. We
also compared with the results by Miiller et al. [11], and
our results for the chain N = 10 agreed to within the
published precision of 0.01.

B. Numerical results

In the following figures the spectral weights, Moa(q,u)
are shown in a part of the (q,u) plane which covers half
of the Brillouin zone, q ••= 0...n. For the other half of the
zone the results are just the mirror image: Maa(q,w) =
Maa(2iT - q,u).

In figure 3 (top) we present the results for JV = 24.
This is done for comparability with later results, although
this is only the second longest chain analyzed. Each
eigenstatc is marked with a circle, where the position
of the center represents [q,u), and the spectral weight
is represented by the area of the circle. The solid lines
show the upper and lower boundaries of the SVVC contin-
uum, formula 2 and 3. The most prominent feature is one
strong point around q = TT, low w. This point converges
towards (TT, 0) as 1/iV, and its weight increases as log(iV).
Although this diverges, its fraction of the total weight,
(2/ir)M::(ir,(jj)/N converges to zero, meaning that the
limiting behaviour is not a 5-function.

Miiller et al. described the SWC states by a two-
parameter expression [11]:

= *J sin(<7/2) cos(<?/2 - qm/2), (16)

where the second parameter is restricted by qm < q. In
figure 3 (bottom) we have plotted branches of (16), where
qm is fixed to one of the allowed values 0,2TT/N, ...,TT.

The crossing of two branches takes place only at allowed
values of q, and these places indicate an expected position
of an eigenstate. The numerical values for the excitation
energies of the dCP states are represented by crosses, and

are seen to be close to the expected values. The energies
of the dCP states actually converge towards the expected
values as l/N.

In the thermodynamic limit the density of states has
been calculated from (16) [11]:

The number of SWC states in a chain of AT spins is N(N+
2)/8, so by normalization we find C,v = N(N + 2)/<l?r.
In the thermodynr.mic limit the correlation function per
spin calculated from the spectral weight of the discrete
states can be written as:

^Scont(7,") = jjM"(q,u)gN(q,u>), (18)

In figure 4 we have plotted the values of (18) for various
N at q = IT/2 and q = it. The points seem to converge
to a common curve. The solid line in the figure is the
Miiller conjecture (4), normalized by the sumrule (15),
giving A - T2/(8(7) « 1.3469, where Q is the Catalan
constant. For q = x the agreement for low w is excellent,
whereas the obtained values of 5|ont in the high-w "tail"
are significantly lower than predicted by the Miiller con-
jecture. Similar behaviour can be seen also for q = ir/2,
although the points here seem to fall below the Miiller
conjucture.

By comparing the two halves of figure 3 it is clear that
some "anomalous" non-dCP states appear with small,
but finite, weight both inside and outside the continu-
um. This was also observed by Miiller et al. [11]. How-
ever, they were not able to conclude anything about the
nature of these states. We have obtained the integrat-
ed spectral weight of the "anomalous" states, normalized
with the total spectral weight, given by 15. These result-
s are plotted vs. 1/JV in figure 5. For states outside the
SWC continuum the relative weight seems to converge to
a value slightly larger than 1%. It is from our data not
clear to what value the relative weight of the non-SWC
states inside the continuum will converge.

C. Comparison with Neutron scattering experiments

Our numerical estimates for the tails in S*!(q,u) at
q = x can be directly compared with recent neutron
experiments by Dender et al. on the one-dimensional
5 = 1/2 antiferromagnet Copper Benzoate [32]. In this
material J/ko = 18 K, as determined both by suscepti-
bility measurements and by an overall fit to the Miiller
conjecture (4). The data to be shown has been back-
ground corrected, so they contain only the magnetic scat-
tering. For detailed information about the experiments,
see ref. [32]. The present data has not earlier been pub-
lished in this form.

To gain enough statistics on the weak tails, data for
four temperatures (1.7, 2.5, 3.5 and 5.0 K) have been
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averaged for w > J. The expected effect of a finite
temperature is to change S"fa,w) for values of w lower
than, or comparable to koT. Thus, at w > J the tail-
s should not be affected by the temperature difference.
The Miiller conjecture (4), was fitted to the lowest energy
part (ui < J/2) of the low temperature data (1.7 and 2.5
K). The experimental data and the Miiller fit is shown in
figure (5. The measured points are clearly seen to deviate
from the Miiller conjecture in being lower than expected
at w > J. The upper continuum boundary at u> = irj
is not visible in the data, and the magnetic cross section
does not seem to vanish above that boundary.

We note a fair overall agreement, between the experi-
mental data and the results of our calculations, shown in
figure 4. The observation of S"fa,w) above the upper
continuum boundary, is however in disagreement with
cur analysis based upon the SWC states. The weight of
the "anomalous" states above the continuum is much too
low to account for this discrepancy.

V. FINITE FIELD CORRELATION FUNCTIONS
FOR THE NEAREST NEIGHBOR CHAIN

A. Dasic formulae

With increased applied field along the r-direction, the
in value of the ground state of the finite NNM chain in-
creases stepwise. In the thermodynamic limit the ground
state magnetization per particle is given approximately
by [11]:

. . . m l . / 1 \
alh) = —• ss -arcsin — 77- . (19)

When presenting the values of the correlation functions
in finite fields we choose the values h = 0.7084,1.5827,
where cr(/i) takes the values 1/12,1/4, two of the discrete
values allowed by the system size TV = 24.

The longitudinal correlation function, S:z(q,u>), was
also in finite fields calculated by (12). The transverse
correlation functions, however, are in finite fields differ-
ent from the longitudinal one and has to be calculated
separately. They can be written as

S"(q,u) = S^fa.w) (20)

The "minus-plus" correlation function is defined accord-
ing to

S-+fa,w) = (21)

where the sum runs over all states in the subspace S2

in + 1. The operator s* is defined by

The ground state has total spin / = in, and S* only
couples the ground state to states with tot.il spin /' =
/ + 1 , as discussed by Miiller et al. [11]. Since the energies
are sums of Heisenberg and Zeeman terms, (21) can be
rewritten as

(23)

where S~ = 5Zn=1 s~ is the total spin lowering operator.
In this expression the matrix elements are between states
in the same m-subspace, easing the evaluation.

Similarly, if we by | l ,m — 1) denote the normalized
state S~ |0, m)/y/2m, the "plus-minus" correlation func-
tion is given by

(24)x 6 (w + Eo - Et - hJ).

|l,7n— 1) is the state with the lowest energy in the sub-
space m' = m — 1,1' > m'. This state is found by using
a trial state without any components in the /' = TO' sub-
space as a seed for the Lanczos algorithm. This seed
is in turn generated by applying the pruning operator
Pmi = (S*S~ — 2m') to an arbitrary Ising state, which
in general has components of any low-lying Heisenberg
eigenstate.

We have used the results by Miiller et al. [II] for
N = 10 to check our algorithm, both for zero and applied
fields. We found no deviations within their published pre-
cision of 0.01, except for one deviation: M**(ir, 1.879.7)
for a = 0.3 is published to 1.17, while we find 1.266. This
we believe to be a misprint in their paper. The fact that
S!:(q,ui) = Szx(q,u) in zero field was used as a consis-
tency check for all N, and we found no relative deviation
larger than 10~6. Also we used the total spectral weights
as a check. The relative deviations to the sum rule (15)
were all less than 10~6.

B. Numerical results

Our results for 5"fa,w) for N = 24, h = 0.7084 and
h = 1.5827 are shown in figure 7 along with the Miiller
continuum limits. As expected, the most prominent fea-
tures are the soft mode at q = TT(1 — 2cr), and the q = T
energy gap at u> = hJ. Both these features have a sig-
nificant spectral weight. Between these two points a row
of states with relatively strong weights are found close to
the predicted bottom of the dCP continuum. In applied
fields the ground state couples to itself,

M"(0 ,0) = (25)

corresponding to a ferromagnetic component st w = 0.
Since M"(0,0)/N is finite in the thermodynamic limit,

n = i
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this feature converges towards a true 5-function, as it
should.

In general the main part of the spectral weight seems
to concentrate in the lower continuum (i) and along the
lower bound of the upper continuum (ii). This is is fair
agreement with Miiller el al. [11], who predicts negligible
weight for the upper continuum in the thermodynamic
limit. The contribution from "anomalous" states above
continuum (ii) is large compared to the zero-field results,
and the upper boundary of (ii) cannot be recognized in
the numerical data.

For a w 1/4 we observe "anomalous" states with weak
spectral weight below the lower continuum limit around
7 = 7T. These contributions are probably related to a
similar behaviour of the HSM, see the following section.

The obtained results for the transverse correlation
function, Sxx(q,u), are plotted in figure 8. Again the
prominent features are as predicted by Miiller et al. [11]:
An energy gap at q — 0, converging to w = hJ as 1/N,
and a soft mode at q = 2ircr.

A single branch between these two points show con-
siderable intensity, decreasing almost linearly toward the
soft mode. For a = 1/4 the integrated intensity of this
branch converges as l/y/N to 10.5% of the total spectral
weight, (15). The relative weight of this branch is rough-
ly proportional to a2, but for a = 1/2 the branch carries
all of the Sxx(q,w) spectral weight. A similar pattern is
seen on a low branch connecting the q = 2rrcr soft mode
with the stationary one at q = ;r. These two branches
are the only noteworthy contributions to Sxx(q,u) from
the lower continuum (iv).

The area in the vicinity of the q = IT soft mode carries
a very large fraction of the total spectral weight. Al-
though the density of states is not exactly known in the
finite field case, our data supports that it in analogy with
the zero field case is proportional to N2, being nearly in-
dependent of w close to the soft mode. Our data for
a — 1/4 shows that the weight of the soft mode increases
as N1/3, for both the S~+ and the S+~ contributions.
This increase is faster than in zero field, but still not fast
enough to make the limiting relative weight finite. The
data points are, on the other hand, too few to draw any
firm conclusions upon this question.

Above continuum (iv), the upper Miiller boundary
does not seem to describe the system well, as states with
some spectral weight extends far above this curve. A
strong double band of excitations above the continua is
clearly visible near 7 = 0, having a maximum intensi-
ty at q = ir/A. For a = 1/4 the integrated weight of
this band in the region \q\ < JT/4 seems to converge to
approximately 4% of the total weight.

In general, a large part of the SXI(7,w) weight is dis-
tributed in the vicinity of the q = x soft mode, above
(iv). This should be compared with Miiller et al., who
predicts continuum (iii) and (iv) to be the only impor-
tant in the thermodynamic limit [11]. From the better
accuracy obtained in this work it can be seen that the

spectral weight of (iv) is concentrated at its boundaries,
and that the continua (v) and (vi) also contain a large
fraction of the spectral weight, in disagreement with the
Miiller predictions [11].

In experiments by Heilman et al. [24] it was observed
that the maximum of intensity as a function of w, for
constant 7 = 3/r/4, moved to lower energies with increas-
ing (low) field. This is in agreement with the position of
the continua [11] and with the present work.

VI. CORRELATION FUNCTIONS FOR THE
HALDANE-SHASTRY CHAIN

We have obtained the dynamical correlation functions
5"(7,w) and S"(q,u) for a HSM chain of N = 24 using
the same methods as for the NNM. Due to the long-range
interactions, calculation of the ground state was much s-
lower for the HSM than for the NNM, In contrast, deter-
mination of the correlation functions took much short-
er time, since the low number of weight-carrying states
caused the Lanczos algorithm to terminate fast.

Our obtained values for Saa(q,u) were checked against
the sum rule (15), and for all values of a the relative
agreement was better than 10~6.

A. Zero field results

In figure 9 the HSM zero field results for S**(q,u>) are
shown in the same way as was used in figure 3 for the
NNM. A part from the smaller energy scale of the HSM,
the two figures shows remarkably similar features, like
the strong spectral weight at the lower boundary - espe-
cially at q = T. The weight decreases towards the upper
boundary, although not as fast as for the NNM.

Unlike the NNM, the correlation functions of the HSM
are totally contained within the continuum boundaries,
as shown already by Til [22]. Neither does the HSM
display any "anomalous" states inside the continuum.

B. Finite field results

Talstra and Haldane found the magnetization of the
HSM chain to be

(26)

where the critical field is given by hc = TT/A. As for
the NNM we chose field values giving a magnetization of
<7 = 1/12,1/4, namely h = 0.7539,1.8506.

Our values of S!Z(q,u>) for N = 14 were checked a-
gainst the results by f H [22], and a good agreement was
found for both high and low fields. For Sxx(q,u),N =
10,0" = 2/5 our results appear to disagree with those of
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rcf. [22], figure 6 of which shows a considerable spectral
weight at the top of the continuum for q ss z. However,
it turns out that the mistake was made in plotting their
figuro 6 (superimposed data for S+~(q,w) and S~+(q,ui)
were inadvertently shifted relative to each other), and
there is in fact no disagreement between the two calcu-
lations [33].

The observed general features of S~;(q,u) are largely
as predicted by Til [22]. The "slow" soft mode moves
with increasing field as q = z(l — 2a). However, the
"fast" soft modes, moving as q\ = Aza, q2 — 2TT( 1 - 2a),
carries hardly any spectral weight. Our results for the
correlation function S"(q,ui) are shown in figure 10. For
a = 1/12 the "slow" mode emerging from q = z carries a
very large spectral weight, while the area, corresponding
to the "fast" mode at q = <r/3 contains no weight at all.
This soft mode behaviour is consistent with the results
for a = 1/4. Here the "fast" mode (at q = z) has small
spectral weight, which vanishes towards u = 0. The "s-
low" mode (at q = z/2) carries a large weight. For both
fields a large intensity is seen at q = z at a point similar
to the energy gap of the NNM. However, the states car-
rying the largest weights are no longer the lowest states
in the continuum. This is especially clear for a = 1/4.
(This should be compared to a similar behaviour of some
observed "anomalous" states in the NNM, below the low-
er continuum.) In general we presume, that for a > 0,
Sz:(z,ui) will not have a singularity at the lower contin-
uum boundary in the thermodynamical limit. Despite
the clear differences in continuum boundaries, S!:(q,w)
looks remarkably simiilar for the NNM and the HSM.

The behaviour of transverse correlation function,
Sxx(q,oj), is essentially the same as predicted by TH -
and similar to the NNM. A soft mode is seen to appear
at q = 0 and move as q = 2za. The results for Sxx(q,ui)
arc shown in figure 11. Like for the NNM the soft mode
at q = 2TT(T is connected by two single branches while the
mode itself shows vanishing intensity. The upper part of
the continuum shows a widely distributed low spectral
weight, while the area, corresponding to continuum (iv)
of the NNM, is nearly empty. The bulk part of the weight
is found in the vicinity of the q — z soft mode. All this
is valid for both a = 1/12 and a = 1/4.

or of the suggested important continuum (iv) was found
to be almost empty. For the HSM we found as predicted
that all spectral weight is contained within the continuum
boundaries, both in zero and non-zero field. In general
the two models show surprisingly similar features, much
more similar than their predicted continuum boundaries
would imply. The major difference between the two mod-
els is the lack of a firm upper continuum boundary for
the NNM.

We have compared our values for S"(IT,IJ) for the N-
NM in zero field with the conjecture (4) by Miiller ct
al. [11], and with recent neutron experiments. At high
values of w our calculation gives considerably smaller val-
ues than (4). This is in qualitative, albeit not detailed,
agreement with the experimental results.

All calculations were done on a relatively small com-
puter. However, since the dimensionality of the diago-
nalization problem increases essentially as 2 " , diagonal-
ization of chains substantially longer than in this work
seems unrealistic with the present algorithms.

Experimental observations of the calculated features
would of course be extremely interesting, especially fea-
tures which could be related uniquely to the behaviour in
an applied field, e.g. the moving soft modes in S"(q,u).
This whole work is meant as a support for such future
investigations. Often, however, the experimental value
of h is limited due to a relatively strong exchange in-
teraction in most model materials. For an experiment
with a vertical field the measured spectrum will be pro-
portional to Sxx(q,ui) + S"(q,ui), and in the low field
region the previously presented broad features in these
two correlation functions will tend to overlap so that the
resulting spectrum resembles (a broadening of) the zero-
field spectrum. For instance the q ^ z soft mode and
q = z energy gap in S"(q,w) will be "covered" by the
q — z singularity in Sxx(q,w). Another characteristic
feature is the single branch leading to the q — 0 ener-
gy gap in Sxx(q,u>). This branch has, however, a fairly
limited intensity and may be difficult to observe in prac-
tice. A more demanding experiment with a horizontal
field would not suffer from the overlap effect, since both
2Sxx(q,u) and S!:[q,u}) + Sxx(q,w) may be measured,
yeilding the interesting Si:(q,w).
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FIG. 1. The six predicted continua in the (g, ui) plane for
the NNM chain in an applied field. S"(q,w) is confined in
continuum (i) and (ii) (top picture), while S~+ is described
by continuum (iii) (middle picture). Three continua describes
S+~(r/,u>): (iv), (v) and (vi) (bottom picture). For all plots
the applied field was h = 0.7084, as explained later in the
text.

FIG. 2. Dynamical susceptibility per particle,
X(h,t)/N = l/Ndm(h,t)/dh for the NNM chain in different
applied fields, h, plotted versus reduced temperature, t. The
calculation is based upon a total diagonalization of a chain of
N = 16 spins. The exact result for h = 0,t = 0 is marked
with a cross on the ,\-axis. The low t-behaviour is unphysical
and due to the finite size of the system.

FIG. 3. The dynamical correlation function S"(q, u») for a
NNM chain of JV = 24 in zero field. The spectral weight of
any single state is represented by the area of the correspond-
ing circle. The SWC states are marked by a small cross. The
dashed lines are dispersions for SWC states in the thermody-
namical limit, see text. The solid lines are the boundaries of
the SVVC continuum.

FIG. 8. S"(q,u) for the JV = 24 NNM chain in applied
fields of h = 0.7084 (top) and h = 1.5827 (bottom). The spec-
tral weights are represented as the area of the corresponding
circles. The solid lines are the outer continuum boundaries
derived by M filler el al.

FIG. 9. S"(7,w) for the .V = 21 HSM chain in rero field,
plotted as for the NNM chain results. The spectral weights are
represented as the area of the corresponding circles. The solid
lines are the exact outer boundaries of the HSM continuum.

FIG. 10. S"{q,u) for the JV = 24 HSM chain in applied
fields of h = 0.7539 (top) and h = 1.8506 (bottom). The spec-
tral weights are represented as the area of the corresponding
circles. The solid lines are the exact outer boundaries of the
HSM continuum.

FIG. 11. S"(q,u) for the JV = 24 HSM chain in applied
fields of h = 0.7539 (top) and h = 1.8506 (bottom). The spec-
tral weights are represented as the area of the corresponding
circles. The solid lines are the exact outer boundaries of the
HSM continuum.

FIG. 4. S2Z(q,u) for the NNM chain, weighted by the den-
sity of states for chain lengths up to JV = 26. The weighted
structure factor is plotted as a function of w for fixed values of
q = ic/2 and jr. The solid line is the Miiller conjecture (4), nor-
malized by the sumrule (15), giving A = 7T2/(8C7) « 1.3469,
where Q is the Catalan constant.

FIG. 5. Normalized sum of spectral weight for h = 0 of
NNM chain states that lies outside the SWC continuum. The
weight is normalized to the total weight and plotted against
1/JV (crosses). Also shown is the normalized sum of spectral
weight from non-SWC states that lies inside the continuum
(triangles).

FIG. 6. Neutron scattering data from the ID 5 = 1/2 AFM
Copper Benzoate. The data are proportional to the correla-
tion function at constant q: Soa(v,u>). The data points rep-
resent averages over two or four low-temperature data set, see
text. Original data are from the work described in [32]. The
solid line is a fit to the Miiller conjecture (4).

FIG. 7. 5"(</,w) for the JV = 24 NNM chain in applied
fields of h = 0.7084 (top) and h = 1.5827 (bottom). Thespec-
tr;il weights are represented as the area of the corresponding
circles. The solid lines are the outer continuum boundaries
derived by Miiller el al.

JV
10
12
14
16
18
20
22
24

Unique
states

26
80

246
810

2704
9252

32066
112720

Memory
(Mb)
0.006
0.016
0.047
0.124
0.330
1.015
3.344
11.63

NNM time

-
0.001
0.009
0.048
0.262
1.372
7.196
35.21

HSM time

(10
-

0.001
0.011
0.086
0.515
3.254
19.74

TABLE I. Memory requirement and calculation time
(CPU hours) as a function of chain length, JV, for Lanczos
diagonalization of the nearest-neighbor and Haldane-Shastry
chains. The data listed describes a computation of Szz(q, w)
for m = 0,1, . . . , JV/2. The number of unique states listed is
counted without use of the spin-flip symmetry, which is use-
ful only for TO = 0. For large N the memory consumption
is dominated by the vectors used by the Lanczos algorithm.
The memory requirements were the same for the two mod-
els. For the NNM chain the structure factor calculation was
the most time consuming, while the calculation of the ground
state was by far the most time expensive for the HSM. For
one run (marked by "*") the information about the time con-
sumption was lost.
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2.6.11 Structural Details of Polyelectrolyte Interface Multilayer Films

J. Schmitt, Institute of Physical Chemistry, Johannes-Gutenberg-University, Mainz, Germany,
K. Lehmann, M. Losche, Experimental Physics I, University of Leipzig, Germany, W. G.
Bouwman and K. Kjaer, Department of Solid State Physics, Riso National Laboratory, Denmark

In earlier neutron reflectivity work we have shown that the adsorption of polyelectrolytes from
aqueous solution to surface charged substrates such as surface modified Si wafers leads to poly-
mer films that are stratified on the molecular length scale.1'2 Since then we have initiated a
systematic study of the internal structure of layer-by-layer deposited polymer films. As earlier,
we have deposited structured films that incorporated perdeuterated and perprotonated
polyelectrolyte layers in a characteristic, one-dimensional superlattice pattern (typically a
sequence of 7 protonated and 1 deuterated layer, repeated n times, where n = 6, 8, or 10). To get
better reproducability of the preparation, we have used a home-built robot device for the sample
preparation. Neutron reflectivity was measured at the refurbished TAS8 spectrometer which
owing to its superior resolution is very well suited for the characterization of "thick" molecular
multilayer films (d~ 2500 A).
In all preparations we found surprisingly complex reflectivity curves (e.g., Fig. 1) with Bragg re-
flections of up to the third or fourth order. A satisfactory model description of the data is
achieved only if one allows for a systematic and continuous increase of the thickness of the
deposited layers from the substrate toward the film/air interface. This non-uniform layer
structure also remains after a dehydration-rehydration cycle applied on a sample. In rehydration
experiments with D2O, the water content, ~ 45 vol%, of the wet films was determined. After
dehydration over P2O5, we have determined the void volume created by the evaporation of
water molecules: the polymer shrinks only by ~ 50% of the lost water volume. Whereas the
molecular weight of the deposited polyelectrolyte has surprisingly small influence on the layer
structure, the layer thickness and internal roughness between deuterated and protonated layers
depend almost linearly on the ionic strength of the deposition solution in the range between 0.5
and 3 mo 1/1.

1

1 1 0 - 3

s 10-4

10-5

experimental data
model (instr'l res'n included)
Fresnel reflectivity

f"64 protonated/deuterated
: polyelectrolyte layers on Si

i . , , , i , , , , i
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momentum transfer, Q (A'*)

1 J. Schmitt, T. Griinewald, G. Decher, P. S. Pershan, K. Kjaer and M. Losche, Macromolecules 26 7058-7063
(1993).
2 M. Losche eLaL, "Internal structure of electrostatically adsorbed polyelectrolyte films," Ann. Progr. Rep. Dept.
Solid State Phys. 1993, Riso Natl. Lab., Roskilde, Denmark.
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2.6.12 Structure of Reassembled Molecular Bacterial S-Protein Layers at Aqueous
Surface Monolayer Films

M. Weygand, M. Losche, Experimental Physics I, University of Leipzig, Germany, B. Wetzer, T.
Lackner, D. Pum, Center for Ultrastructwe Research, University for Agriculture, Vienna,
Austria, and K. Kjser, Department of Solid State Physics, Rise National Laboratory, Denmark

Surface-layer proteins constitute the outermost cell envelope component of many eu- and
archeobacteria. Previously we have studied the recrystallization of S-layer proteins at lipid
monolayers floating on top of aqueous surfaces with electron microscopy,1 dual label
fluorescence microscopy, and FTIR spectroscopy.2 We found a reverse influence between the
lipid and the protein components: 2D protein crystals nucleate at lipid areas that are in the gel
phase and, vice versa, the formation of 2D protein crystals at the interface increase the order
parameter of the lipid chains. Whether or not the protein, which apparently communicates with
the lipid chains, interpenetrates physically into this lipid chains region could not be resolved
with the techniques mentioned above.
We have investigated this question with neutron reflectometry at the new TAS9 liquid surface
reflectometer in the guide hall of DR3 and with x-ray reflectometry at the beam line BWl in
HASYLAB, DESY Hamburg. The S-layer proteins of Bacillus coagulans E38-66 or Bacillus
sphaericus CCM2177 were adsorbed to DMPE (dimyristoyl phosphatidylethanolamine)
monolayers on aqueous buffer. For the neutron measurements, chain-perdeuterated DPPE-d62
and both H2O or D2O subphases were used. The x-ray measurements were conducted on
protonated samples. Fig. 1 shows representative data sets for CCM2177: neutron reflectivity of
S-layer protein under DMPE-d62 on H2O, 10 mM CaCh, pH=9. (a) and on D2O, same buffer
(b), as well as x-ray reflectivity on H2O, same buffer (c). The data indicate that a complex layer
structure has assembled at the interface. A preliminary evaluation seems to suggest that the
protein forms a molecular layer under the lipid monolayer but does not interpenetrate the lipid
acyl chain region. More definite conclusions on the structure must await a more quantitative
evaluation of the data.
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' D. Pum, M. Weinhandl, C. Hodl and U. B. Sleytr, J. Bacteriol. 175, (1993).
2 A. Diederich, C. Hodl, D. Pum, U. B. Sleytr and M. Losche, Colloids Surf. B, submitted.
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2.7 Microemulsions, Surfactants and Biological Systems

2.7.1 Micellar Ordering of the Triblock Copolymer P85 at a Solid-Liquid Interface

M.C. Gerstenberg, J. Skov Pedersen, Department of Solid State Physics, Riso National
Laboratory, Denmark, and G. Smith, Manual Lujan Jr. Neutron Scattering Center, LANSCE,
Los Alamos National Laboratory, New Mexico, USA

The triblock copolymer P85 consists of two symmetric outer blocks of poly(ethylene oxide)
(EO) and a central block of poly(propylene oxide) (PO) with the formula H-[EO]25[PO]40[EO]25-
H, where the subscript of the square brackets denote the number of repeating units. EO is
hydrophilic for all temperatures, whereas PO is hydrophobic for temperatures above 15°C.
Consequently, various aggregates form in aqueous solution. A great number of techniques have
been applied in determination of the bulk phases. In the present study the surface induced
ordering of P85 in an aqueous solution (D2O) at a quartz surface has been measured for several
concentrations (5-30%(w/w)) and temperatures by neutron reflectometry at TAS8. The polymer
was kept in a Teflon enclosure with a single crystal quartz lid. The neutrons traverse the quartz
crystal with only slight attenuation and reflect off the solid-liquid interface. Initially the
reflectivity measurements (see Fig. 2) have been analysed using a form-free method and the
corresponding scattering length profiles are shown in Fig. 1. The profiles can be interpreted as a
water layer forming on the surface and a subsequent micellar ordering perpendicular to the
surface. Each local minimum corresponds to the position of the micellar core with water
interpenetrating. The decay of the scattering length density is due to the decreasing order in the
layers. As the temperature is increased more disorder, i.e. a more rapid decay, occurs in the
surface ordering. The micellar ordering can be modelled by a first order Spherical Bessel
function of first kind with an exponential decay. The fits reveal a period of 123±3 A and 135+1
A for the 49°C and 61 °C data, respectively. These values are slightly less than the expected bulk
values2 of 145 A and 160 A for the hard-sphere diameter of the micelles of the respective
temperatures.

Fig. 1. and 2. 25% (w/w) Polymer concentration. The model free scattering length density (p) profiles and the

corresponding reflectivity data.
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'J.S. Pedersen and I.W. Hamley, J. Appl. Cryst. 27, 36 (1994).
2K. Mortensen and J. S. Pedersen, Macromolecules 26, 805 (1993).
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2.7.2 Neutron Reflection from Biosensors

S. Roser, School of Chemistry, University of Bath, UK, D. Caruana, Department of Biomedical
Sciences, University of Malta, Malta, M. C. Gerstenberg, Department of Solid State Physics,
Riso National Laboratory, Denmark

Neutron reflection at small angles yields structural information about interfaces at close to
atomic resolution. We have used the technique at Riso to investigate the behaviour of thin films
of polymers and enzymes which have potential use as in-situ electrochemical sensors. In
particular we have focused on Glucose Oxidase (GOX) which can be used to detect levels of
glucose in the bloodstream of diabetics. A thin layer of poly(phenol) is plated onto a gold
electrode by polymerisation from an aqueous solution. The layer is self-limiting at a thickness of
about 100A, and the cigar shaped enzyme can be included in the film by adsorbing it onto the
electrode surface, prior to depositing the polymer. Crucial parameters which affect the
performance of the sensor will be the extent to which solvent and hence glucose can penetrate
into the polymer, and the extent to which the enzyme protrudes from the film, which depends on
the thickness and interfacial roughness of the polymer, as well as the orientation of the GOX
with respect to the surface. In such a complex system, the amount of information that can be
obtained from a single reflection profile is limited. We have therefore performed an experiment
on pure poly(phenol) films with many subphase contrasts in order to deconvolute contributions
from different interfaces. The figures show model profiles fitted to three different reflectivity
curves from subphases of pure H2O, D2O and water matched to the electrode.
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From the model fits, we can see that the polymer film has a well defined thickness, accurately
and unambiguously measured by the fringes in the profiles as 95 ± 2 A. The density of the film
close to the electrode surface is virtually independent of the subphase, and hence there is little or
no solvent penetration in the inner half of the film. With the known structure of the GOX
molecule, we can state that the active sites will only present to the solvent, and hence the
glucose if the molecules are orientated with their long axis parallel to the surface normal. In
further experiments, we have studied the rate of growth of the films over a time scale of 10s at
constant Q, and will be making measurements with GOX preadsorbed on the electrode.
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2.7.3 Scattering Formfactor of Block Copolymer Micelles

J. Skov Pedersen and M.C. Gerstenberg, Department of Solid State Physics, Riso National
Laboratory, Denmark

When block copolymers are dissolved in a solvent which is a good solvent for only one of the
blocks, micelles are formed. ' ' Depending on the concentration, the temperature, and the
relative length of the blocks the shape of the micelles may be spherical, elliptical, or
cylindrical. The structure of the spherical micelles has been suggested to consist of a spherical
core of the insoluable part surrounded by a shell of dissolved polymer chains. This shell is
similar to the outer region of a multi-arm star polymer or a brush consisting of end-grafted
polymer chains.

The formfactor of a micelle model with a spherical core and Gaussian polymer chains attached
to the surface has been calculated analytically. The calculation uses the classical Debye equation
which describes the scattering intensity of particles consisting of spherical subunits, and the
approaches, which are used for calculating the scattering from branched polymers. The results
have been compared to Monte Carlo simulations. Excluded volume interactions between the
core and the polymers were introduced in the simulations. The expansion of the coils due to this
effect can be mimicked in the analytical calculations by moving the center of mass of the chains
further away from the center of the core. The analytical expression for the formfactor has been
used for analyzing experimental small-angle scattering1'2 data from micelles of the triblock
copolymer poly(ethylene oxide)-poly(propylene oxide)-poly(ethylene oxide) (P85) in D2O and
of micelles of d-poly(sterene)-poly(isoprene) in d-decane solutions.3

10 10u

The small-angle neutron scattering data of 0.5% P85 (EOzsPO^EOzs) in D2O (upper data). The data were recorded
using three different instrumental settings. The curve is the fit by the analytical model including polydispersity of
the micelles. The lower data are SAXS results on similar micelles.3 The curve is calculated for the results
determined by fitting the SANS data.

1 K. Mortensen and J.S. Pedersen, Macromolecules 26, 805 (1993).
2 B. Farago, M. Monkenbusch, D. Richter, J.S. Huang, L.J. Fetters and A.P. Gast, Phys. Rev. Let. 71, 1015 (1993).
3 O. Glatter, G. Scherf, K. Schillen and W. Brown, Macromolecules 27, 6046 (1994).
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2.7.4 The Effect of Shear on the Ordering of Pluronic P85 at a Solid-Liquid Interface

M.C. Gerstenberg, J. Skov Pedersen, Department of Solid State Physics, Riso National
Laboratory, Denmark, and G. Smith, Manual Lujan Jr. Neutron Scattering Center, LANSCE,
Los Alamos National Laboratory, New Mexico, USA

The amphiphilic triblock copolymer P851 has been observed to align instantaneously to shear
forming a single crystal in a polycrystalline phase.2 In order to understand the fundamental
surface behaviour and determine the surface morphology in contrast to the previously
investigated bulk behaviour a shear flow cell3 was used. In a typical experiment, a neutron beam
passes through a single crystal of quartz and reflects from the solid-liquid interface. The polymer
is in a Teflon enclosure, where the crystal serves as a lid. By pumping a fluid across a solid-
liquid interface, free or adsorbed molecules are subjected to shear stress. Neutron reflectivity
studies were performed for several concentrations in the range 20-30% (w/w) and temperatures
in order to investigate the occurring phases as a function of shear rate. As in the static case a
form-free method4 has been employed in the analysis of the reflectivity data. In the spherical
micellar phase (44°C) at a polymer concentration of 25% (w/w) no change was observed in the
scattering length density profiles for increasing shear rates. The reflectivity measurements in the
hexagonal rod phase (76°C) at the same concentration and the corresponding form-free profiles
are shown in Fig. 1 and 2. When shear is increased the distances between each local minimum,
which can be interpreted as a characteristic length related to the diameter of the rods, changes
from approximately 148 A in the static case to 166 A and 148 A for 16% and 47% of maximum
shear rate, respectively. Furthermore, the water layer next to the quartz surface diminishes as the
shear rate is increased. The surprising indication of an increase followed by a decrease in size
will be investigated further in future experiments.

Fig. ]. and 2. Reflectivity measurements of 25% (w/w) P85 at different shear rates and the corresponding form-free
scattering length density (p(z)) profiles.
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See "Micellar Ordering of the Triblock Copolymer P85 at a Solid-Liquid Interface", contribution 2.7.1.
2 K. Mortensen, Europhys. Lett. 19, 599, (1992).
3 S.M. Baker, G. Smith, and R. Pynn, Rev. Sci. Intrum. 65,412, (1994).
4 J.S. Pedersen and I.W. Hamley, J. Appl. Cryst. 27, 36, (1993).
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2.7.5 Structure of Graphitized Carbon Black Aggregates in Triton X-100/Water
Solutions

V.M. Garamus, Frank Laboratory of Neutron Physics, Joint Institute for Nuclear Research,
Dubna, Russsia, J. Skov Pedersen, Department of Solid State Physics, Riso National
Laboratory, Denmark

The structure of graphitized carbon black aggregates (CB) dispersed in non-ionic
surfactant/water solutions is studied by small angle neutron scattering and contrast variation by
heavy/light water exchange. The presence of two different types of inhomoginities, i.e. fractal
CB aggregates coated with surfactant molecules and Triton X-100 micelles, was detected. The
addition of CB dispersions to Triton X-100/water mixtures shifted the critical micelle
concentration to a low value. The fractal dimension near the match point (75 % heavy water)
was found to decrease.

The scattering data were modelled by a complex model including fractal-like aggregates
(CB+surfactant), micelles and voids in the CB particles. The data were fitted simultaneously for
three different contrasts. The fractal dimension was found to decrease for increasing CB
concentration from D = 3.4 at h = 0.01 to D - 2.9 at h = 0.05, where h is the volume fraction of
the CB particles. The maximum size of the fractal aggregates increases from 150 A to 200 A.
The primary CB particles have a broad size distribution and its average size (80 A) is slightly
decreasing with CB concentration. The degree of occupation of the surface of the CB particles
by surfactant molecules is 10% and stays constant with varying CB and surfactant
concentration. The micelle structure is found to be the same as in surfactant/water solutions. The
volume fraction of voids does not exceed 1% of the CB volume fraction.

10 1OU

Small angle neutron scattering data from a dispersion of 10 g/1 CB in 1.84 g/1 Triton/water solution with different
contrasts and model fits (solid lines). The lower spectrum is in 100% D2O , the middle spectrum (multiplied by 10)
in 73% D2O, and the upper spectrum (multiplied by 100) is in 47% D2O.
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2.7.6 Contrast Variation Study of the E. Coli Ribosome

D.I. Svergun, M.H.J. Koch, EMBL, Hamburg Outstation, Germany, N. Burkhardt, K. Nierhaus,
Max-Planck Institute for Molecular Genetics. Berlin, Germany, V.V. Volkov, M.B. Kozin,
Institute of Crystallography Moscow, Russia, I.N. Serdyuk, Institute of Protein Research,
Pouschino, Russia, W. Merwink, H.B. Stuhrmann, GKSS Research Centre, Geesthacht,
Germany, and J. Skov Pedersen, Department of Solid State Physics, Riso National Laboratory,
Denmark

The aim of this study is to develop a four-phase low resolution model of the ribosome consisting
of the shapes of the RNA and protein moieties in its large and small subunits. A four-phase
system produces ten basic scattering functions, i.e. four scattering intensities from the different
phases and six cross terms. To separate these functions, wide scale contrast variation
experiments on specifically deuterated samples are required.

Solutions of the 70S E. Coli ribosome reassembled from the free subunits were measured at
different concentrations of heavy water at the Riso SANS facility. Four different particle types
were used:

i) 30S protonated + 50S protonated,
ii) 3 OS protonated + 5 OS deuterated,
iii) 30S deuterated + 50S protonated,
iv) 30S deuterated + 50S deuterated.

The samples were measured at 0%, 35%, 50%, 75% and 100% heavy water. Two experimental
settings (sample-detector distance 4 m at the wavelength 0.62 nm and sample-detector distance
1.25 m at 0.56 nm) covered the range of momentum transfer from 0.1 to 2.5 1/nm. The
concentration of the samples was around 15 mg/ml. For the low-angle setting, the lower
concentration samples were measured to estimate and possibly eliminate the concentration
and/or aggregation effects.

These curves were combined with the synchrotron scattering data measured at DESY, Hamburg
(contrast variation with sucrose on the 70S ribosome and on the free 30S and 50S subunits) as
well as with the results of the spin dependent neutron scattering experiments from the GKSS
polarized target (selectively deuterated and reassembled 70S). The analysis indicates that the
scattering from the free subunits is consistent with the scattering from these in the reassembled
ribosome, so that all the data sets (total of 32) can be used together in the four-phase model
search.

A program MONSTER (Multiphase Optimization of Neutron Solution scaTtering Experiments
on Ribosome) based on the spherical harmonic technique and non-linear least-squares
minimization was written to generate the low resolution model of the ribosome by
simultaneously fitting all the data sets. Refinement of the model is now in progress.
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2.7.7 Local Structure and Flexibility of Worm-like Micelles in Isooctane

G. Jerke, P. Schurtenberger, Institut filr Polymer e, ETH Zurich, Switzerland, J. Skov Pedersen,
Department of Solid State Physics, Riso National Laboratory, Denmark

Long worm-like micelles can be described essentially as semi-flexible polymers. This was
clearly shown in previous light scattering experiments.1 In order to obtain additional information
on local structure and flexibility we started an experimental and theoretical investigation of
polymer-like water-in-oil microemulsions.2'3'4 As a typical example of an equilibrium polymer
we chose lecithin in isooctane with trace amounts of water.

In different series of experiments at the SANS instrument at Rise we studied the structural
properties of these polymer-like reverse micelles as a function of concentration, c, and water to
lecithin molar ratio, co0, over an extended q range (2.8 x 10"3 A"1 < q < 0.45 A'1). In
combination with static light scattering experiments we thus obtained a full set of experimental
data on the concentration dependence of the static structure factor, S(q).

The scattering function, S(q), shows all the characteristic features of classical polymers.
Depending on the the various length scales and properties we can extract information about the
overall size, flexibility and the cylindrical cross-sectional behaviour. The data obtained for
isooctane were in quantitative agreement with the presence of a polydisperse population of
polymer-like micelles.

Information on the local structure was obtained by the application of the indirect Fourier
^ ( 7 8

transformation method and the square-root deconvolution procedure developed by. ' ' ' All
experiments were performed on absolute scale. Our results are in qualitative agreement with a
geometrical model of locally tubular reverse micelles. The cross-sectional radius of gyration,
Rgc, increases slightly with water to lecithin molar ratio, co0, due to the swelling of the water core
(approximately: 19-20 A). Within the experimental error the mass per length, ML, is neither coo

or concentration dependent (approximately: 0.13 - 0.14 x 10'12 g/cm).

In a second step we aimed at a qualitative determination of the persistence length as a measure
of the flexibility of the micelles. We find that on length scales where local flexibility becomes
visible polydispersity has a minor effect. However, we observe a significant concentration
dependence of the persistence length. This finding seems to reflect the influence of the
intermicellar interaction effect on Sfq^which results in the determination of an apparent
persistence length if expressions for single scattering functions were used to analyze the
experimental data. In the limit c -» 0 the persistence length is in the range of 150 A.

1 P. Schurtenberger, C. Cavaco, J. Phys. II (France) 3 1279 (1993); J. Phys. II (France) 4, 305
(1994); Langmuir 10, 100 (1994); J. Phys. Chem. 98, 5481 (1994).

2 G. Jerke, C. Cavaco, P. Schurtenberger, P. Lindner, J.S. Pedersen (1995). In preparation.
3 J.S. Pedersen, P. Schurtenberger (1995). In preparation.
4 J.S Pedersen, M. Laso, P. Schurtenberger (1995). Submitted.
5 O. Glatter, J. Appl. Crystallogr. 10,415 (1977).
6 O. Glatter, J. Appl. Crystallogr. 14, 886 (1981).
7 J.S. Pedersen, P. Schurtenberger (1995). Submitted.
8 P. Schurtenberger, G. Jerke, C. Cavaco, J.S. Pedersen (1995). Submitted.
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2.7.8 Association Behaviour of P-lactoglobulin Studied by Small-Angle Neutron
Scattering

M. Verheul. C.G. de Kruif. S.P.F.M. Roefs, Technology* Department, Netherlands Institute for
Dairy Research, The Netherlands, J. Skov Pedersen, Department of Solid State Physics, Riso
National Laboratory, Denmark

P-lactoglobulin (P-lg) is the major whey protein in bovine milk. Characterization of the native
protein and heat-induced denaturation, aggregation and gelation are main issues in our research.
First, we focussed on the reversible association behaviour of native P-lg in 0.1M NaCl as a
function of pH, and protein concentration at 20°C. The data were analyzed using the indirect
Fourier transformation method1 yielding the distance distribution function, p(r), the z-averaged
radius of gyration, Rg, and the weight-averaged molecular mass, Mw. The distance distribution
functions were calculated from crystal atom coordinates of P-lg monomers and dimers that are
largely known.2 In figure 1 the calculated and experimental p(r) functions of P-lg are compared
and from this it is clear that the structure in solution differs markedly from both the monomeric and
dimeric crystal structure for all the pH values investigated. Moreover, the pH did not have a large
influence on the state of association in the pH and concentration range studied and p-lg seems to be
close to the dimeric form in all cases except for pH 4.65 (close to the iso-electric point) where
larger structures are present.

Some authors think that p-lg dimers dissociate if the temperature is raised above 30°C.
Experimental p(r) functions of 2-8 mg/ml P-lg at pH 6.9 measured at 20°C and 45 °C however,
were almost identical. Interpretation of measurements on P-lg solutions with very low ionic
strength is more complicated, since interparticle electrostatic interaction has to be taken into
account. Preliminary experiments were undertaken with P-lg solutions heated in situ and the
scattering pattern was measured as a function of time. Presently, the results are being analyzed
using fractal aggregation models.3

Fig. 1. p(r) calculated from the crystal
structure2 of p-lg monomers (full curve)
and dimers (dashed curve) and p(r) from
experiments on 8 mg/ml p-lg solutions at
different pH values.
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' 0. Glatter, J. Appl. Cryst. 10,415 (1977).
2 Coordinates were kindly provided by Dr. L. Sawyer, University of Edinburgh.
3 J. Teixera, J. Appl. Cryst. 21, 781 (1988).
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2.7.9 A Small Angle Neutron Scattering Study of Orientational Ordering in the Nematic
Phase of Thermotropic Liquid Crystals

I.W. Hamley, School of Chemistry, University of Leeds.U.K, G.R. Luckhurst, Department of
Chemistry, University of Southampton, U.K., J.M. Seddon, Department of Chemistry, Imperial
College, London, U.K., J. Skov Pedersen, Department of Solid State Physics, Riso National
Laboratory, Denmark, and R.M. Richardson, School of Chemistry, University of Bristol, U.K.

Orientational order in the nematic phase of 4,4'-dimethoxyazoxybenzene (PAA) and 4-pentyl-4'-
cyanobiphenyl (5CB) has been studied using small angle neutron scattering from mixtures of
unlabelled and deuterium labelled molecules. Unlike spectroscopic methods, the determination
of the complete singlet orientational distribution function is possible using this technique.2 The
Legendre polynomial orientational order parameters corresponding to the expansion of the
singlet orientational distribution function were extracted from the anisotropic single molecule
scattering isolated at small scattering angles (see figure). These order parameters were compared
to those predicted from the Maier-Saupe theory of nematic ordering and to second rank order
parameters extracted from NMR experiments. For PAA we have also made comparisons with
previous neutron scattering measurements. For both nematogens, we found that only the second
and fourth rank terms in the expansion of the single molecule scattering are statistically

significant, which means that P 2 and P 4 only are significant. For the rigid nematogen PAA, the

Maier-Saupe theory was found to underestimate P2 and its dependence on the reduced
temperature T/TN1 where TNI is the nematic-isotropic transition temperature. The theoretical

values of P4 are, however, in remarkably good agreement with the measured values. Order
parameters extracted from NMR were found to be slightly lower than those determined from the
SANS experiment. For 5CB, the measured order parameters are substantially lower than the
predictions of the Maier-Saupe theory, and this can be interpreted in terms of the flexibility
introduced in the molecule by the terminal alkyl chain.

-0.6

q (A"1)

Fig. 1. Intensity contour plots of the SANS patterns for PAA. Left: Deep in the nematic phase at 108°C. Middle: In
the nematic phase at 133°C, close to the nematic-isotropic transition (at 135°C). Right: In the isotropic phase at
140-C.

I.W. Hamley, G.R. Luckhurst, J.M. Seddon, J.S. Pedersen and R.M. Richardson,
in preparation.

2 P.G. de Gennes, C.R. Acad. Sci. 274B, 142 (1972).
3 W. Maier and A. Saupe, Z. Naturforsch. A13, 564 (1958); A14, 882 (1959); A15,287 (1960).
4 R.W. Date, I.W. Hamley, G.R. Luckhurst, J.M. Seddon and R.M. Richardson, Mol. Phys. 76, 951 (1992).
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2-7.10 Pseudo-critical Behavior and Unbinding of Phospholipid Bilayers

J. Lemmich, J.H. Ipsen, T. Honger, O.G. Mouritsen, Department of Physical Chemistry, The
Technical University of Denmark, Lynghy, Denmark, Kell Mortensen, Department of Solid State
Physics, Riso National Laboratory, Roskilde, Denmark and Rogert Bauer, Department of
Physics, Royal Veterinary and Agricultural University of Denmark, Frederiksberg, Denmark

Phospholipid bilayers in aqueous solution display thermal phase transitions, one of which is the
main phase transition, which predominantly involves chain melting within the individual
bilayers. Results from a variety of experimental and theoretical studies have pointed to the
possibility that the main transition in saturated phospholipid bilayers, although of first order, is
close to a critical point. The proximity to a critical point has dramatic consequences for the
physical properties both of the individual bilayer as well as for the collective properties of a
multilamellar array. Specifically near the transition temperature, Tm, response functions like the
bending rigidity blow up, with particular consequence of an enhancement of the interlamellar
entropic repulsion forces,1 and an anomalous swelling behavior.2 In the present report we
present results obtained from analysis of the small-angle neutron scattering (SANS) from
multilamellar arrays of bilayers of deuterated phospholipids, DMPC-d54 and DPPC-d62, in their
main transition region. The main result from the study is that the lamellar repeat distance, d, for
DMPC and the total thickness of the hydrophilic aqueous layers, dA, for both DMPC and DPPC
display distinct peaks at Tm. In contrast, the hydrophobic bilayer thickness, dL, varies
monotonously with temperature through the transition region, although rather abruptly on the
fluid side of Tm. The anomalous swelling in d on the fluid side of the transition can for both
DMPC and DPPC be lationalized in terms of pseudo-critical behavior near the pseudo-critical
temperature, T*: d(T)-d0 oc (T-f p', with \\i=\. d0 is the repeat distance in the fluid phase far
from the phase transition. We suggest that the observation of the onset to a power-law
singularity for the lamellar repeat distance, which, however, only partially develops because of
the intervention of a first-order phase transition at Tm, may be understood within the framework
of the theory of critical unbinding transitions for interacting membranes. We believe that our
results represent the first experimental observation of a phenomenon that in a quantitative
manner can be directly related to critical unbinding of interacting lipid membranes.

Fig.l. Plot of reduced lamellar repeat distance d(T)
as a function of inverse distance (T-T*)'1 to the
pseudocritical temperature T*. The insert shows a
schematic representation of the different layers
within the multilamellar stack.

1 Helfrich, W., Z. Naturforsch. 33,305 (1978).
2 Honger, T., Mortensen, K., Ipsen, J.H., Lemmich, J., Bauer, R., and Mouritsen, O.G., Phys. Rev. Lett.

72,3911(1994).
3 Lipowsky, R., and Leibler, S., Phys. Rev. Lett. 56,2541 (1986).

Lemmich, J., Mortensen, K., Ipsen, J.H., Honger, T., Bauer, R., and Mouritsen, O.G.,
Phys. Rev. Lett. 75,3958 (1995).
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2.7.11 Micelles of Mixed Surfactants

T.-L. Lin, National Tsing-Hua University, Hsin-Chu, Taiwan, J. Samseth, Institute of
Energyteclmology, Kjeller, Norway and K Mortensen, Department of Solid State Physics, Riso
National Laboratory, Denmark

Many amphiphilic molecules (surfactants) form micellar aggregates in aqueous solutions. In
practical applications, the desired properties it is often obtained by mixing different surfactants
or co-surfactants. The basic understanding of association properties of micelles formed by
mixing different surfactant molecules is therefore a subject which beyond general basic interests
have important implication for practical use. Theoretical modelling of mixed micelles is
essential for the detailed understanding. Recently, thermodynamic models have been applied to
describe the aggregation behavior of mixed surfactants-alcohol aggregates, mixed nonionic
micelles, and mixed ionic micelles. Some experimental studied on mixed micellar systems have
also been performed in recent years.

We have made structural studies of aqueous solution on a system of mixed
dihexanoylphosphatidylcholine (diC6PC) and diheptanoyl-phosphatidylcholine (diC7PC),
which are both synthetic zwitter-ionic surfactants. In the mixed state they associate into mixed
micelles. The structures and thermodynamic properties of pure one-component diC6PC and
one-component diC7PC micelles have previously been extensively studied by small angle
neutron scattering (SANS). diC6PC was shown to associate in globular micelles while diC7PC
forms polydisperse rodlike micelles i aqueous solutions. Since the properties of diC6PC and
diC7PC thus are well characterised, the mixed diC6PC and diC7PC micellar system is an ideal
model system for studying association behavior of mixed micelles. SANS was used to study
the mixed diC6PC and diC7PC micelles at various mixing ratios. The measured SANS
spectra, which show that the mixed micelles have a rod-like form, will be analysed by using
indirect transform method to determine the size distribution of the mixed micelles. It was
shown previously that the formation and growth of pure diC7PC rodlike micelles can be well
described by the socalled "ladder" thermodynamic theory. A thermodynamic theory for
ideally mixed two-component rodlike micelles can be derived in close analogy with this one-
component theory. The SANS results will be compared with that predicted by this
thermodynamic theory.

Preliminary analysis indicates that the thermodynamic theory for the developement of the
mixed rodlike micelles can be successfully used in characterizing the mixed rodlike micelles
formed by mixing diC6PC and diC 7PC. The indirect transform method was used to obtain the
size distribution of the rodlike micelles, and gives results which seems to be in good agreement
with that predicted from the thermodynamic theory. There is also good agreements between the
experimentally determined mean aggregation number of the mixed micelles and that predicted
by the thermodynamic theory.
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2.7.12 Microstructural Studies of Bile Salts by Small Angle Neutron Scattering

F. Lopez and J. Rouch, University of Bordeaux, CPMOH CNRS URA283 France, J. Samseth,
Institutt for Energiteknikk, Physics Department, Kjeller, Norway, E Rosenqvist, National
Institute of Public Health of Oslo and K. Mortensen, Department of Solid State Physics. Riso
National Laboratory, Roskilde, Denmark

Scientist from the National Institute of public health of Oslo have prepared a complex vaccine
against serogroup B meningococcal disease from a B : 1.7, 16 meningococcal strain (44/76)
using a bio-detergent Sodium Deoxycholate (NaDC). A crucial step in the production of the
vaccine consists in determining thephysico-chemical properties of Sodium Deoxycholate
in aqueous solutions. The main aim of our work is then devoted to the study of the self
aggregation patterns of pure NaDC and to the determination of their colligative
properties. Bile salts properties in aqueous solutions were investigated by Small Angle Neutron
Scattering (SANS), Quasi-elastic Light Scattering (QELS), Electrical conductivity and Time
Domain Reflectometry (TDR) as a function of pH, temperature and detergent
concentration. The structural investigations reveal a rod-like association which appears to be
strongly dependent on the pH (as seen in Fig. 1) and ionic strength. The radius and length of
such conformations compare reasonably well with the dimensions of helical models and rods
previously observed by Small Angle X-Ray Scattering (SAXS) and Electron Spin Resonance
(ESR). We also show the existence of two critical micellar concentrations (CMC). The
lower one corresponds to an increase of the pH.

7,5 8,5
P"

9.5 10 10,5

Fig. 1. Increase of the micellar rod's length fron 43A down to 16! A as the pH of the pure NaDC solution is
decreased from pH-10 toward the liquid-to-gel transition at pH-7.5. The radius of the rod-like micelles is confined
within the range 8-15A.
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2.7.13 Shear Induced Orientation of a Hexagonal Phase in a Diblock Copolymer Melt

K. Almdal, K. Mortensen, Department of Solid State Physics, Riso National Laboratory,
Denmark, T. Tepe, M.F. Schulz, J. Zhao, M. Tirrell, and F.S. Bates, Department of Chemical
Engineering and Materials Science, University of Minnesota, USA

AB diblock copolymers, which are characterised by their overall molar mass and the volume
fraction,/, of A, are known to form a range of ordered structures. In particular a phase consisting
of hexagonally packed A-rich rods in a B-rich matrix exist in a range of/•values close to/=0.3.
The hexagonal phase has been shown to align in flow fields with the cylinders parallel to the
flow direction as first discovered by Keller et al.1 We have investigated2 the behaviour of a
poly(ethylene)-6/oc£-poly(ethylene-a//-propylene) (PE-PEP) diblock copolymer that contains
37% by volume PE and is characterised by, M,=1.70xl05g/mol, MJMn=\.05 and has an order-
disorder transition temperature, T0DT of 189±1°C. The block copolymer was placed in a shearing
device that allows the sample to be subjected reciprocating shear while being structurally
characterised by small angle neutron scattering (SANS). The geometry of the experiment was
such that the shear was in the .v-direction, the shear gradient and the neutron-beam in the y-
direction. A 1.2 mm thick piece of the sample was placed in the device and sheared with an
amplitude of the triangular wave of 100%. In an experiment at 130° C the sample was sheared
for 30 min with a shear rate of 0.35s" . This produced a SANS pattern that persisted after the
cessation of the shear, with two strong spot along the ^-direction in accordance with cylinders
aligned with the .^-direction. Unfortunately SANS experiments with the beam along the .in-
direction do not permit distinction between the possible different crystallographic arrangements
where the cylinders are lined up with the .v-direction. The sample was therefore removed from
the shearing device and quenched in liquid nitrogen. After the sample was reheated to room
temperature it was cut in 1 mm thick stripes thereby making SANS analysis with the beam along
the x- and z-directions, respectively, possible. These experiments revealed that the (10) plane of
the hexagonal structure was parallel to the .vz-plane. In another experiment a sample was sheared
while cooling from 195°C to 185°C; i.e. while cooling through the ODT. In this case similar
cutting revealed that the (10) plane was parallel to the .vy-plane. Thus shearing close to and well
below r0DT produced different crystallographic orientations.

' A. Keller, E. Pedemonte, F .M. Willmouth, Nature, 225, 538 (1970).
2 T. Tepe, M. F. Schulz, J. Zhao, M. Tirell, F.S. Bates, K. Mortensen, K. Almdal, Macromolecules, 28, 3008
(1995).
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2.7.14 A Small-angle Scattering Study of the Shape and Structural Interactions of
Microemulsion Droplets

L. Arleth and J. Skov Pedersen, Department of Solid State Physics, Riso National Laboratory,
Denmark, T. Zemb, Service de Chimie Moleculaire, CE Saclay, France

At certain compositions and temperatures ternary mixtures of water, alkane and the amphiphilic
molecule bis(2-ethylhexyl)sodium sulfosuccinate (AOT) form clear and thermodynamically
stable solutions of almost spherical AOT-covered water droplets in alkane. The aim of the
present study is to determine how the size, polydispersity and shape fluctuations of the
microemulsion droplets depend on the alkane type and to investigate the influence of the shape
of the droplets on the structural interactions. For this purpose small-angle neutron and x-ray
scattering measurements on different AOT/water/decane and AOT/water/isooctane
microemulsions are performed. In the figure below the scattering data of a microemulsion with a
droplet volume fraction of 15% are shown. The different data sets corresponds to different
scattering contrasts. When the microemulsions are constituted by AOT/D2O/decane or
AOT/H2O/-deuterated decane the contrast for neutrons is close to being that of solid spheres. A
shell contrast is seen for the x-ray data on AOT/D2O/decane and for the neutron data on
AOT/D2O/deuterated decane. The bulk and shell contrasts are reflected in the slope of the
scattering data at high scattering angles. For the bulk contrasts the slope is q'4 and for the shell
contrasts it is q'2. The large amount of information obtained by measuring the same
concentrations with different contrasts should allow a very precise determination of the size,
polydispersity and shape fluctuations of the microemulsion droplets. Similar data sets obtained
on dilution series of the droplets show that the AOT microemulsions are also very well suited as
model systems for the study of structural interactions in dense solutions of objects being close to
spherical.

Fig. 1. Normalized small angle scattering data for
different contrasts of an AOT/water/decane micro-
emulsion having a droplet volume fraction of 15%. •
neutron data of AOT/H2O/deuterated decane. O
neutron data of AOT/D2O/decane. • neutron data of
AOT/D2O-/deuterated decane. Q x-ray data of
AOT/D2O-/decane. The x-ray data are divided by a
factor of 10.

Small-angle scattering data

u

0.001
0.001
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2.8 Polymers

2.8.1 Neutron Reflection from Lithographic Polymers

C. Moore and S. Roser, School of Chemistry, University of Bath, UK, M. C. Gerstenberg,
Department of Solid State Physics, Riso National Laboratory, Denmark

Lithography is a printing method that utilises differences in surface chemical properties to
provide a contrast between image and non-image regions. Thin mixed films based upon the
novolak-diazoquinone resin are used extensively in the printing and photoresist industries as
positive resists.

OH OH
o

Novolak Diazoquinone

Exposure of the diazoquinone in UV radiation leads to the formation of an indene carboxylic
acid, thereby significantly increasing the solubility of the film in the developer, which then leads
to the image formation. As both components are soluble in the developer to some degree, a
detailed knowledge of the dissolution process is desirable to both achieve maximum resolution
and new film technology.

Thin novolak films ( approximate 600A thickness ) were prepared by spin coating onto a single
crystal silicon wafer. The thickness of the coated novolak film was determined to approximately
63OA by neutron reflection at Riso. Further reflectivity profiles were obtained for the same
sample in 3 different solvent systems, H2O, D2O and 0.4 x 10"5 contrast H2O / D2O. Results
suggest that there was significant retention of solvent in coated films, however baking for 5
minutes at 100°C was sufficient to remove this. Immersion of baked films into H2O and D2O

systems produced a decrease in thickness of the film whilst in contact with water of
approximately 10% of the original film thickness. This is believed to be due to compression of
the polymer film. Film/air reflectivity profiles after being removed from the aqueous systems
show an increase in film thickness over the original value due to the immersion process. This
would imply that there is water penetration into the film to some degree.

Future studies will include a comprehensive investigation into partially dissolved baked novolak
films. This will be achieved by immersing the film into a dilute basic developer (KOH) and
subsequenly drying. The developed interface will then be probed by reflectivity on the film/air
and a range of film/solution systems.
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2.8.2 Artificial Muscles: Polymerbased Materials for Actuator Purposes

P. Sommer-Larsen, I. Johannsen and K. Bechgaard, Department of Solid State Physics, Riso
National Laboratory, Denmark, K. West, Department of Physical Chemistry, The Technical
University of Denmark, S. Skaarup, Physics Department, The Technical University of Denmark,
P. Gravesen and P. E. Pedersen, Corporate Technology and Research, Danfoss A/S, Denmark

The actuation of robots and mobile machines is at present preferentially performed with
pneumatics, hydraulics and electric motors. Although these actuators are usually powerful, they
are nonetheless imprecisely controlled. An area like dexterous robotics grippers will require
more versatile actuators that allow for a high degree of motoric control based on microprocessor
technology. There is a need for an versatile electrically controlled actuator, capable of expanding
or contracting linearly and performing in a manner that resembles the natural skeleton muscles.
Actuators based on polymeric materials may be able to fulfill this need.
A project aimed at studying the feasibility of using polymers as basic materials in the
construction of such actuators is carried out in collaboration between the industrial company
Danfoss A/S, The Technical University of Denmark and Riso National Laboratory. The main
emphasis is on actuators for robotics grippers, but the project also focuses on industrial valves
and microanalysis systems (valves and pumps). The project is given the acronym &Vf/ffi.''.'
The aim of the project is to obtain knowledge about polymer-based actuators to enable the
participants to judge whether such materials have the potential to form the basis for a new
actuator technology. This knowledge will also enable the partners to decide on their
participation in future development and research projects in the field. In a longer perspective, the
project is also of value in its potential for initiating a national Danish research effort in this area.
The feasibility project involves a series of activities: A report has been prepared that specifies
requirements to be fulfilled for both actuators and actuator materials for different applications.
An important aspect of the project is the retrieval, systematizing and analyzing of scientific
material, data and information on applications of known polymeric materials with actuator
properties. A database containing 1500 references to articles and patents in the area has been
established. Leading research institutions and companies working in the area will be contacted
Part of the project consists of converting the knowledge that is acquired and generated during
the project into new concepts for actuators of practical use. Known systems as well as new ideas
for concepts and materials generated in the project will be analyzed with respect to the
requirements established in the above-mentioned report.

Fig. 1. Polymeric system with actuator
properties.
Partly ionised poly(acrylic acid)
swollen in aqueous solution will
contract strongly in acidic solution.
Flexible electrodes made from
conducting polyaniline (PAni) may
produce the necessary change in pH.
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2.8.3 Molar-Mass Dependence of the Lamellar Thickness in Symmetric Diblock
Copolymers

C. M. Papadakis and D. Posselt, IMFUFA (Institute of Mathematics and Physics), University,
Denmark, K. Almdal, Department of Solid State Physics, Riso National Laboratory, Denmark

Diblock copolymers in the bulk state are known to undergo a phase transition, the so-called
order-disorder transition (ODT), from a disordered state to an ordered state where various
morphologies exist, e.g. spheres forming a cubic lattice, hexagonally packed rods or, in case of
symmetric diblock copolymers a lamellar structure.1 The lamellar thickness, D, is by mean-field
theories predicted to scale with the chain length of the polymers, N: DKN5 where 5=2/3 deep in
the ordered state.2 In the disordered state and in the weak segregation limit the chains are
assumed to be Gaussian: R^N

In the present study, a homologous series of ten symmetric polystyrene-6/oc^-polybutadiene
(SB) samples was synthesized anionically3 yielding polymers with narrow molar mass
distributions covering a large range of molar masses: 9200-183000g/mol. SB was chosen
because of its relatively large Flory-Huggins interaction parameter, x> which allows
measurements deep in the ordered state. Different methods for sample preparation were used
(annealing, solvent-casting with a good, non-selective solvent and shear-alignment) in order to
ensure thermal equilibrium. Solvent-casting and shear-alignment lead to oriented samples,
whereas the annealed samples are 'polycrystalline'. The values of the lamellar thickness at a
fixed temperature (150°C) were determined by small-angle X-ray scattering using IMFUFA's
Kratky compact-camera.4 High molar-mass samples were investigated with small-angle neutron
scattering at Ris0.

The following conclusions can be drawn:

1) The resulting lamellar thicknesses for the different preparation methods were found not to
differ more than 3% (Fig. 1).
2) An exponent 5=0.72±0.01 is found in the ordered state, i.e. a slightly higher value than the
mean-field prediction.
3) Also in the disordered state the chains are non-gaussian in accordance with dynamic light
scattering results where stretching was found to set in deep in the disordered state (%N&5).5

Fig. 1: Scaling of the peak position,
q'=2n/D, with the chain length, N.
The vertical line indicates the ODT
as determined in dynamic mechanical
measurements.
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1 F.S.Bates and G.H.Fredrickson, Annu.Rev.Phys.Chem. 41, 525 (1990).
2 E.Helfand and Z.R.Wasserman, Macromolecules 9, 879 (1976). A.N.Semenov, Sov.Phys.JETP 61, 733 (1985).
3 S.Ndoni, C.M.Papadakis, F.S.Bates, and K.Almdal, Rev.Sci.Instrum. 66, 1090 (1995).
4 C.M.Papadakis, K.Almdal, and D.Posselt, II Nuovo Cimento D16, 835 (1994).
5 C.M.Papadakis, W.Brown, R.M.Johnsen, D.Posselt, and K.Almdal, to be published in J.Chem.Phys 1 (1996).
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2.8.4 Laboratory-scale Setup for Living Anionic Polymerization under Inert
Atmosphere

S. Ndoni, K. Almdal, Dept. of Solid State Physics, Riso National Laboratory, Denmark; C. M.
Papadakis, Dept. of Mathematics and Physics, University of, Denmark and F. S. Bates, Dept. of
Chemical Engineering and Materials Science, Minneapolis, Minnesota, USA

Since the discovery by Szwarc that anionic polymerization, under certain conditions can be
'living', that is termination-free, the technique has been developed to allow controlled synthesis of
polymers with a variety of structures. Thus living anionic polymerization is the reaction
mechanism of choice for the preparation of very well-controlled homo- or co -polymers having
very narrow molar mass distributions in a wide range of molar masses, architectures (linear, star-
shaped, macrocycles, etc.) and chemical structures. Such samples are vital in experimental polymer
physics and the technique of living anionic polymerization under inert atmosphere2 offers a readily
feasible and self-sufficient method for the synthesis of such samples. As the synthesis of one
sample (easily up to lOOg) by the inert atmosphere technique takes only a few days, quick
feedback between synthesis and physical characterization is possible.
The main parts of the setup are the vacuum-argon (or nitrogen) distribution line (called the fixed
part, see Fig.l) and the polymerization system. The vacuum-argon distribution line provides
vacuum of the order of 10" mbar or lower and very pure argon (impurity less than lppm). In many
cases the active centres at the growing chain-ends are very reactive (organometallic strong bases
that react with water, alcohols and with oxygen, terminating the polymerization). Therefore a
thorough drying and purification of all the components coming into contact in the polymerization
process, is imperative for a well controlled synthesis. The drying procedures of the glassware
combine heat treatment with vacuum-argon flashing; the purification of argon, solvents and
monomers comprises reactions with powerful drying agents combined with reflux/distillation
operations under vacuum or argon. The polymerization reaction is carried out in a specially
designed glass reactor under slight overpressure of argon. Examples of typical monomers
(co)polymerized by the use of the inert atmosphere technique are styrene, dienes (f.ex. 1,3-
butadiene and isoprene), alkyl methacrylates, cyclic ethers (f.ex. ethylene oxide), siloxanes (f.ex.
the cyclic trimer of dimethyl siloxane), etc. The degree of reaction control is similar to that
achieved by the more traditional high vacuum technique, but the time required to prepare one
(co)polymer is roughly ten times shorter.

Fig. 1. Drawing of the fixed part of the
setup. From left to right: argon
purification and flow-control system,
vacuum-argon distribution manifold and
pumping system. The insert shows the
cross-section A-A in the main figure. r i if r -•••

M. Szwarc, Nature, 178, 1168 (1956).
! S. Ndoni, C. M. Papadakis, F. S. Bates and K. Almdal, Rev. Sci. Instrum. 66 (2), 1090 (1995).
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2.8.5 Side-Chain Liquid Crystalline Polyesters for Optical Information Storage

S. Hvilsted, Department of Solid State Physics, Riso National Laboratory, Denmark, P.S.
Ramanujam, Optics and Fluid Dynamics Department, Riso National Laboratory, Denmark,
H.W. Siesler, Department of Physical Chemistry, University of Essen, Germany, P. Magagnini,
Chemical Engineering Department, University of Pisa, Italy, and F. Andruzzi, CNR, Chemical
Engineering Department, University of Pisa, Italy

LICRYPOIS is a collaborative focused fundamental research performed by the above
consortium with the objective to develop materials for optical information storage. The project is
supported financially in part by the European Economic Community in the framework of the
Brite/EuRam programme and the project management is in the department.
The holographic storage achieved in thin films of cyanoazobenzene side-chain liquid crystalline
polyesters have now been permanent for almost 4 years. The stored information can be erased by
heating the films to about 80°C and after cooling to room temperature, the film can be reused.1

New polyesters including copolyesters employing a mixture of two diacid precursors or a
mixture of two diols have been prepared, characterized and investigated with respect to the
optical storage potential. X-rays from synchrotron radiation have been used to characterize
irradiated polyester films. Fourier-Transform infrared polarization spectroscopy has been
applied to investigate on-line laser induced orientational behaviour and thermal stability of the
photo-induced alignment.
The biphotonic high density storage of text and gratings as holograms with a typical size of 1
mm was investigated in a side-chain liquid crystalline polyester. This required the use of two
wavelengths, typically 488 nm from an Argon ion laser and 633 nm from a HeNe laser or 670
nm from a diode laser, in a cyanoazobenzene side-chain polyadipate. It was also observed that
the red laser could be turned on several minutes after the Argon laser was switched off still
creating a grating in a polarization holographic set-up. Since this involves two photons separated
as much as 10 minutes in time, we call this a biphotonic process, in order to distinguish it from a
non-linear two-photon process, which requires the simultaneous presence of two photons. An
explanation has been found on the basis of experimental observations of optical and FTIR
absorption spectra.2 It has been shown experimentally for the first time that a red laser beam at
633 nm causes cis-trans (Z-E) transitions in azobenzene. The lifetime of the cis state has been
measured using both optical and infrared spectroscopy and has been found to approximately 120
minutes in the cyanoazobenzene polyadipate.
Atomic force and scanning near-field optical microscopic investigations on thin polyester films
exposed to two orthogonally circularly polarized laser beams have revealed that, immediately
following laser radiation, a topographic surface grating structure appears. The time
development of the grating structure was followed by atomic force microscopy for 20 hours by
repeatedly scanning the same area of the film. A pronounced increase of surface roughness has
been found to take place, which can be attributed to a reordering of the aggregated phase
preserving the stored information. A near-field optical microscopic scanning of the grating
reveals that the structure is also optically anisotropic.

' S. Hvilsted, F. Andruzzi, C. Kulinna, H.W. Siesler, P.S. Ramanujam, Macromolecules 28,2172 (1995).
2 P.S. Ramanujam, S. Hvilsted, I. Zebger, H.W. Siesler, Macromol. Rapid Commun. 16,455 (1995).
3 P.S. Ramanujam, N.C.R. Holme, S. Hvilsted, submitted to Appl. Phys. Lett.
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2.8.6 The Optical Anisotropic Potential in New Azobenzene Side-Chain Polyesters

M. Pedersen, S. Hvilsted, Department of Solid State Physics, Riso National Laboratory,
Denmark, N.C.R. Holme, P.S. Ramanujam, Optics and Fluid Dynamics Department, Riso
National Laboratory, Denmark, and J. Kops, Department of Chemical Engineering, The
Technical University of Denmark, Denmark

A number of new potentially mesogenic azobenzene based diols have been synthesized with the
aim to undertake a systematic study of the influence of the substituent in the 4-position of the
azobenzene photochromic moiety. It is well-known that the "electronic" properties of the
substituent being either a single atom or an ensemble of atoms forming an entity or a group
effectively contributes the acceptor part of the particular azobenzene chromophore and thus
plays a decisive role in the dipole moment of the chromophore. However, at present the
influence of the chromophore dipole moment on the laser induced anisotropy in the polyesters is
unknown. Neither does a model predicting the behaviour or the correlation exist.
The choice of substituents was originally based on theoretical computer calculations of dipole
moments of the trans 4-substituted azobenzene side-chain diols by use of HyperChem™. A
large variation in dipole moments was sought. The diol dipole moments range between 3.3
Debye (H-substituted) and 9.3 Debye (NO2-substituted) with the reference CN-substituted in
between (5.5 debye). In addition, attempts to research the influence of symmetry, steric
hindrance and bulkiness motivated choices of substituents; finally the influence of halogens was
investigated. The entire list of substituents now comprises: CN, NO2, OCH3, H, CF3, CH3, n-
C4H9, Q5H5, F, Cl and Br. After going through an elaborate purification procedure for the

diols the polyesters were prepared in a stepwise polycondensation.
The acceptor properties of the particular substituents are indirectly reflected in the visible
absorption maximum, Xmax, since the rest of the chromophore and for that matter the rest of the
polyester matrix is exactly the same. It should be pointed out that the absorption behaviour of as
well the phenolic azobenzenes as the azobenzene side-chain diols is very similar to that of the
corresponding polyester. This, of course, is expected since the azobenzene chromophore is
carried through from the phenolic azobenzenes to the polyesters. The eleven azobenzene side-
chain polyesters have ^.max in the range from 348 run (H-substituted = "H") to 377 nm
("NO2")- The effective spectral window is thus only 30 nm in all these 4-substituted
azobenzene side-chain polyesters. All new 4-substituted azobenzene side-chain polyesters
could be prepared in medium to high molar masses. From the determined values it can be
concluded that none of the new substituents precludes the formation of polyester materials with
high molar masses. In fact, all the new polyesters have molar masses comparable to all
previously prepared "CN" polyesters. It is therefor concluded that neither the visible light
absorption nor the molar masses of these new polyester materials prevent the laser induced
optical anisotropy necessary for optical information storage. Inital investigations on
holographic storage were performed on thin films of the new "NO2", "CN", "OCH3", "H",
"CF3", "CH3", "F", and "C6H5" polyesters. These investigations clearly show that "CN" is
the best for holographic storage at room temperature. In addition, anisotropy measurements
have been performed in the films as a function of temperature. The induced anisotropy at room
temperature is superior in "CN". However, a new computerized set-up for analyzing the laser
induced optical anisotropy as a function of temperature reveals a surprising behaviour: Films of
several new polyesters which have negligible anisotropy at room temperature show a reasonably
high anisotropy at elevated temperature, typically in the temperature range 35 - 40 °C.

116 Riso-R-863(EN)



2.8.7 Ferroelectric Side-Chain Liquid Crystalline Polyesters

S. Hvilsted, E.T. Kristensen, Department of Solid State Physics, Riso National Laboratory,
Denmark, and P.S. Ramanujam, Optics and Fluid Dynamics Department, Riso National
Laboratory, Denmark

In the framework of The Danish Polymer Centre under the project dealing with polymers for
optical applications an activity with potentially ferroelectric side-chain liquid crystalline
polyesters has been initiated. This activity is aiming at the design of a photoactive polyester
material with the necessary requirements for a potentially external and electrically stimulated
fast phase change. One such basic requirement for ferroelectrical properties is chiral mesogenic
moieties close to the photo addressable functionality. It is anticipated that optical information
written in thin films based on these materials can be locally erased by applying an electric field
in contrast to the global thermal heating utilized at present.
The synthetic strategy for the preparation of the necessary, chiral monomer building block was
based on a commercially available optically active alcohol, S(-)-2-methyl-l-butanol. This was
conventionally converted to the corresponding tosylat which was substituted with 4-nitrophenol
at relatively moderate temperature. The formed crude product could as implied in literature not
be purified by vacuum distillation. A number of attempts to optimize the purification by
preparative liquid chromatography furnished a method which allowed purification in acceptable
quantities by batch column chromatography. The optically active nitro compound was then
reduced catalytically to the corresponding amine. This was conventionally diazotised and
coupled with phenol to provide the chiral azophenol which again was coupled with either a
bromohexyl or a bromodecyl ketal-protected diol precursor. After deprotection by acidolysis the
chiral azobenzene diols were obtained.
Polyesters with both long, medium and short main-chain methylene spacing have been prepared
in a melt transesterification between the chiral hexyl-spaced diol and the corresponding diphenyl
esters. The initial optical storage investigations performed by use of polarizing two beam
holography have demonstrated that diffraction gratings can be induced into thin films of these
chiral polyesters. Moreover, the grating efficiency in the adipate based polyester (short main-
chain spacing) is unexpectedly high and comparable to the best polyester architectures produced
so far. The opto-electrical investigations have not been started yet.
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2.8.8 Optical Storage in Peptide-Based Materials

R. H. Berg, S. Hvilsted, Department of Solid State Physics, Riso National Laboratory, Denmark,
and P. S. Ramanujam, Optics and Fluid Dynamics Department, Riso National Laboratory,
Denmark

In recent work, we have demonstrated that small peptide-based molecules offer a new
framework for the design of photoanisotropic organic materials for use in holographic storage of
information.1 These molecules, referred to as DNO oligomers, are made up of ornithine units
oligomerized by solid-phase synthesis through the 8-amino groups and with azobenzene side
chains attached to the a-amino groups (Fig. 1). By a number of measures, they perform better
than polymers currently available. Diffraction efficiencies near 100% of the maximum
achievable were obtained from laser-induced holographic gratings formed in thin films of DNO
oligomers containing two or more residues. The values measured are, by far, the largest found in
a photoanisotropic organic material in zero electric field. The holograms formed are
exceptionally stable and are not erased after exposure to 150 C for extended periods. They can,
however, be erased (locally) by exposure to circularly polarized light and reused several times
without fatigue.

Fig. 1. Chemical structure of DNO oligomers.

R. H. Berg, S. Hvilsted, and P. S. Ramanujam, (1995) submitted for publication.
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2.8.9 Selectively Deuterium Labelling as a Tool for the Investigation of Laser Induced
Segmental Orientation in Azobenzene Side-Chain Polyesters

C. Kulinna, S. Hvilsted, Department of Solid State Physics, Riso National Laboratory,
Denmark, P.S. Ramanujam, Optics and Fluid Dynamics Department, Riso National Laboratory,
Denmark

Holographic optical data storage performed in thin azobenzene side-chain polyester films is
based on a light induced orientation of the photosensitive chromophores, resulting in a
macroscopic optical anisotropy.
Storage capability, diffraction efficiency, long term stability as well as film-casting properties
are highly sensitive to structural variations, effecting the motional flexibility of the attached
chromophores and the polymer backbone.
In order to optimize the mechanical and optical properties of these azobenzene side-chain
polyesters through adjusting the variable structural parameters, a detailed characterization of the
photoinduced alignment process on a molecular basis is essential.
For most analytical techniques (e.g. FTIR, Solid State NMR, SANS), deuterium - located at
specific sites in a molecule - has proved to be a universal nucleus for selectively probing
molecular orientation and dynamics, without considerably influencing chemical and physical
sample properties.2'3 Therefore, specifically deuterated precursors and monomers, carrying a
deuterium content of more than 93 % were synthesised using exchange and reduction
techniques. Subsequently, various side-chain polyesters have been prepared by a melt
transesterification procedure from the available set of labelled monomers based on diphenyl
adipate, diphenyl tetradecanedioate and 2-[co-[4-[(4-cyanophenyl)azo]phenoxy]alkyl]-l,3-
propanediols.
A complete characterization of monomers and polymers have been carried out by a combination
of thermal (DSC, POM), chromatographic (SEC) and spectroscopic (NMR, FTIR) techniques.
Only an insignificant isotope effect could be observed.

FTIR spectroscopy with polarized radiation has been employed to monitor the photoinduced
alignment of the individual structural polymer units. By focusing on the dichroic behaviour of
(CD2) vibrational modes and remaining (CH2) absorptions, it became possible for the first time
to perform a detailed analysis of the segmental orientation in adipate and tetradecanedioate
based azobenzene side-chain polyesters upon irradiation. From the FTIR polarization spectra it
is apparent that besides the azobenzene chromophore, the flexible aliphatic side-chain spacer as
well as the polyester main chain experience a macroscopic alignment with respect to the laser
beam polarization and therefore contribute to the observable optical anisotropy.4

Furthermore, evaluation of trans-cis configuration sensitive absorption bands, previously being
superimposed by (CH2) modes, offers experimental evidence for the photoinduced "rotational
diffusion" process, supposed to be the basic mechanism responsible for the laser induced
segmental orientation.

1 S. Hviisted, F. Andruzzi, C. Kulinna, H.W. Siesler, P.S. Ramanujam, Macromolecules 28,2172 (1995).
2 H.W. Spiess, Pure & Appl. Chem. 57, 1617 (1985).
3 R.G. Kirste, H.G. Ohm, Makromol. Chem., Rapid Commun. 6, 179 (1985).

S. Hvilsted, C. Kulinna, P.S. Ramanujam, Nordic Polymer Meeting 1995, Helsinki, 14-16 Nov. 1995, Abstract
p. 46.
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2.8.10 Order and Disorder in Symmetric Diblock Copolymer Melts

J.H. Rosedale, F.S. Bates, University of Minnesota, MN, USA, K. Almdal and K. Mortensen,
Department of Solid State Physics, Riso National Laboratory, Denmark, and G. Wignall, Oak
Ridge National Laboratury, TN, USA

The thermodynamics and dynamic properties of symmetric diblock copolymer melts have been
studied in the vicinity of the order-to-disorder (ODT) transition. In the homogeneous phase at
high temperatures such melts are uniform in composition and the diblock chains obey Gaussian
statistics. As the temperature is lowered, increasing incompatibility between the two blocks
causes a microphase separation into lamellar mesophase. We have studied several partially
deuterated symmetric diblock copolymers of PE-PEP and PEP-PEE, where PE, PEE and PEP
are poly(ethylene), poly(ethyl-ethylene) and poly(ethylene-propylene), respectively.1 A lamellar
morphology was established for all temperatures below the ODT using small-angle neutron
scattering (SANS) measurements with shear aligned specimens. As T0DT is approached, the
lamellar order weakens as evident by the loss of higher order SANS reflections (Fig.l) and
azimuthal smearing of the principal equitorial scattering peaks (Fig.2). SANS and rheolony
experiments also provide evidence of composition fluctuations above the order-to-disorder
transition temperature. The temperature range of these fluctuations in the disordered state
depends on the degree of polymerization, in accordance with fluctuation theory. Coincident with
the temperature where the fluctuations become apparent Theologically id a transition between
slightly and highly stretched coils was observed by scattering.
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Fig. 1 Scattering function of shear oriented symmetric
(f=0.50) PE-PEP (sample 6H) at several temperatures
below T0DT= 139CC. The steady decrease in the number
and intensity of the higher order reflections as TODT 'S
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Fig. 2 Evolution of the diffraction peaks of shear
oriented symmetric (f=0.49) PE-PEE diblock
copolymer (sample 3D) in the qx-qy scattering plane
while heating. The total intensity decreases and the
diffraction peaks spread azimuthally as T0DT is
approached.

Rosedale, J.H., Bates, F.S., Almdal, K. and Mortensen, K. Macromolecules 28, 1429-1443 (1995).
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2.8.11 Complex Layered Phases in Asymmetric Diblock Copolymers

I.W. Hamley, M.D. Gehlsen, A.K. Khandhur, K.A. Koppi, J.H. Rosedale, M.F. Schulz and F.S.
Bates, Chemical Engineering and Materials Science, University of Minnesota, USA, K. Almdal
and K. Mortensen, Department of Solid State Physics, Riso National Laboratory, Denmark

The phase behavior of mesomorphic systems has been the subject of intense interests over the last
quarter century. Thermotropic liquid crystal phases have been investigated in detail since the late
1960's and extensive experimental data and theoretical description is available for the structure and
ordering mechanism. The mesomorphism of lyotropic liquid crystals is less well understood. In
particular the driving forces for the formation of complex bicontinous phases, which appear
between the classical lamellar, hexagonally packed cylinders and body-centred cubic phase of
spherical micelles have not yet been elucidated in detail. Block copolymers are a class of
mesomorphic materials which beyond their attractive properties by their own, may provide
important new insight into the general phase behavior of mesomorphic systems. In the classical
picture, a diblock copolymer can form lamellar, hexagonally packed cylinder, or body centred
cubic phases, depending on the volume fraction of the two blocks. Experimental studies on diblock
copolymers near the order-disorder transition temperature (i.e. in the weak-segregation limit), have
however shown a much richer polymorphism.1 We have studied a series of polyolefin diblock
copolymers with volume fraction/of the block with the larger segment length in the range of / =
0.63-0.75. Based on small-angle neutron scattering (SANS) and electron microscopy (EM) is it
shown that the transition from lamellae (LAM) to hexagonally packed cylinder (HEX) phases
normally occurs via intermediate complex layered phases that is characterised by in-plane
hexagonal order. One class of diblock forms a hexagonally modulated lamellar (HML) phase,
then a hexagonally perforated (HPL) phase upon heating from lamellae, while another class in
addition forms a hexagonally packed phase of modulated cylinders (MHEX). In the figure is these
various phases illustrated. It is concluded that the detailed phase diagrams for diblocks copolymers
depend on the molecular weight, which is important for the fluctuation, and on the conformational
asymmetry between the two blocks.

(LAM) (HML) (MPL) (MHEX) (HEX)

Fig. 1 Sketches of morphologies of diblock copolymers with./>0.5. LAM: lamellar; HML: hexagonally modulated
lamellar; HPL: hexagonally perforated lamellar; MHEX modulated hexagonally packed cylinders; and HEX:
hexagonally packed cylinders.

'Bates, F.S., Schulz M.F., Khandpur, A.K., Forster, S, Rosedale, J.H., Almdal, K., and Mortensen, K., Trans.
Faraday Soc. 98,7-18(1994).
2 Hamley, I.W., Gehlsen, M.D., Khandpur, A.K., Koppi, K.A., Rosedale, J.H., Schulz, M.F., Bates, F.S., Almdal,
K., and Mortensen, K., J. Physique II 4,2161-2186 (1994).
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2.8.12 Evidence of L3-sponge Phase in a A(A/B)B-Triblock Copolymer Melt

R.J. Spontak, J.H. Laurer, North Carolina State University, Raleigh, NC, USA, J. Samseth,
Institute of Energy Technology, Kjeller, Norway, and K. Mortensen, Department, of Solid State
Physics, Riso National Laboratory, Denmark

Block copolymers, consisting of at least two contiguous sequences ("blocks") of covalently
bonded, yet chemically dissimilar, monomer species, order into a variety of periodic
morphologies when the blocks are sufficiently incompatible. Repulsion between adjoining
blocks occurs at the shared junction site which, at equilibrium, resides within the interface
between adjacent microdomains. Most conventional studies of AB diblock copolymers control
interblock incompatibility through the temperature dependence of x or by adjusting the
molecular length N. In this study, we demonstrate that manipulation of monomer sequencing
provides a viable means of varying % while holding temperature and N constant. Chemical
incorporation of a random A/B segment between the A and B endblocks reduces incompatibility
without altering the overall copolymer composition. By varying the size of the A/B block, we
have probed the spatial dependence of % with a series of A(A/B)B triblock copolymers,
composed of poly(styrene) (A) and poly(isoprene) (B), in v/hich the midblock fraction (f,,,)
varies from 0 to 40 wt%. The morphological behavior of the neat copolymers and blends with
homopolystyrene (hPS) has been characterized by transmission electron microscopy (TEM) and
small-angle neutron scattering (SANS). Direct imaging of the morphologies exhibited by the
blends has been provided by TEM studies performed at North Carolina State University,
Raleigh, North Carolina, USA. Since TEM alone provides only a measure of local ordering in
the blend system, SANS has been performed at Riso National Laboratory, Denmark. The results
obtained corroborate the overall TEM observations, and provide a means of quantitatively
determining the blend morphologies. In particular, the SANS results verify the development of
the L3 (sponge) phase in this block copolymer system. Quantitative measurements of the
microdomain periodicity's, coupled with recent theoretical developments, permit evaluation of
an effective % as a function of/,, for the neat copolymers. We observe that at low/,,, the A/B
segment acts to broaden the interface and enhance phase mixing, a trend that continues until a
minimum in % at/,,=0.3 is observed. Additionally, the effect of the random A/B block on blend
morphologies is shown to be significant. Blends of the diblock (fm=0.0) with a parent
homopolymer form classic morphologies (lamellae, cylinders, and disordered micelles), while
blends containing A(A/B)B copolymers with midblocks/,,>0.20 exhibit morphologies indicative
of weakly-segregated copolymers.
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2.8.13 Butterfly Pattern in an Uniaxially Stretched Triblock Copolymer Gel

N. Mischenko, K. Reynders, H. Reynaers, Molecular Structure Chemistry, Catholic University of
Leuven, Belgium, and K. Mortensen, Department of Solid State Physics, Riso National Laboratory,
Denmark

Triblock copolymers gels constitutes a relative new class of materials with promising properties.
They are physical gels formed on the basis of self-assembling into a three-dimensional polymer
network when mixed with a solvent which is good only for the mid-block polymer. We have
studied the structural characteristics of various architecture (i.e. various relative volume fraction of
each block) triblock copolymers with poly(styrene) as the outer blocks, and either poly(ethylene
propylene), PEP, or poly(ethylene buthylene), PEB, as the soluble midblock. The block
copolymers form a gel when dissolved in a homogen mixture of saturated aliphatic and alicyclic
hydrocarbons (A/,,-=500) which is good only for the PEP and PEB. It was previously shown, that
the triblock copolymers associate in spherical micelles with a dense core of PS, thus forming a
network.1'2 The glassy-state of PS makes the network permanent, resulting in a highly elastic
material which can be stretched more than 1000% reproducible. When these type of materials are
stretched uniaxially with a small amount, the network response is homogeneous as evident from
the scattering pattern: the characteristic correlation peak changes from azimuthally isotropic to an
ellipsoidal form, which however is not affine with the external axes-ratio.3 Further stretching up to
of the order of 100% causes the development of well resolved Bragg-like reflections, resembling
a stretched induced ordering on the mesoscopic level. When the material is stretched beyond 100-
500%, depending on polymer concentration, the scattering pattern develop into a new type, namely
the 'butterfly' pattern as shown in the figure. I the highly stretched state, the inter-micellar
correlation's perpendicular to the stretching axis is lost. Somewhat similar butterfly patterns have
been observed in inhomogeneous polymer networks. We conclude from the scattering data that the
micellar network consists of clusters of highly correlated micelles connected by a less regular
system of polymer links.
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Fig. 1 Two dimensional scattering pattern of PS-PEP-PS gel when stretched 200-1000%.

1 Mischenko, N., Reynders, K., Scherrenberg, R., Mortensen, K., Fontaine, F., Reynaers, H., Macromolecules 27,
2345(1994).
2 Mischenko, N., Reynders, K., Koch, M.H.J., Mortensen, K., Pedersen, J.S., Fontaine, F., Gralus, R., and Reynaers,
H., Macromolecules 28,2054 (1995).
3 Reynaers, K., Mischenko, N., Mortensen, K., and Reynaers, H., Macromolecules in the press.
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2.8.14 Composition Fluctuations and Coil Conformation in the PoIy(EthyIene-
PropyIene)-Poly(Ethyl Ethylene) Diblock Copolymer as a Function of
Temperature and Pressure

H. Frielinghaus, D. Schwahn and T. Springer. Forschungszentrum Jiilich, Germany. K.
Mortensen and K. Almdal, Department of Solid Sate Physics, Riso National Laboratory,
Denmark

It is well established that many diblock copolymer melts undergo an order-to-disorder transition
upon increasing temperature. The driving force for this transition is temperature dependence of
the degree of incompatibility of the two blocks. In analogy with phase separation dynamics of
binary polymer blends, this microphase separation is described using the Flory-Hyggins theory.
Recently it was shown that pressure studies provide important additional information on the
phase behavior of polymer blends. For example, it was shown in a scattering study witn an in
situ pressure device how the pressure affects the phase behavior of polymer blends, mainly as a
result of changes in free volume, and thereby changes in the fluctuations.1 In diblock
copolymers the influence of fluctuations is expected to have even more significant effects on the
dynamics near the (microphase) separation temperature, since fluctuations completely changes
the phase diagram. In the attempt to provide additional experimental data on the dynamics and
thermodynamics near the microphase (or order-to-disorder) transition in diblock copolymers,
we have accordingly conducted pressure dependent structural studies on the diblock copolymer
melt poly(ethylene-propylene)-poly(ethyl ethylene) (PEP-PEE), which is a system that already
has been extensively studied as a function of temperature.2 The measurements showed that
pressure markedly changes the order-to-disorder transition temperature: T0DT increases with
increasing pressure with a slope of 0.02K/bar. The PEP-PEE copolymer exhibit at lower
temperatures an order-to-order transition, which however have only negligible pressure
dependence. From the peak-position in the structurefactor, we can calculate the coil-dimension
and thereby provide information on the microscopic compressibility. Such analysis shows that
the coil compressibility decreases with increasing temperature and shows a maximum at T00T.
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Janssen.S.; Schwahn,D.; Mortensen,K.;Springer,T. Macromolecules 26 ,5587 (1993).

Macromolecules 28,2555 (1995).

Bates, F.S., Schulz, M.F., Khandpur, A.K., Forster, S., Rosdale, J.H., Almdal, K., Mortensen,
K Faraday Discuss. 98, 7 (1995).
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2.8.15 Bicontinous L3-Sponge Phase in a Binary Block-Copolymer - Water System

E. Hecht and H. Hoffmann, Physical Chemistry, University of Bayreuth, Germany, and K.
Mortensen, Department of Solid State Physics, Riso National Laboratory, Denmark

Many block copolymers of poly(ethylene oxide)-poly(propylene oxide)-poly(ethylene oxide)
PEO-PPO-PEO associate into micelles when mixed with water, as a result of the hydrophobic
nature of PPO. Most studies on PEO-PPO-PEO in water have revealed spherical micelles, but
also cylinder or worm like aggregates have been observed. The micellar form, as well as the
critical micellation temperature and concentration can to a large extend be controlled by the
detailed chemical design, i.e. overall molecular weight and the ratio between propylene oxide
and ethylene oxide. Like small-molecular weight hydrocarbon surfactants, the PEO-PPO-PEO
micelles can form a variety of lyotropic liquid crystalline phases, like lamellar, hexagonal and
cubic phases. In small surfactant systems, the spontaneous curvature have important influence
on the phase behavior. For ionic surfactants this curvature can be controlled by addition of
electrolyte or cosurfactant, whereas nonionic surfactants often shows a temperature dependence.
If the curvature of the polar/apolar interface is toward the hydrophobic part, spherical or (if the
curvature is small) rod-like micelles are formed: the I^phase. Zero spontaneous curvature
results in flat lamellae (La), while a small curvature toward the apolar part often leads to the L3

phase which is a complex three dimensional bicontinuous phase. High curvature toward the
hydrophobic part results in inverted micelles (Z,2-phase). The phases therefore follows the
sequence Z,̂ /̂ —>Z,3—»Z,2. With the aim to possibly reveal a corresponding phase sequence for
polymeric surfactants, have we studied an aqueous solutions of PEO-PPO-PEO triblock
copolymers with relative small PEO-blocks, EO6PO36EO6 abbreviated PE6200.1 The
measurements include small-angle neutron scattering, dynamic light scattering, DC-conductivity
and calorimetry. The measurements clearly showed that also block-copolymer surfactants form
complex phase rather similar to ordinary surfactants, even though the interface is expected to
have different characteristics. The structural measurements reveals for the first time an L3 in a
block copolymer surfactant system.1 The observed phase sequence, Z,i—>Z,a—»Z,3, is similar to the
corresponding observations in ordinary surfactant systems. The figure shows the scattering
pattern in the Z,3-sponge phase and the adjacent Z,a-lamellar phase.

Fig. 1 Scattering function of 30% PE6200 in D2O at
T=50°C and T=54°C. The solid line represents a least
square fit to the Teubner Strey function
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1 Hecht, E., Mortensen, K., and Hoffmann, H., Macromolecules 28,5465-6476 (1995).
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2.8.16 Structural Studies of a New Poly(Ethylene Oxide) Based Triblock Copolymer in
the Bulk and when Dissolved in Water

K. Mortensen, Department of Solid State Physics, Riso National Laboratory, Denmark, Gao, B.,
Kops, J., Department of Chemical Engineering, Technical University of Denmark, Denmark, and
Y. Talmon, Department of Chemical Engineering, Technion-Israel Institute of Technology, Haifa,
Israel

Amphiphilic macromolecules have in recent years attracted lots of interests within applied
science as well as in basic research. The topic is extremely rich and offers great potential
because of the amphiphilic character leads to association behavior which in many respect is an
important extension of that of soaps and surfactants of small molecules. Amphiphilic
macromolecules have already importance for a wide range of modern products, ranging from
medicine and pharmaceutics products, to paints which is least harmful to the environments.
The self-association of amphiphilic macromolecules gives in selective solutions rise to a
wide range of phase behavior, including micelles of various form and size, complex
structured microemulsions, and liquid crystalline phases. When block-copolymers are
mixed in a solvent which is good for only one of the blocks, they self-associate into specific
structures to avoid direct contact between solvent and the blocks which are not soluble. Most of
the polymers which have been studied in relation to aqueous solutions, are based on
polyethylene oxide), PEO, as the water soluble block. In particular the Pluronics, which have a
hydrophobic polypropylene oxide) mid-block, have been extensively studied1 and have found
widespread application. In recent years some related block-copolymers have been developed
with the aim to provide an even broader range of amphiphilic materials for specific application.
This include a new system with poly(isobutylene), PIB, as the hydrophobic mid-block.2 We
have performed structural studies on both bulk polymer samples and dilute aqueous solutions. In
the bulk, PEO-PIB-PEO is dominated by an order-disorder transition at r=30°C resulting from
melting of the PEO-blocks. In the disordered phase the material shows strong composition
fluctuations. In the dilute solutions the PEO-PIB-PEO polymers associate in micellar
aggregates. Both small angle scattering data and cryo-TEM studies show that these micelles are
dominantly in form of worm-like micelles. The cryo-TEM pictures shows, however, that
spherical micelles coexist with these dominating worm-like micelles. The diameter of these two
types of aggregates are similar. In the figure is shown the scattering pattern of a sample of bulk
PEO-PIB-PEO.

Fig. 1 Small-angle neutron scattering pattern of
bulk PEO-PIB-PEO (the molecular weight is
Mw=<5000, 2000 for each of the three blocks).
The correlation peak below r=30°C reflects the
Iammellar of alternating amorphous PIB and
crystalline PEO. Above T=30°C, the correlation
peak is due to incompatibility between PEO and
PPO.

1 K. Mortensen, J. Physics: Condensed Matter, to be published
2 B. Gao and J. Kops, Polymer Bulletin, 34,279 (1995).
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2.8.17 Structural Studies of the Bulk phase of Deuterated Pluronics: PEO-dPPO-PEO

K. Mortensen, Riso National Laboratory, Denmark, C. Booth, G.-E. Yu, T. Ryan and I.Hamley,
University of Manchester, UK, W. Brown, University of Uppsala, Sweden

Triblock copolymers based on polyethylene oxide), PEO, and polypropylene oxide), PPO,
have in recent years attracted lots of interests, both within application and as model systems for
polymeric surfactants. The systems are commercial available in a wide range of molecular
architectures and sizes, under the names Pluronics or Poloxamers. Recently, we observed that
bulk materials of these type of molecules, both the PEO-PPO-PEO type and the reverse PPO-
PEO-PPO form lamellar phases at low temperature as a result of the crystallisation of the PEO
blocks.1'2 The periodicity of the lammellar phase is very large, revealing that the PEO chains are
highly stretched in their crystalline layered domains. Extended studies on a wide range of PEO-
based diblock copolymers also shows this special type of crystallisation induced lamellar
mesophase.3 But also above the PEO crystallisation temperature were there indications of major
composition fluctuations. These were observed in dynamic light scattering, but could not be
observed in neutron or X-ray scattering because of the almost equal scattering length density of
PEO and PPO. In the attempt to get direct and better understanding of these composition
fluctuations was a material synthesised with a deuterated midblock PPO. The initiator for the
dPPO was hydrogenous 1,2-butane diol, HOCH2CH(C2H5)OH. The resulting formula was
EO33dPO42EO33 with a narrow polydispersity: A/,/M,=1.10. In Fig.l is shown the scattering
function for temperatures both above and below the PEO-crystallisation temperature. The
lamellar structure at low temperatures are, due to the enhanced contrast, much better resolved in
original Pluronics, and both 2. and 3. order harmonics are clearly visible. Above the
crystallisation induced order-disorder transition, the scattering function shows the type of
correlation functions typical for block-copolymers relative close to the micro-phase separation
temperature.

PEO-dPPO-PEO

Fig. 1 Scattering function of bulk PEO-dPPO-
PEO revealing a lamellar structure at low
temperatures and marked composition
fluctuations at higher temperatures. The micro-
phase separation temperature cannot be reached
because of the first order transition into lamellar
structure induced by the PEO-crystallisation.
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1 K. Mortensen, W. Brown and E. Jorgensen, Macromolecules, 28, 1458 (1995).
2 K. Mortensen, W. Brown and E. Jorgensen, Macromolecules, 27,5654 (1994).
3 M. Hillmyer, F.S. Bates, K. Almdal, K. Mortensen and A. Ryan, Science in the press.

Riso-R-863(EN) 127



2.8.18 Small-Angle Neutron Scattering of Poly(propyleneimine) Dendrimers

R. Scherrenberg, DSM-Research, Geleen, The Netherlands, and K. Mortensen, Department of
Solid State Physics, Riso National Laboratory, Denmark

Dendrimers are synthesised by stepwise repetitive reaction sequences, yielding regularly branched
macromolecules that emanate from a central core and have a defined number of functional end-
groups. Apart from the unique architecture, these macromolecules exhibit, in contrast to linear
polymers, a maximum in the intrinsic viscosity as a function of the molar mass. The recent
possibility to produce poly(propyleneimine) dendrimers on a kilogram scale up to the fifth
generation gave new impulses to the development of specific applications in this field.

The poly(propyleneimine) dendrimers are synthesised by a repetitive reaction sequence of
Michael additions of acrylonitrile to the amine endgroups and nitrile reductions using
diaminobutane (DAB) as core. The reactions proceed with a selectivity higher than 99%. Five
generations with both amine endgroups DAB-dendr-(NH2)x and nitrile end-groups DAB-dendr-
(CN)X (JC=4,8,1 6,32,64) were synthesised.1

Small-angle neutron scattering (SANS) experiments has been performed at the Riso National
Laboratory to investigate the molecular characteristics of both DAB-dendr-(NH2)x and DAB-
dendr-(CN)x as a function of the generation number. The obtained results for 1% (v/v) solutions of
DAB-dendr-(NH2)x in D2O are illustrated in Figure 1, using a Guinier representation. For both
DAB-dendr-(NH2)x and DAB-dendr-(CN)x, a linear relationship is found between the radius of
gyration (Rg) and the generation number (Figure 2).
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Fig. 1 Guinier plots of 1% (v/v) solution of DAB-dend- Fig. 2 Radius of the gyration (Rg) of polyproyleneimine
(NH2)X in D2O as a function of the generation number dendrimers as a function of the generation number

E.M.M de Brabander van den Berg and E.W.Meijer, Angew.Chem. 105, 1370 (1993).
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2.8.19 Characterisation and Modification of Polymer Surfaces

W.B. Petersen and I. Johannsen, Riso National Laboratory, Denmark

This Materials Technology Development Programme (MUP-2) was initiated mid 1994 with the
aim to study different surface modification processes and to correlate the functional surface
properties with the results registered by mean of different surface characterisation methods. The
partners in this project are Coloplast A/S, NKT Research Center, Nunc A/S, Radiometer A/S,
Danish Technological Institute and Ris0 National Laboratory.

As a core activity in this programme chemical characterisation of surface composition by means
of X-ray Photoelectron Spectroscopy, XPS is carried out at a newly established facility at Riso. I
this instrument, which is dedicated to the study of macromolecular surfaces, the elements
present in the outermost molecular layers (0-5 nm) are determined from the binding energy of
core electrons. In this way elements except H and He can be quantified. Furthermore, the spectra
con give some information on the chemical surrounding of the elements. Carbon bound to
carbon or hydrogen gives C Is = 284 eV, while the presence of other atoms bound to carbon
induces a small shift to higher energies.

Experiments have shown that a good correlation with the theoretical elemental composition is
found for uncontaminated surfaces, see table.

From the appearance of characteristic binding energies surface modifications such as oxidation
or contamination are easily detected, see Fig. 1.

A large number of samples from the partners have been analysed, and the results obtained have
convincingly demonstrated the importance of XPS for surface analysis of polymeric materials.
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Table: XPS quantification's of polymers. Fig. 1: XPS spectrum of a polymer surface
contaminated with silicone oil.
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2.8.20 Improved Polymeric Materials through Control of Interface Interaction

W.B. Petersen, N.B. Madsen, K. Alr.idal, P. Sommer-Larsen, I. Johannsen, Riso National
Laboratory, Denmark

A Materials Technology Development Programme (MUP2) with this subject was initiated mid
1994. NKT Cables A/S, Wolff & Kaaber A/S, University of Copenhagen - Department of
Chemistry and Riso National Laboratory form a working group with the focus on a study of the
effect of interface interactions in polymer/polymer as well as polymer/inorganic filler systems.

The contribution from Ris0 includes a fundamental study of interactions across an interface in
different model systems. The results will be generalised by means of advanced modelling
techniques. Polymer modelling software from BIOSYM and other sources have been
implemented for this purpose in the department. Preliminary results for total atomistic
modelling of the interaction between polymers and inorganic surfaces have been obtained. See
Fig. 1.

Different analytical techniques have been tented for the applicability of identification and
quantification of the chemical structure on bare inorganic fillers and surface modified fillers.
Diffuse reflectance FT-IR spectroscopy was found to be the most versatile technique to study
chemical modifications.

The modification of inorganic fillers in traditionally performed by using short chain coupling
agents. Coupling agents with a chain length above the chain entanglement length may improve
the mechanical properties of filled polymers. Therefore, the synthesis of block copolymers with
a long block compatible with the polymer matrix and a smaller block containing chemical
groups reactive towards inorganic surfaces have been initiated.

For the highly filled polymer systems of special interest for the industrial partners, the
rheological properties are very important. A rheological characterisation of a model systems
containing metal spheres or a real systems containing SiO2 particles showed that dynamic
mechanical measurements in the shear mode failed to give meaningful number due to slip in the
specimen. Preliminary results using a constant strain geometry indicate that this geometry may
be used as a quantitative measure of the rheological properties of highly filled polymer systems.

Fig. 1. Atomistic simulation of
polyethylene adsorbed to a (1-1 0)-
surface of quartz terminated with
hydroxyl group. The polymer is in
amorphous state. Only one polymer
chain is shown.
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2.9 Organic Chemistry

2.9.1 Synthesis of a Saccharide Sensor based on Calix[4]arene Diboronic acid

M. Larsen, M. Jorgensen and K. Bechgaard, Department of Solid State Physics, Riso National
Laboratory, Denmark

The development of receptor molecules that can precisely recognize and specifically bind guest
molecules has been the focus of much attention. Specially the design of a receptor molecule that
can bind saccharide molecules selectively are interesting. The interaction between the receptor
molecule and the target molecule can be hydrogen bonding, covalent bonding or ionic bonding.
Boronic acids are known to react with 1,2-diols and 1,3-diols forming new covalent bonds and
in saccharides with the cis-dio\ groups. These cyclic boronic esters are quite stable which is why
the boronic acids are used in the synthesis of a saccharide sensor. We have chosen the
calix[4]arene as the platform molecule because of its structure. Calix[4]arene is a cyclic tetramer
of phenolic units and belong to a class of molecules called cyclophanes. The first step in our
research was to synthesize the calix[4]arene tetraboronic acid by standard procedures, but it
turned out that this compound could not be synthesized in this way. In our attempt to
synthesized the calix[4]arene tetraboronic acid we discovered a new reaction which leads to
calix[4]arene diboronic acid (fig.la) instead and quite good yield. The 'HNMR and UCNMR are
used for the study of the complexation with D(-)-fruktose, D(+)-glucose and D(+)-galactose.
I3CNMR indicates that the saccharide binds to the calix[4]arene diboronic acid, because of the
large differences in the chemical shift values for the saccharide part. In the 'HNMR spektrum the
signals for the aromatic protons in the complexed/uncomplexed are different. Before anything
could be said about the structure of the complex we have to determine the stoichiometry of the
saccharide/calix[4]arene complex. MALDI-TOF spectrometry are used to determine the
stoichiometry.

Fig. 1.
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2.9.2 Synthesis and Characterization of a Supramolecular Sensor Compound

M. Jorgensen, M. Larsen and W. B. Petersen, Department of Solid State Physics, Riso National
Laboratory, Denmark

Large molecules with an internal cavity capable of including guest molecules are of great
interest as novel materials for sensors. The sensing ability is based on the same principles that is
used by Nature in enzymes and antibodies: supramolecular interactions between molecules. We
have synthezised macro molecules based on so called calixarenes with an internal cavity large
enough to accommodate organic molecules like anthracene and bind these guests via n-n
interactions. The new sensor molecules were prepared from a calixarene diacid chloride and 1,4-
diamino-benzene as outlined in Fig. 1. Characterization of the product with laser desorption
mass spectroscopy (MALDI-TOF MS) revealed that it was a mixture of oligomers with n
calixarene and n 1,4-diamino-benzene units (w=l,2,3,4,5,6,7 and 8). The Dimer («=2)
predominated with the next most abundant species being the tetramer («=4). Size exclusion
chromatography (SEC) confirmed the oligomer distribution with the Dimer in about 50 % yield.
Improvements in synthesis has brought the yield of Dimer up to 74 %. The Dimer was then
purified by preparative SEC until oligomer free. This material was shown by high resolution
FAB mass spectroscopy to have the isotope distribution and exact mass expected for the Dimcr.
H-NMR titration experiments have shown that the Dimer indeed interacts with anthracene in

solution to form a host-guest pair.

C C °)X
+ Oligomers

Fig. 1. Calixarene diacid chloride and 1,4-diamino-benzene reacts to give the dimer.
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2.9.3 Synthesis of an Azo-Bridged Double Calixarene. A Photo-Controlable Cavitant

M. Jergensen, Department of Solid State Physics and P. S. Ramanujam, Department of Optical
and Fluid Dynamics, Riso National Laboratory, Denmark

The azo-benzene functionality has been introduced into crownethers to modify binding of
cations via the light induced trans to cis isomerization. We have used a similar strategy to
prepare a double calixarene joined by a single azo bridge. The calixarene parts resemble bowls
and in the most stable trans isomer they are held apart. On irradiation with an ultraviolet laser,
the azo functionality adopts the cis form and the two bowl shaped calixarenes come together to
form a more closed semi-spherical molecule. The closed form is suitable to trap small
molecules in the internal cavity. The cis isomer can revert back to the trans isomer either
thermally or by irradiation with longer wavelength light, thus creating a photo controllable
cavitant type molecule.
The synthesis was carried out by mono-nitration of a suitable calixarene tetraether and then
reductive formation of the azo function. Characterization by !H and 13C NMR and by HPLC
with a UV-vis detector confirmed the identity of the product, as the trans isomer. Irradiation
with the ultraviolet laser of the compound in solution, followed by HPLC clearly demonstrated

convertion of a major proportion to the cis isomer. In *H and C NMR the two species could
also be clearly distinguished. Further work has to be done to clarify whether solvent molecules
are actually trapped in the interior cavity.

hv

Et

c

Fig. 1. Photo induced trans to cis isomerization of the azo-bridged double calixarene.

Riso-R-863(EN) 133



2.9.4 Synthesis of Calix[4]arene Crown Ethers

J. Svejstrup, M. Jorgensen, and I. Johannsen, Department of Solid State Physics, Riso National
Laboratory, Denmark

Calix[/?]arenes are macrocyclic molecules containing n phenol units bridged in the ortho
position with a methylene unit. They are easily obtained from the condensation of formaldehyde
with /?-/<?>7-butylphenol under alkaline conditions. Depending on how the phenol units are
aligned, calix[4]arene, 1, can adopt four conformations, namely the cone (all four hydroxy
groups pointing downwards), the partial cone (three hydroxy groups pointing downwards, one
upwards), the 1,2-alternate (two geminal hydroxy groups pointing downwards, two upwards),
and the 1,3-alternate (two distal hydroxy groups pointing downwards, two upwards). In the cone
conformation, 1 contains a bowl-shaped cavity which is able to act as a receptor for guest
molecules and has therefore received an increasing amount of attention in the field of host-guest
chemistry. By proper modifications it is possible to change the selectivity properties of the
calixarene and hence design calixarenes which can specifically bind other molecules. It is well
known that by increasing the rigidity of the calixarene moiety it is possible to increase the
specificity towards guest molecules. By reacting molecules of the type 1 with
oligoethyleneglycol ditosylates under alkaline conditions it is possible to create rigid calixarenes
bridged with ethylene units either intra- or zHfc/'-molecularly1 depending on the reaction
conditions {eg. type of base, number of ethylene units, stoichiometry of reactants and solvent
used). In our efforts to synthesize calixarene crowns (calixcrowns) in the 1,3-alternate
conformation by using the usual '1,3-alternate conditions' (Cs2CO3 as base in DMF or CH3CN)2

'3, an unsual calixarene, 2, in the 1,2-alternate conformation has been isolated. The same
approach using a 1,3-disubstituted calixarene, 3 (prepared via 1,3-dialkylation of 1) and a longer
ethyleneglycol chain, afforded the calixcrown 4.

OTs

OTs

OTs

C.JCOJ

CjCO,

ClljCN

1 Z. Asfari, S. Wenger and J. Vicens,7. Incl. Phenom. 19, 137 (1994).
2 W. Verboom, S. Datta, Z. Asfari, S. Harkema and D.N. Rheinhoudt, J. Org. Chem., 57, 5394 (1992).
3 A. Casnati, A. Pochini, R. Ungaro, F. Ugozzoli, F. Arnaud, S. Fanni, M.-J. Schwing, R.J.M. Egberink, F. deJong
and D.N. Rheinhoudt, J. Am. Chem. Soc, 117, 2767 (1995).
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2.9.5 Thiaheterohelicenes. Synthesis and Properties of Thia[5]-, [9]- and
[13]HeteroheIicenes

J. Larsen and K. Bechgaard Department of Solid State Physics, Riso National Laboratory,
Denmark

In order to investigate the donor properties of a series of thiahelicenes and in turn derived
conducting solids we have prepared thiaheterohelicenes, such as 1, We have made extensive use
of the classical routes to these structures as developed by H. Wynberg.
Photocyclization of cis -stilbenes followed by in situ iodine oxidation is a crucial step in the
synthesis of helicenes and heterohelicenes. That reaction is problematic because it normally
requires very dilute solutions, typically in toluene, and more important, the product acts as a
filter for the incoming radiation. We have found a convenient oxidative cyclisation procedure for
mixtures of cis - and trans -l,2-bis-benzothiophen-2-yl-ethylenes to give the thiahelicenes.
Where possible, a procedure involving FeCl3 was the simplest to perform considering that the
product does not have to be separated from the supporting electrolyte which had to be present in
the electrochemical analogue.
The donor properties of a series of thiaheterohelicenes were investigated by cyclic voltammetry.
The thiaheterohelicenes are oxidised to the corresponding cation radicals at potentials from 1.03
V to 1.45 V vs. SCE.
Compound 1 can be oxidised to a rather unstable semiconducting salt: (1)2PF6, Treatment of
racemic 1 with 7,7',8,8'- tetracyanoquinodimethane (TCNQ) gave a 1:1 semiconducting solid.
Work is in progress in order to separate the enantiomers.

H,C,

H3C

Ri

1 R i "Oxidation H3C

R, 2 | Reduction
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2.10 Human Capital and Mobility - Access to Large Installations

K.N. Clausen, Department of Solid State Physics, Riso National Laboratory, Denmark

The CEC Large Installation Programme was initiated in order to make large national facilities
available to users from the whole EU, to promote European collaboration and to make more
facilities available to the less favoured regions in the EU. The cold neutron facilities at DR3 has
been included in this programme since early 1992. The present HCM programme expires early
1996 and at present a contract for the continuation under the Training and Mobility of
Researchers programme - Access to Large-scale facilities is being negotiated. The new
programme will be on the same level as before for access to Riso, but will be extended with
access to the thermal neutron scattering facilities at Studsvik in Sweden. News about the
programme, information about the facilities and deadline for proposals can be found on WWW
pages: http://www.risoe.dk/fys/lip.html and http://www.studsvik.uu.se

Proposals for experiments are refereed by a group of four international experts. A.R. Mackintosh
acts as a Riso independent user representative in the management of the programme, and
participates in beam allocation meetings, which are held 3 times every year. The HCM
programme covers marginal expenses in connection with neutron scattering experiments at Riso.
These expenses are (1) Travel and subsistence for the users, (2) salaries to staff employed to run
the user programme, (3) consumables and other running costs in connection with the
experiments, (4) purchase of auxiliary equipment requested by the users and (5) a contribution to
the continued modernisation and upgrade of the facilities

During 1995 the 9T magnet has entered routine user operation, and the vertical scattering
reflectometer TAS9 for studies of liquid surfaces and interfaces was commissioned. On the
internal strain spectrometer TAS8 and the triple axis spectrometer TAS6 the u-Vax controle
computers were replaced by DEC-a workstations. The facilities for the users were improved by
new office facilities in the neutronhouse.

During 1995 a total of 618 instrument days (88 beam weeks) were used by 71 scientists from 7
different European countries. In total 68 experiments were performed, and 107 visits were
supported by the programme.

The experiments carried out at Riso with support from the Commission of the European
Communities during 1995 are listed below in chronological order. The column marked applicant
is the name of the principal applicant.
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Applicant
Hetch Edgar

Dr. D.J. Smith

Gotz Jerke
Prof Roy Taylor

Dr. M.R. Wells

Title
ternary Phase Behaviour of block copolymer/surfactant/water
mixtures
Measurement of the redistribution of residual stresses after mechanical
loading
Size, Flexibility and Local Structure of Polymerlike Micelles
Measurement of internal stresses in thick plasma sprayed thermal
barrier coatings
Magnetic order in BaLn2F8, where Ln=Ho,Er,Dy and extended
measurements in HoF3

Dr Miguel
Gregorkiewitz ___
Prof. K.A. McEwen
Prof. K.A. McEwen
Geetha Balakrishnan
Jorg Pohl

Dr. SJ. Roser'
Prof. Gomez-Sal

The accurate position of lithium in the new ionic conductor
Li(AlSiO4)
Magnetic Field Dependence of Structures and Excitations in Pr
Magnetic excitations and magnetic structure of Pr09Tm01
Investigations on the new (RE)Ni2B2C superconductors below Tc

Structure and magnetism of Cr/delta-Mn and Fe/delta-Mn-
superlattices
Solvent Penetration in Lithographic Polymers
Structural and magnetic SANS study of the Fe 9O.X Zr 10+x amorphous
ribbons

Prof. Don McK Paul
Prof. R.A. Cowley
ProfrH.W. de'Wijn
Prof. G. Albertini
ProfTa "Cagfiotr
Dr. Paul Muller
Dr.S.I Roser
Dr. J.P. Goff

Spin Peierls Transition in doped CuGeO3

Magnetic Structure of Rare Earth Multilayers
Ordering of Frustrated two dimensional magnetic systems
Texture measurements in a welded steel

Prof. Don McK Paul
CG.de Kruif
Prof. R.A. Cowley
Prof. Don McK Paul
^ r- A-T. Boothroyd
Prof. E.M. Forgan

Dr. A/T. Boothroyd _
Dr'.D. Schwahn"

Jason S. Gardner

Texture analysis in highly deformed Al alloys
Spin structure determination of Na6MnSe4 and DySI
Neutron Reflection from Biosensors
Magnetic field dependence of spin excitations in the S=l/2 ID
Heisenberg Antiferromagnet Cs2CuCl4

Spin Peierls Transition in doped CuGeO~3

Protein Interactions: Aggregation or crystallization of p-lactoglobulin
Phase diagram of magnetic multilayers
Spin Peierls transition in doped CuGe63

The magnetic structure in PrBa2Cu306+x

Studies of vortex structures in the high temperature superconductors
Bi2Sr2CaCu208+y and YBa2Cu307:4

The magnetic structures in Al-free crystals of PrBa2Cu306+x

the pressure and temperature dependence of the Flory-Huggins
parameter
Magnetic Diffraction in the highly Doped La2.xSrCo64

Dr G.J. Nieuwenhuys
Dr. M. Stamm

Dr. D. Svergun
Dr. D. Svergun
Prof. F.J. Bermejo

Low energy excitations in the frustrated antiferromagnet UNi4B
Phase behavoir of polystyrene polyparamethylstyrene block
copolymers and blends near the microphase separation
Contrast Variation Study of the 3 OS Subunit of the E.Coli Ribosome
Contrast variation study of the 50S subunit of the E.coli ribosome
Temperature dependence of the inelastic scattering intensity in
vitreous boron trioxyde
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Prof. K.A. McEwen Magnetic excitations and magnetic structure of Pro.9tm0,
Dn'sXRoser"
Dr. S.J. Roser
Prof. R.A. Cowley
Dr. G.F. Modlen
Dr. A.T." Boothroyd "
A.R. Wildes_
Prof. R.A." Cowfey
Dr. M. Loewenliaupt
Dr. Mathias LQsche

Solvent Penetration in Lithographic Polymers
Neutron Reflection from Biosensors
Magnetic Structure of Rare Earth Multilayers
Preferred orientation in cold-drawn high-carbon steel
The magnetic structure in PrBa2Cu366+x

Magnetic Structures of MnPS3

Magnetic Structure of Rare Earth Multilayers
Magnons in the different phases of NdCu2

Prof. Don McK Paul

Structure of reassembled monomolecular bacterial S-protein layers at
air/water interfaces
Spin Peierls Transition in doped CuGe63

Dr. U. Steigenberger
Prof. Dr.-Ing. habil. P.
Klimanek
Prof. K.A. McEwen
Dr. I.W. Hamley
Mark Miodownik

Prof. Miguel Alario
Franco
Dr. Thierry Magnin

O. Stockert

Dr Miguel
Gregorkiewitz
Dr Jon Samseth
Dr. C.V. Tomy
O. Stockert

John M Martin

Dr. Mathias Losche

Magnetic excitations of UPd3 in a field
Correlation between texture and grain size during isothermal grain
growth in zinc
Magnetic Field Dependence of Structures and Excitations in Pr
Orientational order in thermotropic liquid crystals by isotope labelling
Secondary recrystallisation of ODS alloys - kinetics and the role of
solute pinning
Structural study of room temperature chemically oxidized
La2.xNdxCu04+y and La2.xDyxCu04+y, 0< x<0.15
Effect of Nitrogen content on the phase coupling and low cycle fatigue
in alpha-gamma duplex steels
Magnetic order of the heavy fermion alloy CeCu6.xAux near the
critical concentrations x>=xc=0.1
The accurate position of lithium in the new ionic conductor
Li(AlSiO4)
Microstructural studies of bile salts by small angle neutron scattering
Magnetic ordering above Tc in superconducting DyNi2B2C
Magnetic order of the heavy fermion alloy CeCu6.xAux near the
critical concentrations x>=xc=0.1
Magnetic properties of the heavy fermion CeCuAl3 and the associated
compounds CeCu!.xAgxAl3

Structure of reassembled monomolecular bacterial S-protein layers at
air/water interfaces

Federica Malizia

Dr. Mathias Losche

Jason S. Gardner
Martin R. Daymond

Morphological characterization of partially crystallized Fe78Si9B13

amorphous alloy
Structure of reassembled monomolecular bacterial S-protein layers at
air/water interfaces
Single crystal diffraction of LaCoO4

In situ Strain Monitoring During Thermal Cycling of Whisker
Reinforced Metal Matrix Composites

Prof. R.A. Cowley
Dr. J.P. Goff

UlfOlsson"

Magnetic Structure of Rare Earth Multilayers
Magnetic field dependence of spin excitations in the S=l/2 ID
Heisenberg Antiferromagnet Cs2CuCl4
Structure and dynamics of surfactant fluid surfaces
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Baker, J. and Lindgard, P.-A., Atomic structure of interface layers between mismatched crystals
studied by continuous Monte Carlo simulation. NATO Advanced Study Institute on statics
and dynamics of alloy phase transformations, Corfu (GR) (June - July).

Bands, V.T., Slamm, M., Abelz, V., Mortensen, K., Small-Angle Neutron Scattering Study of the
Microphase separation in Poly(styrene-b-paramethylstyrene) Block Copolymers German
Neutron Scattering Meeting, Hamburg (DE) (August).

Berg, R. H., DNO: A Peptide-Based Structure for Optical Storrage, Danish Optical Society
Annual Meeting, Espergasrde (DK) (December).

Blesa, M.C., Moran, E., Amador, U., Andersen, N.H., Structural properties of nickel ferrite
obtained by ionic exchange from a - NaFeO2. Vth European Conference on Solid State
Chemistry, Montpellier (FR) (September).

Brecht, E. Schmahl, IV. W., Fuess, H., Casalta, H., Schleger, P., Lebech, B., Andersen, N.H.,
Schemenn, S., Liltgemeier, H., Wolf. Th., Significance of Al-doping for antiferromagnetic
reordering in YBa2Cu3.xAlx06+5 single crystals. 5th Workshop on: The Influence of the
Local Structure on the Superconducting Properties for Samples in the Y-Ba-Cu-0 and
Related Systems, Blois (FR) (June).
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Chang, L.J., Tomy, C.V., Paul D.M°K., Andersen, N.H., and Yethiraj, M, Neutron diffration
studies of Hoi.xYxNi2B2C compounds. SCES'95 Goa Conference, Goa (IN) (September).

Clausen, K. N., RITA- Re Invented Triple Axis Spectrometer - Project at Riso. Ersten
Arbeitstreffen zur Instrumentierung des FRM II, Bernried (DE) (May).

Everill, B.A.; Salamon, M.B.; Park, B.J.; Flynn, C.P.; Borchers, J.A.; Erwin, R.W.;
McMorrow, D.; Rhyne, J.J., Novel magnetic structures of epitaxial Nd/Y systems. 1995
March meeting of the American Physical Society, San Jose, CA (US) (March).

Fernandez Barquin, L; Gomez Sal, J.C.; Kaul, S.N.; Barandiaran, J.M.; Gorria, P.;
Pedersen, J.S.; Heenan, R., SANS behaviour of Fey,Zr9 under magnetic field.
International conference on magnetism and magnetic materials, Philadelphia, PA (US)
(October).

Frello, T., Hadficld, R., and Andersen, N.H., Mass spectrometry and neutron diffraction on
BiSCCO powder synthesis. Workshop on Applications of High Temperature
Superconductors. The Technical University of Denmark, Lyngby (DK) (September).

Gerstenberg, M.C., Pedersen, J.S., Mortensen, K., Smith, G., Investigation of The Surface
induced Ordering of P85 on Quartz. Fourth International Conference on Surface X-ray and
Neutron Scattering, Lake Geneva, Wisconsin (US) (July).

Gerstenberg, M. C, Pedersen, J.S., Mortensen, K., Smith, G, Investigation of The Surface
induced Ordering of P85 on Quartz. Danish Physical Society Spring Meeting, Odense
(DK) (June).

GoffJ. P., Bryn-Jacobsen, C, McMorrow, D. F., Ward, R. C. C, Wells, M. R., The Magnetic
Structure of Nd/Pr Superlattices. 2nd International Conference on Metallic Multilayers,
Cambridge (UK) (September).

Gotz, J.; Pedersen, J.S.; Sclnirlenberger, P., Micelles as equilibrium polymers; Light and
neutron scattering experiments. 9. European Colloid and Interface Society conference,
Barcelona (ES) (September).

Gotz, ,/.; Pedersen, J.S.; Laso, M.; Schurtenberger, P., Die statische Strukturfaktor von
Gleichgewichtpolymeren. Frtihjahrstagung der Deutschen Physikalische Gesellschaft.
Fachverband Polymerphysik: Streuung an Polymeren, Jiilich (DE) (March).

Hussain, A.M.; Pedersen, J.S.; Mortensen, K.; Vigild, M., A new small-angle x-ray scattering
(SAXS) spectrometer utilizing and image plate detector system. DFS 95. Danish Physical
Society Spring Meeting, Odense (DK) (May - June).

Hvilsted, S., FTIR til undersøgelse af polymerer. Analytiker-Ringen. Danish Pharmaceutical
University, Copenhagen (DK) (March).
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Larsen, J., Bechgaard, K., Synthesis and Properties of Thiahelicenes, ISCOM '95,Mittelberg
(AT) (August).

Lebech, B., Magnetic structure determination by neutron diffraction. Third Summer Scool on
Neutron Scattering, Zuoz, (CH) (August).

Lefmann, K., Nummila, K.K., Tuoriniemi, J.T., Vuorinen, R., Metz, A., Clausen, K. N.,
Lounasmaa, O.V., Rasmussen, F.B., Siemensmeyer, K., Steiner, M. Nuclear Magnetic
Ordering in 109-Ag Studied by Neutron Diffraction. Joint Meeting of the American
Physical Society, San Jose, CA (US) (March ).

Lefmann, K., Nummila, K.K., Tuoriniemi, J.T., Vuorinen, R., Metz, A., Clausen, K. N.,
Lounasmaa, O.V., Rasmussen, F.B., Siemensmeyer, K, Steiner, M. Nuclear Magnetic
Ordering in 109-Ag Studied by Neutron Diffraction. Danish Physical Society Spring
Meeting, Odense (DK) (June).

Lefmann, K., Rasmussen, F. B., Thorsen, P. A., Shabanovna, E., Schaumbwg, K., Pedersen,
E.J., Nuclear Magnetism of C-13 Diamond. 2nd Emil Warburg Symposion, Bayreuth
(DE) (October).

Lindgård, P.-A., Ab initio calculation of the RICKY interaction. Symposium on electronic
structure of solids, Luntern (NL) (September).

Lindgård, P.-A.; Bohr, H., Towards a structural classification of protein foldings: A simplified
model approach. DFS 95. Danish Physical Society Spring Meeting, Odense (DK), (May -
June).

Loewenhaupt, M., Reif T., Svoboda, P., Gratz, E. and Lebech, B., Spin structure and dynamics
of NdCu2. LIP - Users Meeting, Copenhagen, (DK) (September).

McMorrow, D. F., High Q resolution studies of condensed matter systems. International
workshop on high-energy x-ray scattering. Schwerin (DE) (November).

Mortensen, K., Small angle scattering from Polymers. Swedish Neutron Scattering Society
Annual Meeting, Studsvik, (SE) (May).

Mortensen, K., Schwahn, D., Janssen, S., Meier, G., and Schmackers, T., Scaling Law of the
Ginzburg Number in Polymer Blends. Danish Physical Society Annual Meeting, Odense,
(DK) (June).

Mortensen, K., Block copolymer micellar mesophases and networks. American Chemical
Society Colloid and Surface Science Symposium, Salt Lake City (US) (June).

Mortensen, K., Structural Charaterization of Polymers using Small-Angle Scattering. IDA-
Symposium on Polymer Characterization, Copenhagen (DK) (October).

Mortensen, K., Introduction to Small-Angle Neutron Scattering. Workshop on Small-Angle
Neutron Scattering, Bangi, (MY) (November).
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Mortensen, K., Small-Angle Neutron Scattering Data Reduction and Analysis. Workshop on
Small-Angle Neutron Scattering, Bangi (MY) (November).

Mortensen, K., Examples on the use of Small-Angle Neutron Scattering with Industrial
Relevance. Workshop on Small-Angle Neutron Scattering, Bangi, (MY) (November").

Nielsen, M., Smilgies, D.-M., Feidenhans'l, R., Landemark, E., Falkenberg, G., Lottermoser, L,
Seehofer, L, Johnson, R.L, Hut Clusters on Ge(OOl) Surfaces Studied by STM and
Synchrotion X-ray Diffraction. ECOSS 15 European Conf. on Surf. Science, Lille (FR)
(September).

Nielsen, M., Hut Clusters on Ge(OOl) and Si(OOl) Surfaces Studied by Synchrotron X-ray
Diffraction, DFS 95, Danish Physical Society Spring Meeting, Odense (DK) (May-June).

Paolosini, L, Lander, G. H, Shapiro S., Caciuffo R., Regnault L. P., Lebech B. and Fournier J.
M., Magnetic response function of UFe2 single crystal. Journee des Actinides, Aquilla,
(IT) (April).

Paolosini, L, Lander, G. H, Shapiro S., Caciuffo R., Regnault L. P., Lebech B. and Fournier J.
M, Magnetic excitations in the UFe2 single crystal. LIP - Users Meeting, Copenhagen,
(DK) (September).

Pedersen, J.S., Small-angle scattering studies of fractal and porous materials. Norwegian
Chemical Society. Section for Analytical Chemistry, Oslo (NO) (April).

Pedersen, J.S., Small-angle scattering studies of fractal and porous materials. Meeting on porous
materials: Structure and transportproperties. Dansk Selskab for Katalyse, Kobcnhavn
(DK) (May).

Pedersen, J.S.; Hansen, S.; Bauer, R., Equilibrium aggregation of zinc-free insulin studied by
small-angle neutron scattering. NATO Advanced Study Institute on physics of
biomaterials: Fluctuations, self assembly and evolution, Geilo (NO) (Mar- April).

Pedersen, J.S.; Hansen, S.; Bauer, R., Equilibrium aggregation of zinc-free insulin studied by
small-angle neutron scattering. Annual meeting of the American Crystallographic
Association, Montreal (CA) (July).

Pedersen, J.S.; Hansen, S.; Bauer, R., Equilibrium aggregation of zinc-free insulin studies by
small-angle neutron scattering. DFS 95. Danish Physical Society Spring Meeting, Odense
(DK) (May - June).

Pedersen, J.S.; Laso, M.; Schurtenberger, P., Monte Carlo simulation studies of semi-flexible
polymers with excluded volume interactions. 9. European Colloid and Interface Society
conference, Barcelona (ES) (September).

Pedersen, W. B. HPLC and SEC as Tools in Polymer Analysis. IDA-Symposium on Polymer
Characterization, Copenhagen, (DK) (October).
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Ponlsen, H.F., Fisker, R., Bentzon, M., Frello, T., Andersen, N.H., Siissenbach, J., and
Nowikow, D., In -situ texture determinations of superconducting tapes using synchrotron
radiation. Workshop on Applications of High Temperature Superconductors. The
Technical University of Denmark, Lyngby (DK) (September).

Raju, N.P.; Greedan, J.E.; Pedersen, J.S.; Simon, C; Maignan, A.; Niraimathi, A.M.;
Gmelin, E.; Siibramcmian, M.A., Magnetic ordering in pyrochlore Ho2Mn2O7.
International conference on magnetism and magnetic materials, Philadelphia, PA (US)
(October).

Rial, C, Mordn, E., Alario-Franco, M.A., Amador, U., and Andersen, N.H., Room temperature
chemically oxidized La2.xMxCu04+y (M = Sr, Ba; 0 < x < 0.15). Crystal structure and
physical properties. Vth European Conference on Solid State Chemistry, Montpellier (FR)
(September).

Rump, P.J., Arts, A.F.M., IVijn, H.W. de and Nielsen, M., Dynamics of coupled electron-phonon
modes in LiHo,.xYxF4, Combined 4th Int. Conf. Phonon Physics and 8th Int. Conf.
Phonon Scattering in Condensed Matter, Sapporo (JP) (July).

Schroder, A., Aeppli, G., Mason, T. E., Ditcher, E., Metal Insulator Transition in Ce(Ni,Cu)Sn.
DFS 95, Danish Physical Society Spring Meeting, Odense (DK) (May).

Smilgies, D.-M., Epitaxy of High-Temperature Superconductor Films on SrTiO3 Substrates.
HASYLAB User Meeting, Hamburg, (DE) (January).

Smilgies, D.-M., Epitaxy of High-Temperature Superconductor Films on SrTiOj Substrates.
DPG Friihjahrstagung, Berlin, (DE) (March).

Smilgies, D.-M., In-situ X-ray Diffraction Study of Dynamic Scaling in Sputtering of Gc(001).
Gordon Research Conference on X-ray Physics, Plymouth, New Hampshire, (US) (July).

Sorensen, S. Aa. and Lebech, B., Neutron diffraction studies of MnSi. Third Summer Scool on
Neutron Scattering, Zuoz, (CH) (August).

Tepe, T.R., Bates, F.S., Tirell, M, Almdal, K., and Mortensen Isotropic-to-lamellar transition
under oscillatory shear. Bulletin of the American Physical Society APS-March Meeting,
San Jose (US) (March).

Vigilante, A.; Hill, J.P.; Gibbs, L.D.; Helgesen, G; McMonow, D.F.; Cowley, R.A.; Wells,
M.R.; Ward, R.C.C., Element specific x-ray magnetic scattering from Ho-Pr thin film
alloys. 1995 March meeting of the American Physical Society, San Jose, CA (US)
(March).

Vigild. M. E.r Mass Density and Hydrogen Content of a a-C:H DLC Films Related to the
Prcpar-': •; by PE-CVD. March meeting of the American Physical Society. San Jose (US)
(NovcruL-j;).
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Yaron, U., Gammel, P.L Huse, D.A., Kleinman, R.N., Oglesby, C.S., Bucher E., Batlogg, B.,
Bishop, D., Mortensen K., Clausen K.N. , Neutron Diffraction Studies of Flowing and
Pinned Vortex Lattices in NbSe2 Bulletin of the American Physical Society APS-March
Meeting, San Jose (US) (March).

Zebger, I.; Hendann, C; Hoffmann, U.; Czarnecki, M.A.; Volkl, N.; Siesler, H.W.; Andruzzi,
F.; Pad, M; Tassi, E.L; Magagnini, P.L.; Holme, C; Hvilsted, S.; Kulinna, C;
Pedersen, M; Ramanujam, P.S., Fourier-transform infrared spectroscopy of side-chain
liquid crystalline polyesters under external fields. 10. International conference on Fourier
transform spectroscopy, Budapest (HU) (August - September).

Zhao, J., Bates, F.S., Schulz, M, Majumdat, D., Lipic, P., Almdal, K. and Mortensen, K.,
Bicontinous Cubic Phase in Block Copolymer Blends Bulletin of the American Physical
Society APS-March Meeting, San Jose (US) (March).
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3.4 Lectures

Andersen, N.H., Hojtemperatur superledere (High temperature superconductors), University
Extension in Holba^k: Two double-lectures given at Riso National Laboratory, Roskilde
(DK) (November).

Andersen, N.H., Magnetic ordering in YBa2Cu3O6+x and PrBa2Cu3O6+x. University of Hamburg
(DE) (November).

Batsberg, W.P., Chromatographic Methods. Roskilde University Centre, Roskilde (DK) (April).

Bechgaard, K., Molekylaer Kemi pa Afdelingen for Faststoffysik, Riss, Danish Chemical
Society General Assembly, Copenhagen (DK) (November).

Feidenhans'l, R., Surfaces and Interfaces. Structure Determination Using Synchrotron
Radiation. Bern, (CH) (January).

Feidenhans'l, R., Surfaces and Interfaces. Swiss Synchrotron Radiation Spring School,
Grimnetz (CH) (March).

Feidenhans 7, R., The Structure Factor. Danish Technical University (DK) (December).

Feidenhans'l, R., X-ray Scattering from Surfaces and Interfaces. University of Odense (DK)
(March).

Gersienberg, M. C, Pedersen, J.S., Mortensen, K., Smith, G., Investigation of The Surface
induced Ordering of the Triblock-Copolymer P85 at a Solid-Liquid Interface. Winter
School in Physics, Sandbjerg (DK) (January).

Gerstenberg, M. C, Pedersen, J.S., Mortensen, K., Smith, G., Investigation of The Surface
induced Ordering of the Triblock-Copolymer P85 at a Solid-Liquid Interface. Ph. D.
Course in Methods in Soft Materials Science, RUC, Roskilde (DK) (March).

Johannsen, I., Polymer Research at Risoe National Laboratory- an Interdisciplinary effort.
Chalmers Technical University, Goteborg (SE) (October).

Kjcur, K., Synchrotron X-ray Scattering. Roskilde University Centre, Roskilde (DK) (March).

Lefmann, K., Studies of the S=l/2 One-dimensional Antiferromagnet Copper Benzoate., Low
Temperature Laboratory, Helsinki University of Technology, Espoo (FI) (February).

Lefmann., K., Nuclear Magnetic Ordering in 109Ag Studied by Neutron Diffraction. Neutron
Scattering Dept., NIST, Gaitersburg, MD (US) (March).

Lefmann., K., Nuclear Magnetic Ordering in I09Ag Studied by Neutron Diffraction.
Institute of Physics and Astronomy, Johns Hopkins University, MD (US) (March).

Lefmann., K., Nuclear Magnetic Ordering in Ag (Thesis defence). Niels Bohr Institute,
University of Copenhagen (DK) (October).
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Lindgard, P.-A., Electronic and Magnetic Properties of Small Magnetic Clusters., Ph.D. Course
in Nano-scale Materials, Danish Technical University (DK) (September) and H. C. 0rsted
Institute, University of Copenhagen (DK) (October).

McMorrow, D. F., Kunstigt Fremstillede Magnetiske Materialer. Dept. of Solid State Physics,
Riso (DK) (February).

Morlensen, K., Structural Investigations of Materials Ungdommens Naturvidenskabelige
Forening, Copenhagen (DK) (January).

Mortensen, K., and Posselt, D., Small Angle Scattering Ph-D cource in Methods in Soft Material
Science, RUC, Roskilde (DK) (March).

Mortensen, K. andSkov Pedersen, J., Small Angle Scattering and its Data Analysis Study Class
on Modern Aspects in X-ray and Neutron Scattering, Rise (DK) (March).

Nielsen, M., Hut Clusters on Ge(100) and Si(100) Surfaces Studied by STM and Synchrotron X-
ray Diffraction. Max-Planck-Institute fur Festkorperforschung, Stuttgart (DE) (March).

Nielsen, M., Hut Clusters on Ge(100) and Si(100) Surfaces Studied by STM and Synchrotron X-
ray Diffraction. MIC, DTU, Lyngby (DK) (April).

Pedersen, W. B., Chromatographic Methods, Ph.D. Course in Methods in Soft Materials
Science, Riso (DK) (April).

Smilgies D.-M., Structural Studies of Surfaces, Interfaces, and Thin Films Using Synchrotron
X-ray Diffraction. National Institute of Standards and Technology, Gaithersburg,
Maryland (US) (February).

Smilgies, D.-M., Study of Surface Roughness Using Synchrotron X-ray Diffraction. University
of Maryland, College Park, Maryland (US) (February).

Smilgies, D.-M., Structure and Dynamics of Surfaces, Interfaces, and Thin Films, European
Synchrotron Radiation Facility, Grenoble (FR) (November).

Smilgies D.-M., Dynamic Scaling in Sputtering of Ge(OOl), (September).
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3.5 Organisation of Meetings and Courses

3.5.1 HCM - Access to Large Scale Facilities Users' Meeting

22-23 September, Grand Hotel. Copenhagen, Denmark.
The third annual users' meeting of the HCM programme was attented by 58 scientists from the
EU member states. The programme consisted of 9 plenary lectures listed below and a poster
session with 17 contributions.

Organization

McMorrow, D.F., Clausen, K.N., Riso National Laboratory, Denmark and Mackintosh, A.R.
Niels Bohr Institute, University of Copenhagen, Denmark.

Programme

Paul, D.McK., Department of Physics, University of Warwick, Coventry, England.
Breaking the chains in CuGeO3

Goff, J.P., Clarendon Laboratory, Oxford Physics, Oxford, England.
Magnetic interactions in Nd/Pr superlattices.

de Cavalho Paixao, J.A., Dept.de Fisica, Fac.Ciencias e Technologia, Univ. de Coimbra,
Portugal. Neutron and magnetic X-ray scattering studies of actinide and rare-earth
compounds with the ThMn^ structure.

Svergun, D., EMBL Hamburg Outstation, do DESY, Hamburg, Germany. Structural studies of
ribosomes in solution by contrast variation.

Olsson, U., Phys. Chem. 1, Chemical Center, Lund University, Sweden. Phase behaviour of
nonionic microemulsions.

Roser, S., University of Bath, Claverton Down, England. Neutron reflectivity from biosensors.

Hutchings, M.T., 521.1 Harwell, AEA Technology, Didcot, England. Stress measurement by
neutron diffraction - a challenge to the physicist and materials scientist.

Brecht, E., Forschungszentrum Karlsruhe, Institut fur Nukleare Festkorperphysik, Germany.
The effect of Al-doping on antiferromagnetic AFII ordering in YBa2Cu3.xAlx06+5.

Nieuwenhuys, G., Kamerlingh Onnes Lab., Leiden University, The Netherlands. The unique
magnetic structure of UNi4B .
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3.5.2 Polymer Characterization

31 October, Domus Technica, Copenhagen, Denmark.
This Symposium under the auspices of Danish Society for Polymer Technology was dedicated
to advanced methods and instrumentation for characterization of polymer materials. Six
lecturers described state-of-art within selected and sometimes complementary methods and the
Symposium had 50 participants with the majority from industry and 8 from the Department of
Solid State Physics.

Organization

Hvilsted, S., Riso National Laboratory, Denmark, Clausen, L.D., Radiometer Medical A/S,
Denmark

Programme

Siesler, H.W., University of Essen, Germany. Vibrational Spectroscopy in Short Time Intervals
and Over Long Distances: From Time- Resolved Measurements to Remote Analysis.

Nielsen, N.C., Aarhus University, Denmark. Quantitative Solid-State NMR Spectroscopy on
Polymers.

Mortensen, K., Riso National Laboratory, Denmark. Structural Characterization of Polymers
Using Small-Angle Scattering.

Pedersen, W.B., Riso National Laboratory, Denmark. HPLC and SEC as Tools in Polymer
Analysis.

Badyal, J.P., University of Durham, England. XPS Characterization of Polymer Surfaces.

Warkentin, P., Linkoping University, Sweden. Adsorption Behaviour of IgG on Methylated
Silicon Surfaces Studied by Tapping Mode Atomic Force Microscopy.
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3.5.3 Danish Polymer Centre Meeting

24 October, Technical University of Denmark.
Presentation of research projects within Danish Polymer Centre attended by 41 scientists. The
programme consisted of 12 lectures.

Organization

Johannsen, I, Riso National Laboratory, Denmark and Hassager, O., Department of Chemical
Engeneering, Technical University of Denmark.

Programme

Hassager, O., Department of Chemical Engeneering, Technical University of Denmark and
Almdal, K., Riso National Laboratory, Denmark. Polymer Rheology and Processing.

Jorgensen, M., Riso National Laboratory, Denmark. Functional Polymers and Surfaces.

Berg, R.H. and Kulinna, C, Riso National Laboratory, Denmark. Optical Polymers.

Lyngaae-Jergensen, J. and Strobech, E., Department of Chemical Engeneering, Technical
University of Denmark. Structure and Phase behaviour of Polymer Systems.

Gregorius, K., Mouritsen & Eisner A/S, Denmark. Modification of Plast Surfaces.

Christensen, S.F., Coloplast A/S, Denmark. Rheology of Adhesion.

Melamed, M., Danfoss A/S, Denmark and Larsen, T.S., Gnmdfos A/S, Denmark. Chemical and
Thermical Deterioriation of Plast Composites.

Rasmussen, S.E., Nunc A/S, Denmark. Use of Polymer Blends for Surface Functionalisation of
Injection Moulded Parts.

Buch-Rasmussen, T., Novo-Nordisk A/S, Denmark. Development and Charactarisation of
Materials for Packaging of Medical Products.

Lambertsen, E., ABB I.C.Moller, Denmark. Charactarisation of Foamed Plastics.

Urban, C, Hempel's Marine Paints A/S, Denmark. Study of Epoxy Networks for use in Coating
Applications.

Ivan, B., Institute of Physical Chemistry, University of Mainz, Germany. Synthesis and
Properties of New Microphase Separated Polymer Systems.
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3.5.4 Design and Development of Catalytic Processes, Modecs Meeting

9-10 November 1995, Hotel Fredehksdal, Lyngby, Denmark.
Modecs meeting on Catalysis. The programme consisted of 9 lectures and 1 plenary discussion.

Organization

Johannsen, I., Rise National Laboratory, Denmark.

Programme

Heterogeneous Catalysis

Henrik Topsoe, Haldor Topsoe Research Laboratories, Denmark. Catalysis Research: From
Fundamentals to Development.

Nan-Yu Topsae, Haldor Topsoe Research Laboratories, Denmark Nature of Surface Sites and
Reaction Mechanism for the Selective Catalytic Reduction of Nitric Oxide by Ammonia
over Vanadia/Titania Catalysts.

Peter Mikal Holmblad, Physics Institute, Tlie Technical University of Denmark. Designing metal
surfaces for heterogeneous catalytic reactions.

Homogenous Catalysis
John M. Brown, Oxford University, Dyson Perrins Laboratory, England. Novel Catalysts and

Reaction Paths in Asymmetric Synthesis.

Karl Anker Jorgensen, Aarhus University, Denmark. Metal-Catalyzed Asymmetric Reactions.

Soren Rasmussen, Environmental Science and Technology Department, Riso National
Laboratory, Denmark. PCR-techniques - Theory and Applications.

Discussion
Ove Poulsen, Ministry of Research, Denmark and Haldor Topsoe, Haldor Topsee A/S,

Denmark, National Research Strategy. Does it work ?

Enzymatic Catalysis
Itamar Willner, Institute of Chemistry, Vie Hebrew University of Jerusalem, Israel. Enzyme and

Immunosensor Electrodes and Optobioelectronic Devices.

Morten Meldal, Carlsberg Laboratory, Copenhagen, Denmark. Specificity of Enzymatic
Catalysis and Inhibition Monitored by Internally quenched Peptide Libraries.

Jens Sigurd Okkels, Enzyme Screening, NOVO-Nordisk, Copenhagen, Demrai/i. Protein
Engineering of Industrial Interesting Lipases.
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3.5.5 Ph.D. Course in Modern Aspects of X-ray and Neutron Scattering.

Feb.-June, Riso National Laboratory, Denmark, as a series of 2x45 min lectures.

Organization

Feidenhans'l, R., Clausen, K.N. and Mackintosh, A. Riso National Laboratory, Denmark

Programme

Als-Nielsen, J.
Als-Nielsen, J.
Spiller, E.
Mackintosh, A
Spiller, E.
Mortensen, K., and Pedersen, J.S.
Spiller, E.
Clausen, K.N.
Gerstenberg, M.C.
Aagaard, S.
Eskildsen, M.R.
Holme, C.
Ramanujam, P.S.
Feidenhans'l, R.

Dynamical Diffraction
Dynamical Diffraction
Multilayer Optics
Magnetic Neutron Scattering
X-ray Imaging and Multilayers II
Small Angle Scattering and its Data Analysis
X-ray Coherency and Holography
Neutron Sources
Filters for Polarisation of Neutrons
Polarized Neutron Scattering
X-ray Wave Guides
Bragg-Fresnell Lenses
X-ray Lasers
Application of X-ray Lasers
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3.6 Membership of Committees and Boards

Andersen, N.H.,
Consultant for the Swedish Superconductivity Consortium.

Bechgaard, K.,
Chairman of the Danish National Commitee for Chemistry.
Member of the Advisory Board of Journal of Materials Chemistry.
Member of the EEC COST D-4 Committee.
Member of the Academy Council of the Danish Academy of Technical Sciences.
Member of the NATO Special Programme Panel on Supramolecular Chemistry.
Chairman of the "Mindship Foundation".

Berg, R. H.,
Member of the Editorial Advisory Board, Journal of Peptide Science.
Councillor of the European Peptide Society.

Clausen, K. N.,
Riso Board of Governors
ESS Science Working Group

Feidenhans'l, R.,
Secretary for the National Commitee for Crystallography
Member of the Forschungsbeirat Synchrotronstrahlung HASYLAB, DESY, Hamburg.

Hvilsted, S.,
Treasurer of The Danish Society for Polymer Technology.

Lebech, B.,
IURC Commision on Neutron Scattering
Den Danske National Kommite for Krystallografi
Danish Representative in ENSA, the European Neutron Scattering Assiciation

Lindgard, P.-A.,
Vicechaiman of the Magnetism Section of International Union of Pure and Applied
Physics (IUPAP).
Chairman of the Condensed Matter Commitee at NORDITA.

Mortensen, K.,
Member of the Board of Solid State Dicision of the Danish Physical Society.
Member of the European Spallation Source Scientific Working group on Large Scale
Structures.

Pedersen, J. S.,
Coeditor of Journal of Applied Crystallography.
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3.7 Colloquia

Papadakis, C , IMFUFA, Roskilde University, Denmark. Mean Field and Scaling Theories of
Polymers and Block-copolymers (January).

Moij, G.C.A., The Technical University of Denmark, Denmark. Simulation of Polymer Phase
Equilibria (February).

Wolf, T., Kernforschungszentrum Karlsruhe, Germany. Growth and Physical Properties of
Large Y B a 2 C u 3 0 7 single Crystals (February).

Pohl, J., Universitat Konstanz, Germany. Growth and Structure of 5-Mn in superlattices: A
summary of experimental results (March).

Hoghoj, P., Institute Laue-Langevin, France. Multilayer for X-ray and Neutron Optics
(February).

Yaron, U., A T & T Bell Laboratories, USA. Small-Angle Neutron Scattering of Pinned and
Flowing Magnetic Flux Lattices in Type II Superconductors (March).

Day, P., The Royal Institution of Great Britain, England. New Physics From Molecular
Conductors and Magnets (March).

Aono, M., Surface and Interface Lab., RIK.EN Inst., Japan. Producing and measuring extreme
high vacuum (XHV), much better than UHV (April).

Gatteschi, D., Department of Chemistry, University of Firenze, Italy. Metal Ions and Organic
Radicals for Magnetic Materials (May).

Motokawa, M., Institute for Materials Research, Tohuku University, Japan. The Strange
Magnetic Properties of Y 2 Cu 2 0 5 (June).

Stecki, J., Institute of Physical Chemistry, Polish Academy of Science, Poland. Correlations in
planar liquid interfaces by Molecular Dynamics simulations (June).

Bilderback, D., Cornell University, USA. X-ray microscience opportunities with micron
diameter beams produced from capillary optics (September).

Noolandi, J., Xerox Research Center of Canada, Canada. Rod-coil Mixing by Acid-base
Interactions and Metal/Polymer Compatibilizers (September).

Lindegaard-Andersen, A., The Technical University of Denmark, Denmark. 100 years of X-ray
Radiography (October).

Nummila, K., Helsinki University of Technology, Low Temperature Laboratory, Finland.
Neutron Transmission Techniques Applied to Spin Lattice Relaxation Measurements on
Highly Polarized Silver Nuclei (October).
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Rieu, J.P., Laboratoire de Spectrometrie Physique, Universite Joseph Fourier, France. An X-ray
Diffraction Study of Melting of Short Alcohol Monolayers on Water (October).

Eng, P., Advanced Photon Source, USA. Achromatic Micro-Focused X-ray Beams at 2nd and
3rd Generation Synchrotron (October).

Ivan, B., University of Mainz, Institute of Physical Chemistry, Germany. Amphiphilic
Networks and Gels: A New Class of Crosslinked Polymers and Potential Biomaterials
(October).

Siesler, H.W., Department of Physical Chemistry, University of Essen, Germany. Time-resolved
Spectroscopy of Segmental Mobility in Liquid Crystals (November).

Bergstrom, M., Department of Chemistry, Division of Physical Chemistry, Royal Institute of
Technology, Sweden. Reversibly Formed Bilayer Vesicles: Energetics and Polydispersity
(November).

Lehmann, M.S., Institut Laue-Langevin, France. Macromolecular Crystallography with Cold
Neutrons and a Large Image Plate Detector (December).

Steinfort, A.J., University of Delft, The Netherlands. Study of Thin Layers and Interfaces with
X-ray Diffraction (December).

Skriver, H., Physics Department, The Technical University of Denmark, Denmark. Possible
Ferromagnetism in Pd-Ag Superlattices (December).
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4 Participants in the Work in the Department

4.1 Staff

Aeppli, Gabriel (Consultant)
Almdal, Kristoffer
Als-Nielsen, Jens (Until April 1)
Andersen, Niels Hessel
Bechgaard, Klaus (Head of the Department)
Berg, Rolf Henrik
Clausen, Kurt N. (Head of Research Programme)
Feidenhans'l, Robert (Head of Research Programme)
Hvilsted, Soren
Johannsen, Ib (Head of Research Programme)
Jorgensen, Mikkel
Kjaer, Kristian
Lebech, Bente
Lebech, Jens
Lindgard, Per-Anker
McMorrow, Des
Mortensen, Kell
Nielsen, Mounts
Pedersen, Jan Skov
Pedersen, Walther Batsberg
Sommer-Larsen, Peter

Ph.D. Students and Students

Christensen, Morten Jagd
Eskildsen, Morten Ring
Krebs, Frederik (From July 1)
Gerstenberg, Michael C.
Hviid, Lene (Until August 1)
Krog, Thomas
Larsen, John Greibe
Larsen, Mogens (From May 1)
Madsen, Anders (From February 1)
Madsen, Jesper
Madsen, Nils Berg (From July 1)
Pedersen, Marianne
Petersen, Thomas (Until January 30)
Schmidt, Ole (From October 1)
Sorensen, Steen Aagaard
Vigild, Martin
Wang, Christian
Zhou, Ji (From February 1)
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Technical Staff

Bang, Steen
Berntsen, Allan Nortoft
Breiting, Bjarne
Hansen, Dorthe (Apprentice from September 1)
Hansen, John Erik (Temporary until December 31)
Hedeboe, Vivi
Hubert, Lene
Jensen, Birgit
Johansen, Arne (Temporary from April 3)
Jorgensen, Ole
Jergensen, Ole Emil (Temporary from August 28)
Kjaar, Torben
Kristensen, Eva Tulin
Lund, Morits
Nielsen, Anne Bonke
Nielsen, Carina (Apprentice from December 1)
Nielsen, Lotte
Nielsen, Steen
Rasmussen, Helle Demant (Apprentice from September 15)
Rasmussen, Ove
Saxild, Finn
Sonberg, Tina Sonne (Apprentice until September 14, temporary from September 15)
Stahl, Kim
Theodor, Keld

Temporary Student Assistants

Bogetoft, Morten (From November 25 to November 30)
Frederiksen, Line (From February 8 to February 28)
Kofod, Guggi (From June 26 to August 20)
Hansen, Per Morkegaard (From June 26 to July 31)
Norgaard, Lillian Gilsgaard (From June 26 to July 21)

Secretaries

Byrdal, Christina (Apprentice from November 1)
Frederiksen, Lajla
Schlichting, Bente Overgaard
Studinski, Ca Thi
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Guest Scientists, Temporary Staff, Long Time Visitors and Post Docs

Arleth, Lise (Temporary from March 1)
Bouwman. Wim (Until March 31)
Bødker, Franz (Temporary from January 2 to February 28 and October 1 to December 31)
Frello, Thomas (Temporary from June 12)
Fischer, Erik (Temporary until September 30)
Hendann, Claudia
Hussain, Ahsen (Temporary until September 30)
Kail, Mikael (From September 1)
Kulinna, Christian
Landemark, Erik
Larsen, Jan (Temporary until October 14)
Lefmann, Kim (Temporary until June 30)
Lussier, Jean-Guy
Misaki, Yohji (From September 1)
Ndoni, Sokol (From January 16)
Nielsen, Niels Chr. (Temporary from August 15)
Schröder, Almut
Smilgies, Detlef
Svejstrup, Jens (Temporary until December 31)
Wilkes, Stephen

Awards and Degrees

Foss, Morten Ph.D., University of Aarhus
Lefmann, Kim Ph.D., University of Copenhagen
Mortensen, Kell, Research professor
Thoft, Nina Bjørn Ph.D., University of Aalborg
Winter, Lars Ph.D., Danish Technical University
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4.2 Short Time Visitors

Baker, J.
Bates, F.S.

Benevides, H.
Bishop, D.
Broholm, C.

de Jesus Cruz, J.
Dender, D.

Dorantes, H.
Gammel, P.
Gidalevitz, D.
Gilhøj, H.
Hayden, S.
Hillemeyer, M.

Hutchings, M.
Lee, S.

Lulek, T.
Mason, T.
Olsson, U.
Österberg, R.
Rajagopalan, V.
Reich, D.
Richards, H.
Salansky, J.

Schurtenberger, P.
Schwendler, M.

Sinclair, R.
Svoboda, P.
Tepe, T.

Weimann, P.
Windsor, C.
Yaron, U.
Zebger, I.

University of Florida, Physics Dept., Thallahassee, U.S.A.
Department of Chemical Engeneering and Materials Science,
University of Minnesota, USA.
Departamento de Ingeniera Metalúrgica, ESIQIE, IPN, Mexico
AT&T Bell Laboratories, Murray Hill, NJ, U.S.A.
The Johns Hopkins University, Physics & Astronomy Dept.,
Baltimore, U.S.A.
Departamento de Ingeniera Metalúrgica, ESIQIE, IPN, Mexico
The Johns Hopkins University, Physics & Astronomy Dept.,
Baltimore, U.S.A.
Departamento de Ingeniera Metalúrgica, ESIQIE, IPN, Mexico
AT&T Bell Laboratories, Murray Hill, NJ, U.S.A.
Weizman Institute, Israel
FKI, The Technical University of Denmark, Denmark
H.H. Wills Physics Lab., University of Bristol, England
Department of Chemical Engeneering and Materials Science,
University of Minnesota, USA.
NDT Materials Characterization, NDT Dept., 521 Harwell, England
The Johns Hopkins University, Physics & Astronomy Dept.,
Baltimore, U.S.A.
Adam Mickiewicz Univ., Inst. of Physics, Poznan, Poland
Physics Department, University of Toronto, Canada
Physical Chemistry 1, Lund University, Sweden
Dept. of Chemistry, Univ. of Agricultural Science, Uppsala, Sweden
Physical Chemistry 1, Lund University, Sweden
The Johns Hopkins Univ., Physics & Astronomy Dept., U.S.A.
University of Florida, Physics Dept., Thallahassee, U.S.A.
Academy of Sciences of Czech Republic, Physics Institute, Za
Slovankow 3, Praha 8, Tjekkiet, Czech Republic
ETH-Ziirich, Institut für Polymere, Switzerland
Inst, für Physikalische Chemie, Johannes Gutenberg Universität,
Mainz, Germany
NDT Materials Characterization, NDT Dept., 521 Harwell, England
Charles University, Dept. of Metal Physics, Praha 2, Czech Republic
Department of Chemical Engeneering and Materials Science,
University of Minnesota, USA.
Departamento de Ingeniera Metalúrgica, ESIQIE, IPN, Mexico
NDT Materials Characterization, NDT Dept., 521 Harwell, England
AT&T Bell Laboratories, Murray Hill, NJ, U.S.A.
University of Essen, Dept. of Physical Chemistry, Germany
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4.3 Short Time Visitors under the CEC-HCM programme

Abetz, V.
Bartels, V.
Berbessou, D.
Bonner, N.W.
University
Boothroyd, A.
Bryn-Jacobsen, C.
Burkhardt, N.
Caruana, D.
Chakkalakal, T.
Chang, L.T.
Coad, S.M.
Coldea, R.
Cowley, R.
Cubitt, R.

Dawidowski,J.
Daymond, M.

de Kruif, G.
de Wijn, H.
Deriu, A.
Elizondo, U.J. A.

Falcao, A.
Fernandez, L.
Finnegan, M.
Fiori, F.

Forgan, E.M.

Forsyth, B.
Frielinghaus, H.
Gardner, J.
Goff, J.
Gomez Sal, J. C.
Gomez, D.
Gorria, P.
Gregorkiewitz, M.
Hamley, I.
Hecht, E.

Henn, G.
Lackner, T.

Lee, S.

Max-Planck-Inst. für Polymerforschung.Mainz, Germany
Max-Planck-Inst. für Polymerforschung,Mainz, Germany
Université de Bordeaux I, Talence, France
Department of Manufacturing Engineering, Loughborough
of Technology, England
Clarendon Laboratory, Oxford University, England
Clarendon Laboratory, Oxford University, England
EMBL c/o DESY, EMBL Hamburg Outstation, Germany
School of Chemistry, University of Bath, England
Department of Physics, University of Warwick, England
Department of Physics, University of Warwick, England
Department of Physics, University of Warwick, England
Clarendon Laboratory, University of Oxford, England
Clarendon Laboratory, University of Oxford, England
School of Physics and Space Research, Univ.of Birmingham,
England
Instituto de Estructura de la Materia, C.S.I.C., Spain
Univ.of Cambridge, Dept.of Materials Science & Metallurgy,
England
Netherlands Institute for Dairy Research, EDE, The Netherlands
Faculty of Physics and Astronomy, University of Utrecht, Holland
Dipartimento di Fisica, Universita di Parma, Italy
Dpt. Quimica Inorga nica, Fac. C. Quimicas, Universidad
Complutense de Madrid, Spain
INETI/ICEN, Physics Department, Sacavém, Portugal
Facultad de Ciencias, Universidad de Cantabria, Spain
School of Chemistry, University of Bath, England
Politecnico Di Milano, Dipartimento di Ingegneria Nucleare -
CESNEF, Italy
School of Physics and Space Research, Univ.of Birmingham,
England
Clarendon Laboratory,Oxford University, England
Inst. f.FestkörperforschungjForschungszentrum Jülich mbH,Germany
Physics Department, University of Warwick, England
Clarendon Laboratory, Oxford University, England
Facultad de Ciencias, Universidad de Cantabria, Spain
Facultad de Ciencias, Universidad de Cantabria, Spain
Facultad de Ciencias, Universidad de Cantabria, Spain
Dip. Scienza della Terra Universita, Italy
University of Durham, Department of Physics, Durham, England
Dept. of Physical Chemistry I, University of Bayreuth,
Germany
Max-Planck-Inst. für Polymerforschung,Mainz, Germany
Zentrum fur Ultrastrukturforschung, Der Universität für Bodenkultur,
Wien, Austria
School of Physics and Space Research, Univ.of Birmingham,
England
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Lloyd, S.

Loewenhaupt, M.

Longmore, A.
Lopez, C. R.

Lopez, F.
Lösche, M.

Luckhurst, G.
Magnin, T.
Malang, U.

Malizia, F.
Martin, J.
Martinez, J.L.
McEwen, K.
Mentik, S.
Mills, G.

Miodownik, M.
Moolenaar, A.
Moore, C.
Müller, G.

Müller, P.
Nieuwenhuys, G. J.
Nutley, M.

Olsson, U.
Pohl, J.

Reif, T.

Riseman, T.

Roefs, S.
Roser, S.
Rotter, M.

Rump, P.
Sabin, T.

Schalke, M.

Schwahn, D.

Schwingel, D.

School of Physics and Space Research, Univ.of Birmingham,
England
Inst. f. Festkörperforschung, Forschungszentrum Jülich GmbH,
Germany
Department of Physics, Clarendon Laboratory, England
Dpt. Química Inorgánica, Fac. C. Químicas, Universidad
Complutense de Madrid, Spain
Université de Bordeaux I, Talence, France
Universität Leipzig, Fakultät f. Physik und Geowissenschaften,
Germany
University of Durham, Department of Physics, Durham, England
Centre SMS, Ecole des Mines Saint-Etienne, Saint-Etienne, France
Fakultät für Physik, LS Prof.Dr. E. Bucher, Universität Konstanz,
Germany
Dipartimento di Física, Universita di Parma, Italy
University of Warwick, Department of Physics, England
Instituto de Estructura de la Materia, C.S.I.C., Spain
Birkbeck College, Univ. of London, Dept. of Physics, England
Kamerligh Onnes Laboratory, Leiden University, The Netherlands
Department of Manufacturing Engineering, Loughborough
University of Technology, England
Oxford University, Materials Department, Parks Road, England
Birkbeck College, Univ. of London, Dept. of Physics, England
School of Chemistry, University of Bath, England
Institut für Festkörperforschung, Forschungszentrum Jülich GmbH,
Germany
Institut für Anorg. Chemie der RWTH Aachen, Aachen, Germany
Kamerligh Onnes Laboratory, Leiden University, The Netherlands
School of Physics and Space Research, Univ.of Birmingham,
England
Chemical centre, Lund University, Sweden
Fakultät für Physik, LS Prof.Dr. E. Bucher, Universität Konstanz,
Germany
Institut für Festkörperforschung, Forschungszentrum Jülich GmbH,
Germany
School of Physics and Space Research, Univ.of Birmingham,
England
Netherlands Institute for Dairy Research, EDE, The Netherlands
School of Chemistry, University of Bath, England
Institut für Festkörperforschung, Forschungszentrum Jülich GmbH,
Germany
Faculty of Physics and Astronomy, University of Utrecht, Holland
University of Cambridge, Dept. of Materials Science & Metallurgy,
England
Universität Leipzig, Fakultät f. Physik und Geowissenschaften,
Germany
Institut für Festkörperforschung, Forschungszentrum Jülich GmbH,
Germany
UMIST, Materials Science Centre, England
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Seddon, J.
Serrano, M.
Simpson, A.
Smith, D.
Stamm, M.
Steigenberger, U.
Stockert, 0.
Svergun, D.
Tennant, A.
Verheul, M.
Viviani, L.

Vogel, S.
Vogt, J.B.

Wells, M.
Wetzer, B.

Weygand, M.

Wildes, A.
Zhu, W.
Zimmerman, M.

University of Durham, Department of Physics, Durham, England
Dip. Scienza della Terra Universita, Italy
Clarendon Laboratory, Oxford University, England
Dept. of Mechanical Engineering, University of Bristol, England
Max-Planck-Inst. fur Polyrnerforschung,Mainz, Germany
ISIS Science Division, Rutherford Appleton Laboratory, England
Physikalisches Institut, Universitat Karlsruhe, Germany
EMBL c/o DESY, EMBL Hamburg Outstation, Germany
Clarendon Laboratory, University of Oxford, England
Netherlands Institute for Dairy Research, EDE, The Netherlands
Politecnico Di Milano, Dipartimento di Ingegneria Nucleare -
CESNEF, Italy
TU Bergakademie Freiberg, Inst. fur Metallkunde, Germany
Université de Lille 1, Laboratoire Métallurgie Physique, Villeneuve
d'Ascq, France
Clarendon Laboratory, Oxford University, England
Zentrum fur Ultrastrukturforschung, Der Universitat fur Bodenkultur,
Wien, Austria
Universitat Leipzig, Fakultat f. Physik und Geowissenschaften,
Germany
Oxford Physics, Clarendon Laboratory, England
Dept. of Mechanical Engineering, University of Bristol, England
HASYLAB, c/o DESY, Hamburg, Germany
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