
STELLINGEN

behorende bij het proefschrift van R. Hunik

1..In het DIN-voorschrift voor de dimensionering van elektrodeprofielen

ten behoeve van doorslagspanningsmetingen dienen voorwaarden voor de

geaarde omgeving te worden opgenomen.

DIN 53481, Blatt 2.

2. Ter verklaring van de verschillende metingen van PrX„-verbindingen met

de Cl5 struktuur bij lage temperaturen is het zinvol de Pr-kristalveld

grondtoestand te bepalen met behulp van metingen van de koncentratie-

afhankelijkheid van de supergeleidende overgangstemperatuur in de

analoge La Pr._ X^-verbindingen.

3. Het bestaan van solitonen in polyacetyleen is experimenteel nog niet

aangetoond.

Su, W.P., Schrieffer, J.'R. and Heeger, A.J., Phys. Rev. Lett. 42,

1698 (1979).

4. Het feit, dat in superfluïde He, in tegenstelling"tot superfluïde He,

de coherentielengte aanzienlijk groter is dan de interatomaire afstand,

biedt een gunstig perspektief voor het aantonen van het Josephson-

effekt in superfluïde vloeistoffen. }

5. De opvatting, dat de eenheid van thermodynamische temperatuur het best

gedefinieerd kan worden door deze grootheid gelijk te stellen aan een

gemiddelde molekulaire kinetische energie, is aanvechtbaar.

Feynman, R.P., Lectures on Physios, Addison-Wesley Publ. Co. Mass.,

page 39-10 (1963).

6. De wijze, waarop Collins zijn artikel over kwanturasffecten in de ruis-

energie zijn model vergelijkt met metingen van Webb et al. is onjuist.

Tevens is de door hem afgeleide ruisenergie-inhoud voor een geleider

als funktie van de temperatuur in strijd met de 3 hoofdwet van de

thermodynamika.

Collins, R.L., Phys. Lett. 61A, 71 (1977).



7. In de theorie van Rácz over de voortplanting van geluid in superfluïde

He wordt de beweging van de normale component door het gebruik van een

frekwentie-onafhankelijke weerstandsparameter onjuist in rekening gebracht.

Zijn voorspelling van een opmerkelijke geluidsdispersie dicht bij het

A-punt is derhalve foutief.

Raas, Z,t J. Low Temp. Phys. H, 509 (1973).

8. De experimenteel bepaalde soortelijke warmte van spinglassystemen voor

temperaturen beneden het magnetische vriespunt is vaak in goede overeen-

stemming met "Monte Carlo" simulatieberekeningen. Dit is echter geen

argument voor de juistheid van deze berekeningen.

Walker, L.R., Walstedt, R.E., Phys. Rev. Lett 38, 514 (1977); Ching, W.Y.,

Huber, D.L. and Verbeek, B.E., J. Appl. Phys. 50, 1715 (1979).

9. Indien bij thermo-elektrische koeling de Seebeck-koëfficiënt met behulp

van een extern magneetveld wordt geoptimaliseerd, moet rekening gehouden

worden met de grote kernspin-soortelijke warmte ten gevolge van de Zeeman-

splitsing bij temperaturen rond 1 mK.

Goldsmit, H.J. and Gray, A.S., Cryogenics 19, 289 (1979).

10. Zeeman-splitsingen in "met zon" gedraaid NbTi-multifilament draad dienen

linksom gemaakt te worden.

11. De toenemende akoestische milieuvervuiling leidt tot een steeds groter

aantal spraak- en taalproblemen.

R. Hunik 20 september 1979.
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PREFACE AND SUMMARY

Cooling by adiabatic demagnetisation was already proposed

and realised more than fifty years ago, and has been applied to

electron spin paramagnets ever since. The limiting value of the

temperature reached upon adiabatic demagnetisation is determined

by the interaction energy between the magnetic moments. Atomic

nuclei have such small magnetic moments that this interaction is

at least a million times smaller than that in electron spin para-

magnets. Hence it was suggested by Gorter and by Kurti, that nu-

clear demagnetisation would lead to much lower temperatures. How-

ever, also due to this smallness, very large ratio's of magnetic

field, B, to thermal energy, kT, are required in order to obtain

an appreciable entropy reduction in the magnetisation process.

These large ratio's can nowadays be achieved by using high field
3 4

superconducting magnets and by cooling with a He- He dilution

refrigerator. A severe problem is that the precooling of the nu-

clear refrigerant, which is usually metallic, most often requires

several days. This is caused by the limited heat contact between

the metallic nuclear stage and the precooling stage, and by the

limited cooling power of the refrigerator at these temperatures,

where a large amount of entropy has to be removed from the nuclear

system. This problem is greatly alleviated, when instead of a pure

nuclear system, a so called enhanced nuclear moment system is uti-

lised, as suggested by Al'tshuler (ref.l). Pioneering work on this

subject has been'done by Andres and Bucher (ref.2). By cooling the

enhanced nuclear system with a dilution refrigerator, a considera-

ble part of the nuclear magnetic entropy can easily be removed.

After demagnetisation, this results in a large cooling power at

temperatures of a few milli-Kelvin. This makes the metallic nucle-

ar enhanced system especially favourable as a precoolant for a

purely nuclear demagnetisation stage.

The experiments described in this thesis are the first in

which an enhanced nuclear system is used as a precoolant for a

11



nuclear demagnetisation stage. The results show the promising ad-

vantages of such a system in those circumstances for which a large

cooling power is required at extremely low temperatures. A theo-

retical review of nuclear enhancement r.t the microscopic level

and its macroscopic thermodynamical consequences is given in chap-

ter I. In chapter II, we describe the experimental equipment for

the implementation of the nuclear enhanced refrigeration method.

The experiments on two-stage nuclear demagnetisation are discussed

in chapter III: with the nuclear enhanced system PrCug we could

precool a nuclear stage of indium in a magnetic field of 6 T down

to temperatures below 10 mK; this resulted in temperatures below

1 mK after demagnetisation of the indium.

In chapter IV, we demonstrate that the interaction energy

between the nuclear moments in an enhanced nuclear system can ex-

ceed the nuclear dipolar interaction. In that chapter, the indirect

interaction between these moments via the coupling with the elec-

tronic moments is elaborated, and the deduced specific heat accor-

ding to this indirect interaction is compared with the experimen-

tally determined specific heat of Prln.,.

In chapter V, several experiments are described on pulsed nu-

clear magnetic resonance, as utilised for thermometry purposes in

the preceeding chapters. It is shown that platinum NMR-thermometry

gives very satisfactory results around 1 mK. In chapter VI, the re-

sults of experiments on nuclear orientation of radioactive nuclei,

e.g. the brute force polarisation of NbP_t and CoCu, are presen-

ted, some of which are of major importance for the thermometry in

the milli-Kelvin region.

References

1. Al'tshuler, S.A., Soviet Physics - JETP Letters 3, 112 (1966).

2. Andres, K., Cryogenics 1_8, 473 (1978) and loc. cit.
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CHAPTER I

THEORY OF THE MAGNETIC PROPERTIES OF RARE EARTH

INTERMETALLIC COMPOUNDS WITH A SINGLET GROUND STATE

I.1 Introduction

The discovery of rare earth intermatallic compounds having a

non-degenerate electronic ground state has added in recent years

a very interesting chapter to the study of the coupling between

electronic and nuclear magnetic moments. A non-degenerate or sin-

glet ground state occurs when the number of unpaired electrons is

even, and when the crystal field removes the degeneracy of the

lowest energy level. The interaction between an external magnetic

field and the nuclear moments can be enhanced up to a factor 10 ,

due to the admixture of magnetic states into the ground state by

the external magnetic field. Similarly, the mutual interactions

between the nuclei can be very much stronger than the dipolar in-

teraction between the "bare" nuclear moments. This implies that

many interesting phenomena on nuclear magnetism (e.g. nuclear

orientation in a magnetic field and nuclear ordering phenomena)

occur in the experimentally attainable milli-Kelvin region, which

favours research on nuclear magnetism in this temperature regime.

In this chapter we shall discuss the crystal field hamiltonian

and the hyperfine interactions which are responsible for these

special magnetic features, and we shall explain why we are limited

to the principally rare earth ions, and in particular to praseo-

dymium. Ordering phenomena and thermodynamical relations with

respect to demagnetisation experiments are treated, as well as

the nuclear spin lattice relaxation time. In conclusion, an expe-

riment on enhanced nuclear orientation of radioactive nuclei is

described.

14
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1.2 Crystal field hamiltonian and van Vleck magnetism

A singlet ground energy level can only exist in an ion which

has no Kramers' degeneracy. This implies that the total angular

momentum of the ion, J, must be integer (see ref.l and loc. cit).

The (2J+l)-fold spatial degeneracy of the ionic configurational

ground state will be partially lifted, due to the crystal field.

The splitting of the energy levels is strongly dependent on the

symmetry and magnitude of this crystal field. On the other hand,

in the absence of crystal field splitting, exchange interactions

among the angular momenta could cause electronic ordering pheno-

mena (which would be nearly complete in the temperature region of

interest, i.e. far below 1 K). The combination of crystalline

field and exchange interactions can lead to fairly complicated

phenomena, but we shall be mainly concerned with relatively weak

exchange interactions and predominance of the singlet ground state

effects. So we are limited to those elements which have small ex-

change interactions, which in practice is confined to the rare

earth group. Their unpaired 4f-electrons, which are responsible

for the total angular momentum, have much smaller exchange inter-

actions than, in particular, the 3d-electrons of the iron group,

although they have nearly the same radial extension. However, in

the rare earth group, the diffuse outer electron 5s- and 5p-shells

keep the ligand ions at a considerable distance from the 4f-shell,

and this reduces the exchange interactions with neighbouring atoms

or ions. This implies also that the crystal field potential can be

rather well approximated by a potential set up by the electric

charges on the ligands in which the magnetic electrons move. In

view of the above mentioned restrictions, only the Pr , Pm ,

Tb , Tm , and Ho ions are considered in this discussion (of

these, Pm is radioactive, which prohibits experiments with

macroscopic quantities of this element). Some relevant data on the

above ions are given in table I.I.

Using the point charge model, the electrostatic potential of

an ion, due to the point charges, q., of the ligands at distance

R. (from the center), is given by

V(r) = z i. * i . (I.I)
i lRi r'

15
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59

61

65

67
69

Ion

Pr3+

Pm3+

Tb3+

Ho3+

Tm3+

Relevant

J

4
4

6

8

6

J

4/5
3/5

3/2

5/4

7/6

Table I.I

data on several

State

4f2

4f4

4f8

4f10

4f12

I

5/2

7/2

3/2

7/2

1/2

rare earth ions

w
4.25

2.58

2.00

4.03

-0.23

A(MHz)

926

447

668

800

-374

Isoto

141

147

159

165

169

Using the operator equivalent method of Stevens (ref.2), we can

expand this potential in spherical harmonics Y™(r), because V(r)

satisfies the Laplace equation

V(r> ~ n mi-n *" r ^ ^
with

An = ? 2n+l qj Rj ^-1^ Yn * R j '

The total potential energy V is given by the summation over the

unfilled f-shell, since the crystal field affects closed shells

only in a higher order of perturbation:

V = 2 q. V(r.)c i i i

Stevens has shown that the crystal field hamiltonian can be

written as

with

Bn = An<rI1>0n ' (I*3)

The coefficients 0 have been calculated by Stevens. The number

of terms in equation 1.2 can be considerably reduced, since

a) terms with n>2L are zero, where L is the total orbital angular

momentum of the single electron (L=3 for 4f-electrons);

b) terms of odd parity are zero, so n must be integer;

c) several other terms are zero due to the crystal field symmetry.

In particular, for a cubic crystal field symmetry, we can deduce:

Hc - B4(oJ + 50^) + B6(Og - 2lOg) , (1.4)

16
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J ,
+

and Jin which 0. are operators depending on J, J ,
j z

Lea, Leask, and Wolf (ref 3) have calculated the energy eigen
values of this hamiltonian, using the notation

6. 0,
H = W {x =* + (l-|x|) =£} (1.5)

in which

- °6 " 2 l 86 '4 W4 4 '

W.x =- B.F. and W(l- |x| ) =BRF, .J4M '6*6'

P. and F, are factors which are common to all elements of the

matrix <JZ|Hc|Jz,>. W is a scaling factor, and x gives the ratio

between the fourth and sixth order terms. The results of these

calculations are given in fig.I.I, 1,2, and 1.3 for J equals 4,

6, and 8 respectively. In these figures, the symbols r. and r_

refer to singlet levels, r, to a doublet level and r. and IV to

triplet levels.

In the case of an hexagonal crystal field symmetry, one has

B4°! V ° 6 +2ff
Segal and Wallace (ref.4) have calculated the energy spectrum in

the case of J equals 4. The results are plotted in fig.1.4.

The signs of B. and B, (and thus of W and x) can be deter-

mined using the point charge model for 4 types of cubic coordina-

tion, and can be deduced from table 1.2, where the values of B.

and Bg are given for this model. The coefficients 0 , the signs

of W and x, and the corresponding ground state(s) are, for 4 types

of cubic coordination, and for positive and negative charges of the

neighbours given in table 1.3.

From a comparison between measured data and this model, one

finds that the calculated values of W and x are generally not in

agreement with the measured values, which can be attributed to

the approximations made in the model. However, using the model

for determining W and x empirically, the agreement between crystal

field theory and a variety of experimental results with respect

to the energy spectrum and the state functions is fairly good.

The low field magnetisation and the magnetic susceptibility

of an ensemble of atomic moments are obtained from a Boltzmann

19



.; Table 1.2

Values for B. and Bg for 4 types of cubic coordination

Type of coord. Nearest B/,=A4<r >Q.
neighbours

2
Tetrahedron 4 -=̂- -§• <r >©,

Bc=A,<r
w>0-

D O D

I*

Simple cubic 6

Body centered 8
cubic

Face centered 12
cubic §! -39

256

averaging over the crystal field energy levels. In this calcula-

tion, one has to account for the fact that an external magnetic

field will change the energy levels, and hence the hamiltonian

includes, in addition to the crystal field term, magnetic field

dependent terms. It suffices to calculate the energy by pertur-

bation theory up to second order

H » Hc + BHX + B
2H2

The energy of state |a> is then given by

E = (1.6)

with

= <a|Hc|a> , E^ « <a|H1|a> , and

<2)- + <a|H2|a>

(the summation concerns all crystal field levels except state |a>)

The magnetic moment is defined as

W " E

- 2Z (0)_ (0)
Eb Ea

20
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|a>|2
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Table 1.3

Signs of W and x, ground state(s) G, 6 and

for several rare earth ions

Q4
06

4-

4+

6-

6+

8-

8+

xlO4

xlO6

W

X

G

W
X

G

W
X

G

W
X

G

W

X

G

W

X

G

W.
12- x

G

W

12+ x

G

Pr3+

-7.346^

60.99

+

+

ri'r5

-

+

Fl'r3

+

-

-

-

r3'r5

+

+

ri'r5

-

+

ri'r3
-

-

r3'F5

+

-

ri

Pm3+

4.075

60.78

+

-

ri

-

-

F3'r5

+

+

Fl'r5

-

+

Fl'r3

+

-

ri

-

-

r3'r5

-

+

Fl'r3

+

+

Pl'r5

Tb

1.

-1.

F2

ri

r3

r2

rr

ri<

H

T2<

3+

224

121

-

+

'r3

•f

+

'r5
-

-

,r2

+

'F5

f

'r3

{•

'r2
^

t-

'rS

h

rF3

HO

-0.
-1.

r3

ri

Fl

r3

rr

r«

H

ri'

3 +

333

294

-

-

'F5

+

-

'r5
-

+

'F3

5

'F5

f

'F5
t-

5

1-

'r3

Tm

1.

- 5 .

r2

ri

I1!

P3

F2

Fl

rr

T2'

3+

632

606

-

+

'F3

+

+

'F5

-

-

'F2

+

-

'F5

4-

'F3

f

t-

'F2

(-

'r5

lF3
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if we ignore the small diamagnetic contribution H . The population

of the energy levels is governed by the Boltzmann distribution,

which leads to

-E /kT -E /kT
M = Ny = N2n e a / Ze a , (1.7)

a a a

with M the total magnetic moment. The susceptibility, defined as

can now be calculated taking into account terms up to the second

order:

(1) 2 (2) ~ V k T "Ea/kT
xion = 2 { ( Ea ' / k T ~ a }e / se a

a a

For a model with two singlets, one derives for the susceptibility,

when the hamiltonian is given by a crystal field term, H , and an

electronic Zeeman term, B.tf,=-g_p_BJ :
X J hi 2

- 2 2 2
2g, uR c

x i o n = • -- ' B {tghU/2kT)>
A

with A =E, -E_ and c=<l|j |0>, where |0> denotes the ground

singlet and |l> the upper singlet. In the low temperature region

(kT<<A) this becomes

For a model with a ground singlet and n excited states, we calcu-

late, again for the low temperature region:

*ion - 2^W \\ ' ^'9)

with c. = <i|j |0>, A. = E * '-Eg , and the summation over all

n excited states. Equation 1.9 represents the so called van Vleck

susceptibility, and gives experimentally a direct indication for

the existance of a singlet ground state.

1.3 Hyperfine interactions

In this section, we shall demonstrate how the hyperfine

22



coupling between the electronic angular momentum J and the nuclear

spin I can give an enhancement of the nuclear Zeeman interaction,

and also of the mutual coupling of the nuclear magnetic moments in

case of an electronic singlet ground state. The total hamiltonian

is given by

H = Hc + hS'l - gjUgS'S - V N3«? ' (1.10)

with A the hyperfine coupling constant, while g^ and gM are the

electronic and nuclear g-factor, respectively. We shall consider

the secc.id part of this hamiltonian, H-H , as a perturbation of

the crystal field hamiltonian. We start from

EQ „ = <0[H'l0> - S
1'0!"''1' , (I.11)

0,n 1 E^-EQ

in which E-. is the energy of the ground state, which is n-fold

degenerate with respect to the hyperfine structure; the summation

over 1 is over all excited crystal field states, and H1 is given

by: Ht=H-H . Because <0|j|0>=0 for the singlet ground state,
c _>.

E- is given, for B=(0,0,B ) by

E
 \ 2 2
0,n

- {I2-hl(I+l)}{h?(2A-A-Aj} , (1.12)

with Aa = Z j<l|Jo|0>|
2/A (oc=x,y,z).

The first term of this formula is responsible for the van Vleck

susceptibility. The second term is the hyperfine interaction,

which can be written as gNt
J
N
B
z
I
z U+K

1) , where

K« = -2AA -ijS . (1.13)

The factor 1+K1 is usually denoted as the enhancement factor.

The third term is the so called pseudoquadrupole interaction,
which is zero in the case of cubic symmetry at the rare earth ^

site. At low temperatures, the second term will give an entropy ';|

variation and a free energy variation when a magnetic field is ^|
applied, while the first term will give only a free energy pi

f; *s

variation, which is relatively large. This variation is due to H
the fact that the center of gravity of nuclear substates is |

23
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lowered (see e.g. figure 1.5). The ensueing consequences are treat-

ed in section 1.5. Since the pseudoquadrupole interaction is a se-

cond order magnetic hyperfine interaction, itr occurrence is not

related to the nuclear quadrupole moment (Q). In addition, the pu-

re quadrupole interactions must also be considered. However, these

have the same spin angular momentum operators in the hamiltonian.

Hence we write:

HQ = P(IZ
2 - il(I+D)

in which P is the sum of three contributions:

a) the above mentioned pseudoquadrupole interaction;

b) the quadrupole interaction due to the crystal field gradient,

eq, given by

3e2Qg
rcf 41(21-1)

c) the quadrupole interaction due to the field gradient of the

localised 4f-electrons, which is given by (ref.6)

> = -3e2Qo<r*"3>
4f 41(21-1)

a2(J ){3J 2-z z

in which a is a multiplicative factor depending on the rare

earth ion, and a(J ) are the amplitudes of the 4f-states which
z

compose the ground state. This term depends on the magnetic

field, which mixes the excited 4f-states into the ground state.

Thus even in a cubic crystal field symmetry, this term will give
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a contribution to the nuclear spin energy splitting, which is

field dependent. This contribution, however, appears to be small

compared to the contribution due to the enhancement factor.

Other interactions which can play an important role in the low

temperature region (the milli-Kelvin region) are the exchange in-

teractions between the localised 4f-electrons. The hamiltonian of

these interactions is given by

H . = - 2 J.1 .S. '£. ,
exch ^ i] i D

in which S. and S. are the spins of the localised 4f-electrons of

the i and j ion and J! . gives the exchange coupling. Within a

J-multiplet, one has J+S=XJ, with X the LandS factor, hence

J. . is the exchange coupling parameter, given by J. . = U-l) J!..

In insulators, these exchange interactions are due to the direct

exchange between the localised 4f-electrons, or to the super-

exchange via other ions (ref.7). In metals, an indirect exchange

via the conduction electrons can occur, which originates from the

fact that the conduction electrons can readily be polarised by

the localised 4f-electrons. This is the so called RKKY-interaction

(ref.6), which is long-ranged and exhibits an oscillatory character

(see also chapter IV). The exchange interactions often cause magne-

tic ordering phenomena, which can be electronic, nuclear, or mixed.

1.4 Ordering phenomena

1.4.1 Electronic ordering phenomena

These appear when the exchange interactions are comparable

with, or larger than, the crystal field energy splittings. It can

be deduced, for instance, using molecular field theory (ref.8),

pseudoboson theory, or the pseudospin formalism (ref.9), that the

ordering parameter n, defined as

" - *T- JJij ' (I'15)

serves as a criterium for the occurrence of electronic ordering.

For n<l, there is no electronic ordering. The precise value for n
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depends on the model, and varies between 1 and 1.2. Using the

molecular field theory, and assuming a two-singlet model, we will

now deduce this critical value,

can be written as

H = HQ+H1+NJ(0)<J>
2 ,

in which Hn = EH ,-2J(0)<J>ZJ.
i c l i

and H, = - z J,.3.•]. ,

The molecular field hamiltonian

= EHOi

with JA = J -<J>e and
iic(r.-r.)

.e J

The z-direction will be the preferred direction for the electronic

ordering (which we assume to occur), although no symmetry-breaking

term in the hamiltonian has been explicitly introduced. <J> is the

mean angular momentum and I is a reciprocal lattice parameter,

defined as k" = —£• (A/n.,u/n2,v/n,), in which a is the lattice

constant, n1.n_.n3=N (the total number of rare earth ions), and X,

vi, and v are integers running from 1 to respectively n1 , n~, and n,.

In the molecular field theory, we neglect H . In the case of the

two-singlet model comprising the crystal field states |0> and |l>,

the exchange interactions will produce an admixture leading to the

new states |0'> and |l'>. These can be related to |0> and |l> by

defining a parameter 0, according to |0'> = cos0|O>+sin0|l> and

|l'> = sin©|O>-cos0I1>. Because these states are eigen states of

the hamiltonian H., the matrix elements <1'

which gives

|H0|0'> must be zero,

4J(0)<J>c _ •\<3>
ctg20

On the other hand, the calculation of the mean angular momentum,

in the low temperature limit, yields

<J> = <0'|J I 0'> - c.sin20 (1.17)
1 z'

Equations 1.16 and 1.17 only have a solution for 0 if n>l, resul-

ting in

the value of the mean angular momentum in the ordered state. The

ordering temperature T can be calculated by solving <J> as func-

tion of the temperature for T\>1. We thus obtain (see also part 2
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of this section):

<J> T = £ii22£ = C t S i n 2 0 t g h_|__
C

and for small 0,

In section 1.2 we have calculated the susceptibility, x » due
c

to the electronic Zeeman interaction, in the presence of crystal

fields alone. Using the molecular field and the molecular field

parameter,X , defined as

one can readily correct the susceptibility for contributions from

the exchange interactions as follows:

=7-*

M = gjPfi<J> = XC(B+Bm) = Xc(B+XgjyB<J>) = XyB ,

in which x is the corrected susceptibility. This gives the simple

expression

77
*v c

The effect of the exchange is therefore that the curve for —xvversus T is lowered in the ferromagnetic case or raised in

the anti-ferromagnetic case. Therefore, when calculating x,, from
c

the energy level scheme, derived as a function of the crystal

field parameters W and x, the difference between the calculated

and measured inverse susceptibility, if constant at low tempera-

tures, yields the magnitude of the exchange interaction in the

molecular field approximation.

1.4.2 Nuclear ordering phenomena

When the hyperfine coupling is added to the hamiltonian used

in the preceding part of this section, we shall demonstrate that,

even for n<l, ordering phenomena can occur. We shall also give an

effective hamiltonian which describes the exchange interactions

between the nuclei due to the coupling between the nuclei and the

localised 4f-moments, and between the localised 4f-moments mutually.

The hamiltonian is then given by
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ff

In exactly the same way as in the preceding derivation, we find,

in analogy to equations 1.16 and 1.17:

tg29. - a I (1.22)

and sin20. (1.23)
J. u

with a = — ~ , using a two-singlet model with |0I > and |ll >,
A Z Z

which are eigenstates of H .. In the low temperature limit, where
only the lowest hyperfine structure level is occupied (I =1), a

z

solution for o is always possible, even in the case n<l> The

ordering temperature T can be calculated by solving <J> as func-

tion of the temperature for n<l (ref.10, 11):

in which Pnx and P,T are the Boltzmann factors for the two levels,
" "**z z

The energies of these levels can be derived by diagonalisation of

the molecular field hamiltonian (HQ = £(W c i-2J(0)
< J > J

l z
+ A J

i z
I
i z

-g_u_B J. ~9NVMB I. )). We get (omitting nonrelevant terms):

< O I
ZI

H
OI°

I
Z
> =

 - ^ - ^ N V Z '

The energy eigen values are:
4J(0)<J>c+2gjV B c-2AI c

Z0I

and E
n

which gives

+ •£(

Z exp(-E. /kT).c.sin© - Z exp(-E .c.sin2©)
±z 12J. ẑ __z

Z exp(-EnT /kT) + exp(-E /kT)

>»:

J0I
-a

This is an implicit equation in <J>rp:

z c.
<J>T - ^ ~

. (1+£2P

28
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c-2AcIz zwith % = nc~1<J>T+iS and <S =

Further, an expression for the polarisation of the nuclei in the

preferred direction of magnetic ordering is:

(1.25)
c o s h2&r- ( 1 + ? 2 )

In fig.I.6, the electronic and nuclear polarisation are plotted

as a function of the temperature for several values of the ordering

parameter n, for 1=3/2, and 2AcA~1=0.1 (after ref.10).

Linearising equation 1.24, written as <J>=f(<J>,T), with respect

to <J> gives:

<J> = f (0 ,T) +<J> I-;—=rr.f (<J> »T) I ̂ -wn
x ' ' o<J> ' <u >=U

We deduce a relation for the critical temperature in zero magnetic

field as follows:

6<J>
f«J>,T)|

<J>=0

21+1'

1 , which corresponds to

for 6

After the summation over I , we get, because 2kT
z *-

T = |4»c 1-n k.A
The specific heat in the molecular field approximation for several

Fig . 1.7
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values of n, and for B=0, is plotted in fig.I.7 after ref.12.

For n>l (the curve on the right side), the ordering can be

attributed to the electronic system, while for n<l# the ordering

is hyperfine induced, resulting, for very small n, in a nuclear

ordering, with a (small) polarisation of the electronic system.

However, it is doubtful if the molecular field approximation is

correct in the calculation for the specific heat of the metallic

systems which we describe here, because of the oscillating charac-

tor of the RKKY-interaction between the localised moments. A better

calculation can be provided by the introduction of an effective

hamiltonian for the interactions between the nuclear moments, in

the case n<l. Such an effective hamiltonian has been derived by

Murao (ref.13) in the nuclear regime (n<l) , starting from the

hamiltonian

H = lH - JJ J «3 - AS? ! S J ln en m n mn m n n nn en m,n mn m n
j:n n

)n' n
in which HQ designates the nuclear quadropole interaction. The

summations m,n are over all magnetic ions (m^n). This hamiltonian

can be replaced by the effective hamiltonian for the nuclear spins:

Heff NECO - \Zmmn a
Z M aA 2I nm

H B a l a

n a n

Z NM°(g 11 B a) rr-i-Bf + H£ (1.27)

in which a indicates the directions x,y, or z. Further, N is the

total number of magnetic ions and Ma and are defined by

where i indicates the summation over all crystal field energy

levels, and

= 2M° J emn

The summation over n includes all magnetic ions except m, and

|r I denotes the distance between the lattice points m and n.1 mn'
The first term in equation 1.27 gives the energy of the crystal

field ground level; the second term is the. most relevant one for
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our discussion, since it is the nuclear spin-spin interaction; the

third is the so-called self-energy of each magnetic ion; the fourth

is the pure nuclear Zeeman interaction plus the enhancement term;

the fifth is the electronic Zeeman energy, and the last represents

the guadrupole energy. This term has already been discussed in sec-

tion 1.3. Using this hamiltonian, we can define the thermodynamic

quantities which are relevant for the description of the specific

heat of a singlet ground state near the critical temperature, and

for the description of our demagnetisation experiments. For these

experiments, due to the high magnetic energies involved, equation

1.12 can also be used.

1.5 Thermodynamical relations

The partition function is defined by

I = z e -
E i / k T or Z = Tr(e"H/kT) . (1.28)

i

The Gibb's free energy, F, the internal energy, U, the entropy, S,

the magnetisation, M, the isothermal magnetic susceptibility, %„,

and the specific heat at constant magnetic field, c_, are defined by

F = -kT inZ , 0 - -iff , S - -(|f)B , M - -(|f)T ,

with B=(kT)~1.

In the case of pure nuclear paramagnetism (described by a

system of N nuclear magnetic moments without mutual interactions

in a magnetic field B* = (0,0,B ), the partition function is given by

(
Iz

with x =

la 2 = N ln( . " A " ) = N Int'^ff') , (1.30)

gN yN B

We have the following thermodynamical relations

U = -NgjjVjjB^I.Bjtx) , (1.32)

) - x.I.Bz(x)) , (1.33)
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2 2

Ng "vM 5 ,
w w (fccosech f - (I+^cosechCE+^x) , and (1.35)kT

(1,36)cfi = Nk((|)
2cosech2 | - (I+h)2x2cosech2(l+%)x) ,

where B-(x) is the Brillouin function.

The curves of the specific heat as a function of — (see fig.I.8)

are the well known Schottky-curves: the asymptotical expressions
2 —x

for the specific heat at low and high temperatures are x e and
1 2

:rx 1(1+1) respectively; the maxima of the curves for several

values of I are given in table 1.4.

In the case of a singlet ground state system with a nuclear

spin I, we can, analogously, derive the following relations,

using equation 1.12 in the low temperature region (kT<<A), and in

the high magnetic field region (B >> 2 J ( 0 ) < J >) :
Z gJWB

+ I rgNMNlnZ = N In I exp( N N

Iz=-I kT

I(I+1)A2(2A -A -A )
I f V > g u ( * T Y

kT

Table 1.4

Specific heat maxima for several values of I

I 0.5 1.5 2.5 3.5 4.5

xmax
cBmax/R

2

0
.399
.439

1

0
.566
.743

1

0
.193
.849

0

0
.976
.899

0

0
.831
.927
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JMM

U = -Ngj2PB
2Bz

2A2 - NgNiaN(l+K')IBzBI(y') , (1.38)

s = Nk(m

M = 2Ngj2pB
2BzAz + Ng^I(1+K')*I(y

1) , (1.40)
j

2 2
2 N g A 2A, + NgN N̂ (jjcosech £- - (l+%) 2cosech2(I+Jj)y')

U O Z lrp £
U O Z l-rp

and cB = Nk((^-) cosech
2 ^- - (I+%)2 y'2 cosech2(I+^)y') , (1.42)

with y'=(l+K')x. When we compare this with the case of pure

nuclear paramagnetism, several remarks can be made:

a) the factor x is everywhere replaced by (1+K')xj

b) the free energy and the internal energy are dependent on the

electronic system, and nearly independent of the nuclear system,

because the first terms in equations 1.37 and 1.38 are much lar-

ger as the second;

c) the entropy/ however/ resides almost entirely in the nuclear

system, at least at low T (say T<1K);

d) the high temperature magnetisation is due to the electronic

spins and is nearly independent of the nuclear spins; only in

the very low temperature region does it become dependent on the

nuclear system, and thus on the temperature (the same holds for

the magnetic susceptibility);

e) the maximum in the specific heat has the same magnitude but is

located at a much lower B/T ratio, while the Curie constant A
2 2

(c =AB /p.T for (l+K')x<0.2) is also enhanced by a factor

(l+K1) .

A demagnetisation experiment is usually described in terms

of an isothermal magnetisation to a magnetic field B.(X+Y) at a

temperature T., see fig.I.9, which is followed by a isentropic

demagnetisation to a field B_(Y->-Z) yielding a final temperature Tf.

In the extreme case of zero external field, B_ should be replaced

by the internal field b(Y^-Z'), leading to a final temperature T-,.

The amount of heat produced during isothermal magnetisation is

given by nAQ(T.) = -/ T. (-r̂ )m dB , which corresponds toi 0 I da i±

34



Fig. 1.9
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However, point Y in fig.1.9 can also be reached by a magnetisation

at high temperature, resulting in AQ(T.)=0, and by cooling in the

constant magnetic field B.(X+Y). We then obtain

In the case of Zeeman interactions only, one can show that (see

also fig.I.10):

^ iWAQ(B±) 0
" 1 or

' o r

21+1
AQ(B±)

,-1
*• x=0 " x - x ^ i" v l-exp(^2I+l)xT 1

(1.43)

This implies that, theoretically, an isothermal magnetisation is

much more efficient, especially when large x-values must be ob-

tained, than a cooling in constant magnetic field. However, in the

first case, one has to remove all heat at the lowest temperature.

This is difficult, because thermal resistance increase as the tern-
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peratures are lowered, while, simultaneously, cooling power de-

creases.

During an ideal demagnetisation, the values of x (and thus

the ration of B/T) remains constant because of the constancy of

the entropy, S, which is only a function of x (for a fixed

sample). Then, of. course, such demagnetisation is a reversible

process. Irreversibilities during a demagnetisation can originate

from several factors, e.g.:

a) heat leaks. In the case of a constant heat leak, Q, the irre-

versibility during a linear or exponential reduction of the

magnetic field with time, while retaining thermal equilibrium

in the demagnetisation sample, may be expressed in A(B/T) ac-

cording to (ref.14):

-P QX lnB,/Bf= i
-y QX(B -B )

-ABB f lnB./Bf ' <I

with B. and Bf the initial and final magnetic fields, X the de-

magnetisation time, and A the Curie constant. These expressions

are accurate to better than 1% for x<0.2.

If the heat leak is only caused by eddy current heating

(Q=qB , in which q is a constant), we get:

y 0 q

A(B/T) = jTT- (B.-Bf) lnB./Bf for both linear and exponential

demagnetisations. If an external heat leak, Q ., and an eddy cur-
• 2

rent leak, Q=qB , are simultaneously present, an optimum demag-
• knetisation time, X =(B.-B^)(q/Q) , can be derived, leading to:

0A (B/T) = -Z-j lnBi/Bf

b) thermal non-equilibrium processes will cause entropy losses.

The case of a temperature difference between conduction elec-

trons and nuclei is described by Kurti (ref.15). He concludes

that short nuclear spin lattice relaxation times and large

nuclear Curie constants diminish the irreversibility. Of course,

impurity systems instead of the conduction electron system, if

weakly coupled to the demagnetisation system, have the same

effect. Heat leaks, apart from their average entropy production
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per unit volume, give additional entropy production when they

are inhomogeneously distributed over the sample. For instance,

in the case of eddy current heating in a cylindrical sample,

the heat leak per unit volume is proportional to the square of

the distance to the axis of the cylinder, which will cause a

heat flow from the outer regions of the cylinder to the inner.

In a linear demagnetisation, this effect reveals itself most

strongly at the end of the demagnetisation, where the thermal

gradients are largest, due to the lower temperature, while the

heat flow is nearly constant. This situation contrasts with ex-

ponential demagnetisation, in which case the heat flow is an

exponential function of time. This can make the latter demagne-

tisation favourable over the former, in spite of the results

of calculations based on equations 1.44 and 1.45;

c) hysteresis in the magnetisation M. The free energy change, due

to a variation of the magnetic field at constant temperature,

is given by
B

AF = -/ MdB
0

A cyclic process of a demagnetisation followed by a magnetisa-

tion to the initial temperature will be reversible if $MdB is

zero. Hysteresis, however, will change the free energy, and

will thus give a temperature difference. In the case of a pure-

ly nuclear Zeeman splitting, the change in the free energy is

given by (for x<0.2, ref.16)

while in the case of an enhanced nuclear spin system we deduce

with x w
 t n e van Vleck susceptibility and xNi

 t n e enhanced nu-

clear susceptibility. xNi is evidently smaller then Xyy This

has important consequences with respect to the irreversibility,

because the free energy increase during the demagnetisation of

a purely nuclear Zeeman system is smaller then thet of an en-

hanced system, and therefore hysteresis effects give a larger

free energy production, resulting in a higher energy input in

the Zeeman system. The ratio between the free energy changes,

for x<0«2, are given by
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_ _ = _ _

with ^^"A/^JVB^MWM* T^e ratios for x>0.2 are smaller than given

in this equation, because of the saturation of the enhanced nu-

clear magnetisation. For a typical Pr-compound, with l+K'=10,

the ratio AFN,/AF is 5xlO""2 at 40 mK, while for a typical

Tin-compound, with l+K'=50, this ratio is only 1.3*10" , because

of the small nuclear moment and the small hyperfine constant

for Tm . If a thermodynamic reversibility of better than 1%

during the nuclear cooling process is required, then this im-

plies that in typical Pr-compunds the tolerable irreversibility

in the van Vleck magnetisation is only 4 parts in 10 , while

this is about 1 part in 10 for Tm-compounds. This makes demag-

netisation experiments on the latter less favourable. Sources

for such irreversibilities can be traces of other magnetically

ordered phases or magnetostrictive effects, especially in the

more strongly van Vleck paramagnetic compounds.

1.6 Nuclear spin lattice relaxation

In metallic systems, the nuclear spin lattice relaxation time,

T. , at very low temperatures can usually be well described by

Korringa's relation (ref.17, 18)

?
Kn T l T •
0 *

in which K- is the Knight shift parameter. This parameter depends

on the coupling mechanism between the nuclear spins and the spins

of the conduction electrons. In simple metals, this coupling is

determined by the Fermi contact interaction:

in which i denotes the summation over all conduction electrons

and r. is the position coordinate of the i 'th electron. This in-

teraction can be described in an external magnetic field by an

effective hyperfine field, ABQ/ which is proportional to the ex-

ternal field, BQ, leading to the definition of KQ: K =AB0/B0<
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-2 -3
The order of magnitude of K. is 10 to 10 , resulting in a

-2Korringa constant K=T.T of the order of 10 to 1 Ks.

In the case of an intermetallic rare earth compound with sin-

glet ground state, the coupling mechanism between nuclear spins

and the spins of the conduction electrons is not only determined

by the Fermi contact interaction, but also by the much stronger

indirect interactions via the localised 4f-electrons. Tsarevskii

(ref.19) has calculated the Knight shift, due to the conduction

electrons (ref.20), and the nuclear spin lattice relaxation time

(ref.21), using the hamiltonian

Here, n enumerates the ions, i enumerates the conduction (s-)elec-

trons, Aj is the hyperfine constant, Ag is the constant for the

direct contact interaction between the nucleus and an s-electron,

J(|r.-R I) is the exchange integral between the s-electrons and

the localised f-electrons, and s. is the spin operator of the i'th

s-electron. In the case of cubic crystal field symmetry, the shift

due to the conduction electrons is expressed by

Kcond =

2 2with J f the s-f exchange interaction energy and A=xvv/2g, pfi .

The second term between the brackets is a result of the exchange

interaction between conduction electrons and rare earth ions. An

additional shift appears as a consequence of the polarisation of

the localised 4f-moments, which is due to the exchange field of

the conduction electrons:

j ^ J - ^ s f ^ s ' 1 • (I'53)

These shifts are in most cases small compared to the shift which

results from tho interaction between the external field and the

localised 4f-moments, and which is expressed by the enhancement

factor 1+K1. The result for the nuclear spin lattice relaxation

time appears to be:

g 2n_2fc A_ ,
T 1 T " /. B2 2 1*0 JT ^( g j - D ^ f A ) ' 2 - (1.54)

4*kg v s
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,-1 thisFor a typical Pr-compound, with J -=0.1 esV and A=0.1 K
si _,

yields, if we assume A_=A and K0=3*10 , a Korringa constant of

10 Ks. This implies that, even in the milli-Kelvin region, the

temperature difference between conduction electrons and nuclei

will be negligibly small.

1.7 Nuclear orientation of radioactive Pm in Pr-compounds

In this section we shall present a discussion of a few theo-

retical aspects of experiments on the y-^ay anisotropy of radio-

active Pm-nuclei, which are substituted for Pr-nuclei in several

Pr-compounds. Samples of these compounds are usually polycrystal-

line, which has the disadvantage that, if the single crystals are

anisotropic, this will hamper the analysis of the y-ray anisotropy

of the radioactive nuclei in the sample. For this reason we shall

confine ourselves to cubic crystal symmetries. The hamiltonian

for such a system is given in equation 1.4, while the energy

scheme for J=4, which concerns the Pr-nuclei as well as the Pm-

nuclei, is given in fig.I.I. To decide which energy scheme applies

to Pm and Pr, we need to know the crystal field parameters W and

x. Usually, specific heat, susceptibility and/or inelastic neutron

scattering experiments can provide these parameters for Pr. A com-

parison between the crystal field parameters of Pr and Pm can then

give W and x for Pm. From equation 1.5, we deduce the following

relations:

Pr Pr = 4Pr
B>WPmxPm

"Pr

'xPr I

and
4Pm

_ B4Pr B6Pm Pm

(1.55)

(1.56)

in which the subscripts Pr and Pm refer to the host Pr-nuclei and

the radioactive Pm-nuclei (F, and Fg are equal for Pr and Pm).

B. and are defined by

B4 = a n d B
6

The factors 0, and 0, are given in table 1.3; the calculation of
4 6A,<r > and A,<r >, however, depends on the charge densities of the
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n

conduction electrons, the neighbouring ions, and the localised

electrons. Assuming a point charge model, and only taking into

account the neighbouring ions, A. and A, should be the same for
-1 -1

Pr and Pm, and the ratios B4pr«
B4pm

 a n d B6Pr"B6Pm c a n b e de~

termined by an interpolation of the calculated values of <r > and

<r > by ref.22 (see fig.I.11). This results in the following

equations:

Pr

Pm x
Pr

Pm
-2.4

xPr = -1.54

(1.57)

(1.58)

The validity of the point charge model is, however, very questiona-

ble, and has given large discrepancies with the experimentally

determined parameters (ref.23). These discrepancies demonstrate

the inadequacy of the electrostatic field description, as men-

tioned in section I.I. In rare earth paramagnetic salts, even the

constancy of the parameters A. and Ag for all rare earth ions

Ce Pr Nd PmSmEu Gd Tb Dy Ho En Tm Yb Lu

Fig. I.11
The, calc.ula.tzd value

and <K > -in unit*<K >

a. [thz Bokn. Kadlu&

+1

- 1

' P r

nj(Pr)

H 1 1
+ 1

-1

F i g . 1.12
Thz cKtj&tat ilzld paKamztzK xpfi

plottzd vi. xpm Indicating thz
thKzz dl^zKznt Kzglont [a,b, and
c) ioK the. gfiound Izvzli (WPj>0).
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having the same crystal field configuration has been shown to be
invalid (ref.23). In rare earth metais, however, Das and Ray (ref.
24) have pointed out that there is an appreciable contribution
from the conduction electrons to all crystal field parameters, and
that the net effect of the conduction electrons is to enhance the
point charge contributions to these parameters. As a result, the
parameters A. and Ag for rare earth ions in the same crystal field
configuration are nearly identical in the metallic compounds, al-
though they differ from the value calculated in the point charge
model. So the constants in the scaling formulae 1.57 and 1.58 are
good approximations. For positive Wp , we can distinguish in
fig.I.I three different regions for xp (see fig.I.12):

a) 0.53<xpr<l . The lowest level of the Pr-ions is the I"5 triplet

while the lowest level of the (radioactive) P -ions is the r,
m x

singlet. This means that the coupling between an external mag-

netic field and the nuclear magnetic moment of the Pm-nuclei is

enhanced. The enhancement factor can be calculated from equa-

tions 1.13, 1.57, and 1.58, and fig. I.I. In this case, the

only non-zero matrix element in the determination of A is

<r4|Jz|ri> (=2.58). We find:
v i = 956 xPm 1
KPm " AEpm ' x p r ' W p r '

in which AE-. = (E- -E_ )- (E denotes the energy units in
q i fig.I.I)

Usi^g the knowledge of xp and Wp , xp can be determined from

fig.I.12, and hence, AEpm from fig.I.I. Because the ratio of

the hyperfine coupling constant and the nuclear g-factor is

nearly constant for all Pm-isotopes (i.e. except for the small

hyperfine anomaly (ref.25)), the enhancement factors are also
144the same for all isotopes: A( Pm)/kR = 0.0091 K and

| M 1 4 4 P m ) | = 1.68±0.l4vN for 1=5).
b) -0.64<xpr<0.53. In this region, the Pr-ions as well as the

Pm-ions have a r singlet as lowest level. The ratio of the

enhancement factors of Pr and Pm is given by

K - ' 0 fi7 *Pr
 AEPm
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With the knowledge of x_ , all other variables can easily be

determined, using figures I.I and I.11.

c) - K x p <-0.64. The Pm-ions have a r_ triplet as lowest level,

while the r., singlet is the lowest level of the Pr-ions. The

hyperfine splitting of the Pm-nuclei is now determined by the

expectation value of J in the IV ground state, and by the

hyperfine coupling-.

The yray anisotropy of radioactive nuclei depends on the nuclear

orientation (see also chapter VI), which can be achieved e.g. by

the coupling between the external magnetic field and the nuclear

moments. Due to the enhancement of this coupling in the case of

radioactive nuclei in combination with an electronic singlet

ground state, such a system has several advantages:

a) it can be utilised as a thermometer. Nuclear orientation ther-

mometry usually has the disadvantage that the region where it

is sensitive is rather small, except when the hyperfine split-

ting or nuclear Zeeman splitting can be varied by an external

parameter. In the case of a singlet ground state system or a

brute force polarisation, this parameter can be the external

magnetic field. The disadvantage of brute force polarisation,

that large B/T ratios are required to reach the sensitive re-

gion, does not apply to the singlet ground state system, be-

cause of the enhancement of the nuclear Zeeman interaction;

b) it can be used to determine the changes of the crystal field

parameters, due to the substitution of Pr by Pm, if the enhan-

cement factor can be determined from the Y~ray anisotropy as

a function of the temperature and the external magnetic field;

c) it can serve to detect the coupling between the Pm- and Pr-

nuclei in the lowest temperature region. This may give addi-

tional information about the properties of this coupling, and

possibly also whether nuclear magnetic ordering occurs.

Preliminary experiments on the nuclear enhanced system Prln_,
3+in which a small fraction of the Pr -ions is replaced by (radio-

143 144

active) Pm- and Pm-ions, show that the nuclear Zeeman coupl-
ings of the Pm-nuclei as well as the Pr-nuclei are enhanced. *

* I should like to thank G. Vermeulen for communicating

the results of his measurements prior to publication.
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The enhancement factor for the Pm-nuclei is determined from the

Y-ray anisotropy (see chapter VI) and equals 10/ while that fac-

tor for the Pr-nuclei equals 6.3. However, in contrast with the

Pr-ions, the Pm-ions have no singlet ground level, which can be

deduced from the fact, that in (nearly) zero external magnetic

field an effective hyperfine field is present. The effective

hyperfine field, as a function of the external magnetic field

near 18 mK, is determined to be

B -_ = 10.4B +54 T . (1.59)
erf

In conclusion we can state, that the P r P m In -system

(x<<0.01) can be compared with case c, mentioned above, although

the r_ ground level of the Pm-ions will be admixed with other

crystal field levels because of exchange interactions. The

Pr,_ Pm In,-system can serve as a good y-ray anisotropy thermome-

ter in the milli-Kelvin region, due to the large and adjustable

hyperfine fields for the radioactive Pm-nuclei.
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CHAPTER II

EXPERIMENTAL ARRANGEMENT

11.1 Introduction

3
Because nuclear magnetic moments are at least 10 times

smaller than electronic magnetic moments, 10 times larger values

for the magnetic field over temperature ratio are required for

achieving a given percentage of entropy reduction in the nuclear

system compared to that in the electronic system. This implies

that the experimental arrangement for nuclear demagnetisation is

much more complicated than for electronic demagnetisation. For
3 4instance, instead of precooling with a 1 K bath we need a He- He

dilution refrigerator combined with an enhanced nuclear demagne-

tisation stage as precoolers for our nuclear stage. This will en-

large and complicate the cryogenic equipment and also lengthen the

duration of the experiments to several round-the-clock periods,

and hence, in practice, automation is mandatory. A survey of our

experimental arrangement is given in fig.II.1, while a sketch of

the demagnetisation apparatus is given in fig.II.2.

11.2 Cryostat

The cryostat was manufactured by Cryogenic Consultants Ltd.

and consists of a liquid nitrogen vessel with a copper radiation

shield attached, and of a liquid helium vessel. The cylindrical

cryostat has a height of 205 cm and its diameter is 55 cm. The

outer wall was made of aluminum to reduce the weight. The copper

radiation shield is covered by about 30 layers of superinsulation

to reduce the heat leak through radiation from surfaces at room

temperature. Windows, made of thin copper foils, were installed

for v~ray counting. The liquid helium vessel is also covered with
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several layers of superinsulation, and in the upper part, the dia-

meter of the vessel is enlarged, so that filling with liquid He

is only necessary once a day. In the neck of this vessel a ther-

mal bridge to the liquid nitrogen vessel was constructed to reduce

the heat leak through the stainless steel wall (thickness 0,5 mm)

into the helium bath. The cryostat has only one vacuum space, so

precooling of the system is achieved by circulating liquid nitro-

gen through a specially designed loop attached to the superconduc-

ting magnets. A styrofoam plug and 6 copper baffles screwed to the

pumping tubes of the dilution refrigerator and 5 copper baffles

screwed to the magnet support tubes reduce the radiation heat

leaks from the upper part of the helium vessel at room temperature.

The baffles also serve to improve the thermal contact between the

evaporating helium and all incoming tubes. Because the distance

between the pumping tube baffles and the support tube baffles,

which have to be separated when demounting, is only a few milli-

meters, and because of the weight of the cryostat (150 kg), a

special hydraulic lift was required to assemble and disassemble

the cryostat and the magnets. The evaporation of the cryostat

with magnets and dilution refrigerator installed is 1.3 liters of

liquid helium per hour, and with all magnets energised (200 A

current imput) 2.6 liters per hour. The liquid nitrogen filling

is performed automatically (consumption 25 liters per day), as

well as the filling with liquid helium. The latter has been done

by reducing the pressure within the helium chamber and so forcing

the liquid from the storage dewar via a syphon into the helium

chamber. The helium is kept at a constant level, which is several

centimeters above the inlet of the 1 K plate of the dilution re-

frigerator; this is regulated automatically by two level sensors.

The sensors control the pump which is needed to lower the pressure

in the helium vessel, and control the valve to isolate the helium

chamber from the recovery system.

II.3 Magnets

The magnet system consists of three superconducting solenoid

magnets, with several compensating magnets. It was purchased from

the British Oxygen Company in 1971, and modified in our laboratory
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in 1976 to fulfill the requirements for this apparatus. The weight

of the magnet system is about 80 kg, due to the large bore diame-

ter (12 cm) and the rigid supports which are required to withstand

the magnetic forces between the various parts of the system. Coil

A (see fig.II.1) is a split pair coil with a variable gap (1 to 4

cm), which is needed for Y-ray counting. The variable gap is also

very favourable for adjusting the homogeneity of the magnetic

field needed for nuclear magnetic resonance experiments. The maxi-

mum magnetic field with a 1 cm gap is 7 T, while it is 6 T for a

gap of 3 cm, which provides the optimum homogeneity. For these

field values, a current of 84 A is required. At the position of

coil B, an adjustable compensation for coil A is mounted, to re-

duce the magnetic field just below coil B, where a superconduc-

ting heat switch is required for several experiments. The windings

of coil A and this compensation coil consist of a 0.75 mm diameter

copper matrix of 121 strands of filamentary superconducting NbTi

wire. The main coil is impregnated with epoxy resin. Its inner

diameter is 12 cm, and the largest outer diameter is 28 cm. Coil

A is equipped with the persistent current switch provided by the

manufaturer; The decay time in the persistent mode was too small

to be measured; the inductance is 25 H, while the maximum mutual

inductances with coils B and C are respectively 0.12 H and 0.05 H.

Coil B is wound of single core NbTi superconducting wire;

the maximum magnetic field is 3.3 T at a current of 60 A; the in-

ductance is 4.5 H, and the maximum mutual inductance with coil C

is 0.614 H. The distance between the centers of coils A and B can

be varied (39 to 42 cm). The main section of coil C is exactly

the same as coil B, but we added a compensation coil in order to

reduce the eddy current heating in the copper mixing chamber du-

ring demagnetisation, and to enable us to mount a superconducting

heat switch just below the mixing chamber. The maximum magnetic

field is 3 T with a current of 60 A;the inductance is 4.7 H.

Coils B and C are each equipped with a persistent current switch.

The distance between the centers of coils B and C can be varied

(13 to 20 cm). The field profiles of the coils are plotted in

fig.II.2. All the segments of these coils have been protected

against high reverse e.m.f. at quench by fitting energy absorbing

resistors; the main coil is also provided with a Joule heat sink.
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This apparatus, which mainly consists of an aluminum block with a

resistance of 0.2 ft and a heat sink capacity of 0.2 MJ is connec-

ted to the current leads (via a diode), and will absorb part of

the energy of the energised coil when the power supply is cut off.

Due to the mutual inductances, a current change in one of the

coils will also change the current in the other coils/ when their

persistent current switches are superconducting. When these swit-

ches are heated, this can give problems, with a wrong value for

the current delivered by the power supply. This can be avoided by

choosing carefully the sequence of energising and deenergising the

coils.

The power supplies for the magnets have voltage and current

trips; an electro-mechanical sweep unit is provided, to raise or

lower the current as well as an electronic sweep unit; the current

stability is better than 10 per hour. Because the mechanical

sweep unit produced steps in the output, only the electronic unit

was used. It can energise the coils linearly, and deenergise them

either linearly or exponentially.

The current leads for all the coils each consist of several

thin brass bars in the upper part of the cryostat, and of NbSn-

superconducting strips below the baffle system. The cross-sectional

area over length ratios of the brass bars are for coils B and C

L
2

-3 -2
8x10 cm and for coil A 10 cm. The total surfaces for thermal
contact with the cold gas from the evaporating helium are 247 cm

and 300 cm respectively. The leads were placed inside teflon

tubes in order to use efficiently the enthalpy of the gas near

the helium level. The whole magnet system is suspended from six

thin-walled stainless steel tubes which are attached to a separate

flange between the cryostat and the support plate. In the radial

direction, the system is screwed on to the vacuum can of the dilu-

tion refrigerator in order to prevent vibrations between these

two systems.

As mentioned earlier, precooling is achieved by circulating

liquid nitrogen through a cooling loop, which takes about 20 hours.

This loop, which is built into the helium vessel, is soldered to

a thick copper flange to which all magnets are thermally connected

by means of aluminum studs. The dilution refrigerator is cooled

by means of helium gas inside the vacuum vessel. The initial
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helium transfer takes 6 to 7 hours, and consumes 120 1 to fill

the cryostat. This transfer is also performed automatically,

usually during the night.

3 4II.4 He- He dilution refrigerator

The dilution refrigerator is a conventional He-gas circula-

ting machine, manufactured by the SHE company (model 334, serial

no.l). During the performance tests at SHE, a refrigerator power
3

of 0.24 mW at 0.1 K was produced at a He-circulation of 360
umole/s. The minimum temperature was 16.2 mK. Test in our labora-

tory with our more powerful pumping equipment has shown that the

maximum cooling power can be expressed by

Q - 0.030*T2 - 1.2xlO"5 W , (II.1)

in which T is the temperature at the outside of the mixing cham-

ber. To accommodate the high He circulation rate, an additional

parallel cooling stage in the helium bath and an additional

parallel condenser on the 1 K plate were fitted to the He return

circuit, in order to maintain a low overal impedance, without in-

troducing flow instabilities. The machine utilizes three discrete,

low impedance step heat exchanges. They consist of tubes filled

with sintered copper. A continuous heat exchanger has also been

installed and is constructed of coaxial tubes. The disc-shaped

mixing chamber (diameter 12 cm, and height 1.8 cm) was fabricated

from high purity copper with eight sintered copper sponges in-

side: four in the upper part and four in the lower part of the

chamber. The phase separation level has to be situated between

these groups of sponges, which are separated by about 1 mm, to

obtain the maximum heat contact. The internal surface area is

more than 1 m , with a free internal volume of 20 cm . The re-

quired power of the still (orifice type), at which maximum cooling

power is realised, is 8 mW. This results in a still temperature

of 0.94 K. The temperature of the IK plate was 1.4K, due to the

high cooling power needed to condense the He. A shield of polished

aluminum with a demountable tail section was attached to the 1 K-

plate. This shield is light tight, and during the experiments,

all gaps in the 1 K plate are also made light tight, to avoid
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radiation. A light trap was fitted inside the high vacuum pumping

tube. Due to the heavy load (=4 kg) attached to the mixing cham-

ber, the mechanical support of the refrigerator must be both very

rigid and strong. This is provided by six, 9.5 mm diameter, gra-

phite rods between the mixing chamber and the still, which are lo-

cated on a relatively large diameter circle (8 cm). Half way along

these rods, they are cooled by the first step exchanger. The still

and the 1 K bath are supported by thin-walled stainless steel

tubes. Attached to the bottom of the mixing chamber is a heat

shield made of a brass tube (length 80 cm, inner diameter 7.8 cm,

and thickness 1 mm). Copper slabs are soldered onto this tube to

improve the thermal conductivity, and a layer of superinsulation

is loosely wrapped around the shield for better reflection. The

shield is light tight and is centered in the lower part inside

the 1 K shield, this shield, in turn, is centered in the vacuum

can, to avoid vibrations of the inner part of the apparatus.

On each part of the dilution refrigerator, as well as the

lower cooling stages, Speer resistors have been attached for ther-

mometry purposes and also, where needed, heaters wound of Manganin

or Evanohm wire. Integrated circuit connectors are used on the

mixing chamber for quick assembly or disassembly of the lower

cooling stages. Inside the refrigerator, the electrical leads are

made of superconducting multifilament NbTi wire having a diameter

of 0.05 mm. For NMR experiments, two coaxial leads are inserted

with a feed-through at room temperature. The cooling of the inner

coaxial leads is provided by tightly pressed teflon tape between

the coaxial tubes. Inside the refrigerator, these tubes are covered

with a layer of superconducting lead-tin solder. We have also in-

troduced several current leads for superconducting switch coils

and/or coils for the static fields of our NMR thermometers. In the

upper part of the cryostat, these leads are made of brass wire,

while below the baffle system NbSn, strips have been used. Subse-

quently the leads enter the vacuum can via an epoxy resin feed-

through. Inside the vacuum can they consist of superconducting

NbTi single core wire (diameter 0.1 mm).

To shorten the pumping time for the thermal insulation of

the inner part of the dilution refrigerator, a charcoal pump was

installed on the still. The grains of the activated charcoal were
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glued to a copper plate which is attached to the still by two

small perspex rods. These rods provide enough insulation to be

able to bake out the charcoal at about 50 K while the temperature

of the still remains at 10 K. On the other hand, the rods should

have sufficient thermal conduction to cool the pump rapidly to 4 K.

The starting procedure for the dilution refrigerator is conven-

tional. However, because of the enormous specific heat (1 J/K at

10 K) of the metals under the mixing chamber (total weight 4 kg),

the temperature before the baking-out procedure is not reduced

below 10 K; after this procedure, the mixing chamber and the me-

tals attached to it are cooled by forcing the liquid helium, which

is condensed on the 1 K plate, through the dilution refrigerator

during several hours. The helium which evaporates in the mixing

chamber will then cool down the inner apparatus so as to allow

the refrigerator to be started up. The total start-up time of the

refrigerator is about 6 hours.

II.5 Pumping equipment

The He-gas circulation in the closed pumping system is pro-
3 —1vided by an Edwards 18B4 booster pump (capacity 12.5 m s ) backed

by an Edwards 1SC900 rotary pump (capacity 0.018 m s~ ). The ro-

tary pump required special attention to avoid air-leaks into the

He-circuit. Several seals, as well as the gasket between the two

parts of the pumping house, had to be improved. The rotary pump

is equiped at the high pressure side with a special oil filter

made of sintered stainless steel, which returns the oil drops in

the exhaust-gas back into the pump. Between the booster pump and

the dilution refrigerator we mounted a baffle, which is cooled to

250 K with a freon refrigerator, to avoid migration of oil into

the dilution refrigerator. In the He-return circuit, a purifier

at liquid nitrogen temperature was installed to avoid plugging of

the He condensing tubes. This purifier consists of two parts:

one part, made of brass netting, to condense the decomposition

products of the cracked oil and another part to remove possible

gas contamination by means of activated charcoal. During the first
4

test circulations with He, the purifier plugged very quickly due
to an exorbitant amount of vinyl chloride (about 0.5 cc liquid
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per hour). The vinyl chloride is one of the cracking products of

the freshly delivered Apiezon 201 oil in the booster. It took se-

veral weeks of pumping before the amount of vinyl chloride was

sufficiently reduced so as to enable us to start up. The pressure

of the He-gas at the exhaust side of the rotary pump, in the

purifier, and in the return circuit was monitored with a model

145 Texas Instruments precision pressure gauge. By means of this

gauge, the heating current for the still can be regulated in or-

der to keep the pressure constant. This has the advantage that
3

the amount of He-gas outside the dilution refrigerator is kept

constant, hence obviously also the amount of He inside, so that

the phase boundary level is retained at the position of maximum

heat contact.

The vacuum jacket of the dilution refrigerator and the vacuum

of the cryostat are obtained by a Leybold mercury diffusion pump,

type Quick 505, backed by an Edwards ED200 rotary pump placed on

vibration isolators. To avoid excessive transfer of mercury to

the liquid nitrogen cooled baffle during prolonged use, a water-

cooled baffle was included which returns the liquid mercury back

into the pump. Also a fully automatic protection unit (Leybold

Vacumatic 1) was installed, as well as an automatic liquid nitro-

gen filling system.

The liquid helium in the 1 K plate is pumped off by a Leybold

£250 mechanical pump, which was, like the Edwards 1SC900 pump,

placed far away from the experimental apparatus to avoid vibration.

II.6 Vibration isolation and radio frequency shielding

Due to the fact that the laboratory is located near several

busy roads, vibration isolation is a very important problem for

our low temperature equipment. The cryostat is mounted on a very

heavy frame of I-beams. An aluminum support plate is attached to

the cryostat and between this plate and the I-beams four Firestone

aimount vibration isolators (type IX84D-1) are installed. These

isolators were chosen because they provide a low natural frequency

of the experimental arrangement with an extra load of about 150

kilograms per isolator, and because they have a good horizontal

stability. By adding an extra volume of four times the internal
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volume of the isolator, and by making the system heavier with

about 600 kg of lead, a frequency of 1.8 Hz (measured by means of

an accelerometer) could be achieved without pumping lines. The

extra heavy load was mounted at the top of the cryostat at the

place where all pumping lines enter the system and where the iso-

lators are fitted. This hampers the vibrational excitation at

this place. By using force-decoupling double bellows for the con-

nections to the pumping lines and the He return tube, the fre-

quency changed to 1.7 Hz. The damping time constant of the appara-

tus in the vertical direction was 3 seconds. The relative diffe-

rence in vibration amplitude caused by a mechanical shock of the

floor was measured to be a factor 16. The pumping lines were hea-

vily anchored at several places to reduce vibrations. The ampli-

tude reduction as a function of the perturbation frequency for a

natural frequency of 1.8 Hz is, according to the manufacturers

specifications, given in fig.II.3.

To reduce the radio

frequency pick-up, the

whole apparatus (including

electronics) was placed

in a Faraday cage made of

brass gauze, with meshes

of 0.5 mm and 4 mm. All

incoming electrical lines

are filtered, whereas the

pumping and recovery lines

are brought in by means

of electrically non-con-

ducting tubes. The over-

all attenuation of the

radio frequency field in

the closed cage was bet-

ter than 20 db in the MHz

range, though strongly

frequency dependent, while

in the kHz range the at-

tenuation is of the order

0.1

0.01

0.O01

vRerturbotion .

100

Fig. II.3
Thz vlbiatlonal amplitude.
Ki.du.ctlon a* a function o&
thz pe.>itu.tibatlon 6tie.que.ncy.
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of 60 db. Due to the thick aluminum wall (5 mm) of the cryostat

and the conducting heat shield, and due to the screening of all

electrical leads, the attenuation of the radio frequency field in-

side the high vacuum is expected to be much better than with the

cage alone, and actually no radio frequency pick-up could be mea-

sured on our receiver coils in the inner part of the cryostat.

II.7 PrCu--stage
o

Due to the enlarged hyperfine splitting and its metallic

structure, PrCu, is a very suitable precooling stage in a nuclearo
demagnetisation experiment. Our PrCu, cooling stage consists of a

o

block of 3 moles PrCu,, having a diameter of 7 cm and a height of

4.5 cm. Thirty-five ,,buttons" of PrCu, were made by arc-melting *

and were remelted in an A12O3 crucible into one block. This was

performed as fast as possible to reduce any chemical reaction with

the crucible. During the cooling down of this melt, the difference

in shrinkage between the PrCu, and the crucible caused the breaking
o

of the latter, and also caused cracks in the PrCuc-block. Never-
o

theless, the block proved to be a good cooling stage, although the

thermal conductivity of the block may have been reduced, due to

the cracks. On the other hand, cracks also reduce the eddy cur-

rent heating. Magnetic susceptibility of a portion of our sample

has shown that it was quite anisotropic, indicating that there

are large crystallites in the sample. The extreme values for the

susceptibility were 0.053 emu per mole and 0.075 emu per mole

leading to enhancement factors of 11 and 15 respectively. Below

4.2 K, the susceptibility, measured in a magnetic field of 0.1 T,

remains almost constant. At 1.3 K, the measured magnetisation up

to 1.5 T showed perfect linearity according to van Vleck paramag-

netic behaviour, while no hysteresis or remanence was observed.

The residual resistance ratio was determined to be 12.1, leading

to a specific resistance at 4.2 K of 0.09 yflm. Via the Wiedemann-

Franz law, this should give a specific thermal conductivity (A)
We wish to thank Dr.K.H.J.Buschow and coworkers of the Phi-

lips Research Laboratories for performing this tedious task.
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—2 —1of 0.28*T WK m . Using this value in the calculation of the

thermal time constant T, expressed by (ref.l)
_ ^2

Air'
(II.2)

in which c is the (volume)specific heat and d the sample thick-
B

ness, we obtain a value for T of ten hours near 3 mK, assuming a

homogeneous block. This can cause severe problems in reaching ex-

tremely low temperatures.

With a microsonde X-ray-diffraction apparatus, measurements

have been performed to test the homogeneity of the Pr-sample.

These measurements showed a small amount of Pr-rich "islands" and

Ta-rich "islands", while near single crystal boundaries at seve-

ral places, pure Cu was detected. In the matrix of the samples of

the block and the buttons, no variation of the Pr-signal and Cu-

signal could be detected (measuring accuracy 1%). So we conclude

that this matrix is quite homogeneous. The occurrence of Pr-rich

islands (diameter ±10iO can be explained by assuming that some

Pr-oxide was present in the starting material before arc-melting.

This seems to be common to nearly all commercially available Pr-

metal, and may also account for the excess Cu near the single

crystal boundaries. The amount of Ta-rich islands (needle shaped,

length 20p and diameter 2y) is very small, and is attributed to

the remelting procedure, since they are not detected in the buttons.

In order to achieve good thermal contact, the whole PrCu,
o

block was covered with a layer of In. Only by scratching the sur-

face of the PrCUg during soldering, to remove the outside oxide

layer, and by using Solfeen flux could this layer be made to ad-

here to the block. Several grooves were made in the layer to a-

void excessive eddy current heating. Several Cu-wires were also

soldered to the block to achieve better thermal conductivity at

the outside.

The support structure of the block to the mixing chamber con-

sists of two bars each constructed of perspex and carbon and fur-

ther of a 10 cm long, 6 mm diameter bar of high purity silver.

This silver bar also serves as a thermal link between the PrCu,
b

block and the heat switch. This switch, in turn, is soldered to

the mixing chamber. Since the thermal expansion of these three

bars must be equal, to avoid warping of the lower nuclear stage,
59
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the two insulating bars consist of carbon and perspex in the ratio

2:1 in length. This has indeed given the desired result. Brass ad-

justing bolts are soldered on to the block, with two nuts between

which a small brass plate is clamped. Such a plate is attached to

each perspex/carbon bar. With this construction, we can easily

align the nuclear stage. A heater of twisted Evanohm wire (500 fi)

was wound around the block, while also a Speer resistor was inser-

ted, to monitor the temperature during precooling and during the

first stage of the demagnetisation.

II.8 Heat switches

All heat switches were constructed of lead wire, with a dia-

meter of 0.5 mm. The short lead wires (length 6 mm) were soldered

between two copper plates, which in turn were indium soldered be-

tween the cooling stages. The rather tricky method of construction

was as follows: The copper plates (thickness 1 mm and diameter

+8 mm) were covered on one side with a 0.3 mm layer of lead.

Afterwards the lead wires were bundled and bound together in the

middle by a copper wire. At the circumference of the bundle, the

lead wires were now turned at one end around the bundle axis,

while in the middle of the bundle the wires remained fixed. This

caused a separation of the ends of the lead wires. Subsequently

the lead-covered copper plate was heated with a hydrogen micro-

welding apparatus, used to dose carefully the heat input, and then

the ends of the lead wires were fused with the lead layer. After

removing the Cu wire, the Pb wires were bent so that they do not

touch each other, and then the other copper plate is soldered to

the lead wires. The heat switch between the PrCug-stage and the

mixing chamber consists of 110 lead wires, which results in an

area to length ratio of 3.6 mm. The heat switch between the nucle-

ar stage and the PrCug-stage consists of 4 separate switches, each

with 15 wires, which gives an area to length ratio of 2 mm. The

magnetic field needed to make or break the heat contact is genera-

ted, in the case of the switch to the mixing chamber, by a coil

wound of superconducting NbTi single core wire, of a diameter of

0.1 mm, on a brass holder attached to the mixing chamber; the

magnetic field for the switches to the nuclear stage is produced
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by the fringe field of the demagnetisation coil for the PrCu,-

stage.

Because of the vulnerability of the four small switches, an

additional mechanical support was required, consisting of A12O,-

sintered bars connected to the silver bars and the PrCu,--block.
o

The shape of the Al-0 bars was chosen such that their thermal

conductivity is far less than the thermal conductivity of the heat

switches in the superconducting state.

II.9 Thermal links and nuclear stage

All thermal links were constructed out of silver bars with a

purity of 6 N. To improve thermal conductivity, these bars were

annealed for three hours at 650 °C in evacuated quartz tubes. The

silver bar between the PrCu,-block and the mixing chamber has a
- 1 2 - 1calculated thermal resistance of 2.8*T K W , assuming a ther-

— 2 -1
mal conductivity of 1200*T WK m for the silver (ref.2). The
thermal resistance of the heat switch of 110 lead wires is calcu-

-1 2-1

lated to be 0.9*T K W . From equation II.1, and from the speci-

fic resistances, we can deduce the cooling power of the dilution

refrigerator as a function of the PrCu,,-temperature:
(3

Q = 0.024xT^ _ - l.Oxlo"5 W. (II.3)
Therefore, due to the thermal resistance of (mainly) the ther-

mal link to the mixing chamber, the effective cooling power of

the dilution refrigerator has been reduced by 20%. The thermal

link between the PrCu,-stage and the nuclear stage consists of
o

four silver bars (6N-pure). They have a length of 50 cm and a dia-

meter of 0.7 cm, resulting in a calculated thermal resistance of
—1 2 —13.3XT K W . The four heat switches between these bars and the— 1 2 —1PrCu, have a calculated total thermal resistance of 1.6*T K Wo

The total thermal resistance to the PrCu,-block has been measured
- 1 2 - 1and determined to be 6*T K W , a value agreeing rather well

with the calculated thermal resistances. The four silver bars,

which also serve as a frame for the nuclear stage, are located in

a circle with diameter of 5 cm and mutually connected at the up-

per end by a thin perspex cross and at the lower end by a high

purity silver cross. This cross is constructed in such a fashion
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that conducting loops are absent, in order to avoid eddy current

heating. The nuclear stage can be attached to the upper part of

these bars, in which case coil B serves as demagnetisation coil

for the nuclear stage, while coil A can be used e.g. for nuclear

orientation experiments, or, alternatively, the nuclear stage can

be attached to the lower part of the thermal link, using coil A

as demagnetisation coil.

As will be discussed in the next chapter, indium is found

to be a very satisfactory nuclear stage. In some of our experi-

ments 8 moles indium have been used, of a purity of 6 N and a re-

sidual resistance ratio of 500, leading to a thermal conductivity
—2 —1

at low temperature of 150xT WK m . The indium sample consists

of 80 bars with a diameter of 0.5 cm and a length of 7 cm. At one

end, ti,s indium bars were partially soldered together with indium,

and they have been soldered to the thermal link (also with indium).

The bars are mutually isolated by covering them with a very thin

paper foil. The bars have an estimated thermal time constant

(equation II.2) of the order of 200 seconds at 1 mK.

References

1. Thorp, T.L., Triplett, B.B., Brewer, W.D., Cohen, M.L.,

Philips, N.E., Shirley, D.A., Templeton, J.E., Stack, R.W.,

and Schmidt, P.H., J. Low Temp. Phys. .3* 5{J9 (1970).

2. White, G.K., Proc. Phys. Soc. (London) A66, 844 (1953).

62



CHAPTER III

Two-stage nuclear demagnetisation experiments

III.l Description of a two-stage nuclear demagnetisation

experiment

III.1.1 Introduction

First we will sketch the general aspects of the experimental

procedure. Our two-stage nuclear demagnetisation apparatus is

schematically drawn in figure III.l. The most important parts are

the nuclear stages B and F, which can,for example/consist of res-

pectively PrCu, and indium. The experimental cooling procedure

starts with the precooling of the stages B and F by the dilution

refrigerator, A, while the switches C and G are thermally conduc-

ting and the superconductive coils E and I are energised. After

breaking the heat contact via thermal switch C, the coil E is

deenergised. This results in a cooling of stage B, which will in

turn precool stage F. When the demagnetisation is finished and

when the temperature of stage B is sufficiently close to that of

stage F, the heat contact between these two stages via thermal

switch.G is broken. Hereafter coil I is deenergised, and stage F

will now cool through adiabatic demagnetisation. The lowest tempe-

rature will depend, apart from the starting conditions for the de-

magnetisation, on the irreversibility of the demagnetisation, the

final magnetic field and/or the interactions between the nuclei

in stage F.

Due to the many parameters involved, the timing procedure of

the various steps in the cooling procedure is a difficult problem.

Neither theoretical reasoning alone nor experimental experience

can solve this timing problem satisfactorily; hence we have taken

recourse to computer simulation.
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Ill.1.2 Computer program

To simulate the thermal behaviour of the constituent parts of

a multi-stage nuclear adiabatic refrigeration system, a computer

program has been developed, which is based on the numerical solu-

tion of the set of coupled differential equations deduced from the

physical properties of this system. *. A block diagram for the

computer simulation is depicted in figure III.2. This program has

been used to estimate, for example, the time needed to precool the

first and second stages (both in magnetic fields) to a temperature

of 30 mK. Furthermore, the lowest temperature of stage 2 after de-

magnetisation of stage 1 can be calculated as a function of va-

rious parameters. The minimum value of this lowest temperature is

determined for example by the demagnetisation rate of stage 1.

The optimum demagnetisation rate is a function of the thermal time

constant, T, between the two stages and the heat leaks on both

stages, Q. T can be expressed by (ref.l)

R
C1C2
Cl+C2

(III.l)

in which R is the thermal resistance between stages 1 and 2, having

specific heats C1 and Q. respectively. In the case of a two-stage

demagnetisation in which stage 1 is the cooling stage, with C

we deduce that the optimum exponential decay time of the magnetic

field, T , is given by

(III.2)

A calculation for our experiment of T,, for the cooling of for
o

example 8 moles of indium in a magnetic field of 6 T at 20 mK,

with a constant heat leak of 1 pW, yields 7 hours for a thermal

resistance of 6*T~ K /W. The quoted numbers of the heat leak and

thermal resistance are typical for the experimental situation. In

the lower temperature region, T becomes even longer. For practi-
13

We wish to thank drs.G.A.Terpstra for formulating

and programming this simulation.
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cal purposes, the experimental exponential demagnetisation time

was never longer than 6 hours. This implies that the most impor-

tant irreversibilities during the precooling process are due to

the heat flow between the nuclear stages, which depends on the

thermal resistance R. The computer simulation program enables us

to determine the lowest temperature as a function of R for the

demagnetisation time actually used (see section III.3).

III.1.3 Comparison between the cooling power of a dilution re-

frigerator and that of the cooling stage consisting of

3 moles PrCu,

For the sake of comparison of our nuclear enhanced refrige-

rator with a dilution refrigerator, we can express (using the mea-
„-! ..2IC/W) the

cooling power of the enhanced nuclear system by the formula

sured thermal resistance to the PrCu--block of 6xT
b

= 0.083(T1
2-T2

2). W. (III.3)

In this formula, T is the temperature of the sample to be cooled

and T_ is the temperature of the PrCu -nuclei. For simplicity we
Z o

assume a constant temperature ratio a=T /T? (a>l). This can be

achieved by isothermal demagnetisation, after reaching T_ by an

adiabatic demagnetisation. Further, we define the effective coolinc

power represented as a function of the temperature of the sample

to be cooled, by the relation
n2Q = 0.083(l-cT2)T W. (III.4)

The time duration, At, of the isothermal demagnetisation as a

function of the cooling power can be derived from equation III.4

by the relation

block:

AQ=TAS' , where S1 is the entropy of the PrCug-

At = (III.5)

At can be numerically evaluated from the relation 1.39 for S

As a function of the temperature, we deduce:

At = 12ASIT"1(l-a~2)"1
s. (III.6)
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Introducing the notation

kT

we find that the isothermal demagnetisation, for x<0.2, is repre-

sented by a parabola in the B-t-diagram: B=B./l-t/At , in which

B. is the initial magnetic field, i.e. the field at the start of

the isothermal demagnetisation. In figure III.3, the effective

cooling power and the time duration of the isothermal demagnetisa-

tion are plotted as a function of the inverse temperature for an

entropy reduction of 20 J/K, and for various values of a. This en-

tropy reduction corresponds to a precooling temperature of about

30 mK in a field of 3.3 T for 3 moles PrCu,, assuming an enhance-

ment factor of 16.7.

The cooling power of a conventional He circulating dilution

refrigerator having a perfect heat exchange with the returning

He-inlet stream can be represented by

Q = 82n3T
2 W, (III.7)
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in which n, is the He circulation rate in mole/s (ref.2). The

effective cooling power, however, depends also on the heat contact
3 4between the sample and the He- He mixture, which is in most cases

governed by the Kapitza-resistance between this mixture and the

sample. This resistance can be expressed by R=CA~ T~ K/W, in

which C is a constant depending on the heat exchanger material

and A is the contact area between the mixture and the heat exchan-
3 2 4

ger. For copper in contact with dilute He, C equals 0.02 m K /W
(ref.l). This implies for example that a dilution refrigerator

-4 3
should have to circulate at least 5xio mole He/s and should

2
have a contact area in the heat exchanger of more than 50 m to
compete with the cooling power of our enhanced nuclear refrigera-

tor at 10 mK. This shows that our PrCug-block has a cooling power

in the milli-Kelvin region which exceeds that of all dilution re-

frigerators which have been built so far.

III.1.4 Entropy and specific heat of PrCug

Theoretically, the entropy and specific heat of PrCug as a

function of temperature and magnetic field can be calculated using

the formulae 1.39 and 1.42. In practice, however, due to the fact

that our sample consists of many orthorhombic single crystals,

which are anisotropic with respect to the van Vleck susceptibility,

the entropy and specific heat are given by

Stot = r niS(xi'B'T) a n d (III.8)

cB,tot = I Vyx^B.T) , (III.9)

in which S and c_ are the molar entropy .and specific heat at con-
is

stant magnetic field, i indicates the summation over all si'ngle

crystals, n. is the number of moles of the i-th single crystal and

x. is defined by x.=g yN(l+K!)B/kT. The enhancement factor 1+K!

depends, due to the anisotropic susceptibility, on the orientation

of the single crystal with respect to the external magnetic field.

This implies that a calculation of S . or c . . requires the

knowledge of n. and x., which, however, cannot be deduced from the

molar nuclear susceptibility, xN' except for x<0.2, where the fol-

lowing relations hold:
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N
AStot(B,T) = StQt(0,-) - StQt(B,T) = -$— and (III.10)

3XNB
2

CB, tot(B'T) * - ^ f - '

With the assumption of single crystals, we can also explain the

difference between the enhancement factors determined by Andres

et al. (ref.3) from the van Vleck susceptibility (15.3) and from

the nuclear susceptibility (16.7). In a two-singlet model, in

which the matrix elements <0|j |n> are assumed to be non-zero for

one crystal axis o and in which the single crystals are randomly

oriented over the sample, we calculate for the nuclear suscepti-

bility an enhancement factor, 1+K =17.4 , substituting for the

enhancement factor deduced from the van Vleck susceptibility,

15.3 . K and K are given by

2TT h* B
/ / —=—5 d0d<j> and (III.12)
0 0 *v

2TT kir „ . ,
1+K., = ( / J (l+K^cosO) ~^- d0d«j> ) ' , with (III. 13)

N 0 0 T ^

K = -2A S r^ (see equations 1.12 and 1.13)
'N N 1 1

However, in this model we supposed that the macroscopic van Vleck

susceptibility of the sample is isotropic, which is in contrast

with the measurements on our sample (xmav/x • =1.42). We propose

here a "partial alignment model", i.e. we take an anisotropic

distribution of the directions of the single crystal axis in the

sample. When a magnetic field is applied to the sample, this an-

isotropic distribution results in an anisotropy of the macrosco-

pical van Vleck susceptibility. Anisotropic distributions of the

crystals are plausible in view of the growth process of the

crystals in the sample, which is pulled from the melt. It is found

that reasonable agreement with our data is obtained when a random

distribution for 80 % of the crystals is assumed and a preferred

orientation in the direction of the field for the remaining 20 %:

The anisotropy in the van Vleck susceptibility, given by the ratio
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between the extreme values, is 1.5; the enhancement factor deduced

from the nuclear susceptibility is 17.1, substituting 15.3 for the

maximum enhancement factor for the van Vleck susceptibility. The

above consideration shows that this partial alignment model can ex-

plain the anisotropic van Vleck susceptibility and the differences

in enhancement factors, assuming a spectrum of enhancement factors

up to 24.8. Of course, if we accept that besides <0|Ja|n> also

other matrix elements <0|j , |n> are non-zero, the aforementioned

difference in enhancement factors can also be explained, leading

to a similar spectrum of enhancement factors as in the model des-

cribed above. As a result, the specific heat curve is the sum of

the corresponding Schottky curves, which also determine the entropy

curve versus the external magnetic field.

The specific heat and the entropy of PrCufi (fig.III.4), which

in zero magnetic field is independent of the orientation of the

single crystals, has been determined by Andres and Bucher (ref.3)

and Andres et al. (ref.4). Prom figure III.4 we can deduce the

lowest obtainable temperature as a function of the initial entropy.

For example, an entropy reduction of 6.24 J/K is required to ob-

tain a lowest temperature of 2 mK.

Fig. III.4
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III.2 Demagnetisation experiments on PrCug

To investigate the cooling capacity of the PrCu, stage, we

have performed several experiments without a second nuclear stage.

To monitor the temperature of the PrCu,, a bundle of copper wires

and a bundle of platinum wires are soldered to the silver frame

below the PrCu.,-block. These bundles serve as pulsed NMR-thermo-

meters, as described in chapter V. With coil C energised, resul-

ting in a magnetic field at the PrCug of 3.3 T, the time depen-

dence of the PrCu, temperature was measured. This measurement was
b

made by energising coil A with a current of 0.62 A to generate the

resonance field for the Cu nuclei. At the corresponding frequen-

cy of 500 kHz, the pulsed NMR-signal of the Cu nuclei has been

calibrated against the NMR-signal of the platinum thermometer

(see chapter V). The temperature of the Pt nuclei was derived

using Korringa's law, assuming a Korringa constant of 30.1 msK.

In figure III.5 the temperature of the PrCug-block is plotted du-

ring the precooling by the dilution refrigerator. In this experi-

ment the cooling capacity of the dilution refrigerator was limited

to 0.020 W at 0.1 K due to blockage problems in the He-return

circuit. In figure III.5, also the calculated temperature versus

time curve of the PrCu, is plotted, assuming a limiting cooling
2power of 20XT mWand a thermal resistance between the PrCu,-block

- 1 2and the mixing chamber of 11.5*T K /W. The latter number has

been chosen such as to fit the experimental data points. The ther-

mal resistance is about 3 times higher than calculated, and pre-
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sumably has to be attributed to the thermal resistance of the sol-

dered joints between the PrCuc and the mixing chamber (3 indium
2

joints and 2 lead joints with contact areas of 0.3 cm , resulting
-1 2in a calculated thermal resistance of 3.5*T K /W (ref.5)). It may

also be that we have overestimated the thermal conductivity of the

silver bar or that of the heat switch.

After precooling down to a temperature of 28.7 mK, the heat

contact between the PrCu^ and the mixing chamber was broken and
b

the PrCu, cooling stage was demagnetised by lowering the current

in coil C. This may have undesirable effects on the NMR-thermo-

metry. Fortunately, however, the shift of the resonance frequency

of the Cu nuclei was very small, because coil A was energised

during this run in the persistent mode. Further, due to the broad

resonance line, which was caused by the small transmitter time

(14.0 us ) as explained in chapter V, no difference in the cali-

bration constant of the NMR-signal versus the inverse temperature

was measured, with the magnetic field of coil C on or off. In fi-

gure III.6, the temperature during a demagnetisation of the PrCug-

block is plotted. Since the total entropy reduction before the

start of the demagnetisation is estimated to be about 17 J/K, a
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lowest temperature of 2.2 mK would have been expected in the ab-

sence of irreversibilities. However*the lowest temperature measu-

red with the copper NMR-system was 3.3 mK. This discrepancy is

partly due to irreversibilities during the demagnetisation, espe-

cially in the temperature region below 10 mK. Also it has been re-

ported (ref.6) that at 2.4 mK nuclear magnetic ordering of PrCug
occurs; this may also influence the entropy versus temperature

relation. The full curve in figure III.6 indicates the calculated

temperature, assuming a constant B/T ratio. The deviations between

this curve and the measured temperatures are, above 10 mK, due to

the field dependence of the enhancement factor, as measured by

Genicon (ref.7). He has determined a difference in enhancement

factors in 3.3 T and 1 T of about 10 %, when varying the magnetic

field from 3.3 T to 1 T. This corresponds to the 10 % difference

(see fig.III.6) between calculated and measured temperature at 1 T.

The irreversibilities below 10 mK are attributed to the long ther-

mal time constants in the sample. For instance, during a trial

specific heat measurement of the PrCu -block, after a heat input
b

of 0.7 mJ at 4.4 mK, it took about 4 hours before an equilibrium

temperature of 4.6 mK was reached. Of course this leads to an

erroneous specific heat determination due to the external heat

leak of about 1.5x10 W.

In figure III.7, the warming-up curve after demagnetisation

is plotted. The PrCufi temperature during the run was determined

by means of the y-ray anisotropy of Co in hep Co (see chapter

VI). The full curve in fig.III.7 corresponds to a simulation with

a heat leak of 151 nW. A determination of the external heat leak

by measuring the time duration between the passage of two tempe-

ratures as function of the heat input, generated by a heater

wound around the PrCu,-block, resulted in 153 nW. The origin of

this leak could not be traced. A vibrational heat leak can be ex-

cluded, because this would result in heat leaks of the order of

0.5 mW during precooling in the magnetic field of 3.3 T, which

have not been detected. Also a heat leak via the residual gas in

the vacuum jacket can be ruled out on the basis of the following

check. When the silver frame below the PrCu,-block is thermally

isolated from the PrCu,,, no fast warm-up of the frame is observed.
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A gas leak would have produced a fast warm-up of the silver, due

to its small heat capacity. It should be remarked, however, that

the unexplained heat leak and the irreversibilities below 10 mK

do not influence the performance of the PrCug-block as a precooling

stage for the nuclear demagnetisation stage.

III.3 Demagnetisation experiments on indium

III.3.1 Introduction

Indium is a favourable nuclear refrigerant because it has a

large Curie constant (1.72xlO~n Kmole""1), a small Korringa con-

stant (0.086 sK), and a high thermal conductivity (better than

lOOxT WK^m""1). The superconducting critical field of indium is

29 mT, which implies that it can be used as a refrigerant in mag-

netic fields down to 29 mT. Natural indium consists of two isoto-

pes, 113In and 115In, having abundancies of 4.2 % and 95.8 %, and

magnetic moments of 5.523 uN and 5.535 vN respectively. Both nu-

clei have 1=9/2. The most important nuclear interaction at low
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magnetic fields is the nuclear quadrupole interaction. The nuclear

guadrupole moments, Q, of In and In are respectively -0.84

and -0.86 barns. The electric field gradient, eq, at the nucleus
12

is 537x10 egs.esu (ref.8). The hamiltonian describing the nu-

clear spin energy levels resulting from this interaction and the

Zeeman interaction is given by

in which B is the external magnetic field along the z'-axis, while

in general the z and z' axes differ. In high magnetic fields, the

nuclear spin energy levels can be expressed by (ref.9)

Em - - u
with m=-I,-I+l,....,1, and 0 the angle between the z and z1 axes.

0 depends on the orientation of the single crystal with respect

to the external magnetic field, which in NMR-experiments will

cause a line broadening and a resonance shift. Only for half-inte-

gral spins are the m=±% levels not shifted in first order, which

makes samples with I=h favourable for resonance experiments. When

the Zeeman interaction is small compared to the quadrupole inter-

action, the energy levels are

Em = 4I?2I-i) (3m2-Kl+D) . (III.16)

The quadrupole heat capacity per mole of indium, calculated from

the energy spectrum of equation III.16, is plotted in fugure III.8

for positive as well as for negative electric field gradients and

|e qQ/k|=2.16 mK. For indium, a positive field gradient has been

concluded (ref.10). It should further be remarked that at the

start of the demagnetisation, the Zeeman interactions predominates,

while at the end only the quadrupole interaction remains. In the

intermediate region (at fields of =0.25 T) , where the two inter-

actions are of the same order of magnitude, temperature inhomoge-

neities may arise in a polycrystalline sample, which will cause

heat transfer between the various crystallites and, hence irrever-

sible heating during demagnetisation.
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III.3.2 Experiments

During these experiments, 80 bars of indium (diameter 5 mm

and length 70 mm) were attached to the lower part of the silver

frame. Coil A served as the demagnetisation coil for the nuclear

stage. A copper bar, having a diameter of 5 mm and a length of

100 mm, was soldered to the center of the silver cross at the lo-

wer end of the silver bars. To this copper rod four thermometers

were soldered:

a) The platinum NMR-thermometer, which was constructed from 1200

platinum wires of 0.05 mm diameter.

b) The copper NMR-thermometer, \;hich was constructed from 3000

copper wires of 0.036 mm diameter.

c) The 60Co-thermometer, which consists of radioactive Co in an
59hep single crystal of Co.

d) The 95Nb-thermometer, which was made by diffusing radioactive
95Nb into platinum foil.

The precooling of the indium nuclear stage in a magnetic
field of 6 T by demagnetisation of the PrCug-block is represented
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in figure III.9. The temperature was determined with the Co-

thermometer (see chapter VI). The hyperfine field of the Co nu-

clei was corrected for the external magnetic field of 5.9 T. In

figure III.9 a simulation of this cooling process is also plotted.

The full and the dashed curves indicate the calculated temperatu-

res of the indium nuclear stage and the PrCu, stage, respectively.

In order to fit the computed curve to the data points, a thermal
-1 2-1resistance of 10xT K W between the two stages has been used,

which is a factor 1.5 higher than the measured thermal resistance.

This difference can be attributed to the thermal resistance inside

the PrCuc-block. The exponential decay constant of the magnetico
field amounted to 3 hours. For the two stages combined, the total

entropy reduction before the start of the precooling was about

17.5 J/K, while at the end an entropy reduction of 14.5 J/K was

calculated. This difference can be explained by the irreversible

entropy increase due to the temperature difference between the
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stages. After this precooling process, the heat contact between

the PrCu, and the indium was broken, and the demagnetisation of
o

the indium nuclear stage was started. The temperature of the in-

dium stage during the demagnetisation is given in figure III.10

and has been determined by the Co-thermometer. The exponential

demagnetisation time constant was 6 hours. The full curve indica-

tes the calculated temperature of the indium nuclei, when no ir-

reversibilities are present, taking into account the quadrupole

interaction. Twelve hours after the start of the demagnetisation,

the difference between the calculated and measured temperature

was about a factor 1.14. The lowest temperature that was obtained

was 0.88 mK, while the calculated lowest temperature determined

by the quadrupole interaction was 0.62 mK. The difference between

these temperatures can be explained by the external heat leak of

25 nW, and the eddy current heating due to the demagnetisation.

The heating of the nuclear stage after demagnetisation is given

in figure III.11. The temperatures were measured by the platinum

pulsed NMR-thermometer, assuming a Korringa constant of 30.1 msK.

The straight line in this figure corresponds to a temperature

trajectory with an external heat leak of 25 nW.

After these experiments performed with 8 moles of indium,

we decided to reduce the number of moles of indium. We expected
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to obtain a lower starting temperature, resulting in a lower final

temperature, if the same irreversibilities are present as in the

experiments with 8 moles of indium. The preoooling curve of a nu-

clear stage consisting of 2 moles of indium,in an external magne-

tic field of 6 T generated by coil A,during the demagnetisation

of the PrCuc-block is given in figure III.12. The temperatures

have been determined by the Co-thermometer. The results of a

simulation of this cooling process are represented by the full

curve, while the dashed curve gives the calculated temperature of

the PrCu^-block. In this simulation, the same values have been

assumed for the thermal resistances etc. as in the simulation per-

formed for the experiment with 8 moles of indium. According to

this calculation, a lowest precooling temperature of 6 mK should

have been obtained, while the lowest measured temperature was

8.0±0.2 mK. This difference is again attributed to the poor ther-

mal conductivity of the PrCug-block at low temperatures. During

the demagnetisation of the indium nuclear stage, given in figure

III.13, the B/T value was by no means constant, as can be concluded

from the difference between measured temperature and calculated

temperature, assuming no irreversibilities. This is due to the

heat input of 75 nW, which was determined from the warming-up curve

after demagnetisation. The irreversibilities could also be deter-
95mined from the -y—ray anisotropy of the radioactive Nb-thermome-

ter. This anisotropy is a function of the B/T ratio. By positioning

this thermometer in the same magnetic field as the nuclear demag-
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netisation stage, the loss in y-ray anisotropy during a demagne-

tisation corresponds with a loss in B/T ratio. In figure III.14 the

Y - anisotropy during a demagnetisation with an exponential demag-

netisation time constant of 6 hours is given as a function of time.

The corresponding loss in B/T ratio is also given in the same fi-

gure. The inverse temperature of the indium nuclear stage after

demagnetisation is given in figure III.15 and has been determined

by the platinum pulsed NMR-thermometer. The full curve corresponds

to the calculated temperature of the nuclear stage when a heat

leak of 75 nW is assumed. This heat leak is also responsible for

a thermal gradient between the thermometers and the nuclear stage,

and is attributed to the energy transfer, by the residual gas from

the shield attached to the mixing chamber, to the nuclear stage.

The presence of this gas could be explained by an extremely small

cold-leak in the dilution refrigerator.

After these runs, several experiments have been performed,

in which very large B/T ratio's were required. For these experi-

ments, the indium nuclear demagnetisation stage, consisting of

5 moles of indium, was positioned in coil B, while coil A served

to magnetise for instance the radioactive Nb-thermometer, which

was soldered at the lower end of the silver frame (see chapter VI).

The temperatures during these runs were determined by measuring
95the y-ray anisotropy of the Nb-nuclei, which were polarised by

the external magnetic field of 6 T. In figure III.16, the cooling
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95curve of the Nb-nuclei is given as function of time. The 5 moles

of indium could be precooled in a field of 3.3 T to about 8 mK.

The dashed line in figure III.16 indicates the start of the demag-

netisation of the indium with an exponential demagnetisation time

constant of 6 hours. For the determination of the temperature, a
95

Knight shift for NbPt of 7.4 % was assumed. The lowest measured

temperature was about 1.5 mK, which corresponds to a B/T value of

about 3500 T/K.

III.4 Demagnetisation experiments on PrNig and Prln.

III.4.1 Experiments on PrNig

PrNi_, like PrCu-, is a nuclear enhanced system. The enhance-

ment factor for PrNi_ has been determined by Andres et al. (ref.

11). From the susceptibilities parallel and normal to the c-axis

of single crystals of PrNi5# which crystallizes in the hexagonal

CaCu5-structure, they conclude that (1+K)//=8.1 and (1+K) =16.4.

This would average in a polycrystal to (1+K)=13.6.

A PrNi- sample, consisting of 5 bars,each of 0.6 cm diameter

and 6 cm length, was attached to the lower part of the silver

frame. Each bar was coated by a thin layer of In to improve the

heat contact and was soldered to the frame at one end. The resi-

dual resistance ratio of the bars was 9.14. By demagnetisation of

the PrCu- with an exponential time constant of 1 hour, the PrNic
could be precooled to 11 mK in a field of 6 T generated by coil

A. This corresponds to an entropy reduction of about 97 % of the

initial nuclear spin entropy. The demagnetisation of the

resulted in a lowest temperature of 2.4 mK. Direct precooling of

the PrNi5 by the
 3He-4He dilution refrigerator to 25 mK in a field

of 6 T (entropy reduction ±75 %) resulted in a lowest temperature

of 3.5 mK. These results are in contrast with the entropy diagram

given in figure III.17 (ref.ll), and can be explained by an entropy

production during demagnetisation. The origin of this entropy in-

crease can perhaps be attributed to an overdose of Ni in the sam-

ple. This overdose could be detected by measuring the remanent

magnetism of the PrNi,.~sample with an HP-fluxgate magnetometer

at room temperature. This magnetism, which depends on the
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amount of Ni in the sample, was created by polarising the Ni-con-

tamination in an external field.

III.4.2 Experiments on

For the compound Prln,, which crystallizes in the cubic AuCu3
structure, an enhancement factor of 6.2 has been determined (ref.

6). A sample of 17.6 g Prln,, which is described in chapter IV:5,

could be precooled in a magnetic field of 3.6 T to 8 mK. This re-

sults in an entropy reduction of 66 % of the initial entropy. The

entropy versus temperature diagram of Prln, for zero external mag-

netic field is given in figure III.18, and has been deduced from

the specific heat measurements described in chapter IV. According

to this diagram, the entropy reduction corresponds to a lowest

temperature after demagnetisation of 1.5 mK. The lowest measured

temperature was 1.8 mK (see chapter IV). This difference can be

mainly attributed to the external heat leak during the demagneti-

sation, which lasted about 10 hours. This external heat leak has

been determined after demagnetisation, and equals 4.1 nW. This

corresponds to an entropy loss during the demagnetisation of

0.05 J/K, which explains half the observed entropy production.

Also some entropy production can be attributed to the radioactive

Co-thermometer, which had to be cooled during the demagnetisation.
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59,The effective field on the ""Co-nuclei increases during the demag-

netisation, because the external magnetic field is anti-parallel

to the hyperfine field. The calculated entropy increase by the
59

demagnetisation of the Co single crystal which weighed 40 mg ,

equals 0.005 J/K.

III.5 Conclusion

The experiments performed with the two-stage nuclear demagne-

tisation apparatus, with a precooling stage consisting of a nuclear

enhanced refrigerant, have shown that even a nuclear stage with a

very large heat capacity can be readily precooled to 10 mK or lo-

wer. If the heat contact to the nuclear enhanced refrigerant and

its internal thermal conductivity are improved, precooling tempera-

tures are obtainable, which correspond to the peak in the Schottky

curve for the specific heat. From the demagnetisation experiments

on the nuclear stages of indium, we can conclude that temperatures

around 1 mK can be maintained during several days, and that tempe-

ratures of 0.6 mK can be obtained. The experiments in Prln, show

that this nuclear enhanced system cannot be used for demagnetisa-

tion experiments in which final temperatures below 1 mK are required

As discussed in the next chapter, the inadequacy of Prln, is to be

attributed to the interaction between the Pr-nuclei, which is en-

86

i



hanced by the exchange coupling between the electronic moments of

the Pr-ions.
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CHAPTER IV

SPECIFIC HEAT OP

IV.1 Introduction

In this chapter we shall describe the specific heat measure-

ments on Prln, in the temperature regions between 2 mK and 6 mK,

and between 50 mK and 800 mK. We compare the results with the spe-

cific heat as calculated with the aid of a theoretical model for

the nuclear exchange interactions given by Murao (ref.l), and

with the specific heat resulting from quadrupole interactions.

In the theoretical model, we have assumed that the exchange inter-

actions between the localised 4f-electrons is of the RKKY-type.

This normally implies that the exchange interactions are isotro-

pic in spin-space. Supposing that the RKKY interactions can be

sufficiently well approximated by introducing a cut-off range, we

can utilise the Heisenberg-model, for which many accurate theore-

tical computations have been made. Hence we have calculated the

specific heat of Prln_ due to RKKY interactions using the theore-

tical results of the Heisenberg-model for nearest and next nearest

neighbours.

IV.2 The hamiltonian for the rare earth ions having

indirect nuclear exchange interactions

The hamiltonian, which is responsible for the indirect nucle-

ar exchange interactions between the Pr-nuclei, consists of the

following parts (see also chapter I):

1) The crystal field interactions:

In the case of cubic symmetry of Pr in Prln,, the effective

hamiltonian, representing the potential energy of the rare

earth ions in the crystal, is given by (equation 1.5)
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W (x jl +
4

(IV.1)

The values for W and x for Prln,, which has face centered cu-

bic crystal symmetry for the Pr ions, are calculated from the

results of specific heat and susceptibility measurements (ref.2)

and from inelastic neutron scattering experiments (ref.3):

W/k equals 2.36 K, and x equals -0.6. This leads to the follow-

ing scheme for the energies of the crystal field levels and the

corresponding eigenfunctions expressed in the eigenfunctions of

the J -operator:z

r3

r5

r4

ri

k"1

k"1

(doublet)

(triplet)

(triplet)

(singlet)

(E(r3) -

(E(r5) -

level:

level:

level:

level:

B<rs» =

E(r4)) =

|r3a> =

| r 3 b > =

|r5a> =

|r5b> =

lr5c> =

|r4a> =

|r4b> =

|r4c> =

IV =

53 K

15 K

= •|v/2|2> - •|

= i/2|4> - ~/2|-4>

-1k (E(r4) - E(r1)) = 105 K

From this scheme we can calculate the non-zero matrix elements

of J i

ri lJz|r4^> C14 2/3

<r4b|Jz|r4b> = -<r4c|Jz|r4c>

<r3b|Jz|r4a> = c34 = 2^1

'44
1
"2
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<r3a|Jz|r5a> =

<r4b|Jz|r5b>

<r4c|Jz|r5b>

< r5 bl J
zl

r5 b >

c35 = 2

-<r4c|Jz|r5o = c

-<r4b|Jz|r5o

45

-C45 -i/7

55

2) The exchange interaction between the localised electrons:

The hamiltonian representing the exchange interactions between

the localised electrons of the Pr-ions is given by

"ex " "J/ijMj '

can be describedThe exchange constants J,. in metallic *"" 3

by the RKKY-model (ref.4); see next section.

3) The magnetic hyperfine interaction:

The hyperfine hamiltonian is given by

N * *
H= A I I.J.

The value of the hyperfine constant A is given by |A|/k=52.5 mK

(ref.5). The nuclear spin of Pr equals •?.

4) The Zeeman- and nuclear multipole interactions:

Because the specific heat measurements which we want to com-

pare with these calculations were performed at very low magne-

tic fields (B<50 mT), we can neglect the influence of the

Zeeman interactions -g_p_S5 and gNPN?J compared with, respec-

tively, the electronic exchange interactions and the hyperfine

interactions.

The influence of the nuclear dipolar interactions has been

described by van Vleck (ref.6). The mean value of the local

field, b,, derived from a dipole sum calculation for a face
2 —6

centered cubic lattice, b, = g.-iiMI(I+l) z r. . /is much

a JN IN ^ <. i ]

less than the external magnetic field, and can thus be ignored.

Also higher order multipole interactions turn out to be negli-

gible (see e.g. section 4). Concludingly, we can write:H = Z - J J, + A E
i i i
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As described in chapter I, we can derive from this hamiltonian

the effective nuclear exchange interaction hamiltonian:

(IV.2)Mint _
tfeff "

with
2

Lmn W~

1
~2

I

£
m

r

E
n

l - n *

ran m n

i£
e ' % - I 2MJmne

and M = 2Cl4
2(E(r4)-E(ri))"

1

In the formula of r\&, the k-vectors are defined as:

a n. ' n0 n«
X 4« «3

in which a is the lattice constant (for Prln.: 4.671 &) ,
nln2n3 e<3u"*-^s N (the total number of rare earth ions) , and

A, v, and v are integers running from 1 to n, , n_, and n, res-

pectively.

IV.3 Calculation of the specific heat of Prln,, using indirect

exchange interactions between the Pr-nuclei

IV.3.1 Calculation of the electronic exchange parameter, using

the RKKY-model (ref.4)

The indirect exchange interaction of the localised 4f-elec-

trons via the conduction band electrons has been described by the

RKKY-theory. In this theory, the exchange parameters Jmn are gi-

ven by

JmT, = 2(X-1) .9TT j - F(2kT,(5 -5 )) , (IV.4)
mn Ep F m n

in which X is the LandS-factor, E_, is the Fermi energy, k"_ is the
£ £

radius of the Fermi sphere, j is the Fourier transform of the ex-

change interaction between the conduction band electrons and the
4f-electrons, $ and R* are the positions of the m'th and n'thm n

ions, while the function F(x) has the form:

x.cosx - sinxP ( x )
X

Assuming a spherical Fermi surface, we can calculate kp from the
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surface density of states for the conduction electrons/ according

to the expression

a34m
D(Ep) = (IV.6)

The surface density of states of Lain- and Prln, has been deter-

mined by Nasu et al. (ref.7). They derived from heat capacity

measurements that the density of states of Lain,, after correc-

tions for electron-electron, electron-phonon, and paramagnon in-

teractions, equals 0.419 states eV atom . The density of states

of Prln, is more difficult to calculate. The assumption that this

density equals that of Lain,, because of identical crystal struc-

ture, nearly equal lattice parameters, and the same electronical

configuration for the outer shell, may considerably overestimate

the mass renormalization factor in Prln,. Nasu et al. conclude

from their measurements that the density of states for Prln- lies
— 1 —lbetween 0.42 and 0.79 states eV atom . We can also estimate k_

r
by calculating the ratio <5, given by

F(2kpR1)
(IV.7)

According to equation IV.4, this ratio can be calculated from the

experimentally determined |J.. by Genicon (rei.2) and from the
2 ^

value of ?(JJ •) derived from (see below) ESR-measurements of

Davidov et al. (ref.8). We conclude that ?J±j<<(?(J±j)
2) > which

implies that 6-0. In figure IV.1 the results of the calculation

of 6 are given in the region kF=0.3l JT
1 to kp=0.58 JT

1 , which

corresponds to the region for the density of states of Prln, men-

tioned above. In this calculation, all Pr ions with R.$a/20~ are

included. From figure IV.1, we derive that near k =0.43 A , 6
£

equals zero. In the following calculation, we have used this value

for K
p.

IV.3.2 Calculation of the electronic exchange parameter from

ESR-measurements

Davidov et al. (ref.8) have performed ESR-measurements on

Prln-. They discuss three different cases in which the calculation
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of the line width from the theoretical second moments is feasible:

Case a: Aw>>wQ, where Aw is the line width and uQ is the resonan-

ce frequency, case b: Aw<wQ, and case c: Aw=ioQ. As discussed by

Davidov et al., from these possibilities the cases a and c seem

to be the most likely. However, the calculation of the line width

in case a gives a temperature dependence in disagreement with the

experimental results, while in case c there is a good agreement

between experiment and theory (see fig.IV.2). In the latter case,

the relaxation rate = is given by
2 • -E(r5)/kT

' ) 2 2 £ (IV*8)

in which J is the exchange interaction between the impurity and

the host Pr-ions (J*=-0.33 meV), zQ is the number of the Pr first

neighbours to each impurity (zQ=6), \ is the Landfi factor. Z and

P2(to0-u55) are given by

-E(a,f )/kT
Z = Z e a ,

with a=r ,r2,....,r5 and f =a,b,c.

with wo=9*lO s and w,-5=(g5+Ag)p B/fi, where g- has been deter-

mined to be 2 and Ag is the exchange induced g-shift, due to the

exchange interactions with the surrounding Pr-ions. M2(r5) is gi-

ven by

9 i •> -> A. ~E(r.)/kT
M2(T5) » ( z (Jil)V

1}(4(C4/C55N-2C45*)e
 4 +

4 -E(r )/kT . -E(r )/kT
^ J \ b )

According to a rough estimate, M0(r_) is much larger than

|u>55 -uQ |. So we can calculate F2 and ̂  as function of the

temperature. The comparison with the experimentally determined

— leads to the following value for the exchange parameters:

( E (J,,)2)^ = 0.18 + 0.04 meV
& iX
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From table IV. 1 we can now deduce the exchange parameters, e.g.:

Jx/k = -0.53 ± 0.15 K and J2/k = 0.40 + 0.11 K

IV.3.3 Calculation of the effective nuclear exchange interaction

parameters L
mn

In equation IV.2 the nuclear exchange parameters are expressed

as a function of the electronic exchange parameters. With the know-

ledge of these (table IV.2), we can now calculate n£, taking into

account 8 neighbour sites:

2Jl(alx+aly+al«> + 4J2(alxaly+alx0llz+aly0'lz) +

S V V l y ' l z * + 2J4(a2x+a2y+B2«) +

4J5 °2x(oly+ala) + a2y(olx+olz) + a2z ( alx + <V

8J6(a2x0tlyalz + alx°2yalz + alxalya2z) +

4J7(a2xa2y + a2xa2z + a2ya2z) +

with aix= , aiy=cos and ."2 3

This formula can easily be deduced from the Miller indices in

table IV.1 for the lattice distances.

Because the Fourier transform E .e needed for the deter-

mination of L__» would require an extremely elaborate calculation,

2 3 iicr
we take instead the series expansion s ̂nic"l"riic +nic "•"••••̂ e

This approximation is only valid in the non electronically ordered

region, since in that case n£ is smaller than 1. For practical

reasons, we replace the summation over k by an integration. For

an arbitrary function f(k ,k ,k ), this corresponds, if N goes to

infinity, to:

X=0 u=0 \>=0 nl n2 n3

IT II IT
\ ! ! ! f(k»fk rk ).cosk R .cosk R .cosk R dk dk dk0 0 0 x y z x x y y z z x y z
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TABLE IV. 1. Some relevant data for the determination

of the electronic exchange parameters.

o1

(1,0,0)

(1,1,0)

(1,1,1)

(2,0,0)

(2,1,0)

(2,1,1)

(2,2,0)

(3,0,0)

(2,2,1)

(3,1,0)

(3,1,1)

(2,2,2)

(3,2,0)

(3,2,1)

(4,0,0)

(4,1,0)

(3,2,2)

(3,3,0)

(4,1,1)

(3,1,1)

(4,2,0)

Rr
a

a/2

a/3

2a

a/5

a/6

2a/2

3a

3a

a/10

a/ll

2 a/3

a/13

a/14

4a
a/17

a/17

3a/2

3a/2

a/19

2a/5

n

6

12

8

6

24

24
12

24 }

24

24

8

24

48

6

24 }
24 J

1 2 )
24 J
24

24

Xr r

4.04

5.71

6.99

8.07

9.02

9.89

11.4

12.1

12.8

13.4

14.0

14.6

15.1

16.1

16.6

17.1

17.6

18.0

irF(xr)xl0
2

-3.95

6.03

1.56

-0.38

-3.15

-2.11

0.39

1.58

1.11

0.63

0.02

-0.36

-1.20

-0.13

-0.57

-0.07

0.16

0.30

nrF
2(x

2.
3.

0.

0.

0.

0.

0.

0.

0.

0.

0.

0.

0.

0.

0.

0.

0.

0.

r)*io
4

60

03

31

02

41

19

01

08

05

02

00

01

03

00

01

,00

,00

.00

a' indicates the Miller indices.

R is the lattice distance to the r-th nearest neighbour site,

n is the number of neighbours on the r-th nearest neighbour site.

x equals 2k R (k equals 0.432 k~ ) .

a equals 4.671 K.

TABLE IV.2. Ratio's between the electronic exchange parameters.

t

I

r
VJi

1

1 -0

2

.763 -0

3

.297 0

4

.097 0

5

.199 0

6

.134 -0

7

.050 -0

8

.080
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K
with R = ~>(r.-r.) , and K1 Is a reciprocal unit vector (a=x,y,z) .

Using the auxiliary integrals in table IV.3, we can now calculate

the series expansion in n£. However, in our calculations we have

cut off this series after the second term, because the determina-

tion of the third term would require the calculation of about

17500 integrals. So, for the nearest neighbour site, one has:
iMr.-r.)

= 2MJ,

1.1

(according to the two Fourier transforms, see equation IV.2 for

and

i 2 i j 2

2J4J8+16J5J6+8J5J7+16J6J8)

From table IV.2 we can now deduce

2 « 2MJ, (1-2MJ -«0.217) = -0 .13

For the next nearest neighbour site one has:

i . E r\£.e x -1 = 2MJ- = -0.763X2MJ. and

i 2 i ^ 2 2

2JOJ_+8JVJC+4J,JQ+4J>1JC+6J 2+12JcJQ+Z / J 5 J O 4 O 5 5o

4Jc
2+8J (-JQ+4Ja

2) = 2.73x4M2J 2

D O D O 1

Combining the results:

. n£ i k ( r - r . )
±.Z T - £ - e x 3 = 2 M J . ( - 0 . 7 6 3 + 2 . 7 3 x 2 M J , ) = 0 . 1 5
W s£ X — T|5>- I 1

Hence for the effective hamiltonian, we obtain:

,int MA2x0.15 Mi -
in which <i,j> are nearest-neighbour pairs and <k,l> are next-

nearest neighbour pairs. The Heisenberg model hamiltonian is gi-

ven by

-.1

97



TABLE IV.3. The auxiliary integrals are symbolised by

- J cosp(x)cosq(2x)cosr(3x)dx = U

p

q
r
U

P

q
r
u

p

q
r
U

0

0

0

1

0

1

2

0

3

1

0
3
8

1

0

0

0

1

0

2

0

3

0

1

rH
|O

O

0
1

0

0

2

2

0
1

1

3

0

0

0
0

1

0

2

0

2
1
T
l

0

3

0

2
0

0
1
1

0

2

2
1
4

0

3

1

0

0
2

0

1

2

1

1

0

0

1

3

0

0
0

2
1
2

1

1

2

0

3

2

0

0

1
1

0

0

i-H
2

1
1̂

3

0

2

0

0

1

0

2

2

1

0

0

2

3

0

0
1

1

0

2

1

2

0

2

3

0

0

1
1

1
1
4

1

2

2

0

2

0

3

0

2
1

0
1
1

2

2

2
5
32

0

3

2
1
16

2
0

rH

0

3

0

0

0

3

1

1

h

1
2

0

0

0

3

0

0

i-i

3

1
3
16

0
2

1

0

0

0

3

0

1

1

3

0

TABLE IV.4. The coefficients A±

"l A2 3 4 5 6 7

306.25 -306.25 865.31 -849.62 -277.03 162.94 175.12

The specific heat can now be calculated, using the fact that MA /k

equals 0.35 mK, with: J. /k=-2.3xio~2 mK , J /k=2.6*lO~2 mK ,
(• xn iii

and I=| .

IV.3.4 Calculation of the specific heat in the Heisenberg model.

Is.
; • ;

t
E

We have calculated the specific heat from a high temperature

series expansion for nearest neighbour interactions only (ref.9),

as well as for nearest and next nearest neighbour interactions

(ref.10). In the case of only nearest neighbour interactions, the

specific heat for l=j and a cubic lattice can be expressed by
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I?;,

in which i?l. The coefficients A. are given in table IV.4 for

i=l till 7. In the case of the nearest and next nearest neighbour

interactions, the expression for the specific heat becomes

R "= ' *,;£> 3E$ ^ 2 W )S(r+s)(r+s-l) (r,s>0) . (IV.10)

The coefficients B up to r+s=6 are given in table IV.5.
3TS

The results of the numerical evaluations for the specific heat
are represented in figure IV.4. As a refinement, we can correct

_2
the coefficient of T as follows:

In the calculation of this coefficient, given by

f I2(I+1)
2 t nrJrn

2 ,
where r indicates the neighbour site, we replace the sum over the

nearest or nearest and next nearest neighbour sites by a sum over

all sites. The latter sum can be estimated by scaling the elec-

tronic exchange parameters with the calculated nuclear exchange

parameters; summaring, we get:

— = 0.16x10 T + higher order terms , for the nearest neigh-

bour site.

— = 0.58x10 T + higher order terms , for the nearest and next

nearest neighbour sites.

§ = 0.70xlO~6T~2 + higher order terms , for all sites.

IV.4 Calculation of the specific heat of prln, due to the quadru-

pole interactions of the In nuclei

An alternative explanation for the measured specific heat of

Prln3 could be sought by taking into account the quadrupole inter-

action of the In-nuclei, because these nuclei are not positioned

on the lattice sites with a cubic symmetry. The quadrupole hamil-

tonian has the energy levels:

v - e2qQ ,,2 _»_..»»
•vi A T I "O "I* "I \ V "**ll 4» \ A ~ X / I •
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TABLE IV.5

o
o

r=0

r=2

r=3

r=4

r=5

r=6

s=0

612.5

-40B

1.15x10"

1.43x108

s=l

5.72x10

•3.81X104

4.57x10'

-1.36xlO5 -5.78x10'

The coefficients

s=2

1225

0

3.73x10

0

-3.89X106 -3.87x10

10
1.02x10

8

s=5

4 1.64X106 -6.90X10"

s=6

5.24xlO£

5.87X106 -3.89*1O6 6.05x10
10



I
s

in which Q is the nuclear quadrupole moment, I is the nuclear

spin (for In: I=| ), m is 1,1-1,....,-l and eq is the electrosta-

tic field gradient (see also chapter III) . This field gradient can

be expressed by eqseq.U-Y^JA , where ym is the Sternheimer fac-

tor, eq_ is the electric field gradient in which the entire ion

including the nucleus is situated, eq is the electric field gradient

at the site of the nucleus and A is the ratio between the experi-

mentally determined field gradient and the calculated field gra-

dient. For In, ym equals 16.3 (ref.ll), while A equals -4.5

(ref.12). The electric field gradient eq_ can be calculated from

the lattice sum over screened ions. In Prln,, such a calculation

should give a zero quadrupole interaction, since the valencies

(3 ) of Pr and In are equal, which implies face centered cubic

crystal symmetry around the In. However, the effective point char-

ges may be unequal. The charge difference can be 3 units at most,

because Pr as well as In are positive point charges according to

the level splitting of the Pr-ion (ref.13). Even if it were assumed

that a point charge difference of 3 units exists, the correspon-

ding electrostatic field gradient (and thus the specific heat)

would be at least a factor 2.5 smaller than that of indium metal,

according to a calculation based on a point charge model. However,

to explain the measured specific heat with a quadrupole interac-

tion we must assume that the field gradient in Prln, is a factor

of 7 larger than in indium metal. According to the resulting

difference of at least a factor 17.5 between the measured specific

heat and the calculated specific heat of Prln,, according to the

comparison between the electric field gradients in Prln, and indium

metal, it is very unlikely that the quadrupole interaction is res-

ponsible for the measured specific heat.

IV.5 Experimental results of the specific heat measurements on Prln,

A sample of 17.6 grammes Prln, has been made by arc melting,

with as starting materials 3N pure Pr and 6N pure In. With a

microsonde rontgen diffraction apparatus, measurements have been

performed to test the homogeniety of the Prln,. Small "islands"

with a higher Pr-content, and also small "islands" of pure In

have been detected. These inhomogenieties are attributed to Pr-
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oxide, which seems always to be present in Pr-metal with a purity

of 3N, but they form less than 1 % of the sample. For reasons of

good thermal contact and in order to avoid the formation of in-

termetallic compounds between the indium and the solder, the sam-

ple was soldered with indium. This could only be done by scrat-

ching the sample during the soldering procedure to remove the

oxide at the surface. The residual electrical resistance ratio
— 8

was 16.4, leading to a specific resistivity at 4.2 K of 2.2x10

nm, and via che Wiedemann-Franz law to a calculated heat conduc-
2

tivity of 1.1xT W/K m. The thermal time constant of this button

shaped sample (diameter 25 mm, thickness 4 mm), which is cooled

at the two flat sides, is according to equation II.2, determined

to be 25 sec. at 2 mK. The nuclear spin lattice relaxation time

can be estimated, using equation 1.54, and is found to be much

smaller than the thermal time constant of the sample. To monitor

the temperature during the specific heat measurements, a bundle

of 1200 platinum wires was soldered to the Prln- sample, and with

j our pulsed NMR-system at 250 kHz we were able to determine the

temperature of the platinum nuclei. For this purpose, the NMR-sig-

nal was calibrated versus the Korringa relation time. To obtain

the high resolution in temperature needed for the specific heat

measurements, only the platinum susceptibility could be used (ac-

curacy ±0.5 % ) . Heat pulses were applied to the sample by a heater

; of 0.05 mm diameter Evanohm wire having a resistance of 380 a, and

which was attached to the sample with GE varnish. To cool the sam-

ple, a two stage nuclear demagnetisation was performed, with as

first stage our PrCu.,-block, and as second stage the Prln- itself.
b j

Heat contact between the PrCu, and the Prln., was achieved by two

annealed OFHC-copper rods, with a length of 35 cm and a diameter

of 2 mm, and a superconducting heat switch, which consists of 10

lead wires with a length of 7 mm and a diameter of 0.5 mm. Because

of the long thermal time constant between the PrCu,. and the Prln_
D J

(maximum 2 hours at the peak in the specific heat, which occurs at

; about 14 mK in a field of 3.5 T), the PrCu,- was demagnetised with
D

a time constant of 2 hours. The specific heat as function of the

r temperature and the magnetic field is, for high magnetic fields,
I given by1
1
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f.coth| ) 2 - (3x.coth3x)2 + ̂ |x

with x =
g uN(l+K')B

= -
k m

F o r P r I n3 t h e enhancement factor 1+K1 equals

6.3. In a magnetic field of 3.5 T we were able to precool the

Prln3 to 5.7 mK. After breaking the heat contact between the

and the PrCug, the magnetic field on the Prln3 was reduced to 50

mT. During this reduction, the temperature at first rose because

of eddy current heating and because of the small specific heat at

temperatures far below that of the specific heat maximum. When

approaching this maximum, however, the temperature decreased again,

until finally a lowest temperature of 1.7 mK was achieved.

An example of the specific heat measurements is given in fi-

gure IV.3. The sampling time for determining the temperature was

30 sec. No relaxation phenomena have been observed. The external

heat leak was determined to be 4 nW. A calculation of the contri-

bution to the specific heat due to the thermal link, the solder,

the thermometers, and the heater shows that this contribution is

less than 1 % of the measured specific heat. The results of the

measurements are given in figure IV.4. In this figure we have al-

so plotted the specific heat measurements at high temperatures

(45 to 800 mK), performed by P.J.A.M.Greidanus. In this tempera-

ture region, a CMN susceptibility thermometer was used. The in-

crease of the curve above 0.5 K is due to the specific heat of

the conduction electrons.

IV.6 Comparison between experiment and calculation

The comparison of the theoretical curves, which are drawn in

figure IV.4 with the experimental data points, show that the nu-

clear exchange interaction hypothesis provides a correct order

of magnitude estimate of the specific heat of Prln. at the lowest

temperature. As to the discrepancies between theory and experiment,

we note that the following approximations have been used in the

calculations:

A) The convergence of the series in n£ does not justify the trun-

cation of this series after the second term for the calculation
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of all exchange parameters. This can be concluded from the ratio

between Jn£ .e and Jng.e r f° r the next nearest neighbours,

which is 0.5. Omitting this truncation in the calculation of the

specific heat leads to an appreciably higher coefficient in the
_2

T term (a factor 1.5 would be reasonable).

B) The Heisenberg model has been used only with the nearest and

next nearest neighbours. The longe range of the RKKY-interaction

between the localised 4f-electrons causes the exchange interac-

tion between the nuclei, according to the double Fourier trans-

form, to be also of a longe range type. However the extension to

more neighbours could not be made, because no temperature series

expansion is available at present for such a model.

C) .?e have made the assumption that the exchange parameters mea-

sured by ESR are the same as those in the RKKY-interaction* When

we consider the Fourier transform J(ic,ic') of J. . (=J(r. .)), gi-

ven by

i(k~k ^ ^

with k and k reciprocal lattice vectors, we can develop J(k,k')

in Legendre polynomials (ref.14):

i£' (1) (|ic| ,|ic'|)P, (cosQ)

with 6 the angle between ic and Jc' , and 1 the order of the Legendre

polynomial. In j''(|ic|f|it'|), two important interactions must be

: considered:

] a) The atomic Coulomb interaction. This contribution is positi-

ve and decreases monotonically with 1 (ref.15).

b) Covalent mixing. This contribution is negative and only im- \

portant for J*3 , and much less for J*1' (ref.16). •

In ref.14 is described how the exchange parameters, measured si

in g-shift, line width, and resistivity, experiments, depend on £

J . For instance in ESR-measurements, where the scattering pro- %

, cess (k,k') takes place at the Fermi level, we obtain: %

\ < Jeff 2 > = ( j ( 0 )) 2 + 3(J ( 1 )) 2 + 5 ( J ( 2 ) ) 2 + 7(J ( 3 ) ) 2 . (IV.11) )

I; The exchange parameters in the RKKY-interaction are given by (ref.17) 1

% 1
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J (RKKY) = % {J(0*(sinx-xcosx) +
eft RJ

3J(1) ((x-—)cosx - (15-i2

in which R is the lattice distance and x equals 2k R, with k the

radius of the Fermi sphere. For large x this becomes

J ^(RKKY) = C 2 2 2 | * ( _ j < 0 W 1 } - 5 J ( 2 W 3 ) ) . (IV.12)
eff

From equations IV.11 and IV.12, we can conclude that the assump-

tion of the effective exchange parameters being the same for the

RKKY-interaction and the line width determination, is valid for

|J(O)|>>|J(1)|,|J(2)|,|J(3)|. This assumption may be theoretically

valid as regards the contribution due to the atomic Coulomb inter-

action. On the other hand, the covalent mixing contributions must

be small. The latter contributions depend on the energy separation
2

of the virtual 4f configurational level, the Fermi level, and the

4f occupation width (ref.18). For Prln.,, no experimental results

are available to estimate the covalent mixing contributions. How-

ever, our assumption leads to an underestimation of the exchange

parameters and the specific heat.
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CHAPTER V

PULSED NUCLEAR MAGNETIC RESONANCE MEASUREMENTS

V.1 Introduction

In this chapter we describe pulsed nuclear magnetic resonance

(further called "pulsed NMR-") measurements performed on copper

and platinum. Korringa's law for platinum has been checked against

the Curie law. In the temperature range from 2 mK to 7 mK, no de-

viation from Korringa's law could be detected for a sample of

Pt wires, in contrast to the measurements on Pt powder (ref.l).

The pulsed NMR-measurements on copper are more difficult to ana-

lyse, because of the three spin systems ( Cu, Cu, and the se-

cular spin system). A simulation is given for the behaviour of the

temperature as a function of time for these systems, and this si-

mulation is compared to the experimental results.

a-'

V.2 Principles of pulsed nuclear magnetic resonance

V.2.1 General

We consider a nuclear spin system in a static external field

§-, which determines the z-axis of quantisation, and in the pre-

sence of a sinusoidal field B =2B sinwt in a direction perpendi-

cular to S_, lasting for several cycles. The precession of the

nuclear magnetisation M., is described by the Bloch equation (ref.2)

M i + M ] " M - Mn
* YJ - z 0 (V.I)

in which I, ], and ic are unit vectors, T, is the spin-spin relaxa-

tion time, T is the nuclear spin lattice relaxation time, and Y

is the gyromagnetic ratio, B" (=(B X, B , Bz)) is given by
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B = (0, 2B1sinu.t, B.), with u. the angular frequency of the

transmitter. The angle 0 between Mj, and the z-axis produced by a

pulse lasting n cycles can be calculated from equation V.I, and

is determined by the frequency spectrum which is given by the

Fourier transform of the pulse train with respect to time.

This can be understood by considering the pulse process in a

frame rotating with ID. , by decomposing the pulse train into two

oppositely rotating components and neglecting the off-resonance

component. The angle 6 is expressed by

wcfwt
(V.2)

in which T is the duration of the pulse train and oi- is the nu-

clear angular Larmor frequency. This formula can also be related

to the Fouriertransform F(u0) of this pulse train:

F(u> ) = j B^t) exp(-iwt)dt
— 00

i)--ai ) .T sin%(un+u).T
= 2B. (V.3)

0"Bt

Near resonance tl»J last part of this expression is small compared

to the first one, and thus irrelevant; hence we may write eq.V._2 as

6 = (V.4)

As can be seen from this formula, the natural line width can only

be measured if T>>T2- However, in most pulsed NMR-measurements,

T<<T2 because of the dephasing of the NMR-signal during the trans-

mitter pulse.

The amplitude of the initial voltage induced in a receiver

coil by the rotating component M±{M , M ) is given by

NXyB sinS Ann

VT,N
(V.5)

in which V is the sample volume, containing N moles, X is the

Curie-constant, A is the cross-sectional area of the coil, with

n turns, n is the filling factor, and T N is the temperature of

the nuclear system. The validity of equation V.5 is based on
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Curie's law, which requires BQ/TN<<kB/gNuN • Since there is a

spread in the effective fields of the individual nuclei, due to

static magnetic field inhomogeneities, impurities, material stresses,

quadrupolar interactions (also with l=±h (ref.3)), and/or spin-

spin interactions, the precessing components of the individual

magnetisations do not have the same resonance frequencies, and

hence the signal induced in the receiver coil will decay. This

decay can be represented by exp(-A t -B t ) , in which A and B

depend on the kind of interaction of the various nuclei. We find

that all measured decays in our experiments can be represented

by exp(-B't). If the receiver coil is tuned, V N has to be multi-

plied by the quality factor Q of the circuit. Q also determines

the recovery time of the tuned circuit, since x=2Q/<o , with u

the angular resonance frequency of the circuit. Hence a fast re-

covery requires a low Q. The q-value optimizing the signal to

noise ratio is, for an exponential decay, determined by the re-

lation

u0 T2

21n(Vtr/Vn)
(V.6)

in which V. is the transient voltage of the transmitter pulse

immediately after the pulse, and V is the noise voltage. Q is

subject to the condition that the radiation damping time constant

T R (ref.4), originating from the energy transfer between nuclei

and coil, is much longer than the decay time of the free preces-

sion signal. The time constant t is given by

(h | (V.7)

V.2.2 The NMR-signal of a two spin system

In the case of a two-spin system, the amplitude of the vol-

tage induced in the receiver coil is given by the sum of the se-

parate signals, hence in the case of small 0,

2NiViVV: -(o ) T
V = S

i= l ,2 "i'-Nn TiD0 " t x u x
(V.8)

in which the subscript i denotes the spin system and <|>. the phase
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of M at the start of the detection period. In our experiments

we have rectified and integrated the receiver coil signal, so the

amplitude of our signal can be expressed by

u = c'J (v.+vjdt ,
0 i 4

in which C* is a constant (dependent also on the detector appara-

tus) , V, is the signal of spin system 1, and V o that of spin sys-
63

tem 2. E.g. in the case of copper, V c, (due to the Cu spin sys-
65

tem) is small compared to V g 5 (due to the Cu spin system) in

the region where "V-YgcB- , and vice versa, if (Y65-Yg3)BQ>>2ir/T,

so we can write:

U = U63 + U65 + Uinterf ' ( V' 9 )

in which U g 3 and U g 5 are the signals due to the Cu- and Cu-

nuclei separately and u i n t e r f
 i s the correction due to the inter-

ference of the signals. In our experiments, this correction,

i which can hardly be calculated because the initial phases <fg3 and

-.? (Ji-,. are very difficult to determine, appears to be small compared

'•'{ to the Cu and Cu resonance signals Ucr> and U t c.

4 V.2.3 Thermometry with a pulsed NMR-system

:• A) Introduction

In the case that the Zeeman-splitting is the most important nuclear

, interaction, the induced NMR-signal is, according to the Curie-law,

proportional to T~ . So the pulsed NMR-system can be used as a

; thermometer. Because several factors in formula V.5 cannot be cal-

culated with sufficient accuracy, we have first to calibrate the \

NMR-signal as a function of temperature. Such a calibration can be .]

achieved, for instance, by using another thermometer, or by the f

application of Korringa's relation (ref.5) i.e.: |

I
• T 1T E = K , (V.10) I

£ in which T is the nuclear spin lattice relaxation time, T_ is the %

I temperature of the conduction electrons, and K is the Korringa --•

I constant. ;
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B) Temperature determination using the Curie-law

After the calibration of the NMR-signal, we can determine the

temperature by interpolation or extrapolation. However, deviations

between the calculated and real temperatures can be caused by se-

veral factors:

1) Nuclear interactions, other than the Zeeman-interaction, can

become important, e.g.:

a) Magnetic impurities having interactions with the host nu-

clei may cause an appreciable shift in the resonance fre-

quency of a fraction of the host nuclei. A considerable num-

ber of these nuclei (wipe-out number) will then no longer

contribute to the main resonance line. The effect of this

interaction can be temperature dependent and so the wipe-

out number becomes a function of temperature. Also the decay

time of the free precession signal may be changed, leading

to a change in the integrated NMR-signal (ref.6 and 7 ) .

b) Nuclear ordering phenomena can change the nuclear level-

splitting and thus the magnetisation. The temperature region

where this effect becomes important is the micro-Kelvin re-

gion in the case of purely dipolar interactions, but in the

case of enhanced nuclear systems, this can be the milli-Kel-

vin region, as shown in chapter IV.

c) Quadrupole interactions can change the level splitting

depending on the quadrupole moment of the nuclei and the

electric field gradients.

2) In the temperature region where the Zeeman-splitting is

comparable to kT, the Curie-law is no longer valid and should

be replaced by the Brillouin equation.

3) The NMR-signal may originate from more than one spin-species

(especially when short transmitter times are used in the pulsed

NMR-experiment; see formula V.2). In the case of a temperature

difference between these spin species it is possible that the

NMR-signal is no longer proportional to the inverse temperature.

This problem can be avoided by using frequency filters or by

choosing a transmitter time at which the signal is fully pro-

portional to one spin species. We will discuss this in sec-

tion V.5.

4) Heating of the thermometer due to the radio frequency pulse
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can cause a temperature difference between nuclei and conduc-

tion electrons, and this may appear as a deviation from the

Curie-law. This heating is generated in two ways:

1) Heating of the nuclear spin system (intrinsic heating):

because the signal due to the thermometric pulse is propor-

tional to the inverse temperature, before this pulse is ap-

plied, the influence of this pulse can be measured only by

the next thermometric pulse (s). The time interval between

the pulses, compared to the thermal time constant of the

nuclear system, must be chosen in such a way that this in-

fluence can be ignored. The intrinsic heating will cause a

temperature rise according to

= - 4 0 for small 0. (V.ll)

';.•.'! Using now the definition of the nuclear spin lattice relaxa-

Tt tion time, and assuming the temperature of the conduction

; j electrons in first approximation to be constant, we get

I

or

flTN
;pulsee + l*TN

J pulse6

N

in which T is the time interval between the pulses and n is

the number of pulses preceding the last pulse. So we derive,

if n goes to infinity:

In the case of copper at a temperature of 1 BIK (resulting in

a Tx of ±1200 s) and with T=10 S WS have ^(T^
1)!^ 60©2.

I So 0 must be chosen very small to avoid deviations from

I heating by the pulses.

t
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2) Heating of the conduction electrons by eddy currents:

this heat generation is for a radio frequency magnetic field,

directed parallel to the axis of a wire bundle, given by

AQ
2*2

r B

8R

in which V is the volume of the conductor i.e. the volume of

the thermometer wires in the coil, r is the radius of the

wires, R is the specific resistivity and T is the trans-

mitter time. This heating will cause a temperature rise of

the conduction electrons, and thus change the time dependence

of the nuclear temperature through the nuclear spin lattice

coupling. This can cause serious errors in the temperature

measurement during the next pulse(s). Due to the small heat

capacity of the conduction electrons in the milli-Kelvin

region, this effect can be very important, if the thermal

relaxation time between the sample.and the thermometer is of

the same order of magnitude as the nuclear spin lattice re-

laxation time." Because it is very difficult to calculate

this effect, it must be determined experimentally. We shall

discuss this in the next sections.

C) Temperature determination using Korringa's law

Korringa's law provides a relation between the nuclear spin lattice

relaxation time and the temperature of the conduction electrons.

So by measuring this relaxation time, we can determine t'12 tempe-

rature. This is performed in the following way: starting at t=0,

with the same temperature for the nuclear system and the electro-

nic system, we create a temperature difference between these sys-

tems by radio frequency heating of the nuclear spin system. There-

after we measure the nuclear spin temperature by the pulsed NMR-

technique at regular intervals. From the integrated receiver sig-

nal decay, we determine the nuclear spin lattice relaxation time

T1. Korringa's law then yields the temperature of the conduction

electrons, T , during this measuring process. T equals the nuclear

spin temperature at t=0, thereby providing the calibration of the

NMR-signal. Deviations (either real or apparent) from Korringa's

law can be caused by several factors:

1) Magnetic impurities will change the nuclear spin lattice
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relaxation time, because of their interactions with neighbou-

ring nuclei, which will make the relaxation time dependent on

the distance between neighbour and impurity (ref.8). Such in-

teractions will also affect the exponential character of the

decay, or the decay time constant. All relaxation time measu-

rements in our experiments show an exponential decay.

2) In the temperature region where the energy splitting between

the nuclear levels is comparable to kT, Korringa's law is no

longer valid, and must be replaced (ref.9) for a system with

spin I by

-v2S£..
For gNwNBI»kT , this becomes:

kK

K (V.13)

(V.14)

3) If we have two or more spin systems which are mutually

coupled, the temperature time-dependence of the nuclear spin

system is not only governed by the nuclear spin lattice relaxa-

tion time, but also by the energy transfer between those sys-

tems. We will calculate this time-dependence in the case of a

Cu-system and a Cu-system coupled by dipolar interactions

(ref.10). In Cu, we have, due to the difference in gyromagne-

tic ratio's between Cu and Cu, effectively three spin sys-

tems: the Cu-system, the Cu-system, and the secular spin

system. A block diagram of these systems is given in fig.V.l.

65

v
63

(tD)

Lattice

Fig. V.I

A ic.htma.tic diaaxam oh the.
Cu.-&y&te.m, the. Cu.-*>y&te.m,

the. dipolan. Uecula/t.) ipin
iy.ite.rn, and the. lattice,,
h i& the. 6lip-6lop Kate.,
T a/ie ie.lax.ation timtt.
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In ref.ll, the following differential equations for the tempe-

ratures are deduced:

|E(a1-aL) + ̂ U ^ ) = -x^Xg,.^ - ̂ -) [—^^-) («D-aJ

(V.15)
and

l_(a \ + I (« -a ) JL-fJ: L_1 rY65X65+Y63X63i r _a \
dt D L T_.I D L C+l W,i- T^o "icc""ia ^ 1 L1^D 65 63 65 63

(V.16)

in which o_ is the inverse temperature of the conduction elec-

trons. a1 is defined by

x65 Y65 a65 + x63 Y63 a63 /t:

1 65T65 63T63

a , the inverse temperature of the secular spin system, is

given by

„ - a65Y65 " a63Y63 ,.T
D Y65 Y63

'• ' in which o g 3 and a 5 are the inverse temperatures of, respecti-

vely, the Cu-system and the Cu-system, yg5 and Y g 3 are the

f I gyromagnetic ratio's, x g 5 and x g 3 the natural abundances, T g 5

and Tfi3 the nuclear spin lattice relaxation times, T is the

nucleiar spin lattice relaxation time of the secular spin sys-

tem, B Q is the external magnetic field, in is the angular fre-

quency corresponding to the local magnetic field, while T ,

x i , and C are defined by

? i = ^ + ̂  ,
Tl T65 63

V TD T65 T63

C = (Y65-Y63)2BoV2 •

f The equation V.18 for a D is valid in the presence of cross-re-

% laxation. The quantities on the left- and right-hand sides of

!' this equation relax towards each other with a cross-relaxation

I
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;:
; time, which must be short compared to the relaxation times

':' '• under investigation. Equation V.15 can readily be simplified,

' because the right-hand part is so small that it can be discar-

-v' ded. As a result, we have

f
Equation V.16 can now be solved, using this relation, and we get

'I/O -t/x.
— )e X . (V.22)

Tl TD

With the aid of the equations for a. and a we can now solve

a-- and a,.- as functions of time.
OJ 65

In principle, any other interaction which causes cross-

relaxation between the two spin systems can be described by

an equivalent model, i.e. by splitting the interaction into a

flip-flop term and a term that is secular with respect to both

1 I and S . Also in this model, the cross-relaxation time should

be short compared to the other relaxation times. In that case,

r the influence of the coupling between the spin systems can no

longer be ignored in a process to determine the conduction

electron temperature via Korringa's law. So the knowledge of

this coupling is important for such measurements.

4) Heating of the conduction electron system due to the radio-

frequency pulses can cause errors in the determination of the

nuclear spin lattice relaxation time. Schematically, this ef-

fect is shown in figure V.2, where we have assumed that the

pulsed NMR-thermometer is attached to a sample which has a

constant temperature T . In this case, the determination of

the nuclear spin lattice relaxation time proceeds as follows:

The time dependence of the nuclear spin temperature after the

heating pulse is given by
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in which K is the Korringa constant, T N is the measured nuclear

spin temperature, and T is the conduction electron temperature.

The time dependence of the nuclear spin temperature, T N , in

the absence of peaks in T E is given by

d t - .v - n J • (V.24)

To first order, the difference between the two inverse nu-

clear spin temperatures obeys the relation

N If » ^ —1

and so we obtain, by integration of this equation,

t dT t (T (t1) - T )
A±- = /A—S at1 = J E & dt1 = f (t,T )i- ,

j N 0 dt 0 N N

% with the assumption that T is approximately constant near the

)l peaks in T . This implies that the thermal time constant be-

I tween the conduction electrons and the sample must be short

;| compared to the nuclear spin lattice relaxation time. The

i function f(t,T ) is very difficult to determine, and must be
*i S

eliminated as follows:

h> sfc
Also, we have

T" + ( 10
S I

~t/T

. in which TJJ is the temperature of the nuclear system unpertur-

• bed by a heating pulse, and in the absence of peaks in T p due

7 to the tipping pulses. Further, T^ is the (measured) nuclear

| spin temperature under the influence of peaks in T_ due to the

I tipping pulses, but unperturbed by a heating pulse. Since the

I last term in equation V.26 is small compared to T , we get

Ps)) = £- • (V.27)
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Using now equations V.25 and V.27, we can conclude:

TN 1In II — :s~" I = ——~t + C , (V.28)

in which C is an irrelevant constant. So, by measuring two se-

quences of the nuclear spin temperatures/ one with a heating

pulse and the other without a heating pulse, but with identical

tipping pulse trains, we can calculate the nuclear spin lattice

relaxation time, and hence the temperature.

V.3 Electronics

Two electronic systems have been used for the pulsed NMR-

measurements:

A) A system with a variable frequency between 70 kHz and 5 MHz,

which was designed and built in this laboratory. A voltage con-

trolled oscillator (5 MHz) supplies the time base of the system.

The transmitting, waiting, and receiving time can be chosen in

units of 1 or 10 periods up to 1000 periods of the transmitting

oscillator, while the repetition rate of the transmitter pulses

can be chosen between 0.01 Hz and 10 Hz. The transmitter consists

of a phase locked gated linear amplifier of 8 W (50 fi), with an

adjustable phase. The (pre-)amplifier (ref.12), which is partly

mounted on the top of the cryostat to reduce the capacitance in

the pick-up coil circuit, has a gain of 80 db. It is of wide-band

type, and the root-mean-square noise voltage per unit bandwidth

is 2 nV/Hz , while the thermal noise from the coil is much smal-

ler, due to its low temperature. The input capacitance of the am-

plifier is 10 pF, while variable capacitors can be connected to

the input to bring the coil circuit into resonance. The detector/

integrator can be used as a synchronous amplitude modulation detec-

tor, or as a phase sensitive detector, which has a sensitivity of

1 V output using an input of 1.5 V amplitude for the initial vol-

tage, with a decay time of 50 ys or 500 us (adjustable), and

with a detection time of 100 ys or, respectively, 1 ms. A sweep

unit can be used to vary the frequency linearly in an adjustable

region, with sweeping times up to 3 hours. A HP X-Y-recorder

(model 7004B) can be connected to the output of the detector/inte-
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grator to plot the readings, and also all data can be recorded on

a cassette-tape, including in particular the values of the adjus-

table variables of the pulsed NMR-system. The data on this tape

are provided with markers, and can be analysed, after reordering

them on separate data files, by a computer program.

Two special options have been constructed for this system:

1) A T,-processor which has modes to optimize the heating

pulse, to perform a T -measurement, and to perform a T -cor-

rection series, as described at the end of section V.2. The

data of the Tn-measurement and the T -correction series are

fed to a shift register, which can easily be read after the

measurement.

2) A T5~processor which can measure the free precession shape

of the NMR-signal. This is achieved by extending the delay

time after every tipping pulse by 1,2...... to n detection

time periods. This detection time is adjustable from 1 to 9

oscillation periods. The data can be recorded on the cassette-

tape as well as the plotter.

B) A system which is essentially analogous to that described un-

der A ) , however having fixed frequencies of 250 kHz, 125 kHz, or

62.5 kHz. This system was purchased from the IT-company (ref.13),

and was also equiped with a central processing unit designed for

calculating the absolute temperature from the NMR-signals, using

either the Curie law or the Korringa law. For the determination

of the temperature from the Korringa law, a least squares fit

calculation is performed, and the temperatures are calculated for

a Korringa constant of 29.8 msK. A small modification, useful for

T. -measurements below 10 mK, had to be applied to lengthen the

time interval between the pulses during a T1-measurement, or a

Tj-correction by a factor of 10. The data produced by this system

can also be recorded on the cassette-tape. :

V.4 Experiments with a platinum pulsed NMR-system |§

i
V.4.1 Introduction ;%'

Platinum is one of the most favourable substances for pulsed .:i

NMR-thermometry because of: ->
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A) the large T,. The decay time of the free precession signal can

reach a value of 1000 ysec. In practice, this time is most often

shorter, due to magnetic impurities, stress, and/or static field

inhomogenities. In our experiments, the decay was exponential,

with a decay time of 500 ± 100 ysec.

B) the small T1• The Korringa constant has been measured (ref.14)

to be 29.8 msK, which makes the duration of a T -measurement,

even at 1 mK, shorter than one minute. Also, the repetition rate

during a measurement, using the Curie law, can be very fast, which

improves the accuracy.

C) the fact that there is only one isotope having non-zero spin

and sufficient abundancy (33.8 % ) . Therefore, problems of cross-

relaxation are avoided.

D) the high thermal conductivity.

E) the availability in wire form with a high purity, or in pow-

der form.

V.4.2 Construction

We have used platinum wire with a diameter of 0.05 mm and a

purity of 99.996 % (impurities: 10 ppm Al, 10 ppm Si, 7 ppm Fe,

5 ppm Ag, 3 ppm Cu, 1 ppm Pb, 1 ppm Mg) . A wire, bundle is construc-

ted of 1200 enamel insulated wires, each 2.5 cm long. These are

soldered together with Sn at one (unisolated) end, and glued

together with GE-varnish at the other end (in constructing one

of these bundles, we made an attempt to solder it with Cd, which

proved to be unsuccessful: the Cd dissolved the Pt completely).

The transmitter/receiver coil, wound directly onto the wire bundle,

consists of 800 turns of 0.036 mm diameter Cu wire. Its length is

2 mm ; the inductance is 1.59 mH. The leads for this coil consist

of (partly superconducting) home made coaxial cables. The quality

factor of the pick-up circuit at 100 mK is about 8.3, and the

filling factor is about 0.3. This gives us a radiation damping

time constant of 13 ms at 0.5 mK, which can be neglected com-

pared to the spin-spin relaxation time of 500 us. The static

magnetic field is delivered by two superconducting coils:

A) The main coil (the split-pair coil A in figure II.1), which

also serves for the demagnetisation of the nuclear stage. Its
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Nb Ti coil section
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-4homogeneity over the Pt sample is better than 10 . During the

measurements, the coil was used in the persistent mode for reasons

of stability.

B) A small Helmholtz coil, which enables us to adjust the Larmor

frequency independently of the magnetic field of the main coil.

The dimensions of this Helmholtz coil, which is thermally anchored

to the mixing chamber, are indicated in fig .V.3. It is wound of

Niomax multifilament wire, with a diameter of 0.05 mm, because

single core wire gave a tremendous heating of the mixing chamber

during demagnetisation, which is attributed to flux jumps. The
—4B/I ratio is 756x10 T/A, and the homogeneity over the Pt sample

is better then ;.15 %. The power supply for this coil is a Drusch

(model 5020) apparatus, having a long term stability better than

10 . It was extended with an electronical sweep unit and a vol-

tage trip, which cuts out the power supply in the case of quen-

ching .

V. 4.3 Experiments

A) The detector output signal as a function of the NMR-fre-

quency is given in figure V.4 for a field of 27.6 mT and a trans- ;1

mitter time of 10 periods. The two curves belong to the two dif- '*•$

ferent detection methods: curve A for synchronous amplitude modu-

lation detection and curve B for phase sensitive detection. Curve

A can easily be accounted for by equation V.4, while curve B can

be explained by calculating the Fourier transform of the NMR-sig-

nal during the detection period, and by calculating the phase dif-
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ference, at the start of the detection period, between the Larmor

frequency and the transmitter frequency. This phase difference,

A<j>, is equal to (&>_-« ) (T +T ) , with T and T , the transmitting

and waiting time, respectively, and uQ and u the Larmor and

transmitter angular frequency. The NMR-signal is proportional to

sinA* , which explains the fast oscillation of the signal (plotted

is the logarithm of the absolute value of the NMR-signal).

B) Korringa's law for Pt has been checked against Curie's law

by measuring the nuclear spin lattice relaxation time as a func-

tion of the NMR-signal, when the nuclear temperature equals the

temperature of the conduction electrons. This has been done at a

frequency of 250 kHz in the temperature range of 2 to 6 nK. The

results are shown in figure V.5. Deviations, as have been measu-

red with Pt powder (ref.l), have not been detected (dashed curve).

In figure V.6 the relative deviation of Q'=V._,_/T. is plotted
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against V ^ ^ One may note that a tendency to a lower Korringa

constant at higher NMR-signals cannot be excluded, but this ten-

dency scarcely exceeds the accuracy of the measurements (2%). A

typical T -measurement is represented in figure V.7. The heating

pulses were generated by a radiofrequency field of 250 kHz, with

an ampltude of 0.2 mT during 70 ys , while these values for

I
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the tipping pulses were respectively 20 pT during 36 ps . The

time interval between the tipping pulses during the T -measurement

and the ̂ -correction varied between 1 and 3 seconds. Using for-

mula V.12, we calculate that with a time interval between the

tipping pulses of 3 seconds at 2 mK (T =15 s ), the relative

temperature difference between the conduction electrons and the

nuclei becomes 1.1 %. Therefore, in order to determine the con-

duction electron temperature, this time interval was enlarged to

30 seconds, resulting in a deviation of only 0.04 %, attributed

to the intrinsic heating. On this time scale, no deviation could

be measured, due to the heating of the conduction electrons.

C) Korringa's law for Pt was also calibrated against the

temperature, measured by the determination of the yray anisotropy

of radioactive Co in a single cryste-1 of hep 59Co (see also

chapter VI). This was achieved by measuring the nuclear spin lat-

tice relaxation time of Pt at a Larmor frequency of 250 kHz, as

a function of the y-ray anisotropy. The results of this calibra-

tion are plotted in figure V.8. The full curve gives the nuclear

spin lattice relaxation time, assuming a Korringa constant of

30.1 msK, which was the best fit for these measurements. This

I
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value agrees well with the measurements performed by Aalto et al.
(ref.13) .

V.5 Experiments with a copper pulsed NMR-system

V. 5.1 Introduction

Due to the fact that in copper two isotopes are present, the

time dependence of the nuclear spin temperatures is not only

governed by the nuclear spin lattice relaxation time, but also by

the coupling between the different spin systems. We shall discuss

how we have determined this coupling at a temperature of 1 mK and

in a magnetic field of 44.5 mT.

V.5.2 Construction.

Copper wires,with a diameter of 0.036 mm, a purity of 99.99%,

and a residual resistance ratio of 70, have been used for our
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thermometer. 3000 Cu-wires, with a length of 1.5 cm, have been
soldered at one end with In and glued together at the other end
with Cyanolit, which is a low viscosity, rapid bonding adhesive.
The transmitter/receiver coil was wound directly on the thermome-
ter, consisting of 0.036 mm diameter Cu-wire. The number of turns
was varied according to the various resonance frequencies which
have been utilised. In the case of the 500 kHz-measurements, a
coil with 400 turns was used, with a length of 4 mm and an induc-
tance of 300 uH. The quality factor of the circuit was 6, and the
filling factor, n, was 0.3. This results in a radiation damping
time constant of 0.45 ms near 0.5 mK for the Cu-system, assu-
ming full penetration of the radio frequency pulse. Because the
skin depth at a frequency of 500 kHz for copper, with an electri-
cal resistivity of 2.4*10 flm (corresponding to the residual
resistance ratio of 70), is 10 y, this time constant changes to
0.56 ms near 0.5 mK. The experimentally measured decay time of
the free precession signal is 0.026 ms. So in this low temperature
region, radiation damping can become important. The leads for the
receiver/transmitter coil were"home made" partly consisting of
superconducting coaxial cables. The static magnetic field was
supplied by the main split-pair coil, which was used in the per-

•-„. sistent mode, because of stability reasons. The field homogeneity
£ was >.«« « - ,.x. over *. copper t h e _ e t e r .

M V.5.3 Experiments
y-P

til A) To investigate the contribution of the two Cu-isotopes to
VT! the NMR-signal, we have measured this signal as a function of the
:• external magnetic field, using transmitter frequencies of 0.50,
V> 1.50, 2.97, 3.85, and 4.62 MHz. In figure V.9, this signal is
^ plotted for the 2.97 MHz transmitter frequency and a pulse train
%<r g O

if of 69 periods. As expected, from equation V.8, besides the Cu
*;'•' and Cu resonance peaks, additional peaks were observed, while
| the line width considerably exceeds the natural line width, be-
I cause of the small pulse duration in comparison with 1^. The line
I shape for the other frequencies is roughly the same, keeping the
t' number of periods in the pulse train constant. For comparison in
I figure V.10, the calculated NMR-signal using formula V.9 has been
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drawn, omitting the interference term from this formula. This in-

terference term is small, as can be concluded from the small dif-

ferences between the experimental and calculated curves. It is

also clear that at the resonance frequency of the Cu-system, the

contribution of the Cu-system can be ignored. For clarification,

the measurements performed with the synchronous amplitude modula-

tion detector are shown. For phase sensitive detection, the line

shape is roughly the sum of the two separate line shapes of Cu

and Cu (as can be concluded from fig.V.4), because no interfe-

rence occurs using this detection method. This result has not been

plotted, since it does not contain much additional information.

B) The time dependence of the temperature of the Cu spin

system has been measured in a field of 44.5 mT, corresponding to

a Larmor frequency of 500 kHz for the 63Cu-system (see fig.V.11).

The calibration constant, which relates the temperature to the

NMR-signal, has been determined, using the Pt thermometer, between

5 mK and 10 mK. For this purpose, the platinum and copper ther-

mometers were mutually connected via an annealed, 6 mm diameter
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copper rod, leaving a distance between the thermometers of 2 cm.

Because of the magnetic field of the Helmholtz coil at the site

of the copper thermometer, the copper NMR-signal was reduced by

8.5 %. Thus all measurements have been performed with this coil

energised. This procedure provided a calibration of the Cu-tem-

perature, and thereafter, the temperature of the conduction elec-

trons could be calculated. By creating a temperature difference

between nuclei and electrons by demagnetisation of the nuclei,

while the temperature of the electrons is kept constant, no tem-

perature difference between the spin systems occurs and the nuclear

spin lattice relaxation time can be determined. The temperature

of the electrons is kept constant by coupling to a heat reservoir,

which consists of 2 moles of indium. This indium cannot be cooled

in magnetic fields lower than 0.1 T by adiabatic demagnetisation,

because of the large quadrupole splitting. Using the Korringa law

for copper, with a constant of 1.09 sK (ref.ll), the conduction

electron temperature has been calculated to be 1.06 mK during this

experiment. The Cu temperature is now measured as a function of

time,- after several heating pulses with a frequency of 500 kHz,

a duration of 0.030 ms, and an amplitude of 0.4 mT. These pulses

do not change the temperature of the Cu-system, because the

frequency difference (35 kHz) between the Larmor frequency of this

system and the transmitter frequency is much larger than the natu-

ral line width (the relative change in temperature calculated from

the equations V.4 and V.ll is less than 0.1 % ) . The heating of the

conduction electrons can be ignored, because the transmitting time

and the thermal time constant between the electrons and the heat

reservoir are very small compared to the nuclear spin lattice re-

laxation times. The heat generated by the eddy currents (about

10 J) does not change the temperature of the heat reservoir '-;'.

noticeably. >:

Using a model such as described in section V.2.3, we have -<\

calculated the time dependence of the Cu-temperature. Now we .%
• 'S%

note that the cross-relaxation time between the spin systems, due M
to dipole interactions, is extremely long in a field of 44.5 mT, \'-^

i.e. the natural (dipole) line width is small compared to the £c

Larmor frequency difference. Hence, another mechanism must be in- f*

voked to explain the coupling between the spin systems, as well vS;
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as the short spin-spin relaxation time of 26 ysec. (measured at

1.3 mK), corresponding to a second moment of the NMR-line of

3*10 Hz . Magnetic impurities in the sample may cause the cross-

relaxation and the short spin-spin relaxation time. Using equa-

tions V.21, V.22, V.17, and V.18, we have calculated the time de-
63pendence of the .Cu-temperature. The only unknown parameter, tD,,

could be fitted, and the best value for tn, was 950 sec. In figu-
63

re V.ll, the calculated temperature of the Cu-system has been

plotted with this value for T , ; also the calculated temperature
65

of the Cu-system is plotted. A value for x_ cannot be calcula-

ted, because the constant C is impossible to estimate accurately.

In conclusion, we can say that cross-relaxation has been

found in magnetic fields exceeding 20 mT, although, purely dipolar

interactions can be practically ruled out at such field values.

This cross-relaxation may be attributed to magnetic impurities,

even when the sample is 99.99 % pure. As shown, the Korringa law

for copper is difficult to check using heating pulses, as has

been done with the platinum NMR-thermometer. It should be noted

that also squid-NMR measurements (ref.15) can lead to erronaous

values of the nuclear spin lattice relaxation times, when the

coupling between the spin systems is ignored. However, such pro-

blems are absent, when a platinum pulsed NMR-thermometer is used.

We have demonstated, that this thermometry can reliably and accu-

rately be utilised in the milli-Kelvin region. The temperatures

deduced from the Y~raY anisotropy of radioactive Co in hep Co

agree within 3 % with the temperatures derived from the nuclear

spin lattice relaxation time of platinum. For the thermometer

consisting of platinum wires the Korringa relation is checked and

the deviations as measured for platinum powder are absent, which

can be attributed to the higher purity of the wire and for the

better heat contact.

References

1. Edwards, D.O. , Pedes, J.D., Gully, W.J., Ihas, G.G., Landau,

J., and Muething, K.A. , Proc. ULT HakonS symposium (1977).

2. Slichter, C.P., Principles of magnetic resonance, Springer-

132



I Verlag, New York (1978).

; 3. Bloembergen, N., and Rowland, T.J., Acta Metallurgica 1_, 731

$r (1953).

£.' 4. Bloembergen, N., and Pound, R.V., Phys. Rev. £5_, 8 (1954).

I 5. Korringa, J., Physica _16, 601 (1950).

•'j 6. Bloyet, D., Ghozlan, A.C., Piejus, P., and Varoquaux, E.J.,

j Proc. LT13, Plenum Press, New York (1973).

. 7. Winter, J., Magnetic Resonance in Metals, Oxford (1971).

5 8. Bernier, P., and Alloul, H., J. Phys. F: Metal Phys. 2» 869

(1973).

9. Cameron, J.A., Campbell, I.A., Compton, J.P., and Lines,

R.A.G., Phys. Lett. 10., 24 (1964).

10. Goldman, M., Spin Temperature and NMR in Solids, Clarendon

Prees, Oxford (1970).

11. Aalto, M.I., Berglund, P.M., Collan, H.K., Ehnholm, G.J.,

Gylling, R.G., and Lounasmaa, O.V., Physica 6_1, 314 (1972).

12. Millard, J.K., and Blablock, T.U., IEEE Trans, on Nucl. Sci.

NS17, 1 (1970).

v 13. Instruments for Technology, P.O.Box 38, 02211 Espoo 21,

[• Finland.
f: 14. Aalto, M.I., Collan, H.K. , Gylling, R.G. , and Nores, K.O. ,

! Phys. Lett. 41A, 469 (1972).

' 15. Ahola, H., Ehnholm, G.J., Islander, S.T., and Rantala, B.,

J. de Phys, Proc. LT15, Grenoble, 2, 1215 (1978).

I 133

f



CHAPTER VI

NUCLEAR ORIENTATION EXPERIMENTS

VI.1 Introduction

The anisotropy of the radiation emitted by an ensemble of

radioactive nuclei results from differencies in the relative

populations of the nuclear Zeeman levels(just before fche emission)

and from the anisotropic directional distribution of the radia-

tion of each nuclear spin level. The magnetic sublevels of a nu-

cleus with spin I are characterised by the magnetic quantum num-

bers m (=-I Sm3 +I) with respect to the axis of rotational symme-

try, as provided by an external magnetic field or hyperfine field

for example. In many cases, the populations a of the magnetic

sublevels can be calculated from a Boltzmann distribution; one

speaks of nuclear orientation, when these populations differ con-

siderably. This can be achieved by a nuclear spin interaction,

e.g. the nuclear Zeeman interaction, the hyperfine interaction,

the quadrupole interaction, etc., or a combination of these in-

teractions, if, in addition, the temperature is sufficiently low.

The orientation parameter B. (I), defined as 21 independent

linear combinations of the moments Em a can describe the angular
m m

distribution of the radiation intensity W by:
kmax

w(T,e) = i + s B U , P P . (cose) . (vi.i)

k=2,4 K K K K

In this relation Q is the angle between the direction of emission

and the axis of orientation, U. is a constant depending on the

transitions preceding the detected one, F, is the angular momentum

coupling coefficient for the transition under observation, and

Pk(cos6) is a Legendre polynomial. The sum in the equation extends

over all even values of k up to k =21 or 2L, whichever is smaller;
IUclX
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L denotes the multipolarity of the radiation, e.g. L=l stands for

dipole radiation. In addition, mixed multipole radiation may oc-

cur. The coefficients B, can be written as

- (2k) / Tk r(2I+l) (2k+l) (21-1)
" "iT 1 (2I+k+l)l

(VI.2)

where the f, are designated as the spin distribution moments. For

polarised gamma radiation, only coefficients with k even differ

from zero. The first two of the f, with k is even are

f2 =
+1 -

( Z m
m=—I

- 1(1+1)/3) and

[ Z m
m=-I

2
0

- (31^+31-1)

The decay schemes of Co, Mn, and Nb, utilised for our

experiments, are given in figure VI.1. The y-transitions of Co
54

and Mn having spins 1=5 and 1=3, respectively, are of a pure

electric quadrupole (E2) character, i.e. L=2. Hence k equals
nicix

4. For these nuclei, the products UOFO and U.F. have been calcu-
60 4 4

lated (ref.l), resulting, for Co, in:

•I
'i

+ I 2 + I 4
W(T,0) = 1.1905 + 0.05158 Z m a - 0.003968 Z m a

mm — m=-I
m
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54
and, for Mn, in:

+ I 2 + I 4
W(T,0) = 1.0000 + 0.3888 £ m a - 0.055553 I m a_ .

m=-I ^ m=-I ^

The Y-transition of 95Nb is a mixed electric quadrupole (E2) and

magnetic dipole (Ml) transition, with an E2/M1 mixing ratio 6.

The relation between W and 6 is given in section VI.4.

All transitions under consideration are "stretched", which

implies that the Y~ray anisotropy can be described in terms of

the spin and orientation of the parent nucleus only. In equation

VI.1, correction factors must be introduced for all terms, which

allow for the finite solid angle subtended by the Y~ray detectors.

VI.2 Experiments on Co in hep Co

59
An hep Co single crystal has the advantage above other

ferromagnetic hosts that an external magnetic field for alignment

of the individual domains of the crystal is not needed, because

of the large magnetic anisotropy already present. The energy

levels, E , for the Co-nucleus can be expressed by:

A^ e2aQ 2
E = [-g u (1+K )B + •rjm + QTTO'T-I) (3COS Q~1)

(VI.3)

The hyperfine coupling constant A has been determined by Zech et

al. (ref.2), and gives a splitting between successive hfs levels

of ^4=6.0850±0.0024 mK. The direction of the hyperfine field is

antiparallel to the external magnetic field. The Knight shift K1

59 59

has been determined for Co in hep Co by Fekete et al. (ref.3)

and equals 0.019. In our calculations we have used this value for

the Knight shift of Co. The nuclear quadrupole splitting for

Co can be calculated from measurements of the nuclear quadrupole

splitting for hcp59Co. This calculation yields the result that the

; quadrupole splitting for Co would be 4.08 11K, assuming the elec-

tric field gradients and the quadrupole moments of the two isoto-

pes to be equal (ref.4). This assumption holds probably to within

: 10 or 20 %. A comparison between a Co Y~ray anisotropy thermome-

S ter and a Josephson junction noise thermometer has been performed

I by Marshak and Soulen (ref.5). They conclude that the temperature
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scales of these primary thermometers agree within an accuracy of

0.5 % in the temperature region down to 11 mK. As mentioned in

chapter V, in the temperature region from 2.5 to 6 mK, we have

compared the temperatures deduced from the y-ray anisotropy of
6 0Co in hep Co with the temperatures deduced from the nuclear

spin lattice relaxation time of platinum. We find agreement with-

in an accuracy of 1 %. If we suppose, that the fraction f of im-

properly aligned domains (closure domains) influences the aniso-

tropy according to the relation

w'(0) = W(0)(1-f) + W(|)f ,

where W(0) and W(£) are the effects in the absence of closure do-

mains , we conclude from our measurements that f is smaller than

0.5 %. This agrees with the experiments of Chandra and Radhakrish-

nam (ref.6), who compared a disc-shaped crystal with closure do-

mains and a needle-shaped sample with dimensions comparable to

ours. The misalignment of the c-axis of the crystal with the

zero-degree position of the detector was small compared to the

solid angle of the detector, and the error so introduced lies

•l within the experimental accuracy. The same holds for the misalign-

i ment due to the mosaic spread of the crystal, which was determined
: to be 3°. The sample we have used during all our measurements had

Ij the dimensions of 0.5*1.1*7.8 nun, with a weight of 38 mgr, and

was activated by irradiation by thermal neutrons of a high flux

reactor (ECN at Petten, Netherlands). The activity was about 1 yC.

54
VI.3 Experiments on Mn in Zn

VI.3.1 Theory •.

5 4 -
Dilute alloys of Mn in Zn exhibit many of the anomalous £

properties associated with the Kondo effect (ref.7) . The hamil- f,
54 -•3-

; tonian for the radioactive Mn can be described by vg

j H = gJUBBzSz + g N W N V Z + AIS + JSI , (VI. 4) |

| which contains the electronic and nuclear Zeeman interaction, the 1!

| hyperfine interaction, and the s-d exchange interaction, respec- >|
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tively. According to the equation for f_ and f., the y-ray aniso-
2 4

tropy can be determined if the statistical averages <m > and <m >

are known. One can calculate these averages by diagonalising the

hamiltonian and determining the quantum mechanical and Boltzmann

averages from the calculated eigenvalues and eigenvectors. This

method assumes that the electronic and nuclear spins are weakly

coupled to a heat bath (the conduction electrons), so that the

nuclear spin interacts with the instantaneous expectation value

of the electron spin. Hence the nuclear precession time should be

short compared to the impurity electron spin relaxation times.

This limit is called the slow relaxation model. In the other ex-

treme case, the fast relaxation model, one assumes that the elec-

tron spin relaxation time is short compared to the nuclear preces-

sion time. In that case the nuclear spin interacts effectively

with the time averaged electronic spin value <S > which is related
zto the bulk magnetisation M , according to: M

Then the measured nuclear orientation would correspond to an ef-

fective field B
'eff

Beff + B = Bhyp
+ B

In ZnMn, we anticipate the fast relaxation model to be valid, be-

cause the nuclear precession time T (=h/AS , ref.8) is much lon-

ger than the electronic relaxation time of the ion T, (eO.66h/kT ,

ref.9, while the Xondo-temperature T =0.2 K ) . The statistically

averaged electronic spin value <S > is determined by the external
z

magnetic field and by the interaction between the localised d-

electrons and the conduction electrons. According to Nagaoka-Suhl

(ref.10), such a system exhibits at low temperatures a bound state

originating from the interaction between the localised d-electrons

and the conduction electrons, and resulting in a compensation of

the localised ionic moment. An estimate of the Kondo-temperature

T v can be obtained from the relation

sat
K

(VI.5)

.sat
in which B e f f is the maximum effective hyperfine field, y f f is

the magnetic moment obtained from high-temperature and low-field
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sat

susceptibility measurements, and u is the saturation moment ob-

tained from high-field magnetisation measurements.

VI.3.2 Experiment

Carrier-free 54Mn in HCl-solution was deposited on a sample

of 6N pure Zn. After careful drying, the chlorides are reduced in

a hydrogen atmosphere at temperatures below the melting point of

Zn, and thereafter the sample is molten and annealed during seven

hours. An activity of 1.5 uC was measured after annealing. The

corresponding Mn~concentration was less than 0.2 ppm. No reduction

of the activity was observed after etching the sample in dilute

HC1. The sample weighed 1.4 g and was soldered, together with a

Co thermometer, to a copper cold finger, which was attached to

the PrCu,-cooling stage via the silver frame. The y-ray anisotro-

pies as a function of the temperature and as a function of the ex-

ternal magnetic field are plotted in fig.VI.2 to VI.12. The shape

of the curves corresponds, in the magnetic field region from

0.065 T to 6 T, to the y-ray anisotropy curve for the free spin

fast relaxation model. These curves have also been plotted in the

figures. We conclude, especially from those measurements, in which

a y-ray intensity as low as 10 % is achieved, that the fraction

of nuclei, which do not have the correct energy level splitting;

is less than 2 %. The resulting curve for the effective field,

B ~f, as a function of the external magnetic field is given in

: fig.VI.13. From this figure we conclude that the saturated hyper-

fine field, A<S >_ . /gXTyM, equals 19.2±0.5 T. The Kondo tempera-
Z Sat N n

ture, calculated from equation VI.5 in the low magnetic field

region down to 0.065 T, equals 0.17 K. In the figures VI.10 to

VI.12, the full curves represent the y-ray anisotropy according

to the fast relaxation model, in which the effective fields are

calculated with the aid of equation VI.5. The discrepancy between

these curves and the measured data points shows that the fast

relaxation model cannot be used at magnetic fields below 0.065 T

and/or the effective field cannot be derived from equation VI.5.

i Especially the measurements in 23 mT and 42.5 mT show an enhance-

fi ment of the anisotropy in the high temperature region. The aniso-
i f •

s- tropy can also not be explained by the free spin slow relaxation
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model. Such an explanation would as well be in contrast with the

fact that the nuclear precession time is still much larger than

the electronic relaxation time. This should imply that the avera-

ged value for the electronic spin in this magnetic field region

is much larger than expected according to the Nagaoka model, and

decreases on lowering the temperature. Such a decrease has also
52been measured by Eska et al. (ref.8) in MnAu. However, they

found an attenuatir. f̂ the anisotropy in lowering the magnetic

field, which is opposite to our results, which show an enhance-

ment of the anisotropy. It should be noted that, whereas in nucle-

ar orientation experiments a reduction of the anisotropy can usu-

ally be explained by a variety of reasons, an enhancement, on the

other hand, is much more difficult to explain. Also their assump-

tion of a Kondo-temperature in the milli-Kelvin region does not
54apply to MnZn, Magnetisation measurements on ZnMn from 2 K down

to 10 mK, using a squid magnetometer, have been performed by

Doran et al. (rcf.Ii). These measurements show a weak concentra-

tion dependence of the Curie-Weiss temperature, 0, even at concen-

trations as low as 1 ppm; the observed 0-values may be attributed

to interaction effects, and in any case are much too small to be

consistent with a Kondo-temperature of 0.2 K, assuming that 0«T ,

or more precisely 9=4.61,, (ref.12). Our measurements show quali-

tatively the same results, because they can be explained by an

enhanced magnetisation. The possibility, that a nuclear quadrupole

splitting is responsible for the enhanced anisotropy can be ruled

out, because this would require a nuclear quadrupole frequency,

l ^ " 1 ! , of 300 MHz, which is in contrast with the estimated

value of 22 MHz. In this estimate a nuclear quadrupole moment of
54

eQ=0.35 b for Mn has been used (ref.13), while the electric
57

field was estimated from the nuclear quadrupole frequency of Fe

in Zn (ref.14) As a conclusion, we can state that the magnetisa-

tion and the corresponding nuclear orientation for the Kondo sys-

tem ZnMn at temperatures below Tv do not agree with a simple

Curie-Weiss behaviour for the magnetisation. The theoretical re-

lationship between 6 and T , e.g. 9*4.6T,,, should be reexamined

for temperatures far below Tv, and also a magnetic field depen-

dence should be included.
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95
VI.4 Brute force polarisation experiments on Nb in Pt

•if.- -

w;'

1

95The Y-ray anisotropy of radioactive Nb diffused into Pt
95has been measured to determine the polarisation of the Nb-nuclei

as function of the temperature and magnetic field, and to examine
95the suitability of the NbPt system as a thermometer in nuclear

demagnetisation experiments. The latter has been shown already in

chapter III.
95The radioactive Nb was available to us as a carrier-free

Nb-chloride solution. Droplets of the active solution were, to-

gether with oxalic acid, deposited onto a Pt-foil and heated to

80 °C. Subsequently the sample was fused in a quartz tube and

filled to 0.33 atm. with pure hydrogen. The sample tube was kept

at 1100 °C for one week. To remove the surface activity, the sample

was etched with aqua regina. The sample was soldered with tin to

a silver cold-finger. A Co in hep Co thermometer was also sol-

dered to this coldfinger. All measurements have been corrected
95for the half-life of Nb, which equals 35.2 days. The measured

9595

anisotropy of the Nb-nuclei as a function of the tempera-

ture in magnetic fields of 6 T and 3 T are given respectively in

figures VI.14 and VI.15. Theoretically, this anisotropy strongly

depends on the mixing ratio 6 of the multipole radiation, because

a relativily small M2-admixture to the El y-radiation changes the

orientation parameters considerably, leading to:

.w(e) - I + (i+sV {4 - 3( ^ « ^
N2(Ji).f2(Ji).P2cos0 +

,2
10

6

1+6'

In this relation, f_ and f. are the spin distribution moments,

and No and N. are factors depending only on the nuclear spin j

of the excited Mo level. The initial orientation of the Nb

ground state is related to the nuclear orientation after the B

transition via

i
I

I
Nk(I)fk(I) =
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in which I is the nuclear spin of the parent nucleus. We obtain

W(0) = 1 + (1+62)~1{1.5000-8.6606+0.35762}x0.5625xf2(I=|)x

P2(cos0) + 4.82l46
2(l+62)"1f4(I=|)P4(cos0)

(VI.6)

The mixing ratio <S has been measured to be 0.05±0.01 by Cameron

et al. (ref.15). The energy splitting between the nuclear Zeeman
95levels of Nb is given by

(VI.7)

g has been measured by Brewer (ref.16) in an NMR-ON experiment,

which gave g =1.3284(26). This determination of g follows from
95the results of a brute force NMR-ON experiment on NbTa, which

93were compared with the results of NbTa NMR-experiments. The

Knight-shift of both Nb-nuclei has been assumed to be equal. The

best fit for the results of our experiments are obtained with a

mixing ratio of 0.039+0.0015 and a Knight shift of 7.4±3%. The

full curves in figures VI.14 and VI.15 give the calculated aniso-

tropy for these values of 6 and K. We have attempted to perform a
95NMR-ON experiment on NbPt with the aim of determining the Knight

shift more accurately, but no destruction of the y-ray anisotropy

could be detected as a function of the NMR-frequency. This can

perhaps be ascribed to the strong coupling between the conduction

electrons of the platinum and the niobium nuclei, which can also

account for the large Knight shift.

VI.5 Brute force polarisation experiments on Co in Cu

According to the theory of the electronic structure of magne-

tic impurities in non-magnetic metallic hosts developed by Friedel

et al. (ref.17), the dilute system of CoCu is non-magnetic. An

NMR-study of this alloy has been performed by Wada et al. (ref.18).

As a result of that study, the Knight shift of Co was determined

to be 5.2±0.2%, while the Korringa constant was determined to be

20 msK. This agrees rather well with a theoretical estimate. The

experiment did not show a variation of the Knight shift as a func-
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tion of the Co-concentration up to 1 %. This implies that quite

small samples can be used for those nuclear orientation experi-

ments, in which the specific heat of the sample is to be kept

small. In order to check, if the CoCu system also remains non-

magnetic at very low temperatures, we have performed y-ray aniso-

tropy measurements on a sample of Cu with a few ppm radioactive

Co. The sample was prepared by depositing 60Co in HCl-solution

on a copper foil, and by melting the- foil. Hereafter the copper

was annealed during two hours at 800 °C and etched to remove the

surface activity.

In figure VI. 16, the measured yray anisotropy W(0) is plot-

ted as a function of the temperature in a nuclear orientation ex-

periment in an external magnetic field of 6 T. The temperature in

this experiment has been determined by the Y-ray anisotropy of

Nb in platinum (see section VI.4). The rather poor accuracy in

the experiment is due to the saturation of the y-ray anisotropy

of the Nb-nuclei in the low temperature region, because nearly

complete nuclear orientation is achieved. The full curve in figu-

re VI.16 corresponds to the calculated anisotropy of the 60Co-nu-

clel. A Knight shift of 5.2 % has been assumed, ignoring a possible
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59 60
^ difference in Knight shifts between Co and Co due to an iso-

mer shift. We can conclude that even down to 2 mK the CoCu sys-

tem does not show any anomalous magnetic behaviour (i.e. it re-

mains non-magnetic), which makes this system favourable for ther-

mometry in this low temperature region, particularly if the ener-

gy splitting between the nuclear spin levels can be more accura-

tely determined by an NMR-ON experiment.

VI.6 Experiments on Co in Fe and Mn in Fe.

The accuracy of the nuclear orientation thermometry using

MnF£ and CoFe has been investigated by Sites et al. (ref.20).

They report that above 10 mK the measured CoFe temperatures are
54consistent with the Mn temperature determination, but are about

10 % higher at 4 mK. Also SbFje registers a temperature that is

several percent lower than the Mn temperature. These discrepan-

cies can be explained by thermometer-foil preparation problems,

which may cause deviations of hyperfine fields from the usual
! value at some lattice sites. This would imply, that these thermo-

meters cannot be used as primary thermometers, and must be cali-

brated against another thermometer to determine the fraction of

radioactive nuclei which have the correct energy level splitting.

For our Co in hep Co source, we have determined this fraction

by comparing the Co-temperature with the temperature, as measured

from the nuclear spin lattice relaxation time of platinum. This

comparison cannot be performed for radioactive nuclei in iron ,

because the usual resonance field of the platinum nuclei is too

low to align all magnetic domains in the iron completely. This

lack of alignment also influences the orientation parameters of

the radioactive nuclei, and is dependent on the shape of the sam-

ple. Another problem (of minor importance) is that the Knight

shifts of Mn and Co in iron are not known.

We have performed experiments in which the temperatures of

CoFe and MnFe are compared with the temperatures of brute

( force polarised radioactive Nb-nuclei in platinum and Co-nu-

| dei in copper. The CoFe and MnFe samples were prepared by

I
depositing droplets of the active solution on a Fe-foil, by redu-

cing the Co- and Mn-chloride, by heating the sample in hydro-
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gen atmosphere at 800 °C, and by melting the sample and annealing

during four hours at 1300 °C. After annealing, the samples have

been etched to remove the surface activity. In figures VI.17 and

VI.18, the results of the measurements are shown. We conclude from

figure VI. 17, that below 10 mK the temperatures of the CoPe_ are
95higher than the Nb-temperatures. This can be explained by assuming

60
about 6 % of the radioactive Co to have zero hyperfine field.

54The same tendency of the temperature deviation of MnFe_ can be

inferred from figure VI.18, where the y-ray anisotropy of CoCu
54is plotted as a function of the MnFe temperature.

VI.7 Conclusion

We have shown that y-ray anisotropy measurements can be used

for thermometry purposes, even at temperatures near or below 1 mK.

The Co in hep Co-thermometer has been compared with a platinum

pulsed NMR-thermometer, resulting in a Korringa constant for pla-

tinum of 30 msK, which is in good agreement with other experimen-

tal determinations of this constant. The y-ray anisotropy of brute
AC

force polarised Nb in platinum has been measured as function of

the temperature, resulting in a determination of the mixing ratio,

E2/M1, of 3.9+0.2%, and a Knight-shift of 7.4±3%. We have shown
54that the y-ray anisotropy of the Kondo system MnZn in magnetic

fields down to 65 mT can be described by the free spin, fast re-

laxation model, and that below 65 mT, the nuclear spin level split-

ting is larger than expected from the Nagaoka-model, and is also

temperature dependent. No magnetic anomalies have been found in

the system CoCu, even at temperatures of a few milli-Kelvin,

which shows CoCu to be a suitable thermometer in the milli-Kel-

vin region in the presence of magnetic fields. The thermometry

with "*Mn and Co in iron was less accurate in the low milli-

Kelvin region, because the fraction of radioactive nuclei having

the correct hyperfine field could not be reliably determined.
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SAMENVATTING

; In dit proefschrift worden experimenten beschreven aan kern-

magnetische momenten, die een versterkte wisselwerking hebben met

externe magneetvelden. De manier, waarop deze versterking tot

stand komt, wordt uitvoerig behandeld in hoofdstuk I, waar even-

eens wordt ingegaan op het thermodynamische gedrag van deze ver-

sterkte kernmomenten bij lage temperaturen. De gunstige eigen-

schappen van deze versterkte kernmagnetische systemen voor adiaba-

tisçhe kerndemagnetisatie in het milli-Kelvin gebied blijken hun

toepassing te vinden in die experimenten, waar een groot koelend

vermogen vereist is bij een temperatuur van enkele milli-Kelvins.

Een voorbeeld hiervan vormen de twee-traps demagnetisatie experi-

menten, beschreven in hoofdstuk III, waarbij een versterkt kern-

magnetisch systeem, bestsande uit 3 mol PrCu,, dient als voorkoel-

middel voor een kernpreparaat, bestaande uit zuiver indium (waar-

van de magnetische momenten niet versterkt zijn). De technische

apparatuur, die nodig is voor zo'n experiment, waarin temperaturen

i lager dan 1 milli-Kelvin gedurende êén dag gehandhaafd zijn, is

r beschreven in hoofdstuk II.

Dat de interaktie tussen de kernmagnetische momenten in een

versterkt kernmagnetisch systeem vele orden van grootte sterker

kan zijn dan de dipolaire wisselwerking, wordt aangegeven in J

hoofdstuk IV. Hier wordt de interaktie beschreven, die bestaat

tussen de kernmagnetische momenten als gevolg van hun koppeling )

: met de elektronische momenten, die op hun beurt weer onderling .'•

via exchange met elkaar wisselwerken. De hiervan theoretisch af- ;;S

geleide soortelijke warmte voor de intermetallische verbinding ;f|

Prln^ wordt vergeleken met de gemeten soortelijke warmte. p£

• De thermometrie in het milli-Kelvin gebied, waar nog geen %

; internationaal aanvaarde temperatuurschaal is, wordt behandeld in $£

f de laatste twee hoofdstukken. Zoals aangegeven in hoofdstuk V p

£ vormt gepulste kernspinresonantie een zeer belangrijke mogelijk- 6|

| heid voor temperatuursbepaling. Met name gepulste kernspinreso- \i

I 2
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nantie aan platina-draden blijkt betrouwbaar en nauwkeurig als

thermometer te kunnen dienen. Voor koper-draden is de puls-NMR-

thermometrie problematischer door de koppeling tussen de twee iso-

topen Cu en Cu, zoals blijkt uit de experimenten, die in

hoofdstuk V zijn beschreven.

Tot slot wordt in hoofdstuk VI uitvoerig ingegaan op de ther-

mometrie met behulp van georiënteerde radioaktieve kernen. Thermo.-

metrie tot in het milli-Kelvin gebied blijkt mogelijk met behulp

van bijvoorbeeld radioaktieve Co-kernen geplaatst in een hexago-
59naai êênkristal van Co. Ook wordt aangetoond, dat radioaktief

Nb in platina en radioaktief Co in koper als thermometers

bruikbaar zijn beneden 1 mK. Wat betreft de kernfysische aspekten

van deze metingen dient de bepaling van de mengverhouding tussen
95de E2 en Ml gamma-straling van 0.039 voor Nb vermeld te worden.

54Met behulp van metingen aan het Kondosysteem van radioaktief Mn

in Zn kon worden bevestigd, dat ver beneden de Kondotemperatuur

en in lage magneetvelden de hyperfijn-wisselwerking niet meer kan

worden beschreven met het Nagaoka-model.
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Op verzoek van de faculteit der Wiskunde en Natuurwetenschap- '

pen volgt hier een overzicht van de door mij gevolgde studie.

Na het behalen van het diploma gymnasium-ß aan het Libanon '

Lyceum te Rotterdam ben ik in september van dat zelfde jaar be-

gonnen met mijn studie aan de Rijksuniversiteit te Leiden. Dit

resulteerde in het kandidaatsexamen in de wis- en natuurkunde met

bijvak sterrenkunde in 1970 en in het doctoraalexamen experimen- J

tele natuurkunde met als bijvak ekonomie in 1973.

Op het Kamerlingh Onnes Laboratorium ben ik sinds 1971 werk-

zaam in de werkgroep K-VS-X-L, die onder leiding staat van Prof.

dr. W.J. Huiskamp. Aanvankelijk assisteerde ik dr. J.N. Haasbroek,

dr. H.B. Brom en dr. J.A. Konter bij hun onderzoekingen. Sinds

1972 ben ik intensief betrokken geweest bij de experimenten op het

gebied van kerndemagnetisatie en kernorientatie. In 1975 werd be-

gonnen met de bouw van de kerndemagnetisatie opstelling, welke in

dit proefschrift, beschreven wordt.

Vanaf augustus 1973 tot mei 1979 was ik als wetenschappelijk

medewerker in dienst van de Stichting voor Fundamentaal Onderzoek .

der Materie (FOM) . Tevens assisteerde ik vanaf 1976 Prof.dr. R.

de Bruyn-Ouboter bij het college elektromagnetisme. :

Het tot stand komen van dit proefschrift is mogelijk gewor- . '

den dankzij de bijdragen van velen. Zeer veel heb ik geleerd van ;

dr. J.A. Konter. Zijn begeleiding, inzet en niet aflatende inte- •;

resse tijdens het onderzoek zijn van zeer gr..->t belang geweest •

voor het welslagen ervan. De technische vaardigheid van de heren •

J. van der Waals, J.P. Hemerik en A.J. Kamper, was onontbeerlijk |

bij de opbouw van de opstelling. Voor het oplossen van de vele |

elektronische problemen ben ik de heer R. Hulstman zeer veel dank ||
'0

verschuldigd. Bij de experimenten werd ik bijgestaan door drs. f
¿s

N.P. Boiten, drs. R.H.L. Berger, drs. E. Bongers en J.W.C, de %
Vries. De inventiviteit op het gebied van technische problemen en £§

het enthousiasme van drs. R.H.L. Berger heb ik bizonder gewaar- |f

deerd. De nauwe en plezierige samenwerking met drs. E. Bongers is %
V*

vooral in de laatste fase van het onderzoek van zeer groot belang |

geweest. De vele discussies met hem en met drs. F.J.A.M.Greidanus '¿

I
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zijn mede bepalend geweest voor de inhoud van dit proefschrift,

evenals de voornamelijk theoretische bijdrage van drs. F. Nijhoff.

Verder gaat mijn waardering uit naar de centrale diensten

van het Kamerlingh Onnes Laboratorium. Speciaal noem ik hier de

cryogene technici, die altijd bereid waren aan de grote vraag naar

vloeibaar helium te voldoen. Voor het korrigeren van de Engelse

tekst, voor het verzorgen van de tekeningen en voor de fotogra-

fische reproduktie ervan dank ik respektievelijk dr. R.C. Thiel,

j. Bij en W.J. Brokaar. ^ ™--^-v „ .._...,.._...̂  .•

Het typewerk werd zeer accuraat verzorgd door mijn vrouw,

die hiermee staat aan net begin en het eind van dit proefschrift:

\ haar ben ik natuurlijk¿het meest erkentelijk voor 7alle tijdden

iroeite, die zij hiervoor heeft opgebracht.
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