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STELUNGEN

Teneinde uitsluitsel te verkrijgen omtrent de normalisatie van niet-evenwichts

polarisaties van het itnpulsmoment in gassen, verdient het aanbeveling de

invloed van zowel een elektrisch als een magnetisch veld op de viscositeit te

meten in ee"n apparaat.

II

In een systeem met fluktuerende electronspins en een isotrope koppeling

tussen de electronspins en kernspins wordtde longitudinale kernspinrelaxatietijd

bepaald door twee - spin korrelatief unkties. De bewering van Ehrenfreund en

Smith, dat de Fourierkomponent van deze korrelatiefunkties op de eleclronspin-

resonantiefrequentie de relaxatieiijd bepaalt, is alleen juist in de hoge-

temperatuur limiet.

E. Ehrenfreund en L. S. Smith, Phys. Rev. B 16 (1977) 1870!

in
Het verdient aanbeveling aan Mg(OHL kernspinordeningsexperimenten te

verrichten.

IV

Voor het verkrijgen van informatie over struktuele faseovergangen in systemen

waarin antisymmetrische exchange aanwezig is, dienen de mogelijkheden, die

het meten van de dynamische susceptibiliteit bieden, mede in overweging

genomen te worden.

V

Een verbetering van de beschrijving van de elektrische geleiding in kleiachtige

zanden lean worden verkregen indien de twee bijdragen ten gevolge van de

aanwezige klei expliciet worden opgenomen. Of deze uitbreiding van het model

tot nauwkeuriger schattingen van de water - en koolwaterstof saturates kan

leiden dient onderzocht te worden.

M. H. Waxman en L J . M . Smits, Soc. Petr. Eng. J. 8 (1968) 107.

C. Clavier, G, Coates en J. Dumanoir, Paper SPE 6859

at 52nd Ann. Fall Meeting, Denver, Colorado, oct. 9-12,1977.
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VI

Een Atkins-oscillatie in de He-ll film gaat in beginsel altijd gepaard met een

visceuze stroming in de damp. Daar deze dampstroom in bepaalde geometrieen

een aanzienlijke bijdrage tot de damping van do Atkins-oscillatie kan leveren,

mag ze bij een bespreking van de demping niet buiten beschouwing gelaten

worden. r

R.B. Hallock en E.B. Flint, Phys. Rev. A 10 (1974) 1285.

vn
In de uitdrukking die Borsa geeft voor de spin - roosterrelaxatietijd van een

kernspin, die gekoppeld is aan een fluktuerend electronspinsysteem via

dipolaire en super-hyperfijn wisselwerking, is de korrelatie tussen het dipolaire

veld en het hyperfijn veld ten onrechte buiten beschouwing gelaten.

F. Borsa, Int. School of Physics "Enrico Fermi", Course LIX,

North-Holland Publishing Co., Amsterdam 1976.

Vffl

De waarde van de "Stoner- enhancement" faktor zoals die door Heinrich en

Meyer is bepaald voor het systeem LaBe^ is opvallend groot, gezien de

resultaten van susceptibil'rteitsmetingen aan dat systeem en de opmerkingen van

deze auteurs betreffende de electronentoestandsdichtheid.

G. Heinrich en A. Meyer, Solid State Comm. 21 (1977) 21.

IX

De lichtopbrengst van met europium geaktiveerd yttriumoxysulfide onder

kathodestraal excitatie varieert met de tweederde macht van de europium

concentratie. De verklaring die Ozawa en Hersh geven voor deze afhankelijk-

heid is onjuist,

L Ozawa en H. N. Hersh, Phys. Rev. Lett 36 (1975) 683.

X

De opgaven van de femperaturen van referentiepunten in de "Echelle Provisoire

de Temperature de 1976 "tot in tienden van een millikelvin suggereert een

grotere nauwkeurigheid dan verantwoord is.

K.M. Diederix Leiden, januari 1979.
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f CHAPTER 1

I
[- INTRODUCTION AND SURVEY
V
[•' When, in the absence of a magnetic fiald, the energy level
I scheme of a magnetic system consists of a non-degenerate ground
Jj state separated from the first excited state by an energy gap A,
[; the system is called a "singlet ground state system". These
f systems occupy a special place among the large variety of magnetic
s systems, due to their special behaviour in external magnetic fields.
I The properties of such systems form the subject-matter of the
I investigation described in this thesis.

The energy level scheme in zero field of a system of spins
S = » always forms a continuum. Only quantum systems (systems

\ consisting of spins which have a finite magnitude) can have a non-
degenerate energy ground state. When the spin magnitude is finite

f the system may exhibit a singlet ground state due to various
T reasons. We will mention a few. a) Anisotropy in the magnetic
•• 1)

};, interactions between the spins which form a linear chain ,
V. b) Antiferromagnetic coupling between spins into pairs, c) Alter-
l 21

f; nation of the interactions in an antiferromagnetic linear chain ,
' d) An axial crystal field D, with D > 0, at the site of a spin
f S = 1.
\\ In the absence of a magnetic field singlet ground state
|? systems are obviously uninteresting from a magnetic point of view.
|* Its properties are dominated Sy the zero-field splitting, i.e. the
[; energy gap A between the jround state and the first excited state.
\ For instance, the zero-field specific heat exhibits a broad
I Schottky anomaly around T = A/k, due to the gradual decrease of
f the entropy when lowering the temperature: The system "condensates"
\- into the non-magnetic singlet ground state.
I Singlet ground state systems exhibit their interesting properties
I
r
f 1 1
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when, as already mentioned, a magnetic field is applied. Due to

|-; the application of a magnetic field the degenerate excited states

1-. split up. This can result in a decrease of the energy difference
| between the ground state and first excited state and even in a

I; crossing of one or more excited levels with the ground state,

|- when the magnetic field is sufficiently strong. At such a "level

j?; crossing field" the ground state has thus become degenerate and
H consequently short and long-range order, not possible in zero

| field, may occur. Especially this phenomenon distinguishes singlet

|. ground state systems from other magnetic systems.
f\ When only two energy levels are involved in the level

! crossing it is possible to ascribe these two levels as originating

g from an effective spin S1 = h in an effective field. This effec-
tive field is then zero at the level crossing field H, . This

3>effective spin formalism, introduced by Tachiki , proves to be

f very useful in the analysis of the magnetic properties of the
? here studied singlet ground state systems.
f We have paid most attention to the system of S = % alternating
£t antiferromagnetic Heisenberg chains. This system is found to be
V presenr in the insulator Cu(NO3)2.2^H2O. The copper magnetic
I moments in this salt are coupled pair by pair by a relatively
| strong isotropic antiferromagnetic exchange interaction J/k =
I - 2.6 K. A second, much weaker, antiferromagnetic interaction
I J'/k=-0.70K, couples these pairs into alternating chains.
i The energy level scheme of an antiferromagnetic pair consists of
| a singlet ground state and an excited triplet 2 J higher in
| energy. By applying a magnetic field the triplet level is split
I up and its lowest level crosses the ground state at H % 40 kOe.

The interesting magnetic properties for H % 40 kOe are found to
be dominated by the one dimensional interpair interaction J1

down to T = 0.2 K. The weaker interactions J", which couple the
chains of pairs mutually, are responsible for the presence of a
long-range ordered state below about T = 0.2 K. This field-
induced long-range ordering has been discovered and first studied
by van Tol '*

In chapter 3 we pay attention to the static properties of

Cu(NO3)2.2%H2O mainly in the vicinity of the level crossing

12



}-. field H, at temperatures above T = 0.2 K. These properties
i, 1>C.

I have been measured through proton spin resonance (NMR), suscepti-
| bility and specific heat experiments. The so obtained temperature
[ dependence of the susceptibility and specific heat at H, and
f*-, also the field dependence of the magnetization can be described
{\ reasonably well within the before mentioned effective spin
f? formalism.
If The experimentally obtained properties are, however, better
I described on the basis of the alternating chain model. The
\- theoretical results on this model have been obtained by calculating
[; the properties of finite chains as a function of the number of
I" spins N and subsequent extrapolation of these properties to N = <*>.
I In chapter 5 the results of these calculations are discussed and

compared with the experimental data and with the theoretical
f. results based on the effective spin model.
j; In chapter 6 the results of proton spin lattice relaxation time
h measurements on Cu(NO3)2.2%H2O, performed in the paramagnetic
| state up to H = 60 kGe, are presented. The analysis of these
l data provide an insight in the dynamic behaviour of the copper
f; magnetic moments. The intensity of the electron spin fluctuations
p at the proton resonance frequency are determined using this
£ technique. The contributions originating from fluctuations of the
I' electron spin components parallel and perpendicular to the applied
| magnetic field can be separated. Different field dependences of
|- the fluctuation intensity of both spin components are observed.
| This is qualitatively understood to originate from the spin pair
|: structure in this salt. For a limited field region around H,
f: even a semi-quantitative explanation of the experimental results
|: is obtained using the effective spin formalism.
f. Results of a thorough experimental study, using NMR and differ-
|: ential susceptibility measurements, of the field-induced anti-
I ferromagnetically ordered state in Cu(NO3)_.2%H2O are presented
| in chapter 4. A detailed picture of the behaviour of the magnetic
¥ moments as a function of temperature, field strength and field
I direction has been obtained. The analysis of rotational diagrams

of the proton resonance spectrum for T < T M, measured in three
mutually perpendicular planes, yield the complete sublattice

13



configuration of the magnetic moments. Using this result we are

able to prove the presence of alternating antiferromagnetic chains

in Cu(N03)2.2%H2O.

The peculiar angular dependence of the spontaneous magnetic moments,

visualized by the NMR data, are shown to be related to the

relatively strong anisotropy of the weak interchain interactions

J". Moreover, it is proven that this anisotropy is also responsible

for the strong dependence of the transition temperature T., on the

direction of the magnetic field.

In chapter 7 the susceptibility and magnetic cooling

measurements, carried out on NiPtClg.6H2O, CCNI^^VCSO^) 2-6H2O

and Ni(CcHi-N0)c(C10A)-> a
r e summarized. These three compounds

* 2+ 3+
contain ions with spin S = 1 (Ni , V ). These S=l spins are

subject to an axial crystal field D, with D > 0. Consequently

their energy triplet is split up into a singlet ground state and

an excited doublet, D higher in energy. The doublet is split up

by a magnetic field parallel to the principal axis of the crystal

field in such a way that the lowest doublet level crosses the

ground state at H = H, £ "au^* T^ e s o obtained level crossing

resembles the one shown to be present in Cu(N03)2.2^H_0 very much.

In NiPtClg.6H2O and in C(NH2)3V(SO4)2.6H2O the mutual interactions

between the spins are very weak and only a minor influence on the

magnetic properties is observed. The antiferromagnetic exchange

interactions in Ni(C5H5NO)g(Cl04)2» however, are relatively strong.

These interactions are responsible for the occurrence of a

"copper nitrate type" of long-range order in this salt. This field

induced long-range ordering has been discovered through our

differential susceptibility and magnetic cooling experiments. <

The rotatable superconducting split-coil magnet, especially {

constructed for this investigation, the 3He-4He dilution refrig- j

erator and the mutual inductance bridge used for the susceptibility !

measurements, are discussed in chapter 2. The major parts of the \

investigations, described in this thesis, have been or will be I

published elsewhere 5~12*. j
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CHAPTER 2

EXPERIMENTAL EQUIPMENT

2.1. Introduction.

At the start of the investigation, which is described in

this thesis, it was planned to study the details of the magnetic

phase transition and long-range ordered state in Cu(NO3)2.2%H2O .

Moreover, we intended to search for a compound containing spins

S = 1 in a positive axial crystal field, which shows a field

induced phase transition , of the same kind as was found in

Cu(NQ3)2.2%H2O, and to study its long-range order properties.

The high field phase transition in Cu(N0~)o.2%H_0 was first
131 *

studied by van Tol ' , through nuclear magnetic resonance (NMR)

and specific heat measurements. The ordered state proved to be

only present in the limited field region between H = 23 kOe and

H = 43 kOe. The maximum transition temperature of T = 175 mK, is

reached at H = 36 kOe. To obtain these experimental conditions,

van Tol used an adiabatic demagnetization apparatus in combination

with a superconducting solonoid magnet. In his experimental set

up, capable of reaching temperatures down to 75 mK in fields up

to 73 kOe, the field direction is fixed with respect to the

crystal axes. However, nuclear magnetic resonance experiments

yield much more information on the magnetic long-range order of

the system, studied, when performed as a function of the field

direction. This, for instance, is clear from the early measurements

of Poulis and Hardeman ' on the 3d antiferromagnet CuCl2.2H2O.

For high field experiments, one has to use superconducting

magnets. Unfortuanally,however, rotatable superconducting magnets,

capable of generating fields up to 60 kOe, with the high homo-

geneity needed for NMR experiments (< 10 ) , were not available.

Therefore, for the study of the mentioned singlet ground state

17



systems, we had to construct a rotatable superconducting split-

' coil magnet ourselves. A report on the design of such magnets

has been published elsewhere 5'6'. Below we will discuss the

characteristics and performance of the magnet, we actually con-

structed. The experiments, described in this thesis, include

nuclear magnetic resonance-and relaxation-,susceptibility-fspecific

heat-,magnetoaaloric-and some ESR measurements. The details of

% the experimental set-ups used, as far as they have not been des-

cribed before, are treated in this chapter.

2.2. The split-eoil magnet.

The magnet, described in this section, is the second one we

constructed. This second superconducting split-coil magnet SC II

has a somewhat better performance, as far as homogeneity and

maximum obtainable field strength are concerned, compared to the

first magnet (SC I) used by Henkens '. Previous to these magnets,

a different type of split-coil magnet, the "L-coil", has been

constructed. This small magnet (R < 10 cm) could only generate a

field up to 30 kOe. The main advantage of the two split-coils

SC I and SC II, in comparison with the "L-coil" construction, is

due to the fact that the position of the correction coils,

relative to the main coils, can be changed to improve the homo-

geneity of the field.

In figure 2.1 che main- and correction coils of the split-

coil magnet SC II are shown in a schematic drawing. Only one

quadrant is given. The x. axis is the axis of the cylindrical

symmetry of the coils. The y axis is a twofold symmetry axis. The

coordinates of the coils, as indicated in this figure, are given

in table 2.1.

From figure 2.2 one can see how the fields, generated by the main-

and correction coils, add up to an homogeneous field over 40 ntm

in the centre of the magnet. In this figure, curve a shows the

calculated field pattern of the total magnet on the cylinder (x)

axis, while curve b and c show the contributions on the x axis

of the main- and correction coils separately.

In figure 2.3 a drawing of the superconducting split-coil magnet

is shown, of which the left part represents a cross-section.

18
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Table 2.1.

Coil coordinates S.C.II.

x l =

X3 =

X4 =

12

41

33

46

.05

.42

.25

.65

mm
mm

mm

mm

Y, = 49.61
Y2 » 95.00

Y3 = 20.89
Y4 = 30.86

nun
mm

mm
JJ0U

Fig. 2.1 Schematic drawing of the split-ooil magnet. Only one quadrant is

given. The x axis is the axis of cylindrical symmetry of the coil. The y

axis is the twofold synmetty axis of the magnet. The coSrdinates of the

main- and correction coils are given in table 2.1.

x .-50 50 mm

Fig. 2.2. Calculated field pattern
on the cylinder axis, the x axis.
Curve a represents the calculated
field profile for the total split
coil. Curves b and a show the
field contributions of the main- and
correction coils respectively.
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1

— G

Superconducting wire

celloron

brass

Fig. 2.3. The superconducting split

coil. The left part of the drawing

represents a cross section of the

magnet, the right half is an outer

view.

The outer diameter of the magnet is 20 cm. The cylindrical bore

parallel to the y axis of the magnet has a diameter of 23.9 mm.

The correction coils, wound on separate brass moulds/ are screwed

into the main body. In the centre a celloron mould is placed on

which a small Helmholtz coil is wound (250 Oe/A). With this coil

a field modulation is obtained, needed for the detection of the

NMR signals.

The coils are wound with multifilament superconducting NbTi wire

Niomax-FM A61/33, supplied by Imperial Metal Industries (IMI).

This wire contains 61 very fine filaments of niobium-titanium in

a high purity copper matrix, with a copper superconductor ratio

of 1.35 : 1 by volume. The outer diameter of this wire is 0.33 mm,

while with PVA insulation it is 0.36 mm. On the main coil mould

80 windings fit next to each other, while 138 sheets were needed

to fill the required volume. To fix the windings, we used Apiezon N

grease and a brass hoop locks them into their mould. The total

length of the superconducting wira on the magnet amounts up to
4

approximately 1.1 10 m.

In practice it is impossible to wind the two main coils

completely equal. This is, amongst other reasons, due to small

variations of the wire diameter. Consequently, the initially

obtained field homogeneity is much worse than was expected from

20
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calculations. However, the homogeneity is easily improved through

small changes in the positions of the corrections coils.

The field strength along the axes of the magnet has been obtained
19 3

by measuring the resonance frequency of the F nuclei in a 1 mm

teflon proble. The resulting field profile, after the final cor-

rections, along the x axis at three different values of the

energizing current, is shown in figure 2.4. Small differences in

the field profile at different current values are observed. Also

differences between the data, obtained after lowering respectively

raising the current to the required value are seen. These differ-

ences are attributed to the irreversibility of the magnetization

in the type II superconductor used. This effect limits the best

attainable homogeneity of these kinds of magnets. The measured

field-profile along the y axis of the magnet is shown in figure

2.5. Prom these figures one can see that the homogeneity of the

MHz

162.50

162.45

107.00

106.95

34.57

34.55

34.53

r
of

1
- /

i

-
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f
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A
/

0
r

i
i

p

22.8 A
40.57 kOe

• * * * * & & ,

15.0 A
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X

i 1

—i 1

itf^\ -
1

lio^\

k1164 \ -\\
en

t
M. X

\
f I

-20 -10 10 mm 20

Fig. 2.4. The resonance frequency of
1 9 •

the F nuclei in a teflon -probe plot-

ted versus the probe position on the

x axis, the eyVindrieal axis. The

circles and the squares show the data

after the field had been raised re-

spectively lowered to the required

field.
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MHz

-30 -20 -10 0 y ! 0 20 m m 30

19Fig. 2.5. Resonance frequency of the F nuclei in a teflon probe plotted

versus the probe position on the y axis.

magnetic field over a sphere with a radius of 10 mm, in the centre
4

of the magnet/ is about 1 part to 10 .

The radius of the cylindrical samples we use are always less than

4 mm, while these samples are about 15 mm long. Because they are

placed parallel to the y axis, the field homogeneity over the

sample is well within the, for our "wide line" WIR experiments,

required homogeneity.

In table 2.II the coil characteristics and performance, such

as they were calculated and as they were measured, are given for

comparison. The magnetic field to energizing current ratio, H/I,

was measured to be 1.78 kOe/A. This is somewhat lower than the

calculated value of 1.85 kOe/A. This difference is possibly due

to imperfect stacking of the wires. The value of 1.78 kOe/A is,

however, 25% higher than the field to current ratio of the first

constructed magnet SC I. This results in a maximum field of 58 kOe

at T = 4.2 K, which is 13% higher than H „ of SC I. The same kind

of superconducting wire was used for both magnets.
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Table 2.II.

Calculated Measured

H/I

Hmax at 4-2 K

homogeneity over 2 cm

wire diameter

wire length

1.85kOe/A

67 kOe

2.I0~5

J.15 104 m

I.78kOe/A

58 kOe

i.io-4

. 36 mm

% 1.1 I04 m

Table 2.II. Calculated and measured pvapevti.es of the

split-aoil magnet SC.II.

The magnet is too large to fit in a conventional glass

cryostat. Moreover, about 10 litres of liquid helium evaporates

when the magnet quenches at 55 kOe. To avoid the danger of an

explosion, a stainless steel cryostat has been constructed. The

4.2 K dewar, the magnet bath, has a diameter of 24 cm and is

1.25 m long. The split-coil magnet and a demagnetization coil are

placed in this cryostat. When required, the temperature of the

helium in this bath can be pumped down to 1.4 K. Inside this

helium cryostat there is a second helium vessel, which is 10.1

cm wide at the top (1 = 72 cm), 4 = 5.0 cm and 1 = 30 cm in the

middle and it has a narrow tail, which is 21 cm long and has a

width of 18.5 mm. This tail fits into the bore of the magnet.

The total initial helium content is about 20 litres, while

the averaged liquid helium consumption is about 15 litres per

24 hours. However, to cool the magnet from liquid nitrogen temper-

ature down to 4.2 K an extra amount of 20 litres is needed, the

first day of operation.

The split-coil magnet, inside the 4.2 K dewar, rests on a

ball bearing, which is connected to the inner cryostat, so that

the magnet can easily be rotated. This is done from the "top of
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the cryostat via a cog-wheel construction. This construction

enables an accurate determination of the field direction.

2.3. Ee-, He dilution refrigerator.

Inside the second helium cryostat a demagnetization or a

small He- He dilution refrigerator can be placed to obtain the

required temperatures. Because of its easy operation, only the

refrigerator has been used in this cryogenic set up. The helium

in the inner cryostat is pumped down to T = 1.35 K, which is the

starting temperature of the dilution refrigerator. It allows

12 hours of experiments with a 4 litres helium content.

The main advantage of the use of a dilution refrigerator is

the possibility of stabilizing the temperature. Moreover, the

temperature of our refrigerator, a Minifridge supplied by S.H.E.,

can be changed fast. The time needed to ccol the mixing chamber

from T = 1.35 K down to T = 0.1 K is approximately 30 minutes and

another 45 minutes is needed to reach the minimum temperature of

50 mK. An additional advantage, in comparison with an adiabatic

demagnetization apparatus, is that a dilution refrigerator is

insensitive to an applied magnetic field.
3 4

In figure 2.6 a schematic drawing is given of the He- He

dilution refrigerator, together with the split-coil magnet. This

small refrigerator has only one, continuous, heat exchanger,

made of two coaxial tubes. The He flow rate is about 5.10

mole/sec, which is established with an Edwards rotational pump

ED 660. 'i'his pump has a capacity of 10 litres'sec. The resulting

cooling power of the Minifridge is proportional to T 2 for T > 0.1 K

and amounts to 10~5 Watt at T = 100 mK. The sample, which is

placed in the centre of the magnet,is about 25 cm below the mixing

chamber. It is cooled via a rod, made of many thin (0.05 mm)

copper wires. With a special construction,in the wide space just

below the mixing chamber,the sample can be positioned in order to

avoid heat contact with the surrounding narrow glass vacuum jacket.

The vacuum can is made of brass, stainless steel and glass. The

glass part around the sample is necessary for the NMR experiments,

because the high frequency field is generated by a small coil

wound on the outside of the vacuum jacket. The stainless steel -
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Fig. 2.6. Schematia drawing of the

He— He dilution refrigerator and

the superconducting rotatable mag-

net. The heater on top of the mixing

chamber used for temperature stabil-

isation is not drawn. A: inner

cryostat, B: brass vaaicum can, C:

still of the dilution refrigerator,

D: continuous heat exchanger, E:

mixing chamber, F: stainless steel-

glass connection (see text), G:

Speer resistor (thermometer), H:

rod of copper wires, I: ball—bearing,

K: main coils, L: correction ooils,

M: sample, N: modulation coils.
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glass connection is simply made by sealing the conical stainless

steel and glass parts with "Wacker GMBH" silicon grease- This

type of connection avoids the use of a fragile metal-glass weld,

while the vacuum can is easily opened to replace the sample. This

sealing is very satisfactory. At the top the can is screwed onto

a flange (near B in figure 2.6) and is sealed with woods solder.

The vacuum space can be opened here to provide an access to the

refrigerator itsslf.

Instead of precooling the returning He at a 1 K plate in

the vacuum space, the vacuum can itself is submerged in liquid

He at 1.35 K. This possibility was chosen to obtain a con-

struction as small as possible. When needed, the refrigerator is

easily replaced by the adiabatic demagnetization apparatus, used

by both van Tol and Henkens ' .

The temperature of the sample is determined with a \ Watt

Speer carbon resistor (nom. 470 ft) , ca? ibrated against the

susceptibility of CMN. A seperate heat-link connects the Speer

resistor to the sample. The resistance of this secondary thermo-

meter is measured with an ac-Wheatstone bridge and a phase

sensitive detector operating at 218 Hz. This apparatus also

supplies the current for the heater on the top of the mixing

chamber, which stabilizes the temperature.

The stray field of the magnet at the site of the Speer thermometer,

just below the mixing chamber, is found to be always less than

0.5 kOe. The misreading due to this stray field is negligible

compared to the measuring accuracy (about 0.5 mK at the lowest

temperature) 5)

2.4. Suaeeptibility equipment.

The Speer resistors, used as thermometers, were calibrated

against the susceptibility of CMN. The mutual inductance of a

coil system, which contains about 100 mg CMN, was measured with

a very sensitive mutual inductance bridge. This apparatus is*

given schematically in figure 2.7. The ac current (10 Hz - 150 Hz)

is supplied by a PAR 121 lock-inn amplifier. This amplifier is

adapted to supply the 10 mA needed. The voltage over the measuring

coil system (X) is compensated by connecting in series a well
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osc. in »

. 2.7. Sahematio droning of the mutual induatanae bridge, which has been

used to measure the susceptibility of CM in a cm-thermameter as well as

the susceptibility of samples in high magnetia fields. The sample is placed

in the coil system x.

defined part of a calibrated mutual inductance-of 100 mH and a

well defined part of a calibrated resistor. This is done with a

standard devider. Model DT 72 A Dekatran, and a decade resistor,

Dekabox DB 52, both manufactured by e.s.i. The phase sensitive

detection of the output voltage is performed with the mentioned

PAR lock-inn amplifier.

No major changes had to be made to measure the ac differential

susceptibilities of a sample at low temperatures at high fields

with the aid of this mutual inductance bridge. Only a new measuring

coil system was needed. The primary coil of this system is wound

on a delrin cylinder, pushed onto the glass vacuum jacket around
4

the sample, in the 1.3 K He bath, in order to avoid extra heat
input in the sample. The secondary coil is fixed inside the

vacuum space onto the sample. Both coils are wound with copper

wire instead of superconducting wire, to provide the possibility

of measuring in a magnetic field.
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The ac susceptibility measurements, discussed in this thesis, !

have been performed only in combination with a solonoid super- ,

conducting magnet (H = 73 kOe). In this set up the oscillating j

field in the coil system is parallel to the direction of the main j

stationary magnetic field. !

\
2.5. NMR equipment. j

The stationary NMR measurements have been performed using J

marginal oscillators of the Robinson type * , which have been I

described previously. With these oscillators the frequency range §

* 4 MHz < v < 225 MHz is covered. In chapter 6 we discuss proton :|

spin-lattice relaxation time T. measurements. These experiments j.

yield information on the dynamic properties of the electron spin |

system studied. The relaxation time measurements have been 1
8 9) -'=

performed using the well known spin-echo technique ' . The low 3

frequency data (2 MHz - 100 MHz} have mainly been obtained with

a phase-coherent NMR spectrometer. This spectrometer, which has

been constructed at our laboratory, can supply pulses with a

duration of maximum 100 ys long, with a pulse power of about

500 Watt. The fine tuning of the L.C.-circuit, which produces i

the high frequency field on the sample, is obtained with a \

variable capacitor inside the cryostat. Different coils are used \

for different frequency ranges. ]

The high frequency range from 10 MHz up to 700 MHz is covered 1

by a pulsed oscillator apparatus, manufactured by Matec instruments. j

This spectrometer is capable of supplying 500 - 1000 Watt pulses, J

which have a maximum length of 5 ys. Special care has to be taken j

to obtain large enough high frequency fields at the sample, 1

because of this limited pulse length. Therefore the diameter of 1

the resonance coil has to be made as small as possible. Mostly %

the performance of this apparatus is very satisfactory. The tuning A

of the resonance circuit at the right frequency is obtained with f

a stub tuner in the transmitter-receiver line. It proved to be |

unnecessary to use a capacitor in the resonance circuit. J

Consequently no extra space in the cryostat was needed. Moreover, i

using the stub tuner, the wide frequency range from 80 MHz up to j
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200 MHz is covered using one and the same resonance coil. A

separate pulse generator su__*.ies the three pulse program, neede

for the proton spin lattice relaxation time measurements.

The signals are detected with a linearized diode. This detection

diode is linear over 26 dB.
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CHAPTER 3

THE SHORT-RANGE ORDERED STATE OF Cu(NO,),.

3.2. Introduction. j

The Cu++ ions in Cu(NO3)2«2%H2O are coupled in nearly isolated [

pairs by an isotropic antiferromagnetic (AF.) exchange interaction ;

(J). The presence of a dominant pair interaction in this compound \

was first proposed by Berger, Friedberg and Schriempf in order \

to explain their zero-field susceptibility measurements. Sub- i
2) 3) "•*

sequent zero-field specific-heat , proton magnetic resonance , ;

and paramagnetic relaxation experiments confirmed the presence ;

of AF. pairs. All experimental results could be described satis- j

factorily with the interaction hamiltonian for a system of iso- f

lated spin pairs. j
V _ Y / "JTC 0 „„ rrQfJ /C 4. C \ I t^l 1 \

i ;

The magnetization isotherms measured by Myers et al. and the j

low-field specific-heat data of Friedberg ' gave evidence of the ,

presence of a weak isotropic AF. interpair interaction J1. Such I

a weak interpair interaction (j J'[ « |J|) cannot cause a phase )

transition to a 3d-ordered state in zero field, because for H = 0 j

the lowest energy level of the spin pair is not degenerate (fig. \
mm \ I

3.1) . The interpair exchange interaction in this compound is j

therefore called "subcritical". Consequently at low temperatures j

in weak fields the pair system becomes non-magnetic. In fig.

3.1 the energy level scheme of an AF. spin pair is given. An

external field splits up the excited triplet and the |l, -1>

level crosses the ground state |0, 0> at the "level-crossing

field" H, = 2(j|/gB. At this field the ground state is degenerate

and so due to the weak interpair interactions/ short- and long-
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range order effects will occur. Such ordering effects have been

studied by Van Tol et al. 8'9* for the external field directed

parallel to the crystallographic b axis. They observed that for

H I £ a transition to an antiferromagnetically ordered state

occurs at 175 mK in an external field of 36.0 kOe.

Fig. 3.1. Energy level scheme for an
isolated paiv of antiferromagneticdl-
ly coupled spins S = %. The quantum
numbers indicate the total spin S and
its component S in the direction of
the external field %
the level crossing field.

while H- is
X • Q m

6)

A similar situation can be found for spin S = 1 systems in

which the spins are subject to a positive trigonal crystal field.

Recently we have provided the first experimental evidence of long-

range order in the vicinity of the level crossing in such a

system 1 0 ).

On the basis of the known crystal structure Bonner et al,

proposed that the interaction between the pairs would exhibit a

dominant one-dimensional character.They discussed two possibil-

ities for the coupling between the pairs, the "ladder model" and

the "alternating chain model" (fig. 3.6). As both models do not

include any interaction between the one-dimensional arrays,

neither of them predicts a phase transition to a 3d-ordered state

. The experimentally observed transition to a long-range ordered

state proves that also an "interchain" or "interladder" inter-

action J" has to be present. Tachiki treated both models

theoretically on the basis of an effective spin (S1 = %) approxi-

ntatioiv which is valid only in the vicinity of the level-crossing

field H1 for temperatures T « jJ/k|. In this approach the spinx .c.
S1 = % chain model yields a prediction of the behaviour of the
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specific heat, susceptibility, raannetization and entropy as a

function of field and temperature.

In this chapter we will compare our experimental data on the

specific heat, susceptibility and magnetization in the short-

range ordered state with theoretical results obtained on the basis

of this effective spin model. We will show that this effective

spin formalism - although qualitatively correct - cannot account

quantitatively for all the experimental results. In Tachiki's

theory any mixing of the upper two energy levels into the ground

state is neglected. The presence of a finite interpair interaction,

however, will certainly introduce level mixing. This mixing is

strongly field dependent because it is dependent on the distances

between the energy levels. Moreover, it will be asymmetric around

the level-crossing field. The influence of mixing will be there-

fore especially reflected in the field dependence of the magnetic

properties. In fact the discrepancies between the experimental

results and Tachiki's theory are most clearly seen in the field

dependence of the susceptibility and magnetization and in the

isentropes . We will show that this is due to the presence

of the level mixing. Therefore in chapter 5 we compare our data

on x(H), M(H), CU(T) and Te(H) with numerical calculations in
14)

which all energy levels are taken into account . In these

calculations we again consider the pairs to be coupled in

Heisenberg AF. alternating chains or Heisenberg AF. ladders. In

chapter 4 conclusions are drawn from NMR data for T < Tm, on the
N

spin sublattice configuration. Secondly the experimentally

determined characteristics of the 3d-ordered state are discussed

in terms of the effective spin formalism.

The reason for discussing, ir. chapter 3 and 4, the experi-

mental results on the basis of the not exact effective spin model

is twofold. First of all the temperature dependence of the

specific heat and susceptibility at the level-crossing field are

not much affected by the mixing of the energy levels and will

thus yield detailed information on the interpair interaction

using the effective spin formalism. (Besides the ratio J'/J is

needed for adequate numerical calculations on the alternating

chain model and the ladder model.) Secondly, the exact calculations
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will yield information only on the properties in the short-range

ordered state, whereas the effective spin model, with the inter-

actions J1 and J" treated in a molecular field fashion, describes

also the long-range ordered state

In this chapter we will discuss our experimental results on

XH(T), M_(H) and CH(T) in the short-range ordered state. From

these results conclusions concerning the exchange interactions

are drawn. The angular dependence of the proton spectrum in

three crystallographic planes has been measured. From these, the

tensors describing the copper-proton magnetic interactions have

been deduced. These interaction tensors will be used in the next

chapter to obtain detailed information on the spontaneous

magnetization in the long-range ordered state.

3.2. Crystal structure and exchange interactions.

The crystallographic structure of Cu(NO,)~.2%H_0 belongs to

the monoclinic space group I 2/a. Garaj 'and Morosin

obtained the positions of the atoms from room-temperature X-ray

diffraction studies. The unit-cell dimensions are: a = 16.45 8,

b - 4.94 A and c - 15.96 A, while the monoclinic angle B = 93°.77.

One unit cell contains eight formula units. Fig. 3.2. shows the

projection of the unit cell on the a-c plane. The copper ions are

numbered from one to eight and the other atoms are labeled according

to Morosin's nomenclature '. The water molecules are indicated in

the figure by HjO-f^r H3OgH4 and HgO FU- The unusual ligand

coordination of the Cu++ ion is shown in fig. 3.3. The seven

oxygen atoms form effectively a distorted octahedron around the

copper ion. The "octahedron" has a tetragonal distortion. The

z axis, approximately parallel to the b axis, is elongated. Two

of the oxygen atoms, 0 ? and O_, belong to water molecules,

whereas the other five belong to NO^ groups. At one side of the

z axis there are, instead of one, two oxygen atoms, 0 5 and 0,,

bonded to the copper ion.

All copper ions are crystallographically equivalent, and

will all exhibit therefore the same magnetic interactions with

their neighbours. However, there are two different orientations

of the copper complexes. The electronic g tensors of thp t-t.'o
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XT*

• copper o nitrogen
3 oxygen —• hydrogen

_ path I
. _ path H

Fig. 3.2. Projection of the unit aell of CudlOg)^.2^EJ3 on the a-o plane.
I indicates the path of the intvapaiv superexchange interaction.

dissimilar copper ions consequently differ only by the direction

of their magnetic principal axes. The z axes for both ions make

an angle of 18° with the crystallographic b axis. Two neighbouring

dissimilar copper ions are related by a twofold axis (CUr« Cu_)

or by a twofold screw axis (Cu., Cu_), while a center of inversion

lies in between two equivalent copper ions (Cu?, Cu g). Although

two dissimilar ions are present in the unit cell, in X-band EPR

experiments only one single line was observed due to exchange

narrowing. The exchange interactions between the dissimilar ions

are very weak (see section 1.5) , which indicates that for each

direction of the external field the difference in g value for the

two complexes is small (Ag < 0.05). Because of the approximate

tetragonal symmetry of the copper complex, with the z axis

elongated, one expects the ground state of the copper ion to be
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b-axis

Fig. 3.3. The "octahedral" oxygen

surrounding of the copper ion. 0? and

Og belong to water molecules, while

0&, 0&', Og, 0- and 0g belong to

N0~ groups.

roughly |x - y >. We have measured the components of the
"averaged" g tensor: g i b = 2.09 and g ' b = 2.33. The g tensors
of the individual ions will not differ very much from this one

because the angle between the b axis and the z axes is small. The
2 2

values of this g tensor are consistent with and |x - y > ground
state.

Inspection of the crystal structure shows that there are

only three different superexchange paths that may introduce an

appreciable coupling between a copper ion and its neighbours.

Two of them are indicated in fig. 3.2 by I and II. The third one

III, shown in fig. 3.4, runs along the b axis 'from a copper ion,

via the nearest oxygen 0 5 ion,to its equivalent copper ion in

the next unit cell. The interactions between two copper ions, via

all other possible superexchange paths, can be considered to be

much weaker, because they contain more than two anions or have

large (> 4 A) anion-anion distances. Both bonds I and II are

double bridges of the form Cti ,<2u. The Cu -Cu distance in
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Fi<7- 3.4. Tfee superexchange path III

along the b axis.

I is 5.5 & while in II the copper ions are 6.2 & apart. All Cu-O

distances are almost equal (2.00 S + 0.04 8) , but the bond angles

in the two paths differ somewhat. Although path IIIf of the form

Cu-O-Cu, contains the shortest Cu-Cu distance (4.94 8) it cannot

be responsible for the strong intrapair interactions, because it

would link the spins into regular chains along the b axis. This

is in plain contradiction with the experimentally found dominant

pair be^iviour. The paths I and II therefore remain for the

intrapair interaction. This is not surprising since, when the

electronic ground state is mainly of the form [x - y >, the

spin density is large in the a-c plane and is small along the

b axis. Consequently the magnetic interactions between spins
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along the b axis may be quite weak. The |x - y^-wave functions

point into the directions of the four nearest oxygen atoms. Two

of these, 0- and 0 g, are part of path I, while the other two,

0 2 and 0 7, belong to path II. These wavefunctions are therefore

about equally spread out into the directions of path I and II.

This makes the strength of the superexchange along these two

paths comparable on the basis of their distances.

Recently 18'19' it has been discussed on the basis of

theoretical and experimental work that the net interactions for

a cation-anion-cation unit depends strongly upon the distance R

between the cations as well as upon the angle between the cation-

anion bonds. Through the overlap of the electronic wavefunctions

the variation of the exchange J with R is exponentially (but can
—12be approximated by J i> R in the experimental range of R values).

Although little theoretical work on bonds containing two anions

is available, one can argue that the exchange in these bonds

will be less dependent on variations of the bonding angles,

because direct overlap of the wavefunctions of the cations is

very small, due to the large distances. Therefore mainly the

cation-cation distance will determine the interaction. Consequently

it can be concluded that the copper ions linked via path I must

form the copper pair, as in this path the copper-copper distance

R is shorter than in path II. The comparison of bonds I and II

on the basis of R~ , using for bond I the reported intrapair

exchange constant J/k = - 2.6 K, leads to a strength of the super-

exchange via path II of J'/k = - 0.70 K. This value of - 0.70 K

is surprisingly close to the experimentally determined value

(see sections 3.5 and 3.6).

The intrapair interactions J/k via path I together with the

interpair interactions J'/k via path II link the spins in

Cu(NO,)_.2%H2O into alternating antiferromagnetic S = % Heisenberg

linear chains. The pairs would form a ladder, when the interpair

interactions along the b axis (path III) are dominant. Both

models, the ladder and chain model, denoted by A and B

respectively, were first proposed by Bonner et al. . The above

estimated value of - 0.70 K for the strength of the exchange

interactions via bond II is near the measured value of J'/k.
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The dominant one-dimensionality of the interpair interactions is

confirmed by the experiments. A choice, however, between the two

models A and B (fig. 3.6) in favour of model B (the alternating

chain) on the basis of the theoretical estimate on the strength

of path II would be premature. A definite choice concerning this

problem can be drawn from experiments discussed in chapter 4•

3.3. Rotational diagrams.

The angular dependence of the proton resonance spectra in

three mutually perpendicular planes (the crystallographic a-b,

a-c and b-c* planes, where c* 1 a and b axes) has been measured

at temperatures above T N, to study the proton-copper interactions.

The frequency of a proton resonance line is proportional to the

total field H at the proton site i; v. = (Y/2ir)Hfc. The factor y

is the proton gyromagnetic ratio. The total field is the vector

sum of the external field H and the internal field K 1 due to all

surrounding Cu -ions. The internal field can be expressed in a

tensor equation:

& = E.B .<yfc>, where <y.> = Bg.<S->, is the time averaged

magnetic moment of copper ion k; the summation E. runs over all

copper ions. In all our experiments the internal field is much

smaller than the external applied field so that the magnitude of

the total field at a proton site is, to a very good approximation?

given by H. = |S + S x| % H + hy, where hj is the component of the

internal field parallel to the external field. Therefore in our

experiments the frequency shift Av. from the free resonance

frequency vQ = (Y/2TT)H is almost entirely due to hj:

Avi = feh/ = fe^Pik-<V' (3-2)
t
ik

is the tensor describing the interaction between copper

k and proton i.

The measured frequency shifts, however, cannot be analysed

according to eq. (3.2). Because che g tensor of the individual

copper ion is not known, the different, slightly anisotropic

behaviour of the magnetic moments of the two dissimilar .copper
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ions cannot be described properly. Consequently we have to analyse

the resonance data on the basis of the presence of only one type

of magnetic ion with the averaged g tensor. As a result of the

anisotropic g tensor the magnetic moments will not be perfectly

parallel to the external field for an arbitrary direction of H.

Neglecting these small canting effects, we arrive at the simplified

expression :

[1*4] (3.3)

where B is the tensor describing the interactions between proton

i and all the surrounding copper ions. B 1 depends on the kind of

interactions between the copper ions and the proton i, but not

on <n>. In spite of the mentioned neglections, for a fixed

direction of H, the proportionality Av̂ ^ "v |<u>| holds to a very

good approximation. When the magnitude of the time-averaged moment,

the magnetization, is known for all directions of H, all components

of the tensor Bican be determined from rotational diagrams in

three mutually perpendicular planes.

Fig. 3.5. Measured rotational
diagvam of the proton resonanae
frequencies for H parallel to the
a-a plane. The numbers indicate the
five different protons as given in
fig. 3.2.
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In the unit cell there are 40 protons, but because of the

crystal symmetry only ten separate resonance lines are observed

in the paramagnetic state for an arbitrary direction of H. All

these lines show a small angular-dependent splitting due to

proton-proton interactions. When the external field is directed

along, or perpendicular to, the b axis, which is a twofold axis,

only five separate lines remain (fig. 3.5). The resonance diagrams

were measured in the vicinity of the level crossing; at T = 250 mK,

in a field of 37.0 kOe in the a-b and b-c* plane and in a field

of 42.0 kOe in the a-c plane (the level-crossing field is

anisotropic due to the anisotropy of the g tensor: H, a-c plane

% 41 kOe). In the a-c plane the proton-proton splitting of line

5-5', which originates from the intermediate water molecule H 5O_H 5,

is unusually large (up to 86 k H z ) . The internal fields at the

protons 5 and 5 1 are exactly equal for each direction of H in this

plane. The dipolar interaction between two nuclear spins in such

a situation is 3/2 as large as normally observed, when the spins

precess at different larmor frequencies. This so called "3/2

effect" was not acknowledged by Wittekoek ' when he concluded

from his rotational diagrams that in one chemical formula 3

instead of 2\ water molecules had to be present.

After correcting for the measured field dependence and

angular dependence of the magnetization (and demagnetizing

effects) we constructed the interaction tensors B 1 from the

rotational diagrams for all proton sites. These tensors for five

different protons are given in the a, b , c* coordinate system in

table I. The other five can simply be constructed using the two-

fold symmetry around the b axis.
*ikThe interaction tensor B can be split up into two contrib-

*ikutions, the purely dipolar part D and the super hyperfine part
tifc *ik

. The hyperfine field SkA .<pk> is due to the overlap of the
electronic wavefunctions of the copper ions (via the intermediate
oxygen ions) and the hydrogen atom. Because of the approximate
S ground state of the hydrogen atom, the superhyperfine interaction
will be largely isotropic and so AXJS- can be considered to be ascalar **

'i

i

J = A** = A. This hyperfine field causes-an iso-
tropic shift of the resonance line. As D is a traceless symmetrical
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Table 3 .1 .

k

X

y
z

A

H,

+2.31 +2.11 +0.29
+2.11-2.42+1.90
+0.29 +1.90 -3.00

x y z

-1.0 MHz

+1.47 -2.64 -0.34
-2.64 -0.36 -0.12
-0.34 -0.12 -3.34

-0.7 MHz

+2.50 -0.60 +2.85
-0.80 -4.67 -047
+2.85 -047 -0.34

-0.8 MHz

H 4

+0.46 +1.78 +2.85
+1.78-1.69-2.61
+2.85 -2.61 -2.34

-1.2 MHz

-0.47 0.00-1.12
0.00 +0.38 -0.34

-1.12-0.34+0.09

0.0 MHz

Table S.I. Experimentally determined interaction tensors £,B^ for
the interaations of the five protons with all surrounding Cu ions given
in MHz (t/Zsm^ = r<u>/|<y>p.2feB

ifc; . Also the isotropia frequency
shifts A due to the transferred hyperfine interaations are given.

tensor A is given by A = ^ £
a = 1

 BOJ>- T h e hyperfine interaction
is very strongly dependent on the distance between the proton and
the magnetic ion, so that if any, the hyperfine field will be
due only to the nearest copper ion. From table I i t can be seen
that protons H.,, H_, H_ and H. (belonging to the two water
molecules of the octahedral surrounding of the copper ion) are
subject to an isotropic frequency shift of about -1 MHz. The IS
hyperfine constant of hydrogen i s 1420 MHz . This indicates
that about -1%>unpaired spin i s present in the IS orbital of
the hydrogen atoms. The protons H5 belonging to the intermediate
watermolecule, not being part of the oxygen octahedron around
the copper ion, do not show an isotropic hyperfine shift of
measurable magnitude.

The magnetic moments have spatial extension. Most of the
density of the unpaired spin wi l l be found between the Cu ion
and the surrounding oxygen ions and also partly in the oxygen
orbitals. These complications make an exact calculation of the
dipolar field due to all surrounding magnetic ions at the proton
sites extremely hard to perform. Therefore we f irst calculated
numerically the dipolar tensors fi assuming the copper ions can
be considered to be point dipoles. The contribution of al l
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3.4. rfte effective spin S' = % model - Taokiki's theory.

The hamiltonian for a single spin pair is" given by:

- g0H (3.4)

The energy ground state, as shown in fig. 3.1, is non-degenerate

in low (and high) fields but becomes degenerate at the external

field Hx c , where the lowest level of the triplet crosses the

singlet level. At temperatures low compared to [j[/k the higher

two energy levels are depopulated. When these higher levels are

ignored, the spin pair can be represented for H % H. by an

«.
effective spin S» = \ in an effective external field

Tachiki ' introduced this effective spin formalism for

Cu(NO3)2.2^H2O and treated in this way the two before mentioned

interaction models A and B. To stress the fact that both models

in the effective spin approximation give rise to an equivalent

exchange hamiltonian, we have defined the interpair interactions

if

magnetic ions within a sphere of 40 A* were included. The dis-

crepancy with the measured rotational diagrams was large.

Subsequently we calculated D assuming some spatial extension of

the copper^?wavefunctions and/or-a;small spin density;in the

oxygen orbitals. The best result was obtained for the model in

which the copper ions were considered to be point dipoles and

2%% of the unpaired spin was transferred to each of the oxygens

O_f Og, Oj and Og. The remaining differences between experiments

and calculations are of the same order of magnitude as the

uncertainties in the experimentally determined tensors due to

the approximations used in eq. (3.3). Therefore no more elaborate

models were used in the calculations. An amount of 2%% spin

density in the orbitals of O_, O,, O., and OQ is very well con-

sistent with the |x - y > ground state of the copper ion. A

value of about -l%>of spin density in the IS orbitals of the

atoms H,/ H,, H_ and H. is then expected because they belong to

3 8*4 respectively inthe water molecules H,O_H_ and

chapter 4 the tensors B will be used for the analysis of the

resonance data below T...

I
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as given in fig. 3.6. When both the intrapair interactions J and

thejinterpair interactions J\ are assumed to be isotropic, this

leads for the two models, apart from spin-independent terms, to

the following effective spin hamiltonian:

....

v v ,
s i si+lJ J "

N/2

sv (3.5)

where H_ = 'H + 2J/gg + 2J_/g0 and s1 = h is the effective spin.

The plus; and^minus sign refer to the:models A and B, respectively.

It can be shown that the thermodynamic properties, predicted from

the hamiltonian 3f̂ ' and 3f_ respectively, are essentially equal.

Consequently an analysis of the experimental results on the basis

of the effective spin formalism cannot discriminate between the

ladder and the alternating chain model.

m

model A

Fig. S.6. The tti)o •possible models

fop the interpair interaahtions:

model A, the ladder model and

model Bt the altevnating chain

model. The superexohange paths are

numbered in fig. 3.2 and fig. 3.4.

In order to investigate the qualitative behaviour of this

system, Tachiki ignores the term J g S ^ S ^ in formula (3.5),

reducing thereby the hamiltonian to that of the X-Y linear chain

model. Theoretical results on this XTY model have been obtained
by Katsura 2 3 )

Also Van Tol 8 )
used this X-Y linear chain model

in order to describe his specific-heat data for H = H, and
. l «c.

to analyse the isentropes. The discrepancy between the value of
J1, obtained from the specific-heat measurements and from the
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* measured isentropes,was attributed by him to the neglect of the j,
I', "i
L interactions between the z components of the effective spins i.e. ;|

to the simplification introduced by using the X-Y model. |

In the following sections we will compare our experimental /

data with the theoretical predictions on the basis of the complete ;

hamiltonian (3.5). The eigenvalues of closed rings and short ?

chains of N spins, exchange coupled, as described by hamiltonian )
241 •

(3.5), were kindly provided by Dr. Rlote at our laboratory . \
5

Calculations were performed for systems up to N = 13. From these i
eigenvalues we calculated C H(T), MT(H) and X Rf

T)- T h e limiting j

N •* oo behaviour was obtained by extrapolation. Just as is found \

for analogous calculations on the isotropic antiferromagnetic %
251 **linear chain the results for finite closed rings show faster

convergence than the results for finite chains. For temperatures

T < 0.2 jjgj/k the accuracy of the extrapolation diminished and

the uncertainties amount up to a few percent. This, however,

does not hamper a comparison with the experimental data because

fits were made for T > 0.5 [J |/k.

As already mentioned, in the effective spin formalism the

different models A and B lead to equal results for 1L(T), ca^)

etc. Information about differences is lost and therefore using this

theoretical approach one cannot distinguish between the two '

models. Moreover, considering the approximations made by us using 2

the effective spin formalism, one must certainly expect differences %

to occur between theory and experiment. The main advantage of the \

application of the effective spin model is, however, that J' can \
i

be used as a freely adjustable parameter to obtain from the I

experiments. As will be outlined in chapter 5 numerical |

calculations on the alternating Heisenberg AF. linear chain |

and on the ladder model become very laborious when the ratio 4

J'/J is unknown. j

i
3.5. Isothermal susceptibility \~(T). jj

In copper nitrate the induced isothermal magnetization is I

proportional to the applied effective field for al l temperatures, |

in the field region around the level crossing (-3 kOe < Ho < +3 kOe). %
EM '-\
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Consequently the isothermal differential susceptibility is field

independent and is given by:

XT
M(H + AH) - M(H)

AH
(3.6)

for all fields within the indicated range. The proton line shift

Av. in these high fields is proportional to the isothermal

magnetization (formula (3.3)). So the temperature dependence of

the isothermal differential susceptibility can easily be obtained

from the line shift measurements: XT(T) *> (Av(T)H+AH - Av(T)H).

The so determined isothermal susceptibility xT(
T) a t H E = ° i s

shown in fig. 3.7. The experimental data were obtained by

measuring the temperature dependence of Av, for H I & axis at

the field of level crossing Ht =36.5 kOe (H 0) and at

H = 38.5 kOe (H_ = +2 kOe). The susceptibility scale was obtained
EM

from the s l o p e o f a magnet i za t ion isotherm ( s e c t i o n 3 . 7 ) . The

0.2 0.4 0.6 as 1.0 1.2 I . *

o.io

0.03

T(K)

Cu (NO3)a. 2% H2O

XH(T) H=36.5kOe

700

600

500

400

300

1.0 20 3D 4O

Fig. 3.7. The measured temperature dependence of the isothermal suseepti-

bility at zero effective field (H = 36.5 kOe; tit). The dream line re-

presents the theoretical zero field susaeptibility of an isolated aniso-

tropic antiferromagnetia linear chain.
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measured curve shows the characteristic features of the zero-

field susceptibility of an AF. linear chain and hence confirms

the earlier suggested one-dimensional character of .the interpair

interaction. We have fitted the data with the thtjretical curve

of an isolated anisotropic linear chain, described by hamiltonian

(3.5). The theoretical curve was obtained from numerical calcu-
24)

lations on finite rings of exchange coupled spins . The best

fit is obtained for an exchange parameter J,,/k = (-0.35 + 0.02) K.
• • - • . . . • . • - ^ « • ~

Similar measurements performed with H along the a and c axis lead

to the same value of JE/k. The chains, however, are not perfectly

isolated as a transition to a long-range ordered state occurs.

The influence of a weak interchain interaction J'/k has to be

included in the theoretical fit. The susceptibility of a system

of weakly coupled chains is easily found from the isolated chain
susceptibility x treating the interchain interactions J' /k

via a simple molecular field approximation:

x(J"/k) =
- (2z'J'/gV)x,

(3.7)

In order to make this correction one has to know the strength of

the interchain interactions. Oguchi calculated theoretically ,

by using a Green-function formalism, the relation between T«/|j |

and the ratio for the intra- and interchain interactions |J'/J |

for a tetragonal lattice of Heisenberg AF. linear chains. Using

his results and the in first order experimentally determined

ratio k T /|j I = 0.5 we obtain an estimate of the interchain

interactions [J'/kj % 0.09 lJE/k| = 0.03 K. Using the result for

a system of weakly coupled classical chains 's k TN/|JE| =

2S(S + l)VzJ'/3JE, about the same estimate is obtained. The

coupled

and

effective spins describing the pairs in Cu(N0,)_.2%H,0 are
t JL

in chains by anisotropic intrachain interactions (JE = 2Jp)

moreover the present chain lattice is more complicated than the

tetragonal one used in Oguchi's model. The value of jj'/k| =

0.03 K can thus only be considered as an order of magnitude.

Using formula (3.7) an interchain interaction of |J'/k| = 0.03 K

leads to a correction of only 5% on the isolated chain suscept-

ibility, which is of the order of the experimental accuracy.
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Therefore it is not useful to apply this correction.

3.6. Specific heat measurements.

It is well known that one-dimensional magnetic interactions

give rise to a broad maximum in the specific heat. Van Tol

showed that the specific heat of Cu(NO3)2.2%H2O at zero effective

field could be rather well described by the theoretical curve

for ah AF. X-Y linear chain of spins S1 = %. Calculations on the

anisotropic chain were not available then. Using Katsura's results

' on the X-Y chain Van Tol neglected the finite interactions

between the z components (-JgS^S!^ in form. (3.5) of the

effective spins. His fit yielded for the intrachain interaction

J_/k = - 0.43 K, which is much higher than our result obtained

from the isothermal susceptibility. We have refitted his specific-

heat data using now the numerical calculations for the anisotropic

chain model given by formula 13.5) and derived a value J^/k =

- 0.35 K + 0.02 K in good agreement with the susceptibility result.

The A-anomaly {fig. 3.8) indicates the transition to a 3d-ordered

state at 175 mK for 5 / S axis. We calculated the Schottky type

contributions of the higher triplet levels (dot - dash curve) and

of the nuclear spins of the protons (dotted curve). The copper

and nitrogen nuclear spin contributions as well as the lattice '

specific heat can be neglected at these temperatures in this

field range.

The amount of entropy involved in the phase transition amounts

to only 30% of the total entropy content of the effective spin

system ^Rln2. This again is indicative for the pronounced short-

range order above T.T.

We want to stress the validity of this specific anisotropic

linear chain model for the description of the chains of effective

spins in CufNO^}2.2%H20. Therefore in table II we have compared

the theoretical predictions of the Heisenberg, X-Y and anisotropic

chain model on the values of kT (Xginax) /J and kT (C^atf/J^ with

the experimental values of Cu(NO3)2.2%H2O
 28*. It is clear from

table II that, on the basis of experimental results on XH\T) and

CH(T) together, one can discriminate between the Heisenberg,

anisotropic and X-Y AF. chain model. Evidently the temperature
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j/mol. K

0.4- 0.6 O8 10 K

Fig. 2.8. Temperature dependence of the specific heat for H]fs0(H=S5.7 kOe,

3 I %). The dashed curve represents the theox'etical zero-field speaifia heat

of an isolated anisotvopic antifervomagnetic linear chain. The calculated

contributions to the specific heat of the protons is given by the dotted

curve. The dot-dash curve is the aontribution of the higher triplet.

Table 3.II.

TXmax TXmax

\A

Heisenberg af . chain

X-Y AF. chain

2J» = JiAF. chain

1

0

0

.28

.64

.91

0

0

0

.96

.64

.81

1

1

1

.33

.00

.13

x
Xraax
0.31 K 0.28 K 1.

' " • • &

Table 3.II. Comparison of some theoretically obtained

thermodynamic quantities of three chain models aompared

to the experimental results on Cu(NOs)g.3%ftgO.
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dependencies are very well described in the effective spin

formalism by a system of weakly coupled antiferromagnetic linear

chains with anisotropic intrachain interactions. (JgA = 2JE/k =

J^/k = - 0.35 K).

3.7. Magnetization isotherms.

By measuring the field dependence of the resonance frequency

shift Av, of proton H, Van Tol ' obtained the magnetization

isotherms for H parallel to the b axis at T = 190, 270, 570,and

800 mK. The behaviour of the magnetization could be explained

satisfactorily in terms of the spin pair system when the interpair

interactions were treated in a molecular field approximation. No

attempt was made to fit the magnetization curves with the

theoretical results for an anisotropic AF. linear chain as was

done for the specific heat.

The magnetization M^H) of an AF. linear chain exhibits its

characteristic behaviour only at temperatures well below |JE|/k

We have extended Van Tol's measurements down to 100 mK. These

measurements were also extended to other field directions. It is

found that the ML(H) curves measured along the a, b and c

crystallographic axes coincide within the measuring accuracy,

when they are plotted on a reduced magnetization and field scale,

eliminating differences due to different g values. This result

implicates that the intrapair interaction J is largely (within

2%) isotropic. From the same result it is concluded that the

interpair interactions J' between the real spins is also fairly

isotropic (within 10%). Some of the measured magnetization iso-

therms are shown in fig. 3.9.

Although below T N the NMR spectra are much more complicated, j

it is possible to obtain the behaviour of both the field-induced j

magnetization {/ 8) and spontaneous magnetization from the NMR |

data as will be explained in the next chapter. From the analysis j

of these data it is concluded that the field-induced component j

is nearly not affected by the onset of long-range order. To |

illustrate the typical chain-like behaviour of the induced |

magnetization in fig. 3.9 the Hj,(H) curve at T = 0.05 K is also j
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shown. This curve was obtained from integration of the field J

dependence of the adiabatic susceptibility xs(H), measured by }

mutual-inductance technique. At these low temperatures the iso-
thermal and adiabatic susceptibility are found to be nearly equal,
so the integral /^ xs(H)dH yields, to a good approximation, the
isothermal magnetization M^fH). Fig. 3.10 shows the theoretical
isotherms calculated for a system of mutually isolated linear
chains described by hamiltonian (3.5). The value of 350 mK for
the intrachain interaction, derived from CH(T) and XH(T) was
used. The agreement between the calculated (fig. 3.10) and

3

measured (fig. 3.9) curves is fairly good. The measured curves \
for T < |j_|/k show the characteristics of the AF. linear chain ••
magnetization for both positive as well as negative effective "{
field. However, a remarkable asymmetry is noticed in the measured 3
magnetization curves. The experimental determined field differences |
H e, - H, „ and H.. „ - Hcn are respectively 6.5 kOe and 8.5 kOe I
while theoretically {using JE/k = - 0.35 K) a value of 6.8 kOe is §
obtained for both H_ - H. „ and H. - He,. \

*̂2 x # c • x • o* i, i

Also asymmetric behaviour of the isentropes with respect to |
the level-crossing field has previously been observed by Van Tol. I
To explain this effect he assumed the intrapair interaction :
to be anisotropic. However, the amount of anisotropy, needed to j
explain the measurements, was much too large to be realistic. 1
Moreover the presence of such an anisotropy would lead to largely j
different field dependencies of the magnetization, susceptibility |
etc. for different field directions, which is in plain contrast |
to our present experimental results. We have already pointed out |

that the discrepancies between experiments and theory are due 3
to the fact that in the effective spin model the two higher energy \
levels of the spin pair are neglected. The interpair interactions \
mix the energy states. The mixing is field dependent because of J
the field dependence of the energy differences between the levels. 1

291 '1

Recently Amaya and Yamashito ' have calculated the field ,=j

dependence of the susceptibility x(H) for T = 0 of Cu{NO,),.2%H,O j

including the effect of the higher levels. The interpair inter- 1

actions were treated in a molecular-field approximation. In their 1

approach asymmetric behaviour can be explained only within the J
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1.0
lOkOe

Fig. 3.9. The measured magnetization isotherms for several temperatures and

H II b. The 100 mK curve was only measured outside the long-range ordered

state. The SO mK curve was determined from the measured x(H) curve over the

whole field range. The characteristic chain behaviour is visible for

positive as well as negative effective field. The right-hand side scale and

the top scales are related to the effective spins.

°oL

Fig. 3.10. Calculated magnetization isotherms for an isolated anisotropia

AF.linear chain. The saturation field given in units -g$HE/\j'\, for such

a chain is 3. The saturation fields of an AF •Heisenberg chain and an X-Y

chain are respectively 4 and 2.
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I long-range ordered state. Their calculations lead to completely

|: symmetric behaviour of all thermodynamic properties around the

t[\ level-crossing field for T > T . In chapter 5 we will

I; discuss the results of the calculations on the ladder and alter-

? nating chain models both, including all energy levels. From these

models it can be shown that the asymmetry of the isentropes and

magnetization curves with respect to H is not exclusively
JL . C •

present in the long-range ordered state ^UJ. Especially in

Cu(NO-)_.2^H 0, showing strong short-range order, the influence

of the mixing is also clearly visible above T .

3.8. Concluding remarks.

The effective spin model appears to be a useful tool for the

description of the linear chains of AF. pairs in Cu(NO3)2-2%H2O.

A value of - 0.35 K for the dimensional interactions between the

pairs is determined. The discrepancies between the experimental

data and the predictions from the effective spin model, mainly

observable in the M̂ , (H) , X(H) and Tg(H) measurements, are

qualitatively understood. For the real spins two possible Id arrays

of spin pairs are possible. A choice between the ladder model and

the alternating chain model cannot be made from the measurements

in the paramagnetic state presented in this chapter.

The next chapter will be dealing with the long-range ordered

state and experimental proof will be given for the coupling of

the spins in Heisenberg S = \ alternating AF. linear chains. In

chapter 5 experimental results on CR(T), M^JH), XH(T) and xT(H)

are compared with numerical calculations on the isolated Heisenberg

S =• \ alternating AF. chain.
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CHAPTER 4

THE LONG-RANGE ORDERED STATE OF Cu(NO3).

4.1. Introduction.

In the previous chapter * we have shown that the antiferro-

magnetic (AF-) spin S = \ pairs in.Cu(NO3)2.2%H2O show pronounced

short-range ordering into AF. linear chains of spinpairs. The

short-range ordering effects are most clearly seen in the thermo-

dynamic properties measured near the field H, at which the
1,2)

two lowest energy levels of the AF. spinpair cross •"•'"'. From

the measurements presented in chapter 3 no conclusion could be

drawn whether the spinpairs are coupled into ladders (model A)

or into alternating chains (model B) '. Both models are
4)

compatible with the crystal structure .

Theoretically the AF. pairs can be described to a good

approximation by effective spins S1 = % in an effective field

(Sg = i - 8j , where H is the applied field) 5 ) . For the two

models A and B this formalism yields the effective spin linear

chain hamiltonians:

- - 2 J

gBH,, E S!z, (4.1)

where z is defined as the direction of the external field. The

properties predicted on the basis of these two hamiltonians are

essentially equivalent. The experimental data proved to be

reasonably well described by this hamiltonian (4.1). Discrepancies

were discussed qualitatively l f l1' 2 1 f 2 2 ). The chains, however,

cannot be perfectly isolated as assumed in eq. (4.1) because a

phase transition to a 3d long-range ordered state is observed
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(TN = 0.175 K for H = 36 kOe / b axis) '. This phase transition

is reflected in the occurrence of a X anomaly in the specific

heat as well as in drastic changes of the proton resonance
2) "

spectrum .

In this chapter the results of an extensive experimental

study on the long-range ordered state, performed mainly with NMR

techniques! are presented. From these measurements both the
* " ' ' - -

temperature dependence and the field dependence of the sublattice

magnetization are deduced. Especially its dependence on the field
jdirection is obtained. These measurements also provide T N as a j

function of the direction and strength of H. h

The occurrence of a long-range ordered state in Cu{N0o)_.2%Ho0 I
51 i t. £ %

was predicted by Tachiki ' . He described the AF. spinpairs in the |

vicinity of S.. by effective spins Sf — \ and treated the inter- |

actions (JE,J*) between the effective spins in a molecular field I

approximation. Because the effective spins in Cu(NO,)2.2iH2O show j

pronounced Id short-range ordering above the phase transition, i

the properties of the long-range ordered state will deviate from 'i

those expected from Tachiki*s MF. approximation. ^

Although much theoretical work has been done on isolated j

linear chains , hardly any information is available on the long- j

range order of systems of weakly coupled chains. Recently the ;

results of thorough experimental work on systems of weakly coupled ]

Heisenberg S = % AF. linear chains have been published by Henkens J
8 9) i

et al. ' '. His work on the isomorphous crystals CuSO..5H2O, |

CuSeO..5H2O and CuBeF..5H2O reveals the specific properties of |

the long-range ordered state of such systems. The long-range |

ordered state is dominantly influenced by a large, field-dependent |

spin reduction. This is in plain contrast to the properties |

of "normal" 3d antiferromagnets " , where the spin reduction is J

small and plays only a minor role. He feel that most results of

Henkens are characteristic for weakly coupled AF. S = \ chains.

It will be shown in the second part of this chapter that the long-

range ordered state in Cu(NO3)2.2^H20, described in terms of

effective spins, is also influenced by appreciable spin reduction

in a similar way as in CuSO4.5H2O. The effects are, however, less

pronounced in Cu(NO3)2.2%H2O due to the relatively stronger inter-
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chain interactions.

The experiments provide of course only direct information

on the properties of the real spins. This information can be

translated into the behaviour of the effective spins as will be

outlined in section 4.7. In the first sections of this chapter we

will report the results of our experiments and draw conclusions

concerning the dependence of the sublattice magnetization of the

real spins on the temperature, field strength and field direction.

Rotational diagrams of the proton resonance frequencies for

T < T are discussed in section 4.3. Comparison of these measure-

ments with proton-copper interaction tensors as given in chapter

3,yield the spin configuration in the AF. state. This configuration

is discussed in relation to the two possible models (A and B, see

chapter 3) of chains of spin pairs . We will prove in fact

from the resonance diagrams that the pairs in Cu(NO3)2«2%H2O are

coupled in AF. alternating Heisenberg chains.

4.2. The phase transition.

A X anomaly in the specific heat of Cu(NO3)2.2SjH2O for

H = 36 kOe t b axis at T = 0.175 K indicated a second-order phase

transition to a 3d-ordered state (see chapter 3/ fig. 3.8) '.

This ;jhase transition is found for each direction of the external

field, when its magnitude is within the two critical fields H c

(% 28 kOe) and H C 2 (% 43 kOe) (fig. 4.9). The onset of long-range

order is also reflected in the temperature dependence of the

proton resonance spectrum, (fig. 4.1) . Below T., each proton
N

resonance line shows a temperature-dependent spontaneous splitting

intp two components. Van Tol ' measured this splitting for only

one direction of the external field, namely $ parallel to the

crystallographic b axis. We have extended his work by performing

measurements for many other directions of the applied field lf * ,

As an example of these measurements in fig. 4.1 the temperature

dependence of the resonance lines, crossing the.phase boundary

for a certain direction of the magnetic field in the a-b plane

at H = 37.10 kOe, is shown. Moreover, we have measured the proton

resonance spectrum for T < T H as a function of the direction of

5 rotating in three mutually perpendicular planes (the a-b, a-c,
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160

MHz

156

154-

H"=37.I0 kO«// a-b plane'

Fig. 4.1. Resonance fvequeci.es of
all protons as a function of tet.ipe-
rature. The external field has a
direction in the a-b plane. H =
37.10 We, v_ is the free proton
resonance frequency.

and b-c* plane, where c* 1 a,b). From the fact that each resonance
line splits up into two lines below TN i t i s clear that the long-
range ordered state is an antiferromagnetic state with two sub-
lattices. It can be concluded from all NHR data that the magnet-
izations <p~> of the two sublattices have equal magnitude and
are canted with respect to the field direction in such a way
that their components perpendicular to H, <u.># have equal
magnitude but opposite directions:

I
- <y#>i + (4.2)

1 and ic are unit vectors respectively parallel and perpendicular
to the field-direction.
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The resonance frequency shifts Lv^ of each pair of resonance

lines below T.. for arbitrary H are given by

+ + v v ii ilk
toI " "I - 2? H - h iff J f •

where the tensor B1^ describes the proton (i)-copper (j) inter-
t

action. The summations E, and E,, extend over the copper ions of ;

the two magnetic sublattices respectively (E^ = E L + Ej^) . \

The average shift %(Av. + &v.) of a pair of lines yields direct 1

information on the induced parallel component <y >: ij

i

%{Av* + Av^} = X- -yfy. E t
i k.i< V. (4.4) 1

For H % Hj this average shift is found to be equal to the shift 'I

of the corresponding single line just above TM. This is clearly S
W 'A

demonstrated in fig. 4.1, where each pair of resonance lines }
splits up symmetrically around the resonance frequency of the ;
single line above T . The parallel component of the sublattice }

magnetization is consequently equal to the induced magnetization :

above T N at the same field. The same is found for all other field {
directions as long as H % H, . For fields above and below the j

x. c. \

level crossing field <U/> is affected slightly by the onset of 1
long-range order as will be discussed - together with the |
susceptibility data for T < T M - in section 4.7. \

The difference in frequency shift of the two components of i
one pair of lines is proportional to the magnitude of the J
spontaneous perpendicular magnetization: •?

1{ ,
(4.5) |

The field and temperature dependence of the two components of |
the sublattice magntization can thus easily be obtained from the |
NMR data. 1
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m copper
3 oxygen

o nitrogen
—• hydrogen

path I
path I[

Fig. 4.2. Projection of the unit cell of Cu(NOJ^.Z^HJ} on the a-a plane.

Path I and path II are exchange paths discussed extensively in chaptev 3.

The interaction tensors I.

from the measurements above T,T (chapter 3)

are the same as those obtained

The tensors

{£, - Z, } can, however, not be obtained from the data

above T,. alone. These tensors depend on the AF. sublattice con-

figuration. The sign of the exchange via path I only (fig. 4.2)

- the intrapair interaction - is known at this stage, which leaves

many possibilities for the AF. sublattice configuration. These

possible configurations are discussed in the next section in

relation to the angular dependence of the proton resonance

frequencies for T < T«.

4.3. Rotational diagrams for T < 2*« and the sublattice configuratic

In chapter 3 the rotational diagrams of the proton resonance

frequencies in the paramagnetic state have been discussed. From

these diagrams the tensors ,(£kB
ilc) describing the interactions

between the copper ions and the protons have been deduced.
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Differences were observed between the experimentally determined

tensors and those calculated on the basis of magnetic point dipole

moments (including spin-density at the oxygen ligands)- These

differences originate mainly from the non-spherical magnetic

moment distribution around the copper and oxygen nuclei. It can

be shown that for proton 1, 2, 3 and 4 about 80% of the total

dipolar field is due to the interaction with their nearest copper

ion. Therefore the discrepancies between the measured and cal-

culated interaction tensors of these protons originate mainly

from the too simplified (point dipolar) calculation of this

dominant contribution. The point dipole model is only a reasonable

approximation for the more distant magnetic moments. In order to

obtain reliable interaction tensors we have determined empirically

the interaction tensors of these four protons with their nearest

copper ion in the following way. Using the point dipole model,

the dipolar field due to all copper ions within a sphere of 40 8,

excluding the nearest copper ion, is calculated. The differences

between the so calculated tensors and the experimentally

mined tensors is then attributed to the interaction of the protons

(Bx )with their nearest copper ion (Bx ).

We can calculate the contribution - Z^B11'} - B11)

of all the distant spins (within R = 40 8) in the antiferro-

magnetic state using our point dipole computer program for each

possible AF. spin configuration. The contribution of the nearest

spin (B , obtained as described above) is then summed to the

contribution of the distant spins to obtain the total interaction

tensor in the ordered state (for each of the protons i = 1, 2, 3

and 4).

Proton 5 has two copper ions nearby at about equal distances;

Cu_ lies 3.7 8 away, while Cu_, is situated in the next unit cell

along the b axis 3.5 8 from proton 5. Two other copper ions, Cu5

and Cuqf, are also situated relatively close (4.2 & and 4.4 8,
41

respectively) ' . Therefore the above described method for

calculating the internal field at the site of protons 1, 2, 3

and 4 cannot be used to calculate the internal field at the site

of proton 5. However, calculations in which all copper magnetic

moments are approximated by point dipoles are found to describe
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the measured rotational diagrams for T > T N of this line 5 to a

good approximation. This is certainly due to the relatively large

distances from this proton to the four Cu ions nearby, and to

the fact that the water molecule H5OgHg does not belong to the

immediate surrounding of a copper ion (see fig. 4.2). Consequently

we expect that the calculations based upon the point-dipole model

will yield also for T < T to a good approximation the internal

field at proton 5.

The AF. sublattice configuration as well as the magnitude

of the spontaneous component <u^> are still unknown parameters

to be obtained from a comparison of the measured and calculated

rotational diagrams for T < T«.

In the previous section (4.2) we have pointed out that below

T N the frequency shift of each resonance line can be split up

directly into the contributions due to the induced parallel

component <u >i and the spontaneous perpendicular component

<u±>k of the total sublattice magnetization <p*> (eqs. (4.4),

(4.5)). Moreover the induced magnetization above T N for

Fig. 4.3. Rotational diagram of the
proton speatnm at T = 0.2S0 K.
(T > TN). The external applied field
B = 42.14 kOe is rotated in the a-a v

plane. The numbers refer to protons
as indicated in fig. 4.2. -too * MOO
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H ;̂ H., is equal to the induced component <Pj> below T for

the same field. Therefore the differences between the rotational

diagrams above and below the phase transition are directly

related to the component of the internal field at the proton

sites due to -cu^lL

In fig. 4.3 and 4.4 the measured rotational diagrams for

T > T N and T < T N for H = 42.14 kOe / a-c plane are shown

respectively. The determination of the rotational diagram for

T < T N has been performed at T = 0.08 K. At this temperature the

spontaneous component <jij_> is almost saturated as can be seen

from fig. 4.13. Each of the five line pairs in fig. 4.4 can be

H=42.14 KOe//a-c plane T=0.08K

MHzj '

1821-
I

t76-

-9O

Wig. 4.4. Angular dependence of all the proton resonanae lines in the

ordered state at T = 0.080 K. The external field H = 42.14 kOe is rotated

in the a-a plane as in fig. 4.3. Each pair of lines is related to one

single line in the paramagnetic regime and numbered accordingly.
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~1
* / ;

/ /

b-axis

~ 1

Cu(NO3)2- 2'/i

H=36.9kOe
T=0.25K

/ ^ \ /

f...
f o H 2

v H3

a H 4

a-axis

i 1

;H2O

b-axis

1 -

Ftgr. 4.5. Rotational diagram of the proton speatrwn for T - 0.25 K
(T > T.J. The external field is rotated in the crystallografia a-b plane.
H = 36.9 kOe.
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157

156

155

154

153

H=36.8kOe
T=0.08K

b-axis

Fig. 4.6. Proton spectrum v($) as in figure 4.5, but now for T < T^T =

0.08 K). t = 36.8 We tab plane. For the sake of alarity only half of

the number of proton resonance lines is shown in this figure. The others

aan be obtained using the mirror symmetry of the a axis or of the b axis.

1
•I
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related to one single line above T N (fig. 4.3). This was determined

by measuring for several field directions the temperature depend-

ence of the lines (see fig. 4.1). Also the diagrams for H t a-b

and H f b-c* plane were measured. In these planes above T 10

lines (chapter 3) and below T N consequently 20 lines are observed.

Again each pair of lines in these diagrams can be related

unambiguously to one line above T . Figures 4.5 and 4.6 show the

diagrams for H rotating in the a-b plane with T > !„ and T < T\,
PI N

N
respectively. The analysis of the three diagrams with T < T

yields essential information on the behaviour of the sublattice

magnetization , as is discussed below.

Each resonance line in fig. 4,4, where H t a-c plane, has

a periodicity of 360°, while the lines for H f b-c* plane and

H f a-b plane all show a period of 180°. The spontaneous splitting

6v. , which is due to <ŷ >lc, is obtained from the difference in

resonance frequency of the lines of pair i (eq. 4.5). To show

the general character of the angular dependence of this splitting

MHz

2

1 -

- 1

MHZ b-axis

O) H //a-c plane

b) H7/b-c* plane

c) nil a-b plane

Fig. 4.7. The angular dependence of

the splitting 5v^ in the a-e and

b-c plane and of ths splitting S\i^

in the a-b plane. These curves show

the aharaatevistio behaviour of all

line pair splittings in these planes.
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in fig. 4.7 ov.(4>) of a resonance line pair is shown. In fig.

4.7a, 4.7b and 4.7c 5 is rotated in the a-c, b-c* and a-b plane

respectively. A similar behaviour is observed for the splitting

6v. of all the other line pairs. The different behaviour of the

angular dependence of Sv* for the three planes is striking. When

H is rotated in the a-c plane 6v.{$) shows a nearly cos $ behaviour

(fig. 4.7a), while it shows a cos 2$ like behaviour for H / a-b

plane. In the b-c* plane 5v. (tj>) has a period of 180° but is a

distorted cos 2<j> function.

It has been concluded in section 4.2 that the spontaneous

component <u.>ic of the magnetization <u~> is always directed

perpendicular to the external field. Such an ordered state, in

which the field-induced anisotropy dominates over the anisotropy

of the (exchange + dipolar) interactions,is normally referred to

as the "spin-flopped" state. The external field forces the spon-

taneous moments to lie in the plane perpendicular to H. The

anisotropy of the interactions between the copper spins then

only determines the direction of <pi>2 in this plane (i H ) . In

"normal" antiferromagnets when lowering H(T < TN) the system

crosses the phase boundary from spin-flopped state to the AF.

state and the spontaneous component of the magnetization align

along the easy axis. In Cu(NO3)2.2%H2O below the relatively high

field of H c (% 28 kOe) no ordered state exists because the inter-

pair interactions are subcritical for these fields and consequently

the AF. state is not present.

The direction of <u^>k" in the plane perpendicular to 8 can

be deduced by analysing the sha^s of 6v.{<f>) of all protons using

formula (4.5). From this formula it is seen that the general shape

of the curves 6vi(({>) does not depend on the specific AF. sublattice

configuration. In the analysis of 6\>.(<f>), discussed below, it is

assumed that the magnitude of <Vj_> is independent on the direction

of S, for temperatures well below TH.

From the nearly perfect nos $ dependence of 5v.(<f>), when H

is rotated in the a-c plane (fig. A.7a\ it is concluded that in

that case <v±>% is fixed along the b axis. The b axis is therefore

the preferred or easy axis. The nearly perfect cos 2$ behaviour

of 6vi($) for H / a-b plane leads to the conclusion that in this
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situation <\i, >k rotates, always perpendicular to H, also in the

a-b plane. Consequently, when H t 6, the easy axis, <v^>%. is

parallel to the a axis, making this the next preferred axis. In

the b-c* plane <p̂ >5c rotates from the b axis to the a axis when

H is rotated from the a axis towards the c axis.

The preferred and next-preferred axes of course reflect the

anisotropy of the interactions between the copper magnetic moments.

The origin of this anisotropy is discussed in section 4.4 together

with its influence on TN(<f>) .

We will now derive from the rotational diagrams 6v. (<f>) the

AF. spin configuration. First of all we need at least an estimate

of the magnitude of <u^> for the calculations of 6v. (<f>) . This can

be obtained from the Sv. (<f>) curves of protons 1-4. When the minor

contribution on the internal field of all distant spins is

neglected, one can calculate 6v. (<t>) (i = 1, 2, 3, 4) from the

contribution of only the nearest copper ion (using B ). In this

way we have calculated the 6v. (<J>) (i = 1-4) curves for H t a-b

plane and S t a-c plane and fitted them to the experimental curves

using the magnitude of <p^> as an adjustable parameter. This

yielded a value f<n^>| = (0.25 + 0.05) gg.

The splitting of the resonance line of proton 5 is very

sensitive to the AF. spin configuration of its four nearest copper

neighbours. These copper ions (Cu5, Cugl, Cu_ and Cu.,) are

situated roughly at the same distance from proton 5. The prime

refers to ions in the next unit cell along the b axis. There are

only four possibilities for the relative configuration of these

four copper spins because the bonds Cu5-Cu5, and Cu7~Cu7,, are

equivalent.These four possibilities are given in table 4.1.

Table 4.1.

Cu- Cu5, Cu Cu?,

Conf. I AF. along b axis + - + - \

Conf. II ferro along b axis + + + + \

Conf. Ill AF. along b axis - + + - |

Conf. IV ferro along b axis + + \
, *
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Taking into account the contributions of these four nearest

magnetic moments only, we have calculated the splitting 6Vc(<i>)

for 3 / a-c plane and H # a-b plane for the four configurations

given in table 4.1. The results are given in figs. 4-8 and 4.9

respectively together with the experimentally determined curves

of 5Vc(<{>). Of course the knowledge of the angular dependence and

the estimated magnitude of 0.25 gg for <u. >k has been incorporated

in the calculations. Inspection of both fig. 4.8 and fig. 4.9

leads unambiguously to the conclusion that the spin confiquration

2
MHZ
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I i

1

s

* — — — •».

1c-axis
11 r

x
s H"//a-c plane

\ T=0.08K

\
\
\

k \

\
a-oxis N

i f
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1 '
\ \ i

- 9 O - 4 5 .45 90

Fig. 4.8. The splitting 6v^ as a funation of the direction of the external
field in the a-e plane. The dashed curves represent the angular dependence
of 5vc calculated for the four spin configurations given in table 4.1.

along the b axis is ferromagnetic . In chapter 3 i t has been
discussed extensively that the AF. spin pairs prove to be coupled
by a dominant antiferromagnetic interaction into chains of pairs.
Two possible models were found to be compatible with the crystal
structure. In the ladder model (A) i t i s assumed that the pairs
are linked together along the b axis by a relatively strong AF.
interpair interaction. In the AF. alternating chain model (B) the
AF. spin pairs are antiferromagnetically coupled (path II) in the
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Fig. 4.9. The angular dependence of 6vs fov ~t in the a-b plane. The dashed
curves have been calculated fop the foup configurations. Conf. II and IV in-

" "
elude a ferromagnetic interaction J-,, while in conf I and III J^ is assumed
to be antiferromagnetic.

a-c plane. The conclusion drawn from the experiments presented
heref that the interaction between spins along the b axis (path
III} i s ferromagnetic,rules out the ladder model (A) . Therefore
i t i s concluded that Cu(NO3)2.2%H2O consists of AF. alternating
S = k Heisenberg chains (J/k = - 2.6 K, J'/k = - 0.70 K) . The
chains are coupled by a weak ferromagnetic interchain interaction
along the b axis (J£), while the sign of the interchain interaction
in the a-c plane (J" J i s not yet determined.

There now remain only two possible spin configurations
describing the complete sublattice structure depending on the sign
of j " . These configurations are given in table 4.II.

Table 4.II.

Ja-c

Conf. I I

Conf. IV*
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We calculated the curves SV^CIJI) of all five lines for H I a-c

plane and 5 / a-b plane, using these configurations and including

the contribution of all magnetic moments within a sphere with a

radius R = 40 X. The magnitude of <Uj_> has been taken as an

adjustable parameter. The theoretical curves for conf IV* are

found to give a slightly better agreement with the experiments

than those for conf II*Jfor both the a-c plane and the a-b plane.

The calculated curves for conf IV*r for H / a-c, together with the

experimental data are given in fig. 4.10. The best fit it obtained

for |<Vi>| = (0.25 + 0.02) gB, confirming the previous estimate.

It is interesting to notice that it is also possible to

arrive at the conclusion that JJ" is ferromagnetic by inspection of

the crystal structure. It can be shown that only for J£ > 0 an AF.

spin configuration consisting of two sublattices, commensurable

with the magnetic lattice, can be found. When J^ < 0, independent -a
I

MHz

2
H=42.f4 kOella-c D'ane
T = O.08K

-1

- 2 -

c-axis
_U

a-axis .c-axis

- 9 0 - 4 5 0 0 45 90

Fig. 4.10. Caloulated and measured eurves of all Vine pair splittings 6v^

as a function of the direction of the applied field in the a-c plane. The

calculated curves given refer to conf. TV*. Conf. IV* includes a ferromagne~
" "

is assumed to be antiferromagnetic. The magnitude of
= 0.25 g$.

tie J-, while J
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of the sign of a l l other exchange interact ions , in the antiferro-

magnatically ordered s ta te presumably a more complicated spin

configuration would exis t . This would lead to the presence of more

than two sublat t ices in contrast t o the experimentally determined

amount of two subla t t i ces .

4.4. The dependence of the transition temperature on the direction
of .the external field.

The field dependence of the t rans i t ion temperature for

§ $ b axis , obtained from both NMR and specific-heat measurements

L̂s shown in f ig . 4.11 ' . The f ia ld-scale a t the top i s giVen in

re la t ive units g&H/| j | . At T = 0 for H /"S.'the ordered s ta te i s

present between two c r i t i ca l f ie lds Hc = 28 kOe and H_ = 43 kOe.

T.T reaches a maximum TM . . . for H = H.N N max I.e.
From the magnetization measurements, presented in the previous

chapter, i t was concluded that both the critical fields as well

as the level crossing field, when given in relative units gBH/|j|,

are independent of the field direction. This implies that the

level crossing shifts to higher, fields when the applied field is

rotated frora H / b axis to a direction parallel to the a-c plane.
because in this case g changes from g. = 2.33 to g. = 2.09 14)

paramagnetic

40 kOe 45

Fig. 4.11. Phase boundary curve Wffl for Cu(N0Jn.2iHJ}3 when the applied

field is directed along the b axis. O deduced from the temperature depend-

ence of the NMR speatrunti X deduced from the field dependence of the sw -

aeptipility at T = O.OS K (chapter 5).
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T-^. ̂ . i i irt S'S.'J-

The dependence of T« on the direction of the external
. , N m a x - . . - . _ • _ . - . . •- • -

field will give additional information on the magnitude of the

. anisotropy of the magnetic interactions .We have measured T,j($)

for § rotating in the three before mentioned planes for constant

field strength. All measured values of T were obtained via a

study of the temperature dependencies of the proton resonance

spectrum as shown in fig.4.1.

The level crossing field was found to be isbtropic (chapter

3) when 8 is rotated in the a-c plane; theg value does not vary

in this plane. Therefore the measurements of TN($) for Hx =

H = 41 kOe yield:directly T N max($) - L ^ W is measured to be

isotropic for H I a-c plane within the experimental accuracy:
N max

(0.222 + 0.005) K.

In the a-b plane and the b-c plane T«((j>) was measured for

H = 36.7 kOe, which is the magnitude of the level crossing field

along the b axis. The results are given in fig. 4.12. From these

data we have calculated the angular dependence of T N m a x. This

is possible because the angular dependence of H, is known and

the field dependence of T , for a fixed field direction, is

determined experimentally. The curves of T „(<{>) are also given

in fig. 4.12. The anisotropy of T.T in these planes, up.to
w max

25%, is strikingly large.

From the angular dependence of 6v. (section 4.3) we have

concluded that the easy axis is parallel to the b axis. When H

is perpendicular to the b axis, <Uj> is directed parallel to b,

whereas,for H#b, <v^> is forced to a direction in the a-c plane.

Indeed the preference of <p^> to point along the b axis is

reflected in a relatively high transition temperature when

<VL> it.
The anisotropy of T N originates from anisotropy in the inter-

actions between the spins. We will therefore now inspect the

various interactions on possible anisotropy.

From the magnetization measurements presented in chapter 3,

we have concluded that both the intrapair (J) as well as the inter-

pair (Jf) interaction are isotropic within a few percent. It was

indeed expected that both anisotropic contributions, the pseudo-

dipolar interaction (of the order of (Ag/g)2J) and the dipolar
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b-axis (J>. c-oxis

F£^. 4.12. Angular dependenae of the transition temperature for H =

36.7 kOe. H is rotated in the a-b and b-a plane, respectivily. The dashed

curves show the angular dependence of Tj, . the transition temperature at

' ™ these planes.
l a

interaction, are small relative to the isotropic exchange inter-
action in these two strong bonds. (J/k = - 2.6 K, J'/k = - 0.70 K)
15)
/ *

In the weak interchain interactions Jj! and J"_ , which are

of the order of 0.03 K, the dipolar contributions are, however,

relatively large. Because these weak interchain interactions

are crucial for the occurrence of the observed long-range order,

their anisotropy will be reflected directly in T M " „ ( $ } . We

have calculated the anisotropy in J£ and J"_ due to the dipolar

interaction between the time-averaged spontaneous moments <v, >

to be about 20% and 10%, respectively. The dipolar contribution

to J£ is larger than to J£_c because of the shorter distances

between the magnetic moments along the b axis. It can thus be
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concluded that the anisotropy in J£ causes the observed anisotropy
in TN . Moreover i t is easily seen that, because J£ i s ferro-
magnetic,' the anisotropic dipolar contribution in J£ leads to the
preference of <ŷ > to l ie parallel to the b axis. Consequently
this leads to the highest TN for <wL> I £ ( i .e . H t a-c plane)
in agreement with our experimental results of TN($).

4.5. Temperature dependence of the spontaneous magnetization.
The temperature dependence of the spontaneous component of

the magnetization <u. (T) > i s e a s i l y obtained from the resonance
data, because <u,> i s proportional to the s p l i t t i n g 6v. of each
pair of resonance l ine s (eg. ( 4 . 5 ) ) . In f i g . 4.13 the reduced
spontaneous magnetization <y.(T)>/<u,(0)> i s p lot ted against the
reduced temperature T/T . The data have been derived from 5v.
for H = 42.0 kOe and H / a-c plane (* = - 30° in f i g s . 4 . 3 , 4 . 4 ) .

t.O

05

<UXCO)>

Cu (N03)2.2'/2H2O
CuSeO4.5H2O

.F. appnox.

t.O

0.5

<di.tT»
<nito)>

O.5

Fig. 4.13. The spontaneous magnetization versus reduced- temperature of

three magnetic systems together with the M.F. prediction ( ) :

+ CuSeO^.SHcP at H = 16.81 kOe, T^ = 0.125 K;

• Cu(N03)2.2%H20 at H = H2 a =42.0 kOe3 T^ = 0.222 K;

V Rb2CuBr4.2H20 at H = 0, 2"ff = 1.872 K.
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The transition temperature at this field is (0-222 + 0.001) K.

This line and this field direction were chosen because one compo-

nent of the pair of lines is separated from all other lines of

the spectrum at all temperatures and its splitting 6v^ is large

(1.8 MHz at T = 0,08 K). Similar measurements on other lines,

for different field directions arid different field strengths

yield the same temperature dependence of <y (T)>/<u(Q)>,within the

experimental accuracy. In fig. 4.13 also the temperature depend-
- - - - 81

ence of the spontaneous magnetization of CuSeO..5H_O and of
16 17V

Rb2CuBr4.2H2O ' ' are given. CuSeO4.5H2O is an example of a
system of weakly coupled Heisenberg S = % AF. chains, while

Rb2CuBr4.2H2O is a b.c.c. Heisenberg S = \ ferromagnet.

A further discussion on the experimental results of <y(T)>

is postponed to section 4.7.2.

4.6. Field dependence of the sublattice magnetization - Spin
reduction.

The field dependence of both components <nZ> and <y7> of
±

the sublattice magnetization <u > have been obtained from proton

resonance line shift Av£ measurements (using eqs. (4.4) and

(4.5)). Apart from the influence of the anisotropy of the g

tensor,<y~> is measured to be fairly isotropic. Proton 4 appears

to be a suitable probe to study the field dependence of <y~> in

detail when H / c axis, because for this field direction both

components of the resonance line pair can be identified easily

for each field strength. Moreover both (Av4 + AvT) ^ <Uj> and

26v4 = (Av. - AvT) "v <u,> are relatively large.

The field-dependent behaviour of the parallel component <u^>

of <w~> for T = 0.08 K, deduced from the line shifts Avf, is

shown in fig. 4.14. The left-hand side scale and the bottom scale

in figs. 4.14 and 4.15 are related to the real spins, discussed

here. The other scales refer to the effective spins,discussed in

section 4.7. Above 45 kOe no measurements were performed because

of the high frequencies needed (> 200 MHz). From the presented

results it is seen that <p# (H) > shows about the same behaviour

as the induced isothermal magnetization (M/M ) in the paramagnetic

state (chapter 3). This was already noticed from the magnetization

1-5
i
• 1
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Fig. 4.14. Field dependenae of the parallel aomponent of the sublattiee

magnetization at T = 0.08 K for H H a axis. Left-hand side and bottom

saales: veal magnetic moments; right-hand side and top scales: effective

magnetio moments.
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measurements for H / b presented in chapter 3. In fig. 3.9 of

that chapter the measurements of the parallel components of the

magnetization <y»(H)> for T = 0.05 K were included. These data

showed the behaviour expected from extrapolation of the magnet-

ization curves for T > T N down to this temperature. For T = 0.08 K

and H / c* the ordered state is entered at H = 30.8 K and departed

at H = 47.5 kOe (these fields are 28.5 kOe and 42.2 kOe for H # £

and T = 0.05 K). The critical fields cannot be detected from the

curves given in fig. 4.14 and fig. 3.9 of chapter 3, respectively.

The parallel component <V»> seems not to be affected when the

phase boundary is crossed. In fig. 4.15 the field dependence of

the spontaneous component <y (H)> for T = 0.08 K is shown. <y >

reaches a maximal magnitude of 0.25 g$ (see section 4.3) for

H % H and is hardly field dependent in a large field region
x • O • .

around H. . The magnitude of <yi > drops sharply to zero when
x • C * x>

either one of the transition fields is approached.

The behaviour of the total sublattice magnetization <p*(H)>

is simply obtained by combining <u^(H)> and <p*(H)>. The peculiar

field dependence resulting for <p~> is shown in fig. 4.16 for
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4. Iff. Field dependence of the total sublattiae magnetization <y±> at
T = 0.08 K for ~5 I a*. At the top of the figure the direction and magnitude
of the time^average magnetic moments on the two sublattiaes are given
schematically. The right-hand side scale indicates the spin reduction of
the real spins.

Fig. 4.IS. Perpendicular (spontaneous) component of the sublattiae magne-

tization at T = 0.08 for tit* axis as a function of H. Left-hand side and

bottom scales: real magnetic moments; right-hand side and top scales: ef-

fective magnetic moments.
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T = 0.08 K, H I c. The magnitude is strongly dependent on the

magnitude of the applied field. Also its direction changes with

the field strength as visualized schematically at the top of

this figure.

The saturation of the sublattice magnetization at a fixed

field towards T = 0 is fast, as shown in section 4.5. Therefore

the curve of <p±(H)> at T = 0.08 K will approximate the zero

temperature curve fairly close, at least in the field range

3 2 - 4 6 kOe (H t c54) where the phase boundary is not approached

too closely..

The difference of the magnitude of <y>/gB = <S> at T = 0

from the value <S> = S = \ (which is the magnitude of <y~>/gB

for an antiferromagnet with a NSel ground state) represents the

spin reduction. Using the right-hand side scale of fig. 4.16 the

curve shows the field dependence of the spin reduction given as

(S - <S>)/S =• AS/S. Between the critical fields the spin reduction

varies between 100% at H c and 0% at H c . The system is non-

magnetic at T = 0 below Hc whereas it is a saturated paramagnet

at T = 0 above H c .

The above described behaviour of <u~> and spin reduction is

characteristic for the sublattice magnetization in the field-

induced ordered state of systems having a singlet ground state

(AF. S = % spin pairs and spins 3 = 1 subjected to a positive

axial crystal field) ' . The secondary influence of short-range

ordering of the AF. spin pairs in Cu(NO3)2.2%H2O into alternating

chains on the behaviour of <y""> results in the specific curve

AS/S vs H as given-in fig. 4.16. This influence is mainly reflected

in the magnitude of <u^ (H)> at T = 0 as will become clear from the

discussion in section 4.7.

4.7. Discussion of the experimental results within the context
of the effective spin model.

In this section we will discuss the results given in the

foregoing sections in terms of the effective spin model. This

model was first suggested by Tachiki and has also been used

by us in the previous chapter. In the vicinity of the level

crossing,the AF. spin pairs are represented by effective spins
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S1 = \. The real magnetic moments are related to these effective

magnetic moments:

0.5gB)i •

0.5gg)i - 4

(4.6)

(4.7)

i and ic are unit vectors respectively parallel and perpendicular

0.5

results
from

Tachiki's theory

2J-2zJ' ?J*zJ' 2J+4zJ'

Fig. 4.27. Same results of Tachiki 's theory. The AF. spin pairs are re-
presented by effective spins S' = %. Tfe interpair interactions have been
treated via a M.F. approximation. The left-hand side and bottom scales
refer to real magnetic moments, while the right-hand side and top scales
are related to the effective moments. 2J' in this figure equals J„ in the text!
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to the field direction. The field induced- (<yj>) and spontaneous-

(<vf>) components of the effective magnetic moments are thus

related in a simple and direct way to the before discussed induced

and spontaneous components <u^> and <Vi> of the real time averaged

magnetic moments:

> - 0.5g&)i. (4.8) %

Assuming isotropic exchange interactions between the real spins *=

(J,J'}, the interactions between the effective spins are aniso- ;,

tropic: §

J- = ji = 2J1 (4.9) 1
E E E }

Tachiki treated the interactions between the effective A

spins using a molecular field (MF.) approximation to. arrive at ?

the prediction of a long-range ordered state. We will briefly \

summarize Tachiki's main results on the behaviour of <ji'>for 3

T = 0. For the sake of clarity his results are visualized in '

fig. 4.17. The left-hand side and bottom scales refer to the real \

magnetic moments, while the right-hand side and top scales are ;

related to the effective magnetic moments. \

The time-averaged moment of the effective spins at H = 0 \

is directed perpendicular to the direction of the real external I

field il, due to the anisotropic interactions between the effective 1

spins (4.9). Tachiki predicts that the magnitude of <ji'> at T = 0 j

is 0.5 gB. He also concludes that, at T = 0, a finite field H £ \

tilts the sublattice magnetization <y'> towards §_ - preserving %

its magnitude of 0.5 gB - in such a way that !<y'>| increases ^

linearly with H-. from H_ = 0 to H_ = L = 3z|j1,|/2gB or to 1

H E = H = -3z[jj/2gB.consequently <Pj? decreases continuously i

from 0.S gB to zero, when HE increases up to the critical field ^

value. 4
-S3

In this approach, using the effective spin model and the MF. 4
approximation, the predictions on the behaviour of the su^iattice %
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magnetization are quite analogous to that in the spin-flopped

state of a "classical" 3d Heisenberg antiferromagnet. In the

spin flopped state of a "normal" antiferromagnet the spontaneous

magnetic moments are directed perpendicular to H while at H = 0

and T = 0 the magnitude of the sublattice magnetic moments also

equals 0.5 g$.

In chapter 3 it was shown that the MF. approximation leads

to a poor description of the behaviour of the effective spins in

the short-range ordered state. The effective spins show pronounced

Id short-range order and the magnetic system proved to be well

described by the chain hamiltonian for the effective spins:

- g6HE I S£
z. (4.10) I

Much weaker interchain interactions (JL), not incorporated in \

eq. (4.10), are responsible for the transition to the 3d-ordered J

state. Henkens has proved experimentally that the spin-flopped )

state of a system of mutual weakly coupled S = \ AF. linear chains !

deviates strongly from that of a "normal" 3d antiferromagnet. j

The ordered state of the three isomorphous linear chain compounds

CuSO4.5H2O, CuSeO4.5H2O and CuBeF..SHJD has been found to show

the following characteristics. The total sublattice magnetization :

shows a large, field-dependent spin reduction. The induced parallel !

component is not influenced by the onset of a long-range order, \

and corresponds always to the magnetization expected for an i

unordered system of weakly coupled linear chains under the given \

conditions for H and T. The spontaneous perpendicular component ]

is small and field independent up to about H % |H , where H is j
C C i

the saturation field. We will now discuss our experimental results f

on the behaviour of <p*'>, in relation to both Tachiki's and \

Henkens results. I
I
3

4.7.1. Field dependence of <v/> and <v/>. j

In order to discuss the experimentally obtained results on I

the real magnetic moments <jjT> £- <u,, > + <y, >) below T M in terms 1
32 !



of the effective moments <y'~>(= <v}> + <Pj[>) we can use figs.

4.13, 4.14 and 4.15. Using eq. (4.8), which relates <P/> and

<j?L> to <y/> and <v!>i at the right-hand side of those figures

scales referring to the effective moments are indicated. At the

top of these figures the effective field scale H E is given. From

fig. 4.14 it is seen that <y#'(HE)> at T = 0.08 K shows the

characteristic linear-chain behaviour for both positive as well

as negative effective field. The asymmetry of the <yy (HE)> curve

around H £ = 0 is due to the mixing of the upper two into the

lowest two energy levels of the spin pair, as already discussed

in the previous chapter. This mixing is not taken into account

in the effective spin model. From the measurements presented

in fig. 4.14 and in fig. 3.9 in chapter 3, one is tempted to

conclude that the induced magnetization <v}> is not affected by

the onset of long-range order. However, only from accurately

measured temperature dependencies of [<y'>| for H E 7
s 0 and of the

differential susceptibility (3|<y^>|/3HE)H _Q (as presented in

section 4.7.3), it can be deduced to what extent <vl.> is affected

by the onset of the long-range order.

One can see, again from relation (4.4), that the behaviour

of <y,> and <y.'> is equivalent. The field-dependent behaviour of

<y^> for T = 0.08 K is given in fig. 4.15. The measurements at

T = 0.08 K show that <y/> is hardly field dependent in weak

effective fields. When H E approaches either one of the critical

fields the magnitude of <v{> reduces sharply to zero. Around

H E = 0 the spontaneous component of the sublattice magnetization

<y'> reaches its maximal value which is measured to be 0.35 gB

(eq. 4.8)). The effective field is zero at that external field

at which the lowest energy levels of the spin-pair cross; i.e.

H = *lmCm = 2|J|/gg + z|JE|/2g|3.At this field <vj> = 0 and thus

<Vf> ~ 0.5 g$ is temperature independent, both above and below

T . The value of H, can be obtained accurately for each

direction of the external field from the crossing of the <y (H) >

isotherms. Because at T = 0.08 K for IL = 0 <y'> has reached

about its zero temperature value and at this field <y#'> = 0 it

is concluded that for H g = 0 at T = 0 the magnitude of the total

effective sublattice magnetization |<y'(HE = 0)>T=0[ =
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= |<yi(HE = 0)>_ Q| = 0.35 gB. This value is about 30% below

Tachiki's prediction of 0.5 gB. This spin-reduction of 30% is

due to the pronounced one-dimensional short-range ordering of

the effective spins above T...
21 221

Recently Amaya and Yamashita ' ' have calculated the

field dependence of the susceptibility of the spin-pair system

in Cu(NO3)_.2!sH2O in the long-range ordered state (at T = 0) .

They incorporated all four energy levels in their calculations

and treated the interpair interactions in a (ff. approximation

19, 20) rpjjese calculations lead to asymmetric behaviour of x

around H exclusively in the ordered state. On the basis of
1 • C •

their approach we have deduced the magnitude of <p. > and <p > at
H = H

1 • Ci
. The results for T = 0 are <p,> = 0.50 gS and

<u,> = 0.36 gB- In terms of effective moments this leads to

<u'(H = 0)>T=0 = 0.52 gB. Comparison of our experimental data

to this prediction leads to an even larger spin reduction than

30%. So we may conclude that the system of weakly coupled AF.

"XY-like" chains of effective spins S1 = \ (eq.(4.10)) in

Cu(NO3)_.2%H_O show a spin reduction of the order of 30%. The

only reliable calculations of the spin reduction of weakly coupled
24)S = % chains are those of Ishikawa on weakly coupled S = \

Heisenberg chains. A value of 30% spin reduction using Ishikawa1s

results leads to a rough estimate of the ratio of the interchain

J' to intrachain interactions J-, : J'/JE % 0.1. This value of

J'/J_ is in good agreement with the estimate based upon the

comparison of T N and JE/k ' in chapter 3.

4.7.2. The •perpendicular susceptibility at H= 0.

Accurate NMR measurements show that the onset of long-range

ordering is reflected in the temperature dependence of <p_> in

fields outside the level crossing field. A small kink in the

<p^(T)> curve occurs at T = T . Also the temperature dependence

of the differential susceptibility (3<p (T)>/3H) = (3<y'(T)>/3H)

at Hp = 0 reflects the phase transition. We have measured the

susceptibility with a modified Hartshorn bridge. The small a.c.

field with a frequency of 217 Hz was applied parallel to the

external field. In fig. 4.18 the measured susceptibility as a
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Fig. 4.28. Measured adiabatia susceptibility X J. drawn, curve) and its
ter -erature derivative (lower part of the figure) as a function of tempera-
ture for 2? = 36.5 kOe H % axis. The dashed aurve represents the theoreti-
cally obtained zero-field isothermal susceptibility Xj, of an isolated ani-
sotropic (2Jj = J,)A.F. chain fitted to the data of X™ given in chapter 3.
The dot-dashed•curve represents the estimated X T(TJ curve near the

phase transition.

function of temperature for H parallel to the b axis at H =
36.5 kOe is shown. In the effective spin formalism the total
sublattice magnetization in this field i s directed perpendicular
to the b axis. The a.c. field is applied parallel to the b axis
and thus perpendicular to the sublattice magnetization gg<§'>.
Hence/ the measured susceptibility is the "perpendicular"
susceptibility of the effective spins. These measurements with
v — 217 Hz and T < 4 K yield the adiabatic perpendicular suscepti

bil ity X p e r p . , s

susceptibility
in contrast to the isothermal perpendicular

lperp.,T derived from the NMR measurements (fig.
3.7r chapter 3). With the bridge method YC i s measured, because

21)
the spin-lattice relaxation time T 1 in Cu(N03)2.2%H2O - in
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this fieli and temperature range is long compared to the frequency

of the measuring a.c. field (v » 1/Tn ). From the theory of \

transitions ' , applied to the antiferromagnetic case, the

relations between and x s are given:

N»1 . U2*} CH (4.11)

UriiK WT
(4.12)

These relations should hold for the parallel as well as for the

perpendicular susceptibility. The experiments on v , „ and
pax • / J.

X . -on MnC1^.4Ho0 and MnBr«.4H00 by Van Duyneveldt
 2 7' 28)

par,o ^ £ £ £p
prove these relations for xpar •

to be correct.
p

Van Tol has measured the isentropes T_(K) of Cu(NO3)2.2%H2O
for 8 / S. From these measurements i t i s seen that a t H = H, _

• 2 i -L .C.

(H_. = 0) (3 T/3H ) e i s negative. Moreover, below T = 0.3 K at
2 2

H_ = 0 the value of (3 T/3H )„ is nearly temperature independent.
From these results together with relation (4.11), one must expect
the temperature derivative

perp.rS
/3T) at H_. = 0 to be

pp
proportional to Ca/T. The temperature derivative of the measured

n

susceptibility, also given in fig. 4.18, indeed reflects the X

anomaly in the specific heat at T .

We have made an estimate for the temperature dependence of

the isothermal perpendicular susceptibility X p e r p T(T), using

relaticn (4.12) and the experimental data on XS(T),
 C

H(
T) and

T_(H). There is a small difference (< 2%) between x » ™ e
 a n d

xperp., T b e c a u s e f o r H = Hi.c.^
3T/r3H)S i s n o t z e r o* T h e estimated

curve of X p e r p ^(T) is given also in fig. 4.18. X p e r p ^ is of

course the field derivative (3<U|'>/3H) of the isothermal magnet-

ization <u/>. At T N X p e r p - f T shows a sharp peak. Below T N X p e r p # f T

deviates only a few percent from the xT(
T) curve of an isolated

h i (ith J J 2J ) l
chain (with J£ = = 2J ). From this result we must conclude

that the magnetization <vj> is affected by the onset of long-range

order, also in the vicinity of Hg = O.This effect is, however,

small. The influence of long-range order on <p»> is even smaller
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for chain systems with extremely weak interchain couplings where

the X anomaly in the specific heat is very small. This is the

case,for instance,for CuSO..5H-0, for which the onset of long-

range order could not be detected in <y^(T)> '.

4.7.3. The temperature dependence of the spontaneous magnetization
at HE = 0.

The sublattice magnetization of the effective spins at HE = 0

is given by <u.*> = /2<u. >. Using the righthand side scale in

fig. 4.13 one can see the temperature dependence of the spontaneous

magnetization <p.' (T) >„ .. To analyse this temperature dependence
X Hjjj^U

in the critical region,we have fitted the data for 0.9 T N < T < T N

by the well known power law:

- T/TN)B

yielding B = 1.5 + 0.1 and B = 0.36 + 0.04. In table 4.Ill the

theoretical predictions for B and 6 for a 3d S = \ Heisenberg
291

magnet and the MF. result for S = \ are given '. The experi-

mentally determined values of the 3d S = % Heisenberg magnet

Rb_CuBr..2H-0, the S = \ Heisenberg chain salt CuSeO-.SH-O and of

Cu(NO3)2.2%H2O are given too. The critical exponents B of the

three salts are all near the theoretical value of the 3d

Heisenberg magnet. The critical amplitude B of the S = h chain

compound CuSeO4.5H2O and the S
1 = % chain compound Cu(NO3)_.2%H2O

are larger than the one obtained for the 3d compound Rb-CuBr..2H_O.

Table 4. Ill

'i

3d Heisenberg S = \ theor.

M.P. approx. S = \

Rb2CuBr,.2H_0

Cu(N03)2.2|H20

CuSeO,.5H-O

1.73

1.44 ± 0.02

1.5 ± 0.1

1.65 + 0.1

0.36

0.5

0.367 ± 0.005

0.36 ± 0.04

0.34 ± 0.04
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This high value of B indicates that the spontaneous magnetization

increases faster with decreasing temperature for the chain systems

than for a 3d sal t . This trend is aiso observed below the critical

region (see fig. 4.13).As a reference, in this figure, also the

curve predicted on the basis of the MF. approximation for S = %

i s given. The only calculations on the critical behaviour of the

spontaneous magnetization in systems of weakly coupled/chains

have been performed for the 2 dimensional lattice of weakly

coupled Ising chains 30) For this system it is shown that the

critical exponent & is independent oh the ratio J'/J of the

interchain interaction J1 and the intrachain interaction J. The

value of the critical amplitude, however, increases for decreasing

J'/J values. These calculations also show that the spontaneous

magnetization of a system with J"/J < 1 exceeds the magnetization

of the system having J'/J = 1, at all relative temperatures T/T .

This theoretically obtained picture on the mutual weakly

coupled Ising chains may give an explanation for the observed

fast saturation of the spontaneous magnetization in Cu(N03)2.2%H_O

and CuSeO4.5H2O both 3d lattices of Heisenberg chains.

4.7.4. The •phase boundary.

From the foregoing discussions it is clear that the magnetic

behaviour of Cu(NO3)2.2%H2O in the long-range ordered state

differs from that in normal 3d magnets, due to the pronounced

one dimensionality of the magnetic system. The deviations are

not as pronounced as found for the chain salts CuSeO4.5H2O and

CuSO-.SH-O. The chains of effective spins are not isolated as

well as in CuSO4.5H2O. Actually Cu(NO3)2.2%H2O provides a system

intermediate between an extremely weakly coupled chain system

like CuSO^.SH-O and "normal" 3d antiferromagnets. To stress this

we have compared in fig. 4-19 the phase boundary curves

kTN/|j| vs H/Hc Of CuSO4.5H2O, Cu(NO3) 2'
2%H2° a n d Ni(C5H5NO)fi.(C1O4)

l 8) respectively. In the latter compounds the spins S = l have

a singlet ground state due to a positive trigonal crystal field.

As in Cu(NO3)2.2%H2O the spins can therefore also be treated by

effective spins S' «* % around the level crossing field. The

exchange interactions between the effective spins are anisotropic
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4.25. Transition temperatures

given in relative units as a function

of the relative external field of the

three salts;

-0.40 K3 TN max = 0.80 K, s.a. lat-

tice y= J'/J = 1; Cu(NQ3)2.2%H20,

2J*/k = jf/k = -0.35 K3 Tg max =

0.175 K, chainsys J"/J' = 0.1;

CuSO4.5H2O, J^/k = J^/k = -1.45 K,

Tm = 0.100 K3 chains y = J'/JN max 3

* 0.02.

2.0

(/ = 2/).

The parameter y,indicated in fig- 4.19,stands for the ratio

of the inter"chain" to intra"chain" interactions in the three

salts. The zero-field transition temperature kTN/|j| is strongly

dependent on y. Moreover one can see from fig. 4.19 that for

very small y values the transition temperature becomes virtually

independent of the external field.

4.8. Concluding remarks.

Conclusions on the AF. spin configuration in the ordered

state have been drawn from NMR measurements. Together with the

information on the interpair interactions, obtained from

measurements in the short-range ordered state, it is proved that

the magnetic system of spins S = h in Cu(N03) 2.2%H2O is described

by the following hamiltonian:

|

i
t

X = - 2J

where a = 0.27.

I fS2i-l-S2i + aS2i'S2i+lJ- I 9BK.S + *',

n

1
and J/k = - 2.6 K. &

•.•3
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This is the hamiltbnian describing a system of weakly coupled

AF. Heisenberg alternating chains. The third part in the

hamiltonian, 3C'/describes the weak interchain interactions.

These interchain interactions can be split up into weak ferro-

magnetic interactions along the b~ axis (J£) and weak AF. inter-

actions (J" _). between chains in the a-c plane.

The parameters a and J for Cu(NO3)2.2^H2O have such values

that the critical field H C 2 at which the magnetization at T = 0

saturates has ah experimentally easy obtainable value (% 50 kOe)

This made it possible to study the magnetic properties of

Cu(NO3)2.2%H2O over the whole interesting field range. In the

next chapter the theoretically predicted behaviour of XJJ(T) ,

Xin(K) i C H ^ T ' ' ^r^H) anc* Tc^ H' ' '3ased u P o n exact calculations of

the eigenvalues of finite rings (i = 2 - 12) described by the

hamiltonian above (excluding X') , will be presented and compared

to our experimentally obtained results.

To get information on the dynamical behaviour of the AF.

alternating chain system in CuCNO,)2'2%H2Or we have performed

proton spin-lattice relaxation time measurements. The results

of these experiments show very interesting features and will be

presented in chapter 6.

In the last years an increasing interest on dimerizing

chains/ chains showing a Spin Peierls transition, is seen '

These chains are regular chains (a = 1) above Tc» while below

T c the chains become alternating chains with an increasing

alternation (i.e. decreasing value of a) towards lower temper-

atures. The behaviour of the alternating or "static dimerized",

chains in Cu(N03).2%H2O may provide a useful reference in the

.study of dimerizing chains.
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CHAPTER 5

THE ALTERNATING LINEAR HEISENBERG ANTIFERROMAGNET Cu(NO3) .2%H O

S.I. Introduction.

In the past theorists have paid much attention to one-

dimensional (id) magnetic systems. It proved possible to obtain

rigorous mathematical solutions for Id systems in contrast to

most 2d and 3d systems 1}. Experimentalists successfully searched

for (quasi) Id systems in real crystals, few of which approximate

the ideal theoretical model very well 2'.

Interest has evolved in the direction of more complicated id

systems (like alternating chains 3" 1 3 )) and also in the direction

of the influence of weak interchain couplings. In real crystals

wea!_ interchain interactions are always present. Their presence

will induce a transition to a 3d long-range ordered state at non

zero temperature. In the ordered state large field dependent spin-

reduction ' 1 5 ) and an increase of the transition temperature

towards higher fields is observed .

Recent interest in quasi Id organic compounds 18'19'2°)

stimulated theorists to consider the alternating antiferromagnetic

(AF) linear chain..Some of these compounds contain regular S = \ AF

chains above the so-called "spin-Peierls" transition temperature

(Tc). At T c a temperature dependent dimerization of the chain sets

in, leading to a system of S = \ alternating chains for T < T

Below T c the interaction J within the dimers (pairs) is stronger

than the interaction Jf between the dimers. These "spin-Peierls"

salts are not very suitable for the experimental study of alter-

nating chains. The exchange integrals J and j 1 in the "spin-

Peierls" salts known at present are relatively strong, so that

only "low field" properties can be investigated experimentally

with the available magnetic fields. Moreover a direct comparison

between the experimental data and the theoretical results is
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hindered by the fact that both J and J', and consequently the

alternation ratio J'/J = a,are temperature dependent.

In chapter 4 we have proved that Cu(NO,) J ^ ^ H J O contains a

system of weakly coupled S = % alternating Heisenberg AF chains

(with J/k = - 2.60 K and a = 0.27) (chapters 3 and 4 2 1 ' 2 2 > ) .

The alternation ratio a of this alternating chain is temperature

independent. The relatively small exchange constants J and aJ

provide the possibility of studying the thermodynamic properties

over the whole interesting field range (up to 70 kOe, i.e.

h a g&H/|j| % 4).

We have in fact already discussed most of our experimental

results on Cu(NO3) j-Z-sHjO, like the specific heat in external

field, isothermal magnetization, susceptibility and cooling

curves Tg(H), in the two previous chapters ~ '. These data

have been interpreted in terms of the effective spin one-half

formalism, proposed by Tachiki . Tachiki's theory was found to

describe adequately the temperature dependences of thermodynamic

quantities. Discrepancies arise in describing the field dependences

of quantities like T g(H), xs(H) and tL (H) . It was argued that

these discrepancies originate from the simplification introduced

by using the effective spin formalism. In this chapter we will

discuss thermodynamic properties of the alternating Heisenberg

AF chain (with a = 0.27), obtained by using the method intro-

duced by Bonner and Fisher '. This method is discussed in the

first section. In the subsequent sections calculated thermodynamic

properties are given and compared to the experimental data of

Cu(NO,),.2^H,O. In section 5.11 we pay some attention to the
21 27i

shortcomings of the effective spin model *•"•»*''.
We often refer to the paper of Perk et al . 1 3* on the X¥

alternating chain. They calculate the zero temperature magnetization

and susceptibility and the specific heat in external field. They

also study the influence of anisotropy in the XY. exchange inter-

action. Their work inspired us to perform the calculations

presented here to get a better theoretical description of the

properties o Cu(NO3)
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5.2. The alternating Heisenberg antiferromagnetio linear ahain.

The magnetic system, which is the subject of our theoretical

study, is described by the following hamiltonian:

n/2 * „.
- 2J aS2i-S2i-l

H.S. (5.1)

with S = %.

Depending on the boundary conditions this hamiltonain

describes an open chain or a ring of n spins. The eigenvalues of

the hamiltonian for finite chains as well as for rings are computed

exactly for n = 2 , 4, ...,10 and n = 2, 4, ..., 12, respectively.

Prom the energy spectra the partition function and consequently

thermodynamic properties in zero and external field of the finite

systems can easily be calculated. Extrapolating these data to

n = °° yields accurate estimates for the properties of the

infinitely long chain. This method was first applied by Bonner

and Fisher 2 6 )

Duffy and Barr applied it to the alternating S = h Heisenberg

AF chain. They confined their calculations to the zero temperature

to the regular S = h Heisenberg AF chain. Later
6)

28) has demonstratedmagnetization and zero field properties. Blote

the applicability of the method to chains with larger spin values.

Bonner and Friedberg ' have performed such calculations on AF

spin ladders and alternating AF chains to describe their zero

field specific heat and susceptibility data on Cu(MO3)2.2^H-O.

Their calculations were restricted, however, to clusters with up

to 6 spins and mainly to low field properties.

We have extended these calculations to obtain the properties

of the alternating AF chain in external field. The characteristics

of this system are found to be more clearly demonstrated when

an external field is applied. To get reliable results on these

properties the calculations were done for large clusters having

up to 12 spins. These calculations were executed for fixed a

values. We have confined this study to the alternating AF chain

with a. = 0.27, which value is based upon determinations of J and

ctJ(J'), as described in chapter 3 21* .

It will become clear from the comparison of theory and

experiment that the intrachain interactions in Cu(NO,)
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indeed show an alternation parameter of 0.27 + 0.02.

5.3. The energy spectrum.

.For the case a = 0, the tiamiltonian (5.1) describes an

assembly of non interacting; AP spin pairs. The energy spectrum

of such a system consists:of a singlet ground state and an

excited triplet 2|j| higher in energy.

Numerical calculations show that in zero field, an infinitely

long alternating chain with 0 < a < 1 has a npn degenerate singlet

ground state and an infinite set of continuous exciton bands

These bands are already clearly visible in the energy spectrum

of the six spin cluster given in fig. 5.1. The width of the bands

is of the order of 2a|j| 1 1 , while the first excited band is

separated from the singlet ground state by an energy gap AE of

about (2 - a)|j|. From fig. 5.1 it is seen that, when an external

field is applied, this situation changes drastically. Around

4.0

2.0

-2.0

-4.0

-6.0

he, 20 30

Fig. S.I. The energy spectrum of an alternating ring of six spins S = H

as a function of the applied field h = &•. The interactions between the

spins are described by hamiltonian (5.1) given in the text.
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h = gBH/|j| ^ 2 + 0,5ct, a set of bands again occurs. In the field

region hc. < h < h c the lowest energy states form, for n = °°,

a continuous band, which has a width of about 2a|j| and is

separated by about (2 - a) [j,| in energy from the lowest excited

band.

At each field in between h c and h c the ground state of the

infinite chain is degenerate, in contrast to the situation at fields

outside this region, where the ground state is always a singlet.

Therefore weak interchain interactions, always present in real

crystals, can induce long-range order only at fields in (or very

near) this anomalous region. This was experimentally proved in

Cu(NO3)2.2^H2O
 2 2' 2 4 ) and also in Ni(C5H5N0)6(C104)

31)

5.4. Zero field speaifio heat and susceptibility.

We have calculated the zero field specific heat of the

alternating AF chain with a = 0.27. The zero field specific heat

curve shows a broad anomaly which has a maximum of C/R = 0.49

around t = kT/|j| = 0.70. The thermodynamic quantities in zero

field can be obtained very accurately, because the convergence to

n = «> of the calculated data for finite n is very fast in zero

field. This rapid convergence is illustrated by the fact that the

specific heat of the six-spin chain and of the infinite chain are

equal to within 0.5%. On the other hand, it is seen that the

maximum of the specific heat curve (for a = 0.27) is only 5% lower

than the maximum for the isolated spin pair (a = 0). In other words

the zero field specific heat is not very sensitive to the value

of a (at least for small ct values I). A similar dependence on a

is found for the zero field susceptibility. In weak fields, the

weaker interaction aj can be considered as a perturbation on the

isolated pair system. In the anomalous region, however, aj plays

a major role in the thermodynamic behaviour of the alternating

chain. Roughly speaking: from zero-field measurements one learns

about the strong interaction J, while in. the anomalous region

properties for T •£ o|j|/k are mainly determined by the weaker

interactions aj. This will be illustrated in the next sections.

Friedberg and Raquet ' have measured Cu_n(T) and X,, _(T) of

already in 1968. Bonner 29> analyzed these data
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by comparing them to the results of six-spin clusters with different

a values. This is clearly justified by the. fast convergence, as

discussed above. The weak sensitivity of the zero field properties

on the ratio a,for a < 0.5, implies that a cannot be obtained

accurately from zero field experiments. In view of this the value

of a -• 0.36 obtained by Bonner can be considered to be reasonably

in agreement with our result o = 0.27 + 0.02.

5.5. Zero-temperature magnetisation.

One-dimensional magnetic systems show a characteristic field

dependence of their zero temperature magnetization . The

typical MT=0(H) curve of an alternating S = h Heisenberg AF chain

is of course dependent on the value of u

calculated

shown.

In fig. 5.2, the

__(H) curves for a = 0, a = o.27 and a = 1.0 are

t.Oi-

0.5
2M

a isolated pain, a = 0
b alternating chain,a =0.27
c regular chain,a =1.0

Fig. 5.2. Zero temperature magnetization of the alterating Heisenberg AF.

chain versus the applied field for three different values of the alterna-

tion parameter (a = 0, a = 0,27 and a = 1.0). The critical fields of curve

b are hai = 1.67S and fceg = 2.540.
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The limiting case a = 0 corresponds to the isolated AF pair

system while the other limit,evidently,represents the regular

S = k AF linear chain (Griffiths 3 3 ) , Bonner and Fisher 2 6 ) ) .

For systems with a j£ o, two critical fields hc and hc can be

defined. For T = 0 below h h t i t i i

h c it is saturated. In fig. 5.1 hc and hc,

c the magnetization is zero, while above

indicated.

The value of the upper critical field is easily shown to be given

exactly by: h c = 2(l+a). This yields for a = 0.27 : hc =2.54.

An exact analytical expression for h c can, however, not be

obtained. From fig. 5.1, it is clear that this critical field

h c is directly related to the energy gap in zero field (AE) between

the ground state and the first excited energy band. The dependence

of this energy gap on the alternation ratio a has been a subject

of several theoretical studies. Drawid and Halley ' have just

recently shown that the various theoretical results show large

discrepancies. Our study ,of the energy spectrum (fig. 5.1) of

small clusters as a function of n and the extrapolation to infinite

systems leads to an accurate estimate of AE especially for chains

with strong alternation (small a). We obtained for a = 0.27 a

value of AE/N|J| = h C l = 1.675.

Bonner and Blote 35' are currently investigating by this

method the ground state energy and the energy gap as a function

of the alternation parameter a.

Brooks Harris ' gives a high order perturbation theoretical

expression for both the ground state energy:

E /N|J| 3 3_
2 " 16

and an expression for the energy gap:

AE _ o 3 2 . 1 3 .
NTJT 2 - « - 4 a + T 6 a + ••••

Inserting the value a = 0.27, one obtains AE/N|J[ = 1.677, which

is in perfect agreement with our numerical result given above.
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5.5. Magnetisation isotherms for T 7? 0.

In fig. 5.3, some calculated magnetization isotherms of the

alternating chain are shown, for the interesting field range

0 *' h <S 4 for 0 ̂  kT/|j| < 1.5,together with our experimental

data on Cu(NO,)2-2%H2O,for several temperatures. The magnetization

of Cu(NO3),.2iiH2O has been deduced from proton resonance

experiments. In the calculations we have used the reported values

forCu(N03)2.2^H26: gfa = 2.33, J/k = - 2.60 K and a = 0.27
 21).

In Cu(NO3)2.2%H_O the alternating chains are not perfectly isolated

from each other. Weak interactions between the chains in the

crystallographic a-c plane J£_ CA *fe - 0.03 K and interactions

between the chains along the b axis J£/k % + 0.03 K are present

. These interactions have not been taken into account in the

p!
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Fif?. 5.3. Calculated magnetization isotherms of the alternating Heisenberg

AF. chain with a = 0.87 and the experimentally determined magnetization of

CufNOg)g,Z%HgO for several temperatures. The experimental data were obtain-

ed from NMR experiments.
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Fig. 5.4. Three calculated magnetization curves of the alternating AF

chain with a = 0.27. a). Magnetization isotherm for KH/\j\ = 0.12 b).

Magnetization isentrope for S/R =0.2. The temperature of this isentrope is

WV|J| = 0.58 at h = ̂ TJT- = 0, while it is KF/\J\ = 0.12 at h = 2.2. a).

Magnetization isotherm for 1<X/\j\ = 0.58.

caaculations. Considering these interactions in a molecular field
approach, the net effect would almost vanish because of the
different signs of J" and J" .

a a—C
From fig. 5.3 it is seen that there is a perfect agreement

between the measured M^H) curves and the calculated ones for

temperatures above T = 0.25 K (t = kT/|j| ^ 0 . 1 ) . In the field-

and temperature range near the phase boundary 22' small dis-

crepancies, exceeding both the experimental and theoretical accuracy,

are observed.

It must be stressed that the agreement mentioned above

between theory and experiment is obtained by using only the in-

dependently measured values of g, J1 and J. This confirms the

accuracy of our determinations of g, j 1 and J discussed in

chapter 3 (see table in section 5.12).

In fig. 5.4 two calculated magnetization isothermis are shown

for respectively T ••= 1.5 K (kT/|j| = 0.58) and T = 0.3 K (kT/|j| =

0.12). The magnetization isentrope for S/R = 0.2, also given
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in this figure, starts at the initial temperature T i = 1.5 K,

while this isentrope reaches a minimum temperature of T m i n =

0.3 K at about h = 2.15.

All thermodynamic properties in external field show a faster

convergence to n = • when they are calculated from the energy

eigenvalues of closed chains (rings) than when the calculations

are performed on open chains. This is also true for the thermo-

dynamic properties in external field of the regular S = % AF

Heisenberg chain and the regular S = % anisotropic (Ĵ  = 2Ĵ  ) AP

chain 3 8 ' 2 2 ) . Blote 28* concluded that for zero field properties

however, better convergent results could be obtained from open

chain calculations.

The calculated magnetization (and also other quantities)

versus n rapidly converges as n increases, at least for high

relative temperatures (kT/|j| iO.Ol).

For temperatures below kT/|j| < 0.05 the extrapolations

become very inaccurate. Therefore to obtain the zero temperature

curve MQ(H) we have used a different procedure. This curve,

discussed in the previous section, was obtained by connecting the

midpoints of the magnetization steps of the finite chains and

extrapolating these results o f n = 2 , .,., 12 to n = ». This

method was also used by Bonner and Fisher ' to obtain the zero

temperature magnetization curve of the regular S = h Heisenberg

AF chain. Their result agrees very accurately with Griffiths

exact results.

5.7. Field dependence of the susceptibility.

The differential susceptibility is directly related to the

magnetization: x =(|v's T-. However, depending on the experi-

mental conditions, the adiabatic or the isothermal differential

susceptibility is measured. We measured the susceptibility of

Cu(N03)2.2^H2O using the mutual inductance technique. The

frequency of the applied oscillating field (320 Hz) was proved

to be much larger than the inverse of the electron spin-lattice

relaxation time 3 6 ' 3 7 ) # consequently, we obtained the adiabatic

susceptibility. The d.c. field, however, was varied under iso-

thermal condition. The results are shown in fig. 5.5 together
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Fig. 5.5. Measured field dependences of the adiabatic susaeptibility XS(H1
of Cu(NOg)g.2%HgO. During the measurements the "static" applied field H was
varied under isothermal conditions at the temperatures listed in the figure.
The susceptibility at low temperatures drops off sharply outside the anoma-
lous region. The calculated field dependence of the susceptibility at T=0
of the isolated alternating chain (with a = 0.27) is shown by the dashed
curve.

with the theoretical zero temperature curve. (At T = 0, Xc(H)
and xT(H) are equal). This theoretical curve was obtained by
differentiation of the calculated zero temperature magnetization
isotherm. A small molecular field was incorporated to f i t the
theoretical and experimental critical field hc_. The theoretical
and -experimental values for the critical field h0 agree per-
fectly. This molecular field in Cu(N03)2.2%H2O originates from
the interchain interactions J£ and J^_Q (although they partially
compensate each other) and from the small demagnetization field.
The latter i s estimated from the shape of the sample to be about
60 Oe for fuil magnetization 3 9 ^.

Although the theoretical curve must not be considered to be
very accurate, i t i s reliable enough to justify a comparison with
the experimental results. In this field region at 50 mK, x has
reached i t s zero temperature value, and thus can be compared to
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the zero temperature curve. Between 30 kOe and 40 kOe the experi-

mental X remains larger than the theoretical value. The difference

between the two curves is attributed the existence of long-range

order below T = 0,2 K, as discussed in the next section. The

qualitative agreement between the theoretical curve and,

especially, the experimental 50 mK curve is very good. The peaks

at the critical fields of the measured curve are limited because

of the finite temperature. At still lower temperatures they will

increase and eventually be limited by the demagnetization factor

or interchain interactions J". The obs.erved peak at hc is,

however, substantially lower and narrower than the peak at hc r

the whole curve is asymmetric around the field h. = (hc
 + ^cO/^-

These features are in striking agreement with the calculated

curve. At the critical fields h c and hc the slope of the

susceptibility versus field curves increases towards lower

temperatures (fig. 5.5) leading for T = 0 to a discontinuous

change of x from zero, outside the field region h o - hc , to a

non zero value inside this field region. The calculated curve

shows the same discontinuous behaviour at both critical fields.

Perk et al. ' calculate for the isotropic alternating XY chain

(Jx = J ) that XQ(H) shows power k singularities at the upper

side of h c and at the lower side of hc

h > h,

of hG and h c , a logarithmic behaviour.

The peaks at the critical fields of both the experimental

and theoretical curves in fig. 5.5 strongly resemble those of the

isotropic alternating XY chain. This is additional evidence for

the conclusion that both J and <*J are isotropic (chapter 3).

0 for h < hc and

When Jx 7
s J , the susceptibility appears,at both sides

S.8. The temperature dependence ofxa o-
Djif

The adiabatic differential susceptibility X c of Cu(N0,)
was also obtained as a function of temperature, at H = 36.8 kOe

- • • - * • ' •

(H i b). X(T) was again measured using the mutual inductance

technique. The frequency of the oscillating field was, at all

temperatures, much higher than the inverse of the spin-lattice

relaxation time, so that again adiabatic susceptibilities XG
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were measured. The mutual inductance was obtained in relative units.

The mutual inductance for xs = °
 w a s easily obtained by a reading

at the lowest temperature (50 mK) at a field well above hc (see

fig. 5.5). The value.of the external field,at which these experi-

ments were performed,is just slightly higher than the value of

Ho at which the magnetization becomes temperature ..independent

below T % 1«5 K and obtains half of its saturation value. Below

I V :1.5K the occupation of the:higher energy bands,is negligible

and the susceptibility is fully determined by the occupation of

the lowest energy band. .

The results of the measurements on Cu(NQ.j) j.S^I^O a r e sh° w n

in fig. 5.6. The drawn curve and the dot-dashed curve in this

figure represent the calculated adiabatic and isothermal differ-
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Fig. 5.6. Bike adiabatia susaeptibility X '„ of Cu(N0J.o.'2%Hn0 at H '=
- - - \ ' - - Oj a o c - 2 '

36.8 kOe for several temperatures. • > -•—- Calculated adiabatia sus-

ceptibility X_ :„ and isothermal susaeptibility X~ „ respeativily of the al-

ternating Heisenberg AF ahairLwith a = 0.27 versus temperature at Hji = h

2.25.
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ential susceptibility respectively of the alternating Heisenberg

A.F. chain,for gf$H/|j| 5 h = 2.25,as a function of temperature.

The experimental susceptibility data, obtained in relative units,

were scaled at high temperatures to the theoretical adiabatic

susceptibility. The error bars in the figure indicate the accuracy

of the theoretical curve xs n(T). The accuracy of the xT h(T)

curve is comparable to that of the , n(T) curve. The isothermal

susceptibility clearly exceeds the adiabatic susceptibility at

all temperatures but T = 0, at which x s j,C)
 = XT h^) . The

theoretical value of the susceptibility at T = 0 vras obtained

from the theoretical magnetization M»(H) curve which was discussed

in section 5.5 (fif 5.2).

The theoretical adiabatic differential susceptibility of the

alternating Heisenberg A.F. chain and the experimental data on

Cu(NO3)_.2%H2O agree nearly perfectly down Lo T % 0.3 K

(kT/|j| % 0.11). Below this temperature down to the transition

temperature to the long-range ordered state (indicated by T in

fig. 5.6) the experimental data lie just above the theoretical

curve Xo v,(T). The differences are, however, of the order of the

accuracy of the theoretical curve. At T., the slope of the curve

through the experimental data shows a discontinuity. Just below
TN XS h o f Cu(N03)2'2^H2° d r o P s o f fast. At about T = 0.1 K it

levels of to reach its zero temperature value. We have discussed

the behaviour of x s h(T) of Cu(NO3) 2.2SjH2O at and below T in

mere de*.a LI in chapter 4.

5.9. The specific heat at h = 2.17.

Calculated specific heat data at h = 2.17 (h = gBH/|j|)show

(fig. 5.7) two maxima of about the same height; one at kT/|j| =1.2

(C/R = 0.189),originating from the energy gap between the lowest

energy band and the excited ones, and the other at kT/|j| = 0.105

(C/R = 0.173),originating from the lowest energy band itself.

The entropy content of each anomaly is about \ Rln2.

In fig. 5.8 are shown: a) the low temperature anomaly,

b) the curve obtained from the effective spin model (discussed

later) and c) the experimentally obtained specific heat of

Cu(NO3)2.2%H2O. The X-anomaly marks the transition to-the 3d
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long-range ordered state. Above the phase transition the agreement

between both theoretical curves and the experimental data is

within the experimental accuracy. Because of the X-anomaly the

remaining entropy, of Cu(NO3)2.2%H2O is removed faster towards

lower temperatures than according to the calculated curve. The

entropy content below T = 0.80 K,obtained from the measured C (T)
24)

curve,is about \ Rln2 ' .

The extrapolation of the specific heat of the finite clusters

n = 2, ..., 12 to the specific heat of the infinite chain at the

low temperature side of the lowest anomaly becomes very inaccurate.

This is indicated by the error bars in figs. 5.7 and 5.8. We

may, however, expect the specific heat, which is determined by

the lowest continuous energy band if h c < h < hc , to be linearly

dependent on T at low temperatures. Outside this anomalous region

there is an energy gap between the singlet ground state and the
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Fig. S. 7. a). drawn curve: Specific heat of the alternating ahain at h =

2.19

b). dotted ii : Specific heat of the linear chain of effective

spins vAth <fy/Jj_ = 0.5.

a), dashed n : Schottky anomaly due to the higher energy levels

of the spin pairs,

d). dash-dotted curve: sum of curves b and a.
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Fig. 5.8. Dram, curve and dash-dotted curve: Specific heat of the effec-

tive spins and of the alternating chain respectively as also given in fig.

5... Dashed curve: Curve through the experimental data of Cu(SO )

indicating the X - anomaly.

:

first excited states,which leads Lo an exponential temperature

dependence for the low temperature specific heat. Rigorous

calculations on the isotropic XX alternating chain by Perk et al.

indeed lead to such dependences of Cjj(T)• The low temperature

behaviour of the experimentally obtained CH(T) curves at fields

in between h c and h c are determined by the X-anomaly. The

measured CR(T) curves at fields outside the anomalous region

indeed show an exponential dependence on T for low temperatures 24\
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5.10. Entvopy and isentropes.

From the energy level scheme it is clear that outside the

anomalous region h c - h c the entropy is removed at relatively

high temperatures, because of the energy gap separating the singlet

ground state and the higher levels. Between hc and h c approxi-

mately \ Rln2 of entropy, the amount contained in the acoustic

band, has to be removed at lower temperatures. In fig. 5.9 the

entropy of the alternating chain (a = 0.27) versus the external

field is plotted for several temperatures. Clearly, the entropy

increases as a function of h towards the critical fields, while

it is somewhat lower in between hCl and h c . The calculated

maximum of ST(H) at h c is lower than the maximum at h c .

S1

I
0 . 5 -

il 4.0

Fig. 5.9. Calaulated entropy S/R of the alternating chain with a = 0.27

at constant temperature versus the applied field.

The field dependence of the entropy provides the opportunity
of cooling adiabatically via a magnetization or demagnetization
procedure, from low-respectively high fields towards the critical
fields. In fig. 5.10 the calculated isentropes are drawn.
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0.8 -
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Fig. 5.10. Calculated cooling curves Tg(H) of the alternating chain. The
minima at the critical fields hCl and hc are clearly different.

Haseda ' f i r s t reported cooling experiments in CudJO,),-

2O as described above. Later Van Tol e t a l . 24^ performed
similar measurements in the anomalous region down to much lower
temperatures. His resu l t s are shown in f i g . 5 .11. Van Tol 2 4 ' 2 7 )

attributed the differences in height of the two temperature minima,
at about h c and h c , t o strong anisotropy of the interaction J.
Our experimental study (chapters 3 and 4) showed, however, that
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J and J1(aJ) are largely isotropic. The above discussed calcu-

lations of T_(H) resulting in fig. 5.10 clearly prove that the

asymmetry of Tg(H) around (hc + h c )/2 is in fact a characteristic

property of the alternating Heisenberg AF chain..

The qualitative agreement between Van Tol's experimentally

obtained isentropes and our calculations is very good. Especially

in the long-range ordered state we expect a different dependence

of S on its parameters than for an isolated alternating chain.

At very low temperatures the heat capacity of the proton and Cu

nuclear spins introduces additional discrepancies. The heat

capacity of the nuclei increases towards lower temperatures and

will certainly limit the lowest obtainable temperature in a

cooling experiment.

0.5

KOe

Fig. 5.21. Measured cooling auwea

TS(H) of Cu(N03)2.SiHg0 for t i t .

1
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5.11. The effective spin model.

In the previous chapters 2 1' 2 2' w e have tried to describe

the properties in the anomalous region on the basis of the
25)

effective spin S = \ formalism, introduced by Tachiki . In

fig. 5.7 the calculated temperature dependence of the specific

heat of the effective spins plus the Schottky anomaly, due to the

depopulation of the higher levels of the spin pair, are compared

to our present theoretical results. From fig. 5.8 it is seen that

the low temperature anomaly, calculated for the effective spin

model,clearly fits the experimental data on Cu(NOj)2»2%H2O as

accurate as the CH(T) curve of the alternating chain fits these

data. '. ".

The field dependences x (H) , M(H) and Tg(H), CPJ. ciliated" on

the basis of this effective spin model show, however, complete

symmetry around h, = (hc + hc )/2. This is clearly in-contrast

to our new calculations and our experimental results. The value

of the critical field hc , calculated on the basis of the effective

spin model,is also somewhat lower than "the experimentally

determined value. This leads to the conclusion that the effective

spin model is inadequate to describe all features of the alter-

nating S = % chain in the anomalous region. We have compared the

exactly calculated energy spectra of a number of alternating

chains with those calculated on the basis of the effective spin

formalism (a regular anisotropic chain with (J./J± = %) of

effective spins S = %) . It appears that differences between the

so calculated energy levels are of the order of Ja = 0"'a. The

relative discrepancy in the width of the anomalous region

introduced by the use of the effective spin formalism is con-

sequently of the order of a. In the case of Cu(N03)2.2fcH20,

where a = 0.27, this discrepancy is 10%. The effective spin

formalism becomes "exact" in the limit of a + 0.

5.12. Disaussion

In this chapter we have given several calculated thermodynamic

properties of the alternating linear Heisenberg antiferromagnet

applied particular to the case of Cu(NO3)2.2%H2O; i.e. limited

to the alternation ratio a = 0.27. Comparison with the
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Table 5.1.

J/k

aJ/k

a =

Jb/k =

Ja-c/k "

(-2.60 ±

(-0.70 ±

( 0.27 +

(+0.05 ±

(-0.05 ±

O.O2)K

0.05)K

0.02)K

0.03)K

0.03)K

experimental data of CuCNO^J^^^H-O shows an excellent agreement,

when the parameters listed in table 5.1 are used. These parameters

have been earlier obtained by us experimentally, as is described

in chapters 3 and 4. The properties of the AF Heisenberg alternating

chain prove to be quite similar in many aspects to those ̂ i the

isotropic AF XX alternating linear chain. This may justify the

theoretical approach to study the alternating Heisenberg chain

by considering the XY alternating chain and treating the

longitudinal coupling by perturbative and decoupling methods.

Table 5.1. Exohange parameters for

Cu(NOJs.S%HsQ. These values have

been obtained experimentally (chapter

3 and chapter 4),

From the crystal structure of cuCNO,)_.2%H2O alone it is

not clear whether the AF spin pairs are coupled by the weaker

Id AF interactions (aJ) into spin-ladders or into alternating

chains (see the two previous chapters for an extensive discussion

on this problem). Also the comparison of the experimental results

with calculations using the effective formalism did not lead to

a conclusive choice between the models. Finally we managed to

exclude the spin ladder as a result of a detailed experimental

study of the spin configuration in the long-range ordered state

(chapter 4). To see to what extent the calculated thermodynamic

properties in the paramagnetic state.could support this

experimental conclusion,we have also calculated the thermodynamic

properties of the spin ladder in a manner analogous to that

presented here for the alternating chain. As one might have

anticipated, only very small differences between the thermo-

dynamic behaviour of both models are seen in the case of small a.

For a = 0.27, characteristic properties, like the different

behaviour of x(H) and Tg(H) at the two critical fields, are
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analogous for both systems, and the difference of the extrapolated

heat capacities of both systems (when significant) does not

exceed the experimental accuracy.

Evidently, the thermodynamic properties of a ladder and an

alternating chain are very much the same for small a. Dis-

crimination between them is therefore only possible from a

study of microscopic properties 22)
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CHAPTER 6

-em

SPIN DYNAMICS OF THE S=% ALTERNATING LINEAR

HEISENBERG ANTIPERROMAGNET

6.1. Introduction.

The static behaviour of all kinds of magnetic systems has

been studied over the past twenty years by many theorists as well

as experimentallists . One-dimensional (1-D) antiferromagnetic

(A3?) systems have received much attention thanks to the relative

simplicity of the theoretical calculations and to the discovery

of several magnetic systems that approximate antiferromagnetic

linear chains.

In the last few years interest in dynamics of spin systems is
2)

rapidly increasing . Again one-dimensional systems show inter-

esting properties, subject for many theoretical and experimental

studies.

No exact theoretical results on the time-dependent spin correlation

functions can usually be obtained, even for one-dimensional systems.

Only exact solutions on the XY linear chain for infinite temper-

ature have been obtained ' . However approximate calculations of

Carboni and Richards ' (exact results on finite chains), of

McFadden and Tahir-Kheli '("two parameter Gaussian refiTssentation

of the generalized diffusivity") and of other authors reveal

interesting features of the dynamic behaviour of antiferromagnetic

linear chains. A long time persistence of the two-spin correlations

proportional to t~* for long times, is predicted for Heisenberg

chains at T = °°. Consequently the Fourier transforms of the auto-

correlation function, the spectral density, of such chains should

diverge as u~* for u * 0. Several experimentallists have success-

fully searched for this behaviour in compounds containing quasi

1-D systems of spins S = 5/2 6'7* as well as of spins S =• % 8*.
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In such real compounds, containing Heisenberg chains, this

divergency is, however, cut off by interchain exchange inter-

actions . Also anisotropy of.the intrachaih interaction ' leads

to such a cut off, preventing the spectral density function to

diverge. This, for instance, results in the extreme case,of the

XY. S = % chain in a Gaussian frequency dependence of the high

temperature spectral density -) .

Theoretical predictions on low temperature dynamic behaviour of

chain systems are even more scarce, Henkens ' experiments on

the linear chain compound CuSeO..5H-0 in weak fields at low

temperatures, arid especially Groen's • ' results on the same

compound as well as results of Azevedo on the chain salt

a-CuNSal - both obtained at low temperatures up to fields exceeding

the saturation field-reveal new interesting phenomena not predicted

in advance theoretically.

In this chapter we report on proton spin-lattice relaxation

time T measurements on single crystals of Cu(NO3),.2%H2O
 3'14'.

This compound contains nearly isolated strongly alternating AF

Heisenberg chains of spins S = \. These chains can be described

by the following hamiltonian:

JC= - 2J 0 " g i JB H (6.1)

where a is the alternation ratio (0 < a < 1).

Previously we have performed an extensive study on the static

magnetic properties of Cu(NO3)2.2%H2O
 1 5 » 1 6 ' 1 7 ) . T h i s study

comprises results obtained by proton magnetic resonance, specific

heat and susceptibility measurements. The alternation ratio a

proved to be 0.27 and the intrachaih interactions J/k = - 2.6 K

and aJ/k = - 0.70 K, while the interchain interactions J'/k are

of the order of only 0.03 K.

The relaxation experiments, presented here, have been performed

in the temperature range 0.5 K < T < 4.2 K up to a field of 60 kOe.

This field exceeds the saturation field h_^ of the alternating
JE\ U 2

chain system '.

For the field region around the level crossing field Hn

(% 40 kOe) (see fig. 6.9.), the pairs of strongly coupled spins
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(J/k = - 2.6 K) can be described by effective spins S1 = h in an

effective field H_, (= H - H, ). These effective spins form

regular chains with anisotropic intrachain interactions (2JE = Jjj,)
1S* (chapter 3).At H_ = 0, which corresponds to H = 40 kOe, the

proton resonance lines are well split up thanks to the internal

fields caused by the real magnetic moments. Therefore, in spite

of the fact that at this field the time averaged moments of the

effective spins is zero, it is possible to study the parallel and

perpendicular spin fluctuations separately in this anisotropic

chain down to zero effective field and therefore also the cut off

caused by the exchange anisotropy. Moreover the experiments cover

the whole interesting frequency spectrum. The experimental results,

analysed in terms of the effective spin model, agree remarkably

well with available theoretical results.

In section 6.3.1 and in the appendix attention is paid to spin

fluctuation processes that contribute to the intensity of the

spectral density functions <f> (w ) and tO- A qualitative

explanation of the observed behaviour of the proton relaxation

in Cu(N03)2.2%H2O is obtained for the whole field range.

6.2. NuaZear relaxation.

Nuclear relaxation time measurements have proved to be a

very successful technique to study spin dynamics. Hardeman and
18 19 }

Poulis ' , as early as 1956, used proton relaxation time T.

experiments to study the electronspin fluctuations in the anti-

ferromagnetically ordered state of CuCl-^H.O. They concluded from

the angular dependence of Tj of crystallographically equivalent

protons, that the fluctuations of the parallel and perpendicular

spin component behave completely different as a function of field

and temperature.

More recently, Tj measurements have become an important technique

to study problems of spin dynamics of magnetic model systems

' ' ' . As" mentioned in the introduction, high temperature-

low field properties of AF Heisenberg chains have received most

of the attention up till now.

The relatively easy interpretation of the experimental T. results

in terms of two-spin correlation functions, which are theoreti-



cally convenient quantities, is one of the main advantages of
studies.

-1
ĵ

The nuclear relaxation rate 11 in magnetic materials is dominated

by fluctuations of the internal field at the nuclear site,

perpendicular to the nuclear spin direction.<I> (i H f z). Only

fluctuations at the nuclear resonance frequency u_ contribute to

the relaxation rate. The internal fields at the nuclear sites

originate from the surrounding electron spins via the dipolar

and/or (super) hypeirfine interactions between the nuclear and

electron spins. By measuring T l n one thus samples the longitudinal

and perpendicular electron spin fluctuations with frequency equal

tO B n .

The nuclear relaxation rate can be expressed in terms of time-
dependenttwo-spin correlation functions 20

j
+ 00

[ A . *?(W .H,T) + B. <l>t(w .H,T) 1 , (6.2)
I J J " J J n j

where $. (a>n)
• !

-id) t
n d t ,

with 6Sj(t)
+00

!
d tW = h i

—OS

are the spectral densities at the proton resonance frequency u .
A. (= Z a^ i + . ) and B. (= Z h^ i + . ) are the usual geometrical
factors related to the anisotropic electron-nuclear magnetic
interactions X ' .

The relaxation rate, as given in equation 6.2, thus depends
on auto- (j=0) and pair (j?*0) correlations of the electron spins,
each showing, in general, different temperature-, fieldstrength-
and frequency dependences.
In the high temperature limit one can simplify equation (6.2)
considerably. In the case that the exchange interaction in the
X-Y plane is isotropic (Jx = J ), the Zeeman and exchange terms
in the hamiltonian of the electron spins commute. In that case
for T = <»:

120



!5*riii!_

and
,H) =

*j((VH)

o )

o )

where u is the electronic resonance frequency.

Moreover, for a Heisenberg system (J = J = J ) at H = 0:
z + z" z +

2(J>.(«) = <j>.(w) = <(>.(w). When measuring <t>-i (w ,H) and <!>.: (wn,H) of

a Heisenberg system at infinite temperature one thus determines

the spectral density at the proton resonance frequency, <(>. (<i)n) , and

at the electronic resonance frequency, <(>. (w ), respectively.

In the case that one studies only low frequency phenomena, one

can also use the fact that all spectral density functions

(j = 0(1,2,...) show approximately the same low frequencybehaviour: , for (j = 0,1,2,...) 6)

In Cu(NO,)o.2%H_0 the exchange interactions (J, aJ) are iso-
15)

tropic '. The experiments have been performed at liquid helium

temperatures (0,5 K < T < 4.2 K) and up to high fields of 60 kOe.

Therefore the high temperature approximations cannot be made

straightforwardly. However, when describing the magnetic system

in terms of effective spins, possible only in the field regions

0 and around HI.e. (see section 6.4.2)',the approximationsnear H

for <Jî ((i)n,H) will prove to be very useful in the explanation of

our experimental results.

Our measurements have been performed on well split up

resonance lines of crystallographically equivalent protons. The

experiments, discussed below, have been performed on proton 3 '

(see chapter 3). This proton is situated relatively near to one

copper ion (2.4 8, next nearest copper ion at 3.6 8). Therefore,

because of the strong distance dependence (r~ ) of the geometrical

factors A. and B. (eq. (6.2)) it can be calculated that the

relaxation rate of this proton is dominantly determined by the

Fourier transforms <fo(
u
n»H,T) and <t>g(u>n,H,T) of .the sutocorrelatio

functions of only its nearest neighbour electron spin:

aoo*o(VH'T) (6.3)
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From our NKR measurements of static properties we know that the

proton-electron coupling is, in case of proton 3, a combination

of a dipolar and a comparitatively weak isotropic super hyperfine

coupling (A) . Consequently in the short-range ordered state of

the magnetic system (<S> / H / z) the geometrical coefficients

are given by:

oo

oo

where

sin 6 cos 9

+ x - 3 cos26)2

(6.4)

sin4e},

2A

The vector r connects the proton and electronspin, while 9 is the

angle between r and the field direction. In the dipolar part of

formula (6.4) the electronic magnetic moment is approximated by

a point dipole.

6.3. Experiments.

6.3.1. 2\j measurements in Cu(NO3) J).
The proton spin lattice relaxation times have been determined,

using standard spin-echo techniques, via the "three pulse

(90°-90°-l80°)" method. For frequencies below 100 MHz a phase

sensitive detection was applied. Above .100 MHz we used a high power

pulsed oscillator apparatus and the signal was detected with a

linearized detection diode. This diode is linear over 26 <iB + 0.5 dB.

The output pulse power of both apparatus is in between S?0 Watt

and 1000 Watt, depending on the required frequency. The matching

of the resonance circuit to the transmitter and receiver was

obtained with a stub tuner. Each pulse was always shorter than

10 us.

The transverse relaxation time T- was measured to be of the order

of 20 us, an order of magnitude shorter than T, . In all situations
.In

discussed below, a well resolved echo signal was detected. The

recovery of the echo signal proved to be exponential over at least
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one decade. In the cryogenic set ups the direction of the applied

field could be rotated with respect to the crystal axes, or vice

versa.

All experiments reported here have been performed on single

crystals of CufNO,)2.2%H,O. Most of the results have been obtained'

on proton 3. Only selective measurements have been performed on

other protons. The resonance line 3 is best separated from the

other lines for most field directions, as is seen from the

resonance diagrams v (ip), chapter 3 ' . The external field was

rotated in the crystallographic ac plane because:

i) the electronic g-factor is isotropic in the ac plane,

ii) because of symmetry reasons only five resonance lines are

present instead of ten for an arbitrary field direction,

iii) The angle a between the vector r, connecting proton 3 and

its nearest copper ion, and the ac plane is only 3 . Such

a small angle makes the analysis of the angular dependence

easy, because then the angular dependence of the geometrical

factor a is most different from that of bQO-

6.3.2. Experimental results.

a) Angular dependences.

The proton spin lattice relaxation rate T 7 of proton 3,

measured as a function of the field direction in the crystallo-

graphic ac-plane at H = 16.5 kOe, is shown in figure 6.1. The

experimental data at both T = 1.3 K and T = 4.2 K are given. The

data were obtained only for those field directions at which the

resonance line of proton 3 is well separated from all other lines.

The relaxation rate at this field shows a strong angular

dependence, which is the same for both temperatures. The

relaxation rate at T = 1.3 K is at each angle a constant factor

smaller than the relaxation rate at T = 4.2 K.

As discussed in section 6.2, we may expect a dominant contribution

to the relaxation rate due to the fluctuations of the nearest

copper spin. Therefore our preliminary analysis of the data is

based upon equation (6.3). The angle 9 in this equation is related
2 2 2

to«p in figure 6.1 by cos 8 = cos ip cos a, where a is the angle

between the vector r and the plane of rotation. Because of the
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Fig. 6.1. Angular dependence of the relaxation pate T. of proton 3 for
2 I a-e plane at H = 16.5 kOet for T = 4.2 K and T - 1.3 K respectively.
For both temperatures the angular dependence of a

o o*o^nJ (A) has been fit-
ted to the data. Also the angular dependence of b $ (a ) (B) is given. For
the sake of comparison of curves A and B we have taken <j>odu ) = ^(^n) in
these curves.

isotropy of the exchange interactions in Cu(N03)2.2%H2O, we expect
the spectral dens i t i e s to be i sotropic too. We attr ibute the
angular dependence of T l n so le ly to the angular dependence of the
geometrical fac tors . The angular dependence of the geometrical
f-actors are therefore also given in figure 6.1 (as drawn curves).
These curves have been calculated from formula (6.4) neglecting
the influence of the small hyperfine interact ion. The drawn curve
A { aoo*o^n* J w a s f i t t e d t o the 1-3 K data. The dashed l ine
corresponds also to a

oo*o(<"n) » but now f i t t ed to the 4.2 K data.
Prom these f i t s i t i s seen that , when H = 16.5 kOe, the relaxation
rate at T = 4.2 K and at T = 1.3 K i s dominated by the paral le l
spin fluctuations •*(un,H,T)-. Consequently at th i s f i e l d
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IH,T) ,H,T). Secondly, the data show that <t>g(<»n) at

I * 1.3 K is 5 times smaller than at T = 4.2 K.

The angular dependence of the relaxation rate for H = 40.0 kOe

is quite different from the observed behaviour at H = 16.5 kOe,

as can be seen from a comparison of figure 6.1 and figure 6.2.

The minimum of T^ around vp = 0 is much less pronounced for both

T = 1.3 K and T = 4.2 K. Best, fits of calculated curves based on

equation (6.3), represented by the drawn curves in figure 6.2,

yield for H = 40.0 kOe at T = 4.2 K: <(> (w ) = i|>z(u ) and at T =

1.3 K: *Q(wn) = 1.6 <t>o(wn). At H = 40.0 kOe the perpendicular spin

fluctuations ,H,T) are apparently as important for the proton

relaxation rate as are the parallel spin fluctuations $g(w ,H,T)•

The gradual change of the angular dependence Tin(*p) for increasing

H towards H = 40.0 kOet due to the increasing influence of ^(w ),

is illustrated by the data given in figure 6.3. The drawn curves

in this figure serve as aids to the eye only, while the dotted

line is the best fit of aQO<l>o(<»>„) to the 16.5 kOe data, the same

as in figure 6.1. A similar behaviour is observed when the field

is lowered from H = 16.5 kOe down to H = 6.0 kOe, as is shown in

figure 6.4. Below H = 6 kOe it is impossible to measure the

angular dependence of T, of proton 3, because the magnetization

becomes so small that all resonance lines amalgamate to one

single line. From figure 6.4 it can be concluded that also towards

H = 0 the perpendicular spin fluctuations <j> (<Dn) increase and

•.iff

.V)

«-

t

Fig. 6.2. T* (<p) of proton 3 in the

limited region 30° «p< 30° measured

for H = 40.0 kOe at T =4.2 K and T =

1.3 K. The dream curves represent

best fits with eq.(6.3). These best

fits yield: <f>ol

T = 4.2 K and 4

for T = 1.3 K.

) = 1 for

2Q
(ms)

T 1 1 : 1 1 1 1

ppoton 3
H=40.0 kOe //ac-plane
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(ms)

/ proton 3
T=4.2K

HII QC plane
o 6.1 kOe
a 8.7 kOe
V 10.1 kOe
. il.5kOe
a 16.5 kOe

A

-30 30

Fig. 6.3. "WJW of proton 3 in the
limited region - 30°«p< + 30° at T =
4,2 K for several field values above
17 kOe. The dream ourves serve as
aids to the eye only. The dashed

line corresponds to the a $ fm )r oo o n
eurve as given in fig- 6.1.

Fig. 6.4. T~ df>J of proton 3 in the
limited region -30°«P< +30° at T =
4.2 K for several field values below
17 kOe. The drawn curves serve as
aids to the eye only. The dashed
line corresponds to the a

OD*o^
u)

n-'
curve as in fig's B.I and 6.3.

become of the order of the parallel spin fluctuations. These

figures illustrate the importance of studying T"1(tp) for single

resonance lines. These angular dependences of TT (iP) make it
in

possible to separate the behaviour of the spectral density
functions <i> (w ,H,T) and <t>z(<o »H,T) straightforwardly.
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A few remarks, however, should be made on the analysis

given above. From the analysis of the experimental data, based

on equation (6.3), it should be expected that the minimum in

T^df) at ip= 0 corresponds to the situation at which the angle

between the applied field H and the vector r is minimal. The

calculated curve A, however, had to be shifted about 5 to obtain

the fit given in figure 6.1. Moreover, a careful analysis of

figure 6.3 and figure 6.4 shows that the minimum of the relaxation

rate is not reached exactly at if= 0 for each field value. Besides,

it is slightly surprising that the remarkable agreement between

the experimental data and the calculated curves, as shown in

figure 6.1, could be obtained using the so much simplified

equation (6.3).

Without going into details, we will mention a few aspects which

have been left out of consideration. First of all, in the analysis

based on equation (6.3) only the interaction between the proton

spin and the nearest copper spin is considered. So the small

contribution of the next nearest neighbour, at a distance of 3.6 S

is neglected. Moreover, this next nearest neighbour is strongly

coupled to the first neighbour (J/k = - 2.6 K) and consequently

the contribution to T^n of their pair correlation should also

have been taken into account. Secondly, it is known from our

earlier NMR data 1 5 ) that a point dipole description of the

magnetic moment at the copper site, as used in equation (6.3),

is not an ideal description. The copper magnetic moment is in

fact spatially extended and even a non-negligiMe spin density at

the four surrounding oxygen atoms exists. Incorporation of the

influence of this spatial extension of the spin density on the

relaxation rate is too complicated to correct for quantitatively.

At this stage of our research we analysed the experimental data

neglecting the above mentioned corrections, because we are

convinced that they do not influence the conclusions on 4>0(<on)

and <f>̂(to ) , as drawn below, severely,on ^̂
b) Field dependence of 2"^.

The field dependence of the relaxation rate was measured at

T = 4.2Kand T = 1.3 K respectively, in the field range

5 kOe < H < 60 kOe. The measurements were carried out at a fixed
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Fig. 6.5. Field dependence of T^n of proton 3 at T = 4.2 K for H I a-a

plane at >f = -12 . The dashed line corresponds to the contribution to f~.

of <*„„$„(<*„) as nas been obtained from angular dependences3 as given in

fig's 6.1, 6.2j 6.3 and 6.4. The difference between the drawn curve and the

dashed one thus originated from the contribution bQ ^
+(us ). The upper scale

corresponds to the effective field H£ = H - H~ . The meaning of h „ h „

and hQ3, indicated at the bottom scale, is explained in the text.

w
I?
H

0 H ^ 10 50 60 kOe

Fig. 6.6. The experimental data of T~ as a function of the applied field
as in fig. 6.5 but now for T = 1.3 K.
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f i e l d direction (corresponding to ip = - 12 in figure 6 . 1 ) . To

separate the contributions of •*(« ,H,T) and <t>Q(u>n,H,T) we have

made rotational diagrams T^n(ip) at many values of the external

f i e ld (examples are shown in f igures 6.1 - 6 .4 ) . In f igure 6.5

and figure 6.6 the so determined contributions of aoo<(>o(wnfH,T)

to the total relaxation rate are indicated by the dashed l i n e s .

I t was found that , in the f i e ld region 10 kOe < H < 28 kOe and

for K > 50 kOe at both temperatures, the contribution boo<f>o(wnfH,T)

Z 1
Z . Below H 10 kOe and for 28 kOe < H < 50 kOe

. " 1
considerably, which

is negligible to

however, b o
<t|o(

tll
n»

H»'r) does contribute to Tj

results in the faster relaxation rates in these field regions.

The difference between the experimental data (T^ ) and the dashed

line in figure 6.5 and figure 6.6, originates from this con-

tribution of b 0
(<10(

u
n»H«

T) • T o 9 e t a n idea of the intensity of

4>*(« ,H,T) relative to <t>g(w ,H,T) we want to note that for the

field direction - 12 aoo/boo i.
These two figures thus nicely show the field dependences of the

spectral densities ^(w »H,T) and $o(wn,H,T) of the .alternating

AF Heisenberg chains in Cu(NO,) .,.2%H_0. *^(u_,H,T) is a smooth
J & & . o n

function of the applied field, while <f>o(w ,H,T) has only a

considerable intensity below H = 10 kOe (% hc ) and in between

H = 28 kOe (% h c ) and H = 50 kOe (% h ). In the previous

chapter we have defined the critical fields h and h as those
cl C2

fields at which the zero temperature magnetization of the alter-

nating chain system starts to rise and saturates respectively.

The meaning of h c , at which ^ iji = 1, will be discussed in the

next section.

a) Temperature dependence of T~ .

In figure 6.7 the temperature dependence of the relaxation
time j , measured at H = 14.1 kOe, 16.5 kOe and at 21.4 kOe

respectively, is shown. We know from above that at these fields

only <t>g(Mn) contributes to T . The strong increase of the

relaxation time thus indicates the decrease of <f>g(w ) towards

lower temperatures in this field region.

The temperature dependence of <(>Q(W ) at the level crossing field
= 4 0 k° e w a s also determined. The decrease of ) towards

lower temperatures at this field, proved to be much smaller. This
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10 proton 3
14.1 kOe Hoc-plane
!6.5kOe
21.4 kOe

Fig. 6.7. Temperature dependence of the relaxation time Tj of proton 3 for
B = 14.1 kOe, 16.5 kOe and 21.4 kOe for t I a-a plane at ip = -12°. The
drawn curves show the calculated temperature dependence of <J>z(w ) at these
three fields. The calculations are based on spin pair flip flop processes.

can also impl ic i te ly be seen from a comparison of f igure 6.5 and
figure 6 .6 . Furthermore i t could be concluded that , at th is level
crossing f i e l d , the spectral density *o(un) i s temperature in-
dependent for 1.3 K < T < 4.2 K.
Below 10 kOe both <j>*(wn) and <t>Q ("n) contribute to T"1 . At low
temperatures at these f i e l d s , however, only one amalgamated proton
l ine i s observed. Consequently we cannot separate both contributions.
The relaxation rate T, of t h i s bulk l ine at H = 5.0 kOe i s shown

-1

as a function of the inverse temperature in figure 6.8. T at

this field decreases exponentially with the inverse temperature

(T~n ^ e~ * '
T) resulting in very long relaxation times at low

temperatures (T =500 ms at T = 0.5 K), in contrast to the

relatively short relaxation times in the anomalous field region
between h_ and h .

cl C2
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1.0

(ms)'

0.1

Fig. 6.8. The relaxation rate TZ of

the bulk resonance line at H = 5 kOe

as a function of the inverse tempera-

ture. The temperature dependences of

(ji (a) and $o

and for T~ > 1 K

<** this low field

~ are discussed

(section 6.4. V to be the same. The

straight line fitted to the experi-

mental data obeys; T~££ e /T.

o.oi

0.001

Cu(NO3)2. 2'/2H2O

H=5kOe|/ac-plane

"-BF-O.287

T-. 1.0 20 K

6.4. Theoretical interpretation.

6.4.1. Relaxation processes.

No theoretical results on spin dynamics of alternating chains

are available at present. However, we will show that, from a

simplified description of the alternating chain system, the observed

field- and temperature dependences of both "^(fO an<3 "("ô n̂  c a n

be explained qualitatively.

When neglecting the weak interactions aJ, the alternating

chain is approximated by a system of AF spin pairs. The energy

level scheme of such a magnetic pair is shown in figure 6.9. We

consider one proton coupled via a dipolar interaction to only one

(the nearest) of the electron spins. Now it is easily seen that

the proton spin (I = %j can flip and exchange the amount of

energy hoin, needed for such a proton spin flip, with the AF spin

pair only, when two spin pair energy levels are also separated
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by h« . This situation only exists very near to H = 0 and to
n + +

H = H, . Transitions like these are caused by the terms S"I" in

the electron-nuclear dipolar interaction hamiltonian. Consequently

this process contributes to the ̂ ( w ^ term in the relaxation rate.

Because of energy conservation only a non zero intensity of

• 0(<0 can be expected near the energy level crossings at H = 0 and
H = H, for which AS = i- l.I.e. z —
Due to the interpair exchange interactions ccJ, the energy leve ls

of the spin pair (figure 6.9) are strongly broadened. One can thus

expect a non-zero intensity of $ (&) ) in ?> r e l a t i v e l y large f i e ld
region near H 0 and in a relatively large region around

This spin pair picture thus clearly explains qualitatively the

observed non-zero intensity of ̂ ot^) below hQ and between h

and h ( see figure 6.5 and figure 6.6).

The parallel spin fluctuations ^QC^JJ) originate from quite

different processes. To illustrate this, we will again use the

model of AF spin pairs. The excistence of interpair interactions

is now, however, crucial. One spin pair can flip from one energy

level to another, irrespective of the field strength, absorbing

energy from (or emitting energy to) another spin pair which makes

the same transition but in the opposite direction. Such a "flip-

flop" can cause a proton spin flip at the same time. The energy

Fig. 6.9. Energy level scheme of an

isolated antiferromagnetia spin pair.

I. The triplet state aan be descri-

bed b~y an effective spin S" = '2.

II. The ground doublet can be de-

cribed by an effective spin S'=%.

*.
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needed for the proton spin flip can be supplied by the electron

spin system, because the two spin pairs feel slightly different

molecular fields. In such a second order process the terms S I~

in the:electron-nucleardipolar interaction hamiltonian cause the

proton.flip and consequently leads to a non-zero intensity of

*o>n>-
These processes are in principle equivalent to flip-flop processes

2
in diluted S = \ paramagnets leading to the well-known 1-m
dependence of T. in these salts (m is the reduced magnetization)
22)

. In the more complicated case of spin pair flip-flop processes
z —1

one can show for the <f>o(wn) contribution to T._;
cijninj

(6.5)

where n^ denotes the population of energy level i and i and j run

over all four spin pair energy levels. The transition probabilities

c. . depend on the exact type of interpair interactions. ISoth

exchange as well as dipolar interactions are involved, which

complicates the calculations of these transition probabilities

c. .. To test the relevance of formula (6.5) it is assumed that all

flip-flops have the same probability to occur and therefore all
,z .constants c^• are taken equal to 1,which yields: <f>

3, as
-,„ ni nj"

The field dependence of T.x[$*) at several temperatures,'as is

expected on the basis of this proportionality, together with our

experimental results, is shown in figure 6.10. The calculated

curve for T = 1 K, was fitted to the 1 K data at H = 20 kOe

' - " e% we know from the before given analysis that the

measured relaxation time in this field region originates only

from *o(&)n) • Below H = 10 kOe and for 28 kOe < H < 50 kOe the

proton relaxation is due to a combination of ,<f>'(w ) and <f>g(<n ),

which results in the extra fast relaxation times in these field

regions. Thanks to the fit at H = 2 0 kOe of the 1 K curve, all the

other calculated curves are determined on the vertical scale and

are thus not fitted at all. The overall agreement of the so

calculated curves with the experimental data at those fields at

which 4>o("n) ^'t'o^n^
 i s v e r v 9oo<i' i n spite of the simple model

of AP spin pairs used in the calculations. Only the 4.2 K data
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fig. ff.20. Relaxation time T. of proton 3 at <p = - 22° as a function of

the applied field R. The dram curves are the calaulated dependences of

•§-ninn" The 1K aurve !uzs been fitted to the IK data at 20 kOe. This fit de-
termines the VtPticale scale of all calculated curves.

around 18 kOe do not coincide with the corresponding calculated

curve. To investigate this small discrepancy we have measured

the relaxation time as a function of temperature at three different

field values in this field region. The results are given in

figure 6.7 together with the calculated temperature dependences.

Again only one curve, the H = 14.1 kOe one, was fitted to the

experimental data. The fit was made for T % 1 K. A nice agreement

is found for all three curves with the corresponding data for

T = 0.7 K up to T = 2 K. Above T = 2 K the calculated T, (T) curve

tends to become constant, while the experimentally determined

relaxation times show a substantial decrease above T = 2 K. At
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these relatively weak fields the populations of the energy levels

of the AF spin pair (see fig. 6.9) become temperature independent

above about T = 2|J|/k (s\j 5 K) , and thus the calculated T " * ^ )

also, because there are no energy levels above about E % 2|j|.

The populations of the energy levels of an alternating AF chain,

however, having many levels above E = 2|j| , will be temperature

depehdent up to much higher temperatures. In such a system Tj

will decrease substantially even above T = 2|j|/k. Because the

magnetic system in Cu(N03)_.2%H20 is more accurately described

by a system of alternating chains, the observed decrease of Tln(T)

above T = 2 K is readily understood.
—1 z

In the above given discussion on T J ^ ^ Q ) w e have neglected

the effect of lattice vibrations. A spin pair can, of course, make

a flip by absorbing energy from lattice vibrations and cause a

proton flip at the same time. Analogous to the flip-flop processes,
z 22)

discussed above, these lattice vibrations contribute to $£.(<*>„) •

We have considered this contribution as also a possible origin

of the above mentioned discrepancies at the higher temperatures.

Consideration of this effect based on the measurements of the

electronic spin-lattice relaxation time T._ and the electronic
23)cross-relaxation times T_____, performed by Eykelhoff et al. ,

CJ-OSS — I

show, however, that the lattice contribution to T^ (<j> ) are an

order of magnitude too small to be of importance.

The temperature dependence of the measured relaxation rate

5 kOe of the amalgamated resonance line is shown in

figure 6.8. In the weak field region H < 10 kOe the relaxation rate

is determined by both "^(w ) as well as <(> (u ) ( fig. 6.5). The

intensity of <t>o(
u
n)r as explained above, is due to "spin pair

flips" between two energy levels with almost the same energy,

around ASz = + 1 level crossings. In these weak fields these

flips can only occur between triplet states. <(>o(u ) is thus

primarily proportional to the population of the levels of the

triplet state which is equal to e~
A / k T, where A/k = 2|j|/k =

5.2 K. The temperature dependence of <|>Q(I»> ) in weak fields is,

on the basis of equation (6.5), expected to be proportional to:

TIn at H

-A/kT
+ 3

e-A/kT e-A/kT
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— A/kT
This reduces for low temperatures to also e ' .So one expects
for T~n, due to both and <t>o(«n)» an exponential dependence

on temperature. The experimental data at H = 5 kOe agree very

well with this expectation. These results yield T j n ̂  e ' T.

At H = 5 kOe the energy gap L between the excited triplet state

and the singlet ground state is somewhat smaller than in zero

field (5.2 K) which explains the experimentally obtained exponent

of 4.8 K.

6.4.2. Effeative spin models.

The energy level scheme of the AP spin pairs in Cu(NO,)

is given in figure 6.9. As is well known, one can describe the

doublet state in the vicinity of the level crossing (H-̂  c ) by

effective spins S" = h in the effective field H E = H - H^ .

Incorporation of the interpair interactions aJ yields the effective

spin hamiltonian:

with

s- ESi - <svr

= - 0.35 K
(6.6)

and HE - H - H1.C.

The effective spins thus form a regular AF chain with anisotropic

intrachain interactions 2J£ = Jg. Only in the field region around

H E = 0 (25 kOe < H < 55 kOe) the effective spin S
1 = h model is

valid. In this field region the experimental data can be inter-

preted in terms of the spectral densities <j>+(u ) and 4z(ti) ) of
on on

the anisotropic AF chain of effective spins S' = % as described

by hamiltonian (6.6).

In figure 6.11 the contribution of <j>̂ (tO to T 7 ^ at T_= 4.2 K is
^ ( t O toon

plotted against the relative effective field This.• " • - .

f i e l d scale i s ident ica l to the r e l a t i v e frequency sca le to /w
g UQHQ e x

where &>e is the electronic resonance frequency and

= jJ_j/h io the exchange frequency. The value

from reference 17)
k = - 0.35 K

was used; A temperature of 4.2 K is relatively
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Fig. 6.11. The contribution of &(un) to Tjn at T = 4.2 K as a function of

the effective field g]x^E/\J^,\ = gvB(H-Rl Q )/\ty for visual aid

only Theoretical results of MaFadden and Tahir-Kheli on the aniso-

tropic AF chain of spins S = % with <T = 2tf [s] . The drawn curve shows

their results on the frequency dependence of the spectral density cj> (a) of

the autocorrelation function of the transverse spin component. The theore-

tical curve is fitted to the experimental data only at H-, = 0.

.'X

high compared to |j£l/k = 0.35 K : kT/|JE| = 12. This allows us

to used the relation $*(w #H) % $*(o> ,o) valid in the high temper-

ature approximation discussed in section 6.2.

In figure 6.11 we have included the only available theoretical

results on <f>Q(«Je) for T = «) of an anisotropic linear chain with

J £ = 2JE> This curve was calculated by McFadden and Tahir-Kheli
 5J

who"based their theoretical approach on a "two parameter Gaussian

representation of the generalized diffusivity". The theoretical

curve is fitted to the experimental data at Ĥ , = 0 only. The

agreement between this theoretical curve and our experimental

data is very satisfactory.

It must be remarked that in figure 6.11 in the horizontal scale
gUjjH
I - I the independently obtained value of J_, = - 0.35 K was taken.
1 JEl *
The agreement between the theoretical curve and our data is

therefore remarkable. Moreover, to our knowledge these data show

the first experimentally determined field dependence of the high
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temperature spectral density of a chain system over the whole

frequency range.

We want to stress here that the energy doublet at H = 40.0 kOe in

Cu(N03) 2.2^,0 provides the opportunity of studying the high

temperature spin-fluctuations of this effective S' = h chain down

to we = 0 on single resonance lines. The divergency of <f>o(«e)

for u + 0 as expected for a pure Heisenberg chain, is cut off

because of the anisotropy of the intrachain exchange interactions

between the effective spins.

The experimentally obtained $o(we) curve proves to be asym-

metric with respect to H£ = 0. In the static properties like

XS(H) t Tg(H) ».nd M^H) also an asymmetry around H E = 0 was

observed 15) It was argued that this asymmetry originates from

quantum mechanical mixing of the higher two energy levels of the

spin pair into the lowest two. These higher levels are neglected

in the effective spin S1 = \ model. As the higher two levels are

nearer to the doublet for H-, < 0 than for H_, > 0 also their

influence on the relaxation will be smallest for H £ > 0. Indeed

it is seen from fig. 6.11 that the experiments agree best with

the theoretical curve at positive effective fields.

„-!
Prom figure 6.5 it is seen that 4>Q<un) also contributes to

i n at low fields (< 10 kOa). This contribution originates from

the triplet energy state of the spin pair 5.2 K above the ground

state. This triplet state can be represented by an effective

spin S" = 1, resulting in a regular isotropic chain of spins S"=l

with a saturation field h The 4>0(oin) of this chain isC3 - - -
expected, from the calculations on isotropic chains, again by

McFadden and Tahir-Kheli 5) to vanish quickly above its

saturation field h This is in accordance with our measurements

as given in figure 6.5.

6.5. Concluaion.

It can be concluded that at fields for which the four energy

levels of the M" spin pair are well separated only <t>5(w_) con-

tributes to T™n, while near energy level crossings (zero field

and H 40 kOe) *o(un) also contributes to the relaxation rate.
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The <t>o((D ) originates from spin pair "flip-flop processes", while

4>o((i> ) originates from spin pair "flip processes
1'.

The effective spin model provides the possibility to give a

satisfactory explanation of the field dependence of <f>o(«n) in

detail.

It will be interesting to see whether towards lower tempera-

tures a speeding up of the relaxation rate will be observed at

the two critical fields h and h in analogy to recent ex-

perimental results on regular AF chain system CuSeO^.5H_O.

Appendix,

The spectral density function <f>o(wn) i s given by:

+=>
dt , (6.7)

where the autocorrelation function:

(6.8)

with -Ey/kT

I e
v

-Ev/kT
and - Ev

The summation runs over all eigenstates , which have an energy

. The matrix elements ^|S^11<v> are only non-zero when ASZ =

+ 1. To the spectral density only those terms in formula

6.7 contribute for which u equals the nuclear resonance

frequency u . Because u is very small only contributions occur

from AS = + 1 level crossings, as already remarked in section

6.4.

The exact calculation of the spectral density 4>o(<>>n) °f
 a large

spin system, having many energy levels, is clearly very laborious.

In fact, an exact numerical calculation of 'pQ.f'O of a ring of N

isotropically coupled spins S = % is, in practice, restricted to

N = 10. This has been performed for infinite temperatures by

Carboni and Richards 4)
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Recent experimental results of Groen and also of Azevedo

' show that at very low temperatures <|>o(u) ) of a Heisenberg

S = \ AF chain tends to diverge with increasing field towards the

saturation field H . = II and drops ofE sharply above this field

At very low temperatures only the lowest energy levels are

populated. Therefore we will consider only the ground state

A S
Z

241 calculated the energy levelS
Z = ± ! level crossings. Bonner

scheme of the S = k Heisenberg AF chain with a finite number

of spins. From her results it can be concluded that the number of

ground state level crossings per unit of fieldstrength increases

strongly with fieldstrength and falls offto zero above Hgat. When

we assume that the matrix elements involved (in formula 6.8) do

not vary too much with H, •t'ot"-) will have the same field

dependence as the number of ground state crossings. This would

thus explain the experimental results.

The differential susceptibility at T = 0 is also determined by

the number of ground state level crossings per unit of field-

strength. Therefore one can expect that <t>o(u } shows a similar

field dependence at very low temperatures as the differential

susceptibility.

Fig. 6.12. Histogram of the infinite

temperature speatrat density <|> fo j

for a ring of 10 isotropiaally coupled

spins S = hi given as a function of

the applied field r^~- These results

have been obtained by Carboni and

Richards f<?J . The crosses repre-

sent the number N-^ of bSz = ±1

level crossing per unit of field

strength counted for a closed ring

of 12 isotropically coupled spins

do201/*.)
10

\

0 HMt5
" ' * " " ! • ' « « . . . . . , -

10 15
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We have also analyzed $ (m ) of a Heisenberg S = % AF chain

at infinite temperature. Analogous to the approach described

above, we calculated the number of AS = + 1 level crossings per

unit of fieldstrength of a ring of 12 isotropically coupled spins.

At infinite temperature not only the lowest level crossings

contribute, but P is equal for all crossings. The number Nĵ

per unit of fieldstrength of these contributions is plotted in

figure 6.12 versus field together with the calculated ^(UJJ) o f

Carboni and Richards. The two interesting features,namely the low
•f- gynH

field divergency and the rather steep drop of <!>o(wn) near —TjT = 5»

do not appear in N, (H). Thus, in contrast to the low temperature

behaviour, the f ield dependence of <f>o(un) at high temperatures is

not dominantly determined by the number of contributing ASz = + 1

energy level crossings. Instead, the matrix elements at the level

crossings near zero field appear to be much larger than those in

higher fields.
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CHAPTER 7

FIELD-INDUCED MAGNETIC LONG-RANGE ORDER

IN S = 1 SINGLET GROUND STATE SYSTEMS.

7.1. Introduction.

The energy level scheme of an ion with spin S = 1, which is

subject to a positive axial crystal field (D), consists dt a

singlet ground state and an excited doublet, D higher in energy

(see figure 7.2). When the exchange interactions (J) between the

spins are weak ("subcritical") no cooperative magnetic ordering in

zero magnetic field can occur at any temperature. Moriya • showed,

using a molecular field (MF) approximation, that the exchange inter-

actions are subcritical when the exchange energy 2z ]j| is smaller

than the zero field splitting D. z Q is the number of nearest

neighbour spins.

When a magnetic field parallel to the crystal field axis (hence-

forth z axis) is applied to the spins, the excited doublet is

split up in such a way that the lowest level (|-1>) of the doublet

crosses the singlet ground state level (|0>). This level crossing

will occur at H = H^ % D/guB, where the ground state conse-

quently is degenerate. The "subcritical" exchange interactions

between the spins can now produce long-range, order below a

sufficiently low temperature. The appearance of a field-induced

long-range ordered state in S = 1 singlet ground state systems
2 31

has been predicted by Tsuneto and Murao '"'-'',

Tachiki ' treated also the strongly related problem of a system

of antiferromagnetic (AF) S = \ spin pairs, which have a non-

magnetic singlet ground state and an S = 1 excited triplet state.

Such a system is present in Cu(NO3) 2.2J#2O. van Tol
 4'5' was

first to demonstrate the occurrence of field-induced long-range

ordering (LRO) in this compound. Since then, much effort has been
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put into the search for a "copper nitrate type of ordering" in

S = 1 systems 6~ 1 1 ).

The object of this chapter is to look at the typical properties

of S = 1 singlet ground state systems. These properties are illus-

trated by the experimental data on Ni(CgH5N0)6{C104)2, NiPtClg.6H20

and [c(NH2)3]v(SO4)2.6H2O (henceforth GVSH). The latter two

compounds are found to consist of nearly isolated S = 1 ions,

while the exchange interactions in Ni(CgH5N0)g{C104)2 are rela-

tively strong. In this salt we actually detected a field-induced

cooperative magnetic state, which has been found to excist between

the zero-temperature critical fields Hc = 26 kOe and Hc = 71 kOe,

° 8 0 8 l 9 ' 1 0 ) X
A compound, candidate for field-induced long-range order of

the type described above, has to satisfy a set of conditions.

First of all it has to contain ions with spin S = 1; ijs. V ions

or Ni ions. Secondly these ions have to be subject to a positive

axial crystal field (D). The resulting level crossing field must

be attainable with the available magnetic field of 70 kOe. Con-

sequently the value of D/k must not exceed 8 K. For reasons of

simplicity, it is preferred that the crystal field has no

rhombic component (E), Furthermore, at least when the exchange

interactions are weak, all S = 1 ions have to be magnetically

equivalent, ije. equal magnitude and direction of the crystal

fields O at the spin sites. This is necessary to obtain a level

crossing for all spins simultaneously. Finally the minimum temper-

ature which can be reached experimentally, imposes indirectly a

lower limit to the strength of the exchange interactions between

the spins.

With these conditions in mind we will first discuss the crystal

structures of the three here studied compounds.

7.2. Crystal structures.

The compound Ni(C5H5NO)fi(C1O4)2 belongs to a rather large

group of isostructural salts with general formula M(C,-HKN0),(X)o
12) 55

where M stands for a 3d-metal ion and X for I~, BF7, ClOT

or N03. Crystals of 6(C1O 4) 2 are rhombohedral and

belong to the space group R3. The unit cell contains one formula
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unit and has dimensions: a = 9.60 8 and a = 81.4°. The Ni + ion
2+

is situated on a threefold axis (z axis). Each Ni ion has six

nearest Ni neighbours, 9.60 8. away. The exchange paths with

these nearest Ni + (S = 1) neighbours are all equivalent. There-

fore, magnetically the lattice is simple cubic.

GVSH appears to be isomorphous with the aluminium and chromium

compounds, GASH and GCrSH, whose structures are known '.

Assuming the structures to be the same, the structure of GVSH is

hexagonal and belongs to the space group P31m. The unit cell

has dimensions a % 12 8 and c % 9 8 and contains three V ions.

The coordination of one V + ion is inequivalent to the coordination

of the other two. However, the axial crystal fields at these three

V ions are parallel,because of the trigonal symmetry at the

vanadium sites. Moreover, from ESR measurements 14'15' it is

concluded that all V ions behave magnetically almost identical;

ie. equivalent D and g. This is confirmed by our measurements

presented in this chapter.

Considering the crystal structure it is likely that the main

exchange interactions between the vanadium spins (S = 1) occur

between the spins in the crystallographic a-b plane. The V ions

in this plane form a triangular lattice with mutual distances of

about 6.5 8. Between spins along the c axis, at least 9 8 apart,

there appear to be no favourable exchange paths.

NiPtClg.6H2O forms rhombohedral crystals containing only one

axially distorted octahedral |Ni(H2O)6j
 + complex per unit cell

. It is one of a large group of isostructural salts and

belongs to the space group B3 ' . The unit cell dimensions are

a = 7.09 8 and a = 96°45'.

Magnetically the lattice of NiPtClg.6H,0 is also simple cubic. The

possible exchange paths in this compound do not seem to favour

strong exchange interactions between the nickel spins.

These three compounds thus satisfy the condition of containing

magnetically equivalent ions with S = 1. This condition appears

to reduce the number of known candidates for field induced LRO

considerably.
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?.3. A spin S = 1 in a positive axial crystal field.

Preliminary measurements on the three mentioned compounds
showed that the ions are subject to an axial crystal field

Df with positive D smaller than 8 K. The crystals have a trigonal
symmetry. Therefore, non axial crystal field contributions (E),

leading to an additional term E(S -S ) in the hamiltonian, are
x y

not present. For the same reason the g-value in the x-y plane,

g^, is isotropic.

An isolated spin S = 1, subject to an axial crystal field D and

a magnetic field H, is described by the following spin hamiltonian:

- g,uBHzsz - HySy]
(7.1)

with D > 0.

The eigenva!

calculated to be given by:

The eigenvalues of equation 7.1 for H f z and H 1 z are easily

H / z : Eo = - f D, E±1 = ± D +

H 1 z : EQ = - i D, E± = - | D + \ / (ginBH)
2 + | D

(7.2)

Fig. 7.1. The energy level scheme of

an isolated spin S = 1, subject to a

positive crystal field D, as a func-

tion of the applied magnetic field U,

given for several directions of H

with respect to the z axis of the

crystal field.
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For an arbitrary direction of H, the eigenvalues have been cal-

culated numerically. The energy levels as a function of fieid-

strength are sketched in figure 7.1 for several directions of the

external field with respect to the z axis. I"rom this figure it is

seen that only an energy.level crossing is obtained when the

magnetic field is applied exactly parallel to the z axis. It is

thus obvious that all ions have to be equivalent to obtain a

level crossing for all ions simultaneously, as mentioned before.

Spins in a compound are of course not isolated, but mutual

exchange interactions will be present. The principal axes of the

exchange- interactions:in our compounds, are parallel to the prin-

cipal axes of the crystal field and J^ is isotropic, again

because of the trigonal symmetry of the crystals. When these

interactions are limited to nearest neighbours <i,j>, the total

hamiltonian is given by:

In table 7.1 we have listed the experimentally obtained constants

relevant to the problem treated here, of all three salts.

Table 7.1.

D/k «oJ/k I.e.
Ref.

NiPtCl,.6H.0
Q Z

(•0.7 :0.>IK l-0.08;O.O2)K 2.28 - ( 4.9:0.MkOe* 20,21

(•5 .42:0 . UK" l-0.l2tO.ODK* 2.0U 1.91 (4l.3;O.2ikOe" 15,22

(>b.43!0.l)K* 1-I.I6:U.O5)K* 2.32 - ci9.0-.il.5)k0e" 18

Table 7.1. Crystal field splittings (D) y exchange constants (z J), g factors

and zero-temperature level crossing fields '(H~ ) of the compounds treated

here. These values have been deduced from the experimental data presented

here (*) and obtained from the references listed.
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7.4. The effective spin S = % model.

In the vicinity of the level crossing, which for J < 0 occurs

for 5 I z at HI.e. B̂
the spin S = 1 system can be described,

in first approximation, in terms of effective spins S1 = % in an

effective field H_ = H - H, _ . This description, given by

Tachiki ', is only valid when zQ|j|/D « 1 and the temperature

is low compared to D/k.

In the effective spin S1 = h model the upper energy level |+1>

is neglected. The S=l spin operators S.̂  are expressed in effective

spin k operators a^:

Six = = h + hoiz' (7.4)

This results, assuming isotropic exchange between the S = 1 spins

(Jj = J,), in the effective spin hamiltonian 3C :

JC Hya.y)

J(aixajx +aiy0jy> (7.5)

The effective field H_, has thus components H . H.r, H - D/g^p.,
•ci x y z * a

zoJ/g^uB. The effective perpendicular g-value is /? times the

original g^, while the effective g parallel equals the original

<3f. Furthermore it is seen that the exchange interactions J_

between the effective spins a^ have an XY like anisotropy:
JE = J' JE - 2J"

Treating the interactions between the effective spins in the

molecular field (MF) approximation one can derive that, in case

of AF exchange, a long-range ordered state is present below
= z |J|/k, only between the zero temperature critical

(7.6)fields Hc = (D-2zJJ|)/g#uB and H = (D+4zQ|

This ordering is characterized by a spontaneous magnetization

perpendicular to the external field, because of the planar aniso-p

tropy of the effective exchange interactions; ie. J_ = 2J_. The

actual properties of the LRO state in a real compound will differ

in details from the MF prediction, depending on the actual
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f
magnetic lattice.

For the situation that the magnetic field is applied exactly
along the z-axis, the effective spin S'=h model describing the
S=l spins is identical to the effective spin model, describing a

system of AF spin S=h pairs, as has been shown by Tachiki 3)

Hoviever, interesting features, namely a kind of spin-flop tran-

sition, may be observed for the S=l system, when H is not exactly
031

parallel to the z axis . Such a spin-flop transition may be
established when the ordered effective spins exhibit a preferred

direction in the x-y plane. This will be the case when Jg (and

consequently the original exchange interaction J^) is anisotropic;

jje. J*, f J^. An effective field can be applied along this

"preferred" direction. This is possible, because a rotation of

the direction of the external field H (= H, „ ) away from the
x. c

z axis, results in a field component in the x-y plane. This can
be interpreted as the application of an effective field H^ in
the x-y plane in equation (7.5). When this effective perpendicular
field is sufficiently strong, compared to the exchange anisotropy
of JT, it will force the spins to lie perpendicular to the
direction of the effective field. This is completely analogous to
a spin flop transition in a "normal" antiferromagnet.
When the angle <f> between 8 and z is increased further, one in-
creases this perpendicular effective field. Consequently the
transition temperature decreases and the long-range ordered state
eventually disappears. The ordered state will only be present if
1 4z IJ]
H E = H sin 41 < -ymz (7.7). It is thus clear that one may observe
a complicated phase diagram for an S=l system in the three

dimensional space, spanned by H, T and <5.

The transverse interactions J^ in the S=l compounds studied in

this chapter are isotropic. If a LRO state is present in these

salts, the spin-flop transition occurs in zero field. The in-

evitable misalignment of the applied field with respect to the

z axis will then determine the direction of the effective spins

in the x-y plane.
In contrast to the situation in the system discussed above,

the z axis of the effective spin S'=% system describing" the AF
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7.5, ESR measurements.

The exchange interactions between the spins determine both

the width of the field region around H, inside which LRO will

occur and the maximum angle <j> between H and the z axis for which

still LRO may be observed. The field region will be small when

zQlj| is small (formula (7.7)). Therefore it is necessary to

obtain H, „ as accurate as possible, especially for GVSH and
.L . C .

NiPtClg.6H2O for which the exchange interactions zQ|j| appear to

be very weak.

The level crossing field can be obtained from electron spin

resonance (ESR) measurements. In figure 7.2 it is indicated at

which fields the electron spin resonance may be observed for

H / z and 8 1 z respectively. Apart from energy balance hoi = AE,

the selection rules AS = 0 and AS = + 1 have to be obeyed. The

level crossing occurs, for H / z, in between the two ESR lines

indicated in figure 7.2.

E'

Fig. 7.2. Possible ESR transitions for the applied magnetia field •parallel
and perpendicular to the z axis .respectively.

spin pairs in Cu(NO3) j^fcH-O is coupled to the direction of the

external field. It is therefore not possible to perform the above

described experiment on this AF spin-pair system.

Nearly all experiments on the three mentioned S=l compounds

have been carried out for H I z. The results are presented below

and are analyzed in the effective spin S'=% framework.



In figure 7.3 our experimental results for GVSH as a function of

the angle <i> between H and z are shown. These results have been

obtained for v = 35.160 GHz (8 mm) at T = 1.35 K up to a field of

55 kOe. Only single electron spin resonance lines have been

observed, which is an important result. The two ineguivalent

vanadium ions in the unit cell behave apparently very much the

50
kOe

40

30

20

10-

GVSH 1.35 K
ESR 35.160 GHz

-90 $ . -10 degrees +10

Fig. 7.3. ESR transitions measured as a funation of the field direction at

T = 1.35 K. The dashed lines serve as aids to the eye only.

same. The angular dependence of the EPR spectrum i s qual i ta t ive ly

understood from an inspection of the energy leve l schemes,

sketched in figure 7.1 and figure 7 .2 . The leve l crossing i s

estimated to occur at H = 41 kOe. The accuracy of th i s determi-

nation i s , however, l imited due to the d i f f i c u l t alignment of the

very small sample (2 mm )- in the resonance cavity.

A far more accurate determination of H, has been obtained
I.e.

from ESR measurements at low frequency, using a marginal NMR

oscillator (10 MHz < V < 200 MHz). At these low frequencies the

electron spin resonance lines at both sides of the level crossing

field amalgamate to one line at H.. . This single line in GVSH

proves to appear for T = 1.35 K only if $ < 2.5 .

The field H has to be aligned along the z axis accurately to

obtain an accurate determination of H^ . The direction of &
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with respect to the z axis (i|>) is accurately determined from the

shape of the proton resonance spectrum. This NMR spectrum is

strongly angular dependent and the number of resonance lines

reduces by a factor of 3 for 2 perfectly along the z axis, thanks

to the threefold symmetry of the crystal.

The value of H, at T = 1,35 K has in that way been determined

to be (43..3 + 0.2) kOe.

In NiPtClg.6H2O the level crossing field H^ c =4.9 kOe at

T = 0.1 K, which has been determined in the same way as for GVSH.

The cross-relaxation phenomenum, easily detected with the marginal

NMR oscillator, appears to be a helpful tool to determine the

energy level scheme. Such type of measurements have also been

carried out by Haseda et al and van Duyneveldt et al 2 4' 2 5' On

other substances to determine their energy level scheme.

In Ni(CjHcNO),(C104)2 we could not detect a low-frequency

ESR linei possibly due to a large broadening of the line because

of the relatively strong AF exchange interactions in this salt.

A premiminary calculation of the zero temperature level crossing

field (Hĵ  c = (D-zQJ)/guB) in this compound, using the para-

meters obtained from low-field specific heat and susceptibility

data ', yields approximately HT = 5 0 kOe.

7,6. Temperature dependence of the inverse susceptibility

X'1 at H- .

In order to obtain an accurate determination of the inter-

actions between the spins, we have performed differential suscept-

ibility measurements on the three compounds. These experiments

have been carried out with the aid of a mutual inductance bridge.

The measuring coil system, containing the sample, was placed

parallel to the direction of the main, stationary, field.

Consequently the differential susceptibility in the field direction

has been obtained. The coil system has not been calibrated, and

therefore all results are given in arbitrary units.

GVSH: In figure 7.4 the experimental results of the inverse

differential susceptibility 1/x as a function of temperature in

GVSH are given for H = HI.e. 41.3 kOe. The a.c. current through

the coil system had a frequency of v = 325 Hz. These susceptibility
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Fig-. 7.5. Temperature dependenae of

the inverse differential susceptibi-

lity 1/x of GVSB, as it has been

measured for H = flj g = 41.3 We

and i I s. The susceptibility paral-

lel to the applied field has been

measured and is given here in arbi-

trary units. The drawn line repre-

sents the Curie Weiss law fit to

the experimental data and yields

0 = -60 mK.

I

GVSH
H=4I.3KOe 4° off
Z-axis

500 1000 mK

Fig. 7.5. Again 1/x vs T of GVSH, as

in figure 7.4. H = 41.3 kOe and makes

an angle $ = 4° with the z axis. The

Curie Weiss law fit yields again 0 =

-60 mK.

I

results are readily understood in the effective spin S' = h

picture. In analogy to the zero-field susceptibility of normal

paramagnets, the zero-effective field susceptibility of GVSH obeys

for kT »z o | j | a Curie-Weiss law, yielding 6 = -(60 + 10} mK.

Only small differences from the linear behaviour of l/x(T) are

observed for temperatures below about T = 150 mK. This is not

unusual for temperatures below 2|6|. However also a misalignment

of the field would lead to such differences. To see if such a

misalignment influences the obtained 6 value, we have measured

the differential susceptibility of a sample, which was misaligned

by 4° from the z axis deliberately. The results, again plotted
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as l/x vs T, are shown in figure 7.5. Again at high temperatures

a linear behaviour with the same Curie Weiss temperature is

observed. Now, however, already below T = 0.7 K deviation- from

the straight line occur. Such a behaviour is expected, because a

misalignment of the field can be interpreted as a small transverse

effective field. This field will saturate the effective spins at

low temperatures and therefore limit the me^iured susceptibility.

The 9 value is related to the z (or ') component of the anisotropic

exchange interactions (2JF = JZ.) between the effective spins S'=%;

e = —
(7.8)

Consequently one finds z J_/k = - 0.12 T., which means for the

original isotropic interactions between the S=l spins that

zo|j|/k = (-0.12 + 0.01) K.

Using the "bridge method" in order to measure the a.c. differ-

ential susceptibility of a sample, one may obtain either the

adiabatic- (xq) or the isothermal differential susceptibility xT-

Which x is obtained depends on the frequency v of the a.c.

measuring current with respect to inverse electron spin lattice

relaxation time T~~. When v is relatively high compared to T l g Xs

is measured. The relation between both susceptibilities is given

by:

XT ~ Xs -
,3T,2 CH (7.9)

At the level crossing field, (|±) = 0 for kT « D . This, for

instance, is seen from the cooling curve T_(H) of NiPtCl,.6Ho0
, b D *

shown in figure 7.12. Consequently at H, Xm = Xc when

kT « D . The electron spin lattice relaxation time T, is there-

fore not of importance to the above given susceptibility results

on GVSH.

NiPtCl6.6H2O: The NiPtClg.6H2O single crystals have a needle

like shape. Therefore they can be aligned in the coil system,

with H I z, accurately. The measured differential susceptibility

of this compound for H = H, =4.9 kOe is shown in figure 7.6

plotted as l/x vs T. Only for 60 mK < T < 350 mK a linear behaviour
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of 1/x is observed. The deviations of the data from the Curie

Weiss law at high temperatures are attributed to the non-negligible

population of the |+1> energy level in NiPtClg.6H2O at H l c =

4.9 kOe for T > 0.35 K. At Hĵ  in NiPtCl6.6H2O the |+1> level

is only separated by 2D/k = 1.40 K from the crossing levels |-1>

and |0>, which is much less than the splitting of 2D/k = 11 K at

H, in GVSH. At temperatures above T % 0.35 K the |+1> level
X.C . gm

thus becomes populated and at these temperatures <.•$%) s ¥ 0 for

H = H, , as can be seen from the measured cooling curves T_(H)

given in figure 7.12. As a result xT t Xs "hen kT i s of the order

of D. In fact under these conditions the effective spin model i s

not valid anymore. It has been shown by Yamashita et a l . ' that

Fig. 7.6. Temperature dependence of

1/X of NiPtCl6.6H20 fovt = Hz g =

4.9 kOe I z axis. The Curie Weiss

law, represented by the dram line,

is obeyed by the low temperature

data and yields 0 = - 40 mK.

in

un
i

a
a

4

Ni
1 1

PtCl6.6H2O °
H=4.9kOe °

—

-

-

J
/

o
o

o /
o /

° /

o /

°/
a /

y

I I I 1

0 T _ 500 1000 mK 1500

as a result l / x s i s larger while l /x T i s smaller than the value

expected from an extrapolation towards higher temperatures of

the low temperature Curie Weiss law behaviour. Our data of 1/x

in NiPtClg.6H2O exceed the Curie Weiss law when T > 0.35 K and

we thus conclude that in this temperature- and f.ield region

Xs (v = 325 Hz) has been measured.

The data below T = 0.35 K yield a Curie Weiss temperature 9 =

- 40 mK. The interactions between the S=l spins in this compound

(-80 + 20) mK.are thus very weak:'zQj/k
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Fig. 7.7. Temperature dependenae of the inverse susceptibility of

Ni(CsHJ10)jCl04)2. i = 49.7 kOe I 1. The "kink" in the aueve through the

experimental data indicates the occurrence of long-range order in this com-

pound below about T = 0.8 K. The data do not obey a Curie Weiss law beha-

viour at high temperatures, due to the population of the highest energy

level (\+l>).

ii

i

Ni(C5H5NO)6(ClO4)2: At the low temperature side, below T *

2.5 K, deviations of l/x(T) from the Curie Weiss law in

Ni(q5H5N0)^C104)2 are expected due to the relatively large

exchange interactions in this salt. On the other hand, already

above a few Kelvin the population of the S = + 1 level comes

into play. These two effects result in the curved shape of l/x(T)

over the whole temperature range below T = 4 K, shown in figure

7.7. It is concluded from the high temperature data that, in

analogy to the discussion n i/x in NiPtClg.6H2O, also in

Ni(C5H5N0)6(C104)2xs is measured when T.< 4 K and v = 270 ftz.

It is a pity that it is impossible to determine the Curie Weiss

6 from these data, as is seen from figure 7.7. This prevents an

accurate determination of zQJ/k in this salt from the l/x(T)

results.
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A striking feature, not observed in the results on the other two

compounds, is found. The l/x(T) curve of Ni(C5H5NO)g(ClO^), shows

a "kink" at T = 0.8 K indicating a transition to a long-range

ordered state and becomes nearly constant below this temperature.

This behaviour Lssembles closely the MF prediction for the zero-

field perpendicular susceptibility of a "normal" 3d-antiferro-

magnet. This is of course not surprizing, because our measurements

yield the perpendicular susceptibility Xj. of the effective spins

in the AF ordered state of Ni(C5H5NO)6(ClO4)2. This is the case

because we measured the susceptibility along the z axis, which is

perpendicular to the preferred x-y plane of the effective spins

4 J

10

I

Fig. 7.8. Temperature dependence of the adiabatia differential susceptibi-

lity of M(C£cNO)6(cio4)2i measured at a number of fields between H . and

HJ2" X is given in arbitrary units. The horizontal bars indicate the tran-

sition temperatures T~(H).
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H, „ = 4 9 . 7 kOe (H,, = 0)
,,.

7. 7. Temperature dependence of x o-t H ?•' H^ a -

Phase boundary of the ordered state in Ni(C

The susceptibility data for H

are again shown in figure 7.8, but now plotted as x versus T.

He have also measured x(T) at several other field values, and

given the results in figure 7.8 too. In these fields x(T) reaches

a nearly constant value at temperatures lower than T = 0,8 K,

indicating lower T,. values. A sharp kink in \(T) is, however,

not observed, which prevents a very accurate determination of

the transition temperature. It is noted that for Hj, ? 0 the

adiabatic susceptibility Xg(T) has been measured rather than xT.

A reasonable estimate of the transition temperature between the

paramagnetic state and the antiferromagnetically ordered state

is obtained by taking for T N that temperature at which (3
2x/3T2)

shows a maximum. The resulting phase diagram is given in figure

7.13. The AF ordered state is present between the zero-temperature

critical fields H =26 kOe and H =71 kOe below the maximum
cl C2

transition temperature T., __„ = 0.80 K. The two lowest temperature

points (T = 80 mK) in figure 7.13 have been deduced from the

measured field dependence of the susceptibility, discussed in the

next section. The antiferromagnetically ordered state is predicted

( |] j |t o be present between H_ =

agnetically
(D - 2zo|j])

and H
(D

Inserting the value

values Hc = 26 kOe and Hc

and zQJ/k = - 1.16 K, while zQ = 6.

2.32 and the measured critical field

71 kOe one obtains: D/k = + 6.43 K

7.8. Field dependence of the differential susceptibility.

The field dependence of the adiabatic susceptibility xs of

GVSH, measured it several temperatures is shown in figure 7.9.

The measuring frequency v = 960 Hz is larger than ==—, while the
le

main field H was varied under isothermal conditions. The thus

measured adiabatic susceptibility of GVSH exhibits only a single

maximum at H^ Q ie. HE = 0, which increases towards lower temper-

atures. This behaviour is identical to the field dependence of

X s of a "normal" paramagnet around zero magnetic field.

The measured field dependence Xg(H) of Ni(C5H5NO)6(C104)2,
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Fig. 7.9. Field dependence of the differential adiabatic susceptibility of
GVSH* measured at a number of temperatures and 7/ / s.
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Fig. 7.10. Field dependence of the differential adiabatic susceptibility
of tli(C JtJiO)Q(C10J „, measured at a number of temperatures and H I z.
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shown in figure 7.10, is strikingly different from that of GVSH.

These results have been obtained in a quite analogous way as for

GVSH (with v - 270 Hz). Below T = 0.8 K xs(H) of this nickel

compound tends to become flat in a field region around H
E

0.
This region becomes broader towards lower temperatures. The MF

approximation in the effective spin frame work predicts that x(H)

at T =s o is constant between the two critical fields, zero outside

this region and perfectly symmetric with respect to H, . The

curve at the lowest temperature (C.08 K) thus resembles this

behaviour and reflects the perfact three dimensional character

of the magnetic lattice in this crystal. Our previously reported

(chapter 5) susceptibility results on Cu(N03)2.2%H2O show a "near"

divergency of xs(H) at both critical fields at low temperatures,

illustrating the pronounced one dimensionality of that system.

The two maxima of xs<
H) a t t h e critical fields in Ni(C5H5N0)g(C104)

are much less pronounced and the curve in between is only somewhat

concave.

The fact that the low temperature susceptibility curves xs(H)

slightly increase with H in between the two critical fields

resembles the earlier noticed asymmetries in Cu(NO,)2.2^H_O

(chapter 3-6). These asymmetries, not expected using the effective

spin model, have been attributed to the influence of the highest

energy level (|+1>). The phase boundary shown in figure 7.13 is

also asymmetric. In analogy to the discussions on the phase

boundary of Cu(NO,)2.2%H2O , the measured value of H , will

be somewhat lower than expected from the effective spin model.

The value of z Qj, obtained from H_ - H in the previous section,

will therefore be somewhat too large. The error is however small,

as will be discussed in section 7.11.

i

I

7.9. Specific heat at H = 43 kOe in M(C J?KN0) .(ClO.)..

The exact shape of the zero effective field specific heat

curve of the effective spins in Ni(CgH5N0)g(ClO4)2 will deviate

from the MF predictions appreciably, due to expected short-range

order of the effective spins. Moreover, it is * also well known that

the MF approximation results in a too high transition temperature.

Therefore comparison of the experimental specific heat data with
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the MF predicted \-anomaly ' ' only yields a rough qualitative

agreement.

As mentioned, the interactions between the effective spins have a

strong XY anisotropy: 2J = J . Furthermore, the.magnetic lattice

is expected to be nearly perfect simple cubic. It is therefore

expected that the zero effective field specific heat of

Ni(C5H5N0)6(C10n)2 will resemble that of a S=% simple cubic XY

magnet.

Fig. 7.11. The electronic specific

heat of M(C5HJ!0)s(Cl04)s for B =

48 kOe taken from reference 9 and

ref. 10. The data have been correct-

ed for the contributions of the pro-

ton si ins, indicated by the dot-dash

line. The drawn line shows the cal-

aulated Schottky contribution due to

the highest energy level (\+l>). The

specific heat data of Co(C5B5NO)6(NOs)g

and CofCrBJIOJgIg have been scaled to

Tff •= 0.8 K and represented in this

figure by the dashed curve.
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shown in figure 7.11 has been measured by Algra et al.

Their specific heat study yields T-, = (0.75 + 0.01)K at

H = 48 kOe. The dot-dashed line in figure 7.11 represents^the high

temperature tail of the low temperature anomaly due to the= proton

spins, which has a calculated maximum, of 13.2 R at T = 8 mK for

H = 48 kOe. The data have been corrected for this contribution.

The drawn line indicates the Schottky anomaly due to the S = +1
v, Z

level.

There is no theoretical result available, which covers the

X-anomaly of the s.c. XY magnet over the whole temperature range.

However,- the compounds Co(CgH5NO) g(NO3) 2 and Cd(C5H5NO) g I 2 are

considered to be good examples of the S=^ s.c. XY magnet. Their
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zero-field specific heat has been obtained accurately by

Bartolome et al . We have compared their experimental results

to the Ni(C5H-N0)6(C10.)2 data by simple temperature scaling,

taking T N = 0.8 K. The results on the cobalt salts are indicated

by the dashed curve in figure 7.11. The agreement between this

dashed curve and the data on the nickel salt is quite reasonable.

The "fit" yields an exchange constant JE = - 0.40 K, which means

that z«J/k = - 1.20 K for the original interactions between the

S = 1 spins . This value is in good agreement with the

determination of zQJ/k based on H c -Hc The differences near T
N

between the experimental results on the Co- and Ni-salts may

partially be due to the heat pulse method by which the heat

capacity of the small Ni(C5HgNO)g(C104)2 sample vas measured. To

get accurate data, heat pulses resulting in temperature steps of

20 mK < AT < 40 mK, had to be used. The discrepincies above T

must probably be attributed to the shortcomings of the effective

spin S'=k model and to the fact that Jg : J_ = 2 in

Ni(C5H5N0)6(C104)2 is different from JE : J^ = 4 in the cobalt

salts.

7,10, Magnetic cooling.

It was pointed out by Kittel ' and by Wolf ' that a system

of weakly coupled spins with a singlet ground state separated

from a degenerate doublet by A, should cool upon adiabatic

magnetization when the initial zero-field temperature T^ « A/k.

This is thus applicable to the systems studied here as well as

to the AF spin pair system in Cu(NO,)2.~$H2O (chapter 5) 5^.

The mechanism is easily understood by inspecting the energy level

scheme for H / z. When the population of the higher level of the

doublet is negligible (T « A/k), the entropy of the system will

increase, when the field is increased isothermally towards H,
i • C •

(Hg = 0). The compound will cool when the magnetic field is

increased adiabatically, analogous to adiabatic demagnetization

of a "normal" S = \ paramagnet; one demagnetizes the effective

spins S'=H- In practice, the levels do not cross at H, _ , because
1 • C •

misalignment of the crystal and because interactions between the

spins cause a repulsion of the energy levels. The minimum attainable
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temperature is consequently limited by the minimum level separation
.2+ ions in NiPtClg.6H2OThe exchange interactions between the Ni

are very weak. Moreover, we achieved an accurate alignment
(<t> < 1°) of the sample. Consequently a strong magnetic cooling is
expected to achieve experimentally, which is really found and shown
in fig. 7.12. These Tg(H) curves have been obtained by a continuous
reading of the resistance of the Speer carbon thermometer, while
the magnetic field is varied slowly (50 Oe/ssc). Thermal contact
between the sample and the cooling salt of our demagnetization
apparatus is achieved via a "tin switch".
The heat capacity of the nuclear spins (H ^ 0 I) in the sample
(andin the copper cooling rod and sample holder), imposes an
additional limit to Tmin. Moreover down to lower temperatures the
heat contact between the electron spin system and the la t t ice
(Tlg) and secondly between the sample and the thermometer is
gradually lost, obstructing accurate T_(H) measurements below

Fig. 7.12. Experimental isentropes
TS(H) of NiPtClg.6H2O for t t ~z. 10 kOe
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about T = 0.1 K.

In Ni(C-HcNO)g(C10^)2 the exchange interactions are much

stronger than in the former compound and one has to expect a

dominant influence of these interactions on Tg(H)r especially

when the phase boundary is reached. The MF approximation, applied

to the effective spin model, predicts a field independent Tg(H)

curve in the LRO state.

T5(H) and TN (H)
Ni(C5HaNO)6.(ClOjg

Fig. ?.1S. Experimental isentropes

TgCB) of Ni(CsB5NOJ6(Cl04)2 for

$ f z. The circles represent the ex-

perimental values of the temperature

Tj, at which the transition from the

paramagnetic- to the antiferromagne-

tia state in WiiC^B^O)6(CW4)g oc-

curs. These Tj,(B) data have been de-

duced from our susceptibility data

for t i t . 0 H 20 40 60 80

Our experimental results are shown in figure 7.13, together with

the phase boundary, determined from our xs measurements. As was

concluded for the experimental xT(H) data again a fairly good

agreement with the MF results is noticed. Far better than is seen

for the cooling curves of the one dimensional system of effective

spins in Cu(NOj)2.2^H20 (chapter 5). The Tg(H) curves of

Ni(C5H5N0)g(C104)2 are nearly flat in the AF ordered state, while

"kinks" occur near the phase boundary. The curves just above and

in the ordered state are somewhat asymmetric with respect to

H E = 0, as was also noticed for the measured XgW) curves

(section 7.8). This has been expected in analogy to the asymmetries

of the Tg(H) and XS(H) curves of Cu(N03)2.2%H2O.

From figure 7.13 it is seen that, when the field is raised from

H = 0 starting at an initial temperature which is below about

T = 0.6 K, the temperature of the sample TO(H) first increases.
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At about H = 10 kOe the temperature starts to decrease with

increasing H until the phase boundary is reached.

The initial increase of the temperature is probably due to the

adiabatic magnetization of the nuclear spins in the sample. Above

about H = 10 kOe the cooling effect of the electron spin system

for increasing field strength becomes dominating.

Although T % 0.6 K seems to be a rather high temperature to

observe a relatively strong effect of nuclear spins, even of

protons which have a large nuclear magnetic moment, one has to

realize that per nickel ion 30 protons aFe present in

Ni(C5HcNO)gtClO.),. The heat capacity of these protons at low

temperatures is relatively large compared to the heat capacity

of the electron spin system. In fact we calculated that the

observed strong increase down to lower temperatures of the specific

heat of Ni(C5H5N0)g(C104)2 at H = 48 kOe below about T = 0.4 K,

also originates from the increasing heat capacity of the

protons '. Additionally the copper nuclear spins in the cooling

rod- sample holder give an appreciable contribution.

The experimental cooling curves TC(H) of Cu(NO,)o.2^H_0, obtained
32}

by Haseda et al. showed an initial increase with increasing H

similar to our Tg(H) results on Ni(C5H5NO)g(C104)2- They did not

give an explanation of this effect. It seems reasonable that also

in copper nitrate the protons are responsible for this increase

of TS(H) .

7.11. Discussion.

In the effective spin S'=k frame *?ork, GVSH and NiPtCl,.6H2O

serve as nice examples of paramagnetic systems, while the magnetic

behaviour of Ni(C5H5NO)g(C1O4)2 agrees very well with that

expected for a three dimensional antiferromagnet-of effective

spins S'=k. Additionally, the pair system ir. Cu(NO3) 2.2^H_O

serves as an example of a quasi one-dimensional system of effective

spins.

Ni(C5H5N0)6(C104)2 was the first S=l compound to show field

induced long-range order. Recently also in Ni(NO3)2.6H2O pronounced

ordering effects have been measured by Wada et al. 11'. The

interactions in NiPtClg.6H2O are apparently too weak to produce
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LRO in the temperature region accessible with our equipment. It

may seem surprising that we did not detect a phase transition in

GVSH down to a temperature of 50 mK, while the MF theory predicts
T H m9V =

 znlJl/k = 120 mK. Also the specific heat data of

Mahalingum and Friedberg on GVSH do not show an anomaly '. The

steep increase of their CH(T) data towards lower temperatures must

be attributed to the contribution of the 18 proton spins per

vanadium spin. The reason for the absence of LRO is found in the

magnetic structure, which is a quasi two dimensional triangular

structure. Such a structure is believed not to favour AF long-

range order.

It was shown in chapter 5 that shortcomings of the effective

spin S'=% model lead to differences between the experimental

data and the theoretically predicted behaviour which are roughly

proportional to z |j|/D. These differences are attributed to

quantum mechanical mixing of the S=l energy levels by the exchange

interactions zQ|j|, not taken into account in the effective spin

model. This mixing leads to the observed asymmetric behaviour

with respect to the level crossing field H, of all magnetic
27} i.e.

properties '.

Theoretical results of several authors on singl.st ground state

systems, similar to the ones studied here, yield the same

conclusion 3 5~ 3 7 ) . flmaya and Yamashita 26'34> have calculated the

properties of an AF spinpair system which resembles a system of

spins S=l subject to a positive crystal field, by means of a

molecular field approximation taking into account all three

energy levels. They find qualitatively the right asymmetries,but only if T < T . Algra et al. 10) adopted these calculations

for comparison with their specific heat results. Qualitatively

a nice agreement is found, but the quantative asymmetry in the

experiments is less than predicted, possibly due to short-range

order not expected from the MF picture. Ishikawa and Endo 36*

have calculated the phase diagram of an S=l singlet ground state

system in which the exchange-interactions are ferromagnetic.

They compared the phase diagram obtained in the molecular field

approximation to the phase diagram calculated on the basis of a

Green function method (GFM) . In both calculations all three
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energy levels of the spin S=l are taken into account in contrast

to the effective spin S'=% model we used. The GFM yields a lower

T.T __„ arid a much less pronounced asymmetric phase boundary than

is obtained in the MF approximation. A GMF calculation of the phase

boundary in case of antiferromagnetic exchange between the S=l

spins will possibly yield a far better quantitative agreement

with our experimental results than the MF theory applied to the

S=l system. At present such theoretical results are however not

available.

The values of the parameters D and zQj of Ni(C5H5NO)6(C104)2»

GVSH and NiPtCl6.6H-O, obtained from the analysis of the data in

the effective spin framework, are probably the most accurate at

the moment.

Referring to the proton relaxation time T. measurements
38}

in Cu(NO3)2.2%H2O, discussed in the previous chapter ', we

plan to perform nuclear relaxation measurements also on the S=l

spin systems. In contrast to the observed intensity of the perpendi-

cular spectral density <f>o(w ) near both H 0 and H1 c in

Cu(NO3)2.2SjH2O, one must expect, according to the discussion in

the appendix of chapter 6, that *o(wn) in these S=l salts will

only show up, around H, . Such measurements may.'serve as a test

for the validity of the "Sz = + 1 level crossing" idea, presented

in chapter 6.
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SAMENVATTING

Het voornamel i jk exper imente le onderzoek, dat i n d i t proef -

schrift beschreven i s , is gericht op de bestudering van de

speciale.eigenschappen van magnetische systemen met een niet

ontaarde (singulet) grondtoestahd. Voornamelijk hun bijzondere

eigenschappen in een extern aangelegd magneetveld onderscheiden

deze systemen van andere magnetische systemen.

Verscheidene oorzaken kunnen verantwoordelijk zijn voor het

f e i t dat een systeem een niet ontaarde grondtoestand, gescheiden

van ue eerst aangeslagen toetstand door een energiekloof A, bezit.

Het fe i t dat de koperspins (S=%) in de isolator Cu(NO3)2.2%H2O

paarsgewijs gekoppeld zijn door een relatief sterke isotrope

antiferromagnetische (AF) exchange wisselwerking (J/k = - 2.6 K)

i s de oorzaak van de niet ontaarde grondtoestand in dit zout. De

voornaamste wisselwerking tussen de paren (J'/k = - 0.70 K) koppelt

deze in aiternerende antiferromagnetische Heisenberg ketens. De

wisselwerkingJ"/k tussen deze alternerende ketens i s zeer zwak

en van de orde. van 6,05 K. . . r '_-.-.- -

In het temperatuurgebied van T = 4 , 2 K tot T = 0,2 K wordt het

magnetisch gedrag voornamelijk bepaald door de twee^sterkste

wisselwerkingen J/k en J'/k. Verschillende eigenschappen zijn

gemeten me\. behulp yan kernspinresonahtie (NMR) , differentiele

suscep'cibiliteits en magneto calorische experimenten. De resultaten

worden in hoofdstuk 3 besproken en vergeleken met resultaten be-

rekend op basis van een model waarin de spinparen worden beschre-

ven door effectieve spins S'=%. Deze beschrijving i s slechts geldig

in een beperkt veldgebied rond H = 40 kOe. In dit gebied i s een

redeiijke overeenstemming tussen theorie en experiment gevonden.

In hoofdstuk 5 worden bovengenoemde resultaten nogmaals bekeken

door ze nu te vergelijken met het gedrag van een alternerende

antiferromagnetische keten, bepaald op basis van exact berekende
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1
eigenschappen van eindige alternerende AF ketens. Hiermee blijken <

de experimentele resultaten zeer goed overeen te stemmen, althans S

voor T > 0,2 K. Beneden deze tern- ratuur ontstaat in het veld- \

gebied tussen H = 28 kOe en H = 43 kOe een lange dracht ordening, j
3

veroorzaakt door de zeer zwakke wisselwerkingen tussen de alter- j

nerende ketens J". Deze veldgeinduceerde antiferromagnetische \

ordening is grondig bestudeerd met behulp van NMR experimenten |

als functie van de temperatuur, veldsterkte en veldrichting. Het S

aldus verkregen gedetailleerde beeld van het tijdsgemiddelde I.

gedrag van de geordende magnetische momenten wordt beschreven in f

hoofdstuk 4. |

De analyse, in hoofdstuk 6, van de resultaten van proton spin j

rooster relaxatie metingen aan dit zout geeft inzicht in het ?j

dynamische gedrag van de electron spins. Met deze techniek is de ,-j

fluctuatie intensiteit op de proton resonantiefrequentie van zowel \

de electron spin component parallel als loodrecht op het uitwendig i

aangelegde magneetveld bepaald. Hun verschillend gedrag wordt in '•>

dit hoofdstuk kwalitatief verklaard aan de hand van het energie- f

schema van een AF spin paar en in het veldgebied rond H = 40 kOe |

met behulp van het effectieve spin S'=% formalisme. |

In hoofdstuk 7 worden de gemeten magnetische eigenschappen -1

van S=l spinsystemen met een niet ontaarde grondtoestand besproken. 1
r i A

In de zouten NiPtClg. 6H2O, C (NH-,) JV(SO4) 2.6H2O en Ni(CgH,.NO) ,(C1OJ2 |
ondervinden de S=l ionen een axiaal kristalveld D met D > 0. Het f
energie triplet van zo'n S=l ion is hierdoor opgesplitst in een i
niet ontaard grondniveau en een aangeslagen energie doublet, D |
hoger in energie. In de zouten NiPtCl,.6H,0 en [CCNH,)Jv(SO.)0.6H_0 §
is de wisselwerking tussen de spins zeer zwak en is deze slechts |
weinig van invloed op het magnetische gedrag. In contrast hiermee j
blijkt die wisselwerking in Ni{C5H5N0)g(C104)2 relatief sterk. f
In dit zout is dan ook een veld geinduceerde fase overgang van ?j
het "kopernitraat type" gevonden.

In hoofdstuk 2 worden enige belangrijke onderdelen van de
experimentele apparatuur beschreven, zoals de draaibare super-
geleidende magneet, de 3He-4He mengkoelmachine en de susceptibi-
liteits meetbrug.
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