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1. Een gedetailleerd quantitatief onderzoek naar de invloed van spin-

golven en soliton-achtige excitaties op de dynamische eigenschap-

pen van [c.H, .NH-JCuBr., (CHAB) is mogelijk door de kernspin-rooster-
O 1 1 J J

relaxatietijd van waters to fke men te meten in partieel gedeutereerde

kristallen.

Dit proefschrift, hoofdstuk V

2. Bij de berekening van de bijdrage van de twee- en dr ie - spingolf- •
133 I

relaxatieprocessen to t de re laxa t ie t i jd van Cs in CsNiF ver- •

waarloost Goto ten onrechte de Zeeman energie van de kernspin. j

Zijn in terpre ta t ie van de meetresultaten in termen van een sol i ton-

bijdrage en spingolfbijdrage i s daarom aan twijfel onderhevig.

Goto, T., 1983, Phys. BIT, 6347

3. De bewering van Lent en Kritaer, dat de door hen via het numeriek

oplossen van de Bloch-vergelijkingen gevonden selectieve inversiepuls

ook een goede echopuls i s , i s onjuist.

Lent, A.H., Kvitzer, M.R., 198S, Society of Magnetic Resonance in

Medicine, 4th annual meeting, Londen

4. Bij de interpretatie van optische transmissiemetingen aan opgedampte

Cd As„ films hebben Zdanowicz en Kwiecien onvoldoende rekening ge-

houden met de invloed van inhomogeniteiten in hun preparaten.

Zdanowicz, L., Kwiecien, T., 1977, Vacuum 27_, 409

5. Door het AFMR spectrum van CuCl». TMSO te interpreteren in termen van

een twee-subroostermodel vinden Landee et a l . onjuiste waarden voor

de magnetische interactieparameters.

Landee, C.P., Willett, R.D., Waldner, 't., 1982, J. Appl. Phys. S3, 1888



6. De interpretatie van de veldafhankelijkheid van de soortelijke

warmte en susceptibiliteit van Cd Mn Te volgens het model van

Galazka et al. leidt tot de conclusie dat de statistische verdeling

van de verschillende typen Mn-clusters afhankelijk is van de grootte

van het uitwendige magneetveld. Alleen al om deze reden is het

door hen gebruikte model fysisch niet acceptabel.

Galazka, R.R., Nagata, S., Keesom, P.H., 1980, Phys. Rev. B22_, 3344

7. De door Hoogerbeets berekende intensiteiten van overgangen tussen

enkelvoudige en meervoudige magnontoestanden in een ferromagnetische

S = 1/2 keten met uniaxiale anisotropie zijn, in tegenstelling tot

de verwachting voor een extensieve grootheid, onafhankelijk van het

aantal spins in de keten. Binnen het door hem gebruikte model kan

dit probleem ondervangen worden door de dichtheid van de magnon-

toestanden in de k-ruimte in de berekeningen te betrekken.

Hoogerbeets, R., 1984, proefschrift. Leiden

8. Het per definitie gelijk aan één stellen van natuurconstanten in

publikaties, met name in de eindresultaten van afleidingen van

theoretische aard en van numerieke berek' ningen, bemoeilijkt in ernstige

mate de quantitatieve experimentele verificatie van de in deze publj-

katies beschreven theorieën en berekeningen.

Muller, G., Thomas, E., Puga, M.W., Beak, H., 1981, J. Phys. C14_, 1399.

Schneider, T., Stoll, E., Glauss, U., 1982, Phys. Rev. B26, 1321.

Maki, X., Takayama, ti.} 1979, Phys. Rev. B12, 5002.
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CHAPTER I INTRODUCTION

During the last years the physics of one-dimensional (ID) magnetic

systems has been extensively studied, theoretically as well as

experimentally. The reasons for this interest can be

summarized as follows. ID systems in fact represent one of the

simplest classes of systems containing an infinite ensemble of

interacting "particles". Since by chemical engineering also good

experimental approximations of these model systems could be realized,

the field of one-dimensional systems soon became a "testing ground"

for theoretical approximations and predictions for the physical

behavior of these simple systems. In this way valuable information

could be obtained, which can provide a better understanding in the

way how to describe the more complex behavior of higher dimensional

systems. Apart from this, the one-dimensionality introduces some

specific unique features which are not apparent in systems of higher

dimensionality. In particular, we want to refer to the non-linear

excitations in ID systems, which in some cases can be described

in terms of a new class of elementary excitations, commonly called

solitons. The characterization and experimental verification of

these highly localized excitations has been the subject of a

considerable number of investigations during the last years.

The schematic outline of the relevance of research on ID magnetic

systems given above forms, in fact, the general motivation for the

investigations reported in this thesis. More specifically, we will

deal with one of the simplest ID magnetic systems: the S = 1/2

ferromagnetic chain with an almost isotropic interaction between

adjacent magnetic moments. Experimental realizations of this system

became available only recently with the synthesis of the compounds

[CH NH J C u C L (CHAC) and [CrH, , NH_ ]CuBr_, (CHAB) . Analysis of

zero-field heat capacity, magnetization, susceptibility, and ferro-

magnetic resonance experiments showed that these systems can be

considered good approximations of an S = 1/2 ID ferromagnetic system.

Moreover, the actual symmetry of the interaction between the magnetic

moments in both compounds is slightly different and would, in the



case of CHAB, allow sine-Gordon so l i t on e x c i t a t i o n s . We therefore

thought i t worthwhile t o study the dynamic and s t a t i c p rope r t i e s of

ChAC and CHAB in more d e t a i l . In t h i s t he s i s we sha l l repor t on

measurements of the field-dependence of the heat capacity of CHAB

and on nuclear s p i n - l a t t i c e re laxa t ion measurements on both CHAB and

CHAC.

The organization of this thesis is as follows. In the first part

of chapter II we briefly review the most important exact results

on the stat ic and dynamic properties of the S = 1/2 ferromagnetic

quantum chain. Because no exact results are available for the XYZ-

chain in an applied field, which is - in fact - the appropriate

model system for CHAC and CHAB, the second part of this chapter will

deal with some approximate theoretical approaches (i .e. linear

spinwave theory, the classical spin model and the sine-Gordon model) ,

which may be useful in the interpretation of the experimental data

on these compounds.

Our present understanding of the crystallographic and magnetic

properties of CHAC and CHAB as inferred from X-ray diffraction, zero-

field heat capacity, magnetization, susceptibility, and ferromagnetic

resonance experiments, is summarized in chapter I I I . Attention will

be given to the anisotropy in the intrachain interaction, which to

a large extent determines the static and dynamic properties.

In chapter TV we present heat capacity measurements on CHAB. In

view of the easy-plane anisotropy in the intrachain interaction, the

observed characteristics will be interpreted in terms of the sine-

Gordon model. Furthermore, we will analyze in detail the effects

of the various approximations involved with the mapping of the

original magnetic system to the sine-Gordon system on the inter-

pretation of our experimental results in terms of the latter model.

To be more specific, we will consider the influence of spin components

out of the easy-plane and quantum effects.

Finally, in chapter V nuclear spin-lattice relaxation measurements

on both CHAC and CHAB will be presented. The experimental results

on both compounds are compared with numerical calculations on the

Raman and three-spinwave relaxation processes within the framework

of linear spinwave theory. In the case of CHAB, we will also discuss



the contribution of soliton excitations to the observed relaxation

rate.

Parts of chapters III, IV and V have already been published by

Tinus et al., 1985, Kopinga et al., 1984, and Kopinga et al., 1982.
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CHAPTER II THEORETICAL DESCRIPTIONS OF A FERROMAGNETIC QUANTUM CHAIN

2.1. Introduction

In this chapter we shall give a brief review on the available

theoretical calculations of tht static and dynamic properties of the

anisotropic S = 1/2 ferromagnetic chain in an applied field. Because

a single-ion anisotropy mechanism is not applicable for S = 1/2, we

write the anisotropy in terms of an exchange anisotropy. The Harail-

tonian reads

N
:
N

•••• = - 2 : ( J X S X S X . + j Y s y s y , + J Z S Z S Z ) - n B - g - : 5 . , u . u
. l l+l l l+i 1 1+1 B . l

with JX, Jy and JZ 0. In general we can distinguish several model

systems which are related to the relative magnitude of J , J and J

(in classifying the model systems B is taken equal to zero). A summary

of these systems is given in table 2.1.

/,'= -2 1 <J*SV , + J V V + J V S ; : , ;
i i+i i i+l i i+l

i

J X ,. j y f f-

J X = j y = JZ

f- > J x , j y

j x . j y / Jz

/•< J x . j y

JZ = 0; J X , j y ^ 0

JZ = JX = 0; JX j« 0

nomenclature (1)

XVZ chain

XXX chain

XXZ chain

XY chain

X chain

nomenclature (II)

iJeisenberg chain with

orthorhombic anisotropy

Heisenberg chain

Ising-Heisenberg chain

XY-Heisenterrj chain

XY chain

Ising chain

Table 2.1.
Nomenclature of the different model systems, characterized bu the

iiamiltonian 2.1.



Having defined the Hamiltonian, the question is how to obtain the

static and dynamic properties. Formally, these properties can be evalu-

ated if the eigenstates |n> and corresponding eigenvalues E of the

Hamiltonian are known. For the static properties such as the magneti-

zation, static susceptibility and heat capacity this is -in principle-

straightforward, because they can be derived by differentiating the

free energy F with respect to temperature or field. The free energy

can be obtained from the partition function

- BE
z = z e ' s = icP (2-2)

n

by the well-known relation

F = -kTln Z. (2.3)

With respect to the dynamic properties we will concentrate ourselves

on the Dynamic Form Factors (DFF's) S (q,w), since these can be

probed by experimental techniques such as neutron scattering, nuclear

spin lattice relaxation time (see chapter V ) , Mössbauer and light

scattering experiments. The DFF's are defined as the space-time Fourier

transforms of the time-dependent two-soin correlation functions
a 6

«S^tJS.» (Marshall and Lovesey, 1971)

- * • - * • - * -

s"^.*) - JL f dt e
iWt I E I ei(r^ri)"q«sa(t)S

0», (2.4)
J i j 1 J

where a,6 = x,y,z, N is the number of spins and « » denotes the

thermal expectation value. Introducing the spin fluctuation operator

S (q) , which is defined by

i

a6 •*S (q,to) can be written as

•^ I dt e* -«s"(q,t)S"(-q)>> . (2.6)

The thermal expectation value of S (q,t)S (-q) can be expressed in

terms of the eigenvalues and the eigenstates of the Hamiltonian,



yielding

= ± [ dt eiUt Z Z[ dt e Z Z <n|s(5rt

where — e is the Boltzmann factor, which gives the probablility

of occupation of the n energy level. Using the time-dependence of

S (q,t) , which is formally given by

„a {+ . . i#t/fi a -* -i#t/&
S (q,t) = e S (q)e , (2.8)

and the integral representation of the delta-function

S (q,w) can be written as

S (q,(0) = E E ̂ — — <n]sa(q) |m><m!s°(-q) |n> 6 (u)+üJ -a) ) (2.9)
2 n in '

n m

where u is defined as E /fi. Evidently, both the static properties and

DFF's can be evaluated if all the eigenvalues and eigenfunctions of

Hamiltonian 2.1 are known.

The theoretical interest in the eigenvalue problem of the S = 1/2

quantum chain started in 1931, when Bethe derived expressions for the

lowest eigenvalues and eiyenstates of the ferromagnetic Heisenberg

chain (Bethe, 1931). His approach is generally referred to as the

Bethe Ansatz (BA) technique. The general proof of the validity of the

BA technique for the XXZ chain was given by Yang and Yang (1966).

Using the BA, Gochev (1972) obtained explicit expressions for the so-

called "magnon bound" states of the Ising-Heisenberg chain with B/7 z.

These particular eigenstates will be considered in section 2.2 in

more detail. At about the same time a close relation between the

eigenvalues of Hamiltonian 2.1 and those of the transfer matrices of

some classical two-dimensional vertex models was revealed (Sutherland,

1970). Baxter (1972a, 1972b) solved the so-called symmetric eight-

vertex model on a square two-dimensional lattice, and calculated the

ground state energy of the XYZ chain in zero-field by this relation.

Using the results of Baxter, Johnson et al. (1973) found a general



expression for the energy of the low-lying eigenstates of the XYZ

chain in zero-field.
The complete solution of the eigenvalue equation of Hamiltonian

x y z

2.1 for general values of J , J and J and an external field con-

stitutes a very difficult problem, which cannot be handled exactly.

Hence it is not possible to ..-̂ lculate the static properties and DFF's

rigorously from Eqs. 2.3 and l.S, which involves -as indicated above-

a detailed knowledge of all eigenstates and eigenvalues. In order to

obtain at least approximate predictions for the static properties

and/or DFF's a variety of theoretical approaches has been developed.

Roughly 5 categories can be distinguished:

I. The Hamiltonian 2.1 is mapped onto a system of interacting fermions

by invoking the Jordan-Wigner transformation. Although the napping is

exact for S = 1/2, the properties of interest can only be calculated

rigorously for J = 0 and a field directed along the z-axis (see sec-

tion 2.2) .

II. The Hamiltonian 2.1 is mapped onto a system of bosons by the well-

known Holstein-Primakoff transformation ("spinwave theory").

III. "Brute force" calculations on finite chains. The static and dynamic

properties are calculated from Eqs. 2.3 and 2.9 using numerically
evaluated eigenvalues and eigenstates.

IV. With the aid of the transfer matrix method the static properties are

calculated within the classical spin formalism representing the spins

by classical unit vectors. In some particular cases the static prop-

erties as well as the DFF's can be derived from a mapping of the clas-

sical equation of motion to -for instance- a sine-Gordon equation.

V. More recently, a large number of mappings and mathematical isomorphisms

has been discovered between the quantum chain and a wide assortment

of one-dimensional and "higher"-dimensional classical models. A

review has been given by Bishop (1979) .

It is beyond the scope of this thesis to treat all these approaches

in detail. We will essentially confine ourselves to those approaches

that are fruitful in describing the properties of the experimental

systems of interest, CHAC and CHAB.

The organization of this chapter is as follows: in the next section

we present a survey of the major theoretical achievements obtained up

till now. For the XYZ chain in an external field, which is actually



the model system describing CHAC and CHAB, no rigorous results have

been reported. However, approximate information on the static proper-

ties and DFF's of this model system can be obtained from linear spin-

wave theory, described in section 2.3, and the classical spin model,

described in section 2.4. In the classical limit, it can be shown

(see chapter IV) that CHAB can formally be considered as a sine-Gordon

model system. This model will be treated in section 2.5.

Exact results for the eigenvalues and eigenstates, static proper-

ties and DFF's of the S = 1/2 ferromagnetic chains are only available

for a few of the model systems listed in table 2.1. In this section

these results will be briefly reviewed.

Since most of the achievements have bean obtained for the XXZ chain

with B// z, it may be illustrative to consider this model in more

detail. It will be convenient to write the Hamiltonian in one of the two

following formes.

" = -2j Z (S S + S S + AS S ) - a u B I S t? i (Vi
i i+1 i j+1 i i+1 B . i ' •

l l

or,

II = -2j Z (-(sxsx + s ¥ ) + szsz .) - gZu B2 I sz. (2.11)
. g l l+l i l+l l i+l B . 1

This Hamiltonian describes various regimes, depending on the value of

the anisotropy parameter A. The region 0 a A < 1 corresponds to a so-

called XY anisotropy and the region A > 1 to a so-called Ising aniso-

tropy. Special cases are : A = 0, the isotropic XY chain; A = 1, the

Heisenberg chain and for A ->• °°, the Hamiltonian 2.10 describes the Ising

ferromugnet. For all positive values of A the groundstate is ferromagnetic.

The Ising-Heisenberg regime (A > 1) exhibits long range order at T = OK,

whereas the XY-Heisenberg regime (0 £ A < 1) has a groundstate without

true long-range order (Schneider and Stoll, 1982).



Dynamic form faators

Before discussing the available results for the DFF's we would like

to make some general remarks. The expression for the DFF's is consider-

ably simplified at T = OK, where the summation Z in Eq. 2.9 induces

the groundstate |0> only, yielding

( 2 . 1 2 )

In this equation U Q denotes the energy of the groundstate. It is ob-

vious that at T = OK the DFF's probe transitions from the groundstate

to "excited" states |m>, induced by the spin fluctuation operator J.'i.

Clearly, the occurrence of a transition is determined by the matrix

elements in Eq. 2.12 and hence only particular sets cf the "excited"

states contribute to the DFF's. At finite temperatures the DFF's are

far more complicated, because not only transitions between the ground

state and "excited" states, but also those between "excited" status

have to be taken into account. The latter contributions are referred

to as the thermally induced contrioutions because they depend on the

occupation of the "excited" states, which is zero at T = OK.

In the following we will successively traat the results for the DFF's

of the Ising-Heisenberg chain with B// z, the XY-Heisenberg chain and

the anisotropic XY chain with B// z.

Ising-Heisenbevg chain (g ̂_ 1)

Using the BA technique, Gochev (1972) obtained explicit expressions

for some of the eigenvalues and eigenstates of the Ising-Heisenberg

chain with B// z, which is usually represented by the Hamiltonian 2.11.

z z
Since S = ZS. commutes with the Hamiltonian, the eigenvalues and

eigenstates might be classified according to the eigenvalues m = 0,1,..N

of the operator

m = NS - S^. (2.13)

Because of the translational invariance of the Handltonian each eigenstate

can be further characterized by a wave numer k : k = 2irn/N with



n = O,1,. . . ,N-1. The eigenstate with m = O is the perfectly aligned ground

state and the eigenstates with m = 1,...,N correspond to states

with m reversed spins and are therefore referred to as m "spinwave" states.

According to Gochev, the diagonalization of the Hamiltonian for

m = 1 yields one-spinwave states with energies

f!..i = 2 j ( l - i cos k) + gZpBZ . (2.14)
1 ,K g a

tor m = 2 two "kinds" of eigenstates must be distinguished, the two-

spinwave bound states with energies

hu_ , = — S i"^ * (cosh 2ip - cos k) + 2g Z p B Z , (2.15)
2 ,k g inn 2cp B

with cosh u) = g and the two-spinwave continuum states with energies

•fitd., given by

where (2. 16)

4,k -̂  cos |) + 2V\BZ

ttW2,k = 4 J ( 1 + ^ C O S 2° + 2 < ? Z ^ B
B Z ' (-7T < k £ TT).

In fact, the states described by Eg. 2.15 are two-spinwave bound states,

because they are lower in energy than the bottom of the two-spinwave
B — 1 B P

continuum, Tito , by an amount (8J) (-hu)_ ) . This is illustrated in

Fig. 2.1 were we plotted the zero-field dispersion curves up to two

reversed spins (m=2) for g =0.13. The energy of the m spinwave bound

states is conveniently written in the form (Johnson and McCoy, 1972,

Johnson, 1974)

-hoj , = — SJ-"h ̂  (cosh imp - cos k) + m gZp B Z , (2.17)
m,k g sinh mp B

which in the Heisenberg limit (g = 1, ip = 0) reduces to

^ " m k = IJT (1 " COS k) + m<3ZVB
BZ- (2.18)

10
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Fig. 2.1.

Part of the exoitation speo-

trum of the S = 1/2 Ising-

Heisenberg chain (g -0.13)

in zero-field. The curves

labelled "u^ fe" and "w^ fe"

represent the energies of one-

spimJave and tuo-spinwave

bound states, respeatively. The

shaded area reflects the

energies of the tjjo-spinuave

continuum states.

1.0

It should be notej that the energies given in Eqs. 2.14-2.18 are mea-
2 Z 2

sured relative to the ground state energy -N(2JS + g M B S).
B

At T = OK the DFF's can be calculated rigorously because of the

trivial ground state and the symmetry of the Hamiltonian, which imply

that the only non-zero matrix elements in Eq. 2.12 are those between

the ground state and the states characterized by m = 1 (Schneider and

Stoll, 1982). The result is

zz T 2
S (q,W) = NS 6(q)<5(co)

)1 ,q
( 2 . 1 9 )

for g > 1 and

SXX(q,üJ) = S^tq,^) = ±i (2.20)

S Z Z (q ,W) = - j NS26(q)5((O)

,zz ,f Actually Schneider and Stoll have S (q,Cu) = 0 because of a slightly

different difinition.

11



for g = 1 and B Z = 0, the Heisenberg chain. In these equations "hWj is the

energy of the one-spinwave state with wave number q. Obviously, at T = OK the

DFF's are exhausted by the so-called one-spinwave 6-function resonance.

At finite temperatures the calculation of the DFF's is hampered by

the mathematical complexity of the bound states and the fact that ex-

pressions for the spinwave continua characterized by m 'L 3 are lacking.

Approximate results fcr the thermally induced effects have been obtained

from calculations on finite chains (Schneider and Ptoll, 1982). These

calculations reveal that the one-spinwave ^-function resonances at

T = OK are dramatically modified at finite temperatures, due to ther-

mally induced transitions. For g > 1 the one-spinwave resonance at

'.) = '•>, adopts a finite width and a one-spinwave resonance appears at

M = -w , corresponding to a transition from a one-spinwave state to

the ground state, the so-called one-spinwave destruction peak. Moreover,

a contribution to Sua(q,'o) centered around zero frequency appears, a

so-called Central Peak (CP). At low temperatures the thermally induced

CP in SXX(q,v.) = SYY(q,w) is dominated by one-spinwave - two-spinwave

bound state and two-spinwave continuum - three-spinwave bound state

transitions The resonance structure of the CP of S (q,uj) is rather con-

plicated and involves spinwave bound state - spinwave bound state, one-

spinwave-one-spinwave and two-spinwave continuum - two-spinwave bound

state transitions.

Fig. 2.2.
Part of the excitation spec-
trum of the S - 1/2 Heisenberg
chain (g = 1) in zero-field.
The curves labelled "w , "

1 , K

and "w„ , " represent the
energies of one-spinwave and
two-spinwave bound states,
respectively. The shaded area
reflects the energies of the
two-spinwave continuum states.

12



The general features of the DFF's are independent of the anisotropy

parameter g. However, if we approach the Heisenberg limit ( g = 1)

the gaps in the eigenvalue spectrum vanish and a more pronounced dis-

persion of the one-spinwave, spinwave continua and spinwave bound state

energies occurs (see Fig. 2.2). Consequently, the various contributions

to tha DFF's are more difficult to unravel as this limit is approached.

Y.'i'-Heisenberg ahain in zero field (0 < A < 1)

The eigenvalue spectrum of the low-lying excited states of the XY

Heiwenberg chain, described by Hamiltonian 2.10 with B - 0, was found

by Johnson et al. (1973). According to their rigorous calculations it

consists of two partly overlapping continua of "free" states and a set

of discrete branches of "bound" states.

The states of the continua C and C, respectively, have energies

, BC TC
C : T1W < "PüJ < 'nü)

k - k - k
(2.21)

ftf* TV"
C : fiui < -no < -RM

k — k — k '

with

„ BC /iTsin \l\. . , . BC ^ BC
k = V—ij ) ' ' k = k

= 2 J

(2.22]

r 9 i n y)\«in is. i. * M T C =*,.,TC

In Eq. 2.22 A = -cos p and 7T/2 <_ y <_ TT. The energies of the "bound"

s ta tes are given by

-. . _.r (Trsin u "\ . k , . 2 k . 2 2 k,"2
* % k = 2J U s l n V J S 1 " 2 ( S i n 2 + S l n ymCOS 2}

where y = T7ra(ir-p)/2y. The "bound" s ta te branches appear at the top of

continuum C and exis t only for U > mir/d+m). We note that the

energies given by Eqs. 2.20 and 2.22 are measured re la t ive to the

energy of the ground s ta te (Baxter, 1972b)
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dx sinh (ir~p) x/ (sinh TTX cosh yx). (2.24)

In the XY limit (A = 0,y = ïï/2) only the continuum states are present.

For increasing magnitude of A the "bound" s ta te branches characterized

bv m = 1,2, progressively emerge from the top of continuum C

at A > 0, at A > n.I>, a t A > . . . etc. In the Heisenberg limit (A -• 1, \x •- "")

Eq. 2.23 reduces to Eq. 2.18 with B = 0, whereas the contir.ua s tates vanish.

Thus in this limit the "bound" s tate energies of the XY-Heisenberg chain

match continuously the spinwave bound s tate energies of the Ising-

Heisenberg chain discussed above. As an example the eigenvalue spectrum

for A = 0.8 is plotted in Fig. 2 .3 .

IN)

Law-lying excitation spectrum

of the S = 1/2 XY-Heisenberg

chain ('A - 0,8} in zero-field,

consisting of tuo aontinua 'V

and ") and three branches of

"i>ounJ" states.

In contrast to the Ising-Heisenberg regime where the simple ground

state allowed an exact calculation of the DFF's at T = OK, the ground

stat" properties in the XY-Heisenberg regime are much more complicated

(Eq. 2.24) and the DFF's can not be evaluated from Eq. 2.9. Theoretical

approximations applied in this context are calculations on finite

chains and calculations within the fermion representation of the Hamil-

tonian.

By invoking the Jordan-Wigner (1928) transformation the S = 1/2

14



quantum chain can be exactly mapped onto a system of interacting fer-

mions (Lieb et al. 1961, Wolf and Zittartz, 1981). The corresponding

"ferjnion" Hamiltonian for the XY-Heisenberg chain in zero-fie Id is

given by

( 2" 2 5 )

k +k =k +k 1 2 3 4

where u) = 2J(A-cos k) and a*, a are fermion creation and annihilation

operators, which obey the fermion anticommutation relations. The last

term in Eq. 2.25 describes the interaction between the fermions. In

"fermion language" the continua of "free" states, mentioned above,

correspond to Parti~:le-Hole-Pair (PHP) continuum states and the "bound"

states correspond to PHP bound states. The fact that the energies of

the PHP bound states are higher than the energies of the PHP continuum

states C (see Fig. 2.3) indicates the repulsive nature of the fermion-

fermion interaction.

For A = 0, which corresponds to the isotropic XY chain, we obtain

a system of "free" fermions, allowing a rigorous treatment of S (q,o)

even at finite temperatures (Lieb et al., 1961). The results reveal

that only the PHP continuum states C contribute to the dynamics as

probed by S (q,w) . No analytic calculation of S (q,w) = S (q,u;) has

been reported.

For finite values of A an obvious approximation, introduced in this

context by Bulaevski (1962), is the Hartree-Fock (HF) treatment, in

which the four operator term in Eq. 2.25 is expressed in terms of two

operator terms. The HF-approximation is exact to leading order in A

(Schneider et al., 1982). At T = OK the small finite value of A results

in a Ó-function resonance in S (q,to) lying above the continuum, which

can be attributed to the transition from the ground state to the m = 1

PHP bound state.

Apart from calculations within the fermion representation, informa-

tion about the DFF's at T = OK has been obtained from calculations on

finite chains (Schneider et al., 1982, Beck and Muller, 1982). These

calculations reveal that for larger values of A also transitions between

the ground state and PHP bound states characterized by odd m values

(m = 3,5,7,...) can be observed in S (q,w). Furthermore it was shown

that all PHP bound states and PHP continuum states contribute to

15



SXX(q,w) and s y y(q,w). In the Heisenberg limit (A -»• 1) the spectrum

of S (q,w) becomes exhausted by the m = i PHP bound state 6-function

resonance, which corresponds to the one-spinwave 6-function resonance

(Eq. 2.20) of the Ising-Heisenberg chain in the same limit (g •+ 1).

Concluding this subsection we like to add that exact results for

S {q,"1) have also been reported for the anisotropic XY chain in a

longitudinal field (Puga and Beck, 1982, Niemeyer, 1967).

btat ie prortjï'izes

After this brief review of the DrF's and the various excited states

of the S = 1/2 ferromagnetic model systems v:e will now turn to the

results which have been obtained for their static properties, i.e.

thermodynamic properties and static spin correlation functions.

The partition function of the Ising chain has been calculated

rigorously. Hence all static properties are known exactly (Ising,

1925, Thompson, 1968). Several properties of the XY chain have been

evaluated by invoking the mapping of the Hamiltonian to a system of

"free" fermions. Exact results have been obtained for the magnetiza-

tion (Niemeyer, 1967), susceptibility, heat capacity and longitudinal

spin correlation functions (Niemeyer, 1967, Katsura, 1962) of the

anisotropic XY chain with B// z and for the transverse spin correlation

functions of the isotropic XY chain (Tonegawa, 1981). On the other

hand, a formalism which - in principle - allows an exact calculation

of the thermodynainic properties of the Ising-Heisenberg chain with

B/Z z and the XYZ chain in zero-field has been derived by Gaudin (1971)

and Takahashi and Suzuki (1972), respectively. The actual calculation

of the properties of interest is, however, very difficult, especially

at finite temperatures, due to the mathematical complexity of these

formalisms. The heat capacity of the Ising-Heisenberg and XY-Heisen-

berg chain have also been studied by calculations on finite chains

(see for instance, Bonner and Fisher, 1964, Blote, 1975, Glaus et ai.

1983).

Predictions for the heat capacity and the susceptibility obtained

from the work of Gaudin have been compared with finite chain results

(Johnson and McCoy, 1972) and a satisfactory agreement was found.

Johnson and Bonner (1980) derived analytic expressions for

16



the low-temperature heat capacity and susceptibility of the

Ising-Heisenberg chain with B// z, based on low-temperature

expansions of the formalism of Gaudin. For the XYZ chain in zero-

field such expressions have not been reported.

Summarizing this section we conclude that the S = 1/2 ferromagnetic

chain has been extensively studied during the last decades. The number

of rigorous results is, however, rather limited, especially for the

XYZ chain in an external field, for which actually no such results

have been reported.

2. '£. Linear spinwave theory

In this section we will evaluate expressions for the DFF's and

heat capacity of the weakly anisotropic Heisenberg ferromagnetic chaia

with a magnetic field applied along the easy axis within the framework

of the linear spinwave theory. The Hamiltonian, which is a special

case of Hamiltonian 2.1, reads

N
H = -2 £ (JXS*S*+] + j

y S ^ + 1 + j Z S ^ + 1 ) - g ZH BB
Z Z S^ (2.26)

i=l X 1 1 i

X V Z
J , J and J are assumed to be slightly different such that
x v z

J < J < J . Under the assumption that the transverse anisotropy,

J - J , is small, the ground state can be approximated by the ferromagnetic

ground state, in which all spins are directed along the positive

z axis (note that S = Z S. is not a good quantum number if J ^ J ).

Within the linear spinwave theory all excited states of the system

are approximated by a superposition of non-interacting one-spinwave

states, in general called spinwaves (see Fig. 2.4). One should note

that only in a very few cases these spinwaves exactly correspond to

the spinwave states considered in saction 2.2. We will return to

this point at the end of this section.

The spinwaves can be obtained rather straightforwardly from the

Holstein-Primakoff (1940) transformation. This formalism expresses

the spin raising and lowering operators S., s7 and S Z in terms of

spin deviation creation and annihilation operators a* ana a ,

according to the well-known relations
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Fig. 2.4.

Artist 's impression of

a spinwave in a ferro-

magnetic Heisenberg

chain.

S + = /ïs f(a?,a.)a.
l 1 1 1

S~ = /ÏS a*f (a*,aj (2.27)

.3.' = S - afa. ,
l l i

where f(a*,a.) = (1 - a?a./2S) . The transformation (2.27) is

non-linear because of the factor f(a?,a.) and is constructed such

that the operators a* and a. satisfy the boson commutation relations

[a.,af] = 6 . .. Using Eq. 2.27 the linear chain system described

by Hamiltonian 2.26 can be mapped onto a system of interacting bosons.

Because of the factor f(af,a.) it is not possible to evaluate the

properties of the full boson Hamiltonian. In the picture of

non-interacting spinwaves (i.e. linear spinwave theory) the operator

quantity f(a?,a.) is approximated by the identity operator 1, in

which case all properties of interest can be calculated straight-

forwardly. It should be noted, however, that within this approximation

non-linear effects (e.g. spinwave bound states) are completely

neglected. In the following we shall briefly summarize the linear

spinwave calculation for the present systems.

Because of the translational invariance of the system, the

eigenstates of the Hamiltonian can be represented by Bloch states.

Hence it will be advantageous to transform the Hamiltonian to

reciprocal space. To this end spinwave creation and annihilation

operators a* and a, are defined by
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ik.r.
a* = -T- y. 3* e 1

k 75 " i
1 (2.28)

ai

where K denotes the number of spins.

[-i(k-q).? ]
Using the closure relat ion, Z e = NÓ(k-q), i t can be

shown that aj* and a satisfy the commutation rule: [a »a£] =6(q-k).

By means of Eqs. 2.27 and 2.28 with f (a t ,a . ) = 1 the Hamiltonian

transforms into

H = H + H , (2.29)
o sw

where H is the groundstate energy

// = -N(2JZS2 + gZp BZS) , (2.30)
O B

and // denotes the linear spinwave Hamiltonian
sw

H = Z {A a*a + is (a a , + a* a*) }. (2.31)
sw k k k 2 k k -k -k k

A and B are defined by
K. K

A = 4JZS + gZp BZ-2(JX+jy)Scos ka
K B

B = 2(jy-JX)Scos A
(2.32)

where a denotes the la t t ice spacing and -Tr/a < k < ir/a. JÏ can be
= sw

brought into a diagonal representation by means of a Bogoliubov

transformation (Bogoliubov, 1947), resulting in

H w = T. -fiwk(a*ak + 1/2). (2.33)

-ftû  is recognized as the spinwave energy at wave number k and is

determined by
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ftW = (A -B ) . (2.34)

The operator quantity 0?rA is the number operator n of spinwaves

with wavevector k. The present Bogoliubov transformation reads

a,* = -u, a* + v, a
k k k k -k

a, = -u, a, + v, a*
k K k k -k

(2.35)

a* = -u, a*, + v, a,
-k k -k k k

a , = -u, a + v, a* ,
-k k -k k k

where u and v are defined as

_1
/A, + fiiii, \ 2

u.

(2.36)

A, - -fiu), \ 2A ~ ncok\ -1
k V 2RÜ), /

We will now evaluate the heat capacity and the DFF's of a system

described by Hamiltonian 2.33. The spinwaves described by Eq. 2.34

can be considered as decoupled bose-oscillators, which implies

that the number of excited spinwaves at a certain temperature T

is given by Bose-Einstein stat is t ics

k -1nk» = (e -1) . (2.37)

The heat capacity can be obtained straightforwardly by

differentiating the energy associated with the spinwaves

« E » = Z« n » ftw (2.38)
k * *

with respect to temperature, yielding
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C[J/K] = kB Z (pbu^) e K(e K-D % (2.39)

If we wish to calculate the molar heat capacity i t is convenient

to change the summation over k into a integral, using the relation

^ j d ( * a , . (2.40)

The result reads

R f 2 6nw Snw
Ctj/mole K] = ̂  d(ka) (Bhü^) e (e -1) , (2.41)

- T T

where R = 8.314 J/mole K.

The DFF's can be calculated as follows.- With the aid of Eqs. 2.27,

2.28 and 2.35 the spin fluctuation operator S (q) can be expressed

in terras of the spinwave creation and annihilation operators

S X ( q , t ) = - ^ p - ( v - u ){<x ( t ) + u* ( t ) }
I q q q -q

S (-q) = —r- (v - u ) {a + «*}.
2 q q -q q

(2.4;')

The time-dependence of a and a can be obtained from the equation

of motion

(2.43)

-q ~"-q

yielding

aq (t) = aqe

i<o t ( 2 - 4 4 )

a* (t) = a* e q ,
-q -q

where to is defined in Eq. 2.34. I t is now readily deduced that
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—ico t iü) t
« S X ( q , t ) S X ( - q ) > > = 2 " ( v - u ) { « n + l » e q + « n » e q } .

( 2 . 4 5 )

I n s e r t i o n o f Eq . 2 . 4 5 i n Eq . 2 . 6 y i e l d s

S x x (q,cu) = | - ( y - u ) 2 { « n + 1 » '5 (w - u) ) + « n » 6 (as + w ) j .
2 q q q q q q

(2.4O
vvSimilary, the expression for S (q,cu) is obtained

q q q
(2.47)

Syy(q,u)) = — (v + u ) ' { « n + 1 » 5 (w - u ) + « n » fl (w + ÜJ ) }
^ q q q q q q "

Obviously, both S (q,w) and S^^lqjü)) are characterized by two

(5-function resonances at the spinwave frequencies +w and -w ,

q q
respectively.

The derivation of an expression for 3 (q,w) is more complicated
xx w

than for S (q,w) and S1* (q,to) . We will not reproduce the rather

lenghtly calculations, but just give the result (Keiter, 1981,

Phaff, 1984)

SZZ(q,w) = N{S(1 - Y) }2<5 (q) 5 (u)) +

i 2
— T. (u_v+ + v_u+) { « n_» « n + » 6 (w + w_+ u>+) +

k

1 2
— Z (u_u+ + v_v+) {« n+» « n_+ 1 » 6 (u

k

w )

« n + 1 » « n » 6 (w + U) - w ) },

whfere + = q/2 + k, - = q/2 - k and y is the spin reduction

Y = m Z (uk K< \* + \ * V l> ] • ( 2 ' 4 9 )

The first term in Eq. 2.48 is only non-zero for ü) = 0, q = 0

and is related to the field induced magnetization (i.e. «S >;i 0)

along the z axis. The second term reflects a simultaneous creation
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and/or simultaneous annihilation of two spinwaves with total

momentum q, schematically

The third term corresponds to the simultaneous creation of a

spinwave and annihilation of another spinwave, the spinwaves

having a momentum difference q

K-lq

The nature of S (q,w) is quite different from the nature of S' (q,u))
yy

and S (q,co) , since the latter probe the creation or annihilation

of one spinwave, whereas S (q,w) probes the simulaneous creation

and/or annihilation of two spinwaves and the "scattering" of

spinwaves. Within linear spinwave theory, no other processes

contribute to the DFF's.

To conclude this section we will compare the linear spinwave

results for the DFF's for the Ising-Heisenberg chain with the

exact results presented in section 2.2. For an uniaxial anisotropy
x v

(J = J ) Hamiltonian 2.26 describes the Ising-Heisenberg chain

with B// Z . Recognizing that in this case v = 0 and u = 1,

the following simplified expressions for the DFF's are readily

obtained from Eqs. 2.46, 2.47 and 2.48

SXX(q,CO) = Syy(q,W) = f-{«n + 1 » 6 (w - w ) + « n » 6 (co + w ) }
2 q q q q
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SZZ(q,w) = N{S(1 -Y)}2<5(q)S(ü))

(2.50)

^ - Z {« n + 1 » « n •» ö (0) + ü) - ü) ) +
2N fc + - - +

> « n » « n + 1 » ó to - u>_+ u)+) } .

Eq. 2.50 r e v e a l s t h a t S (q,u)) now only probes t h e " s c a t t e r i n g "

of spinwaves . At T = OK (« n » = 0) the exp re s s ions fo r the DFF's

are further simplified

S^tq,^) = Syy(q,U)) = |S(0) - u )

, (2.51)
S (q,u) = NS S(q)ö(W) .

At T = OK the exact results for the DFF's of the S = 1/2

Ising-Heisenberg chain (Eq. 2.19) are identical to those obtained

from linear spinwave theory (Eq. 2.51). We wish to stress that

the agreement between the sets of DFF's is -in fact- accidental.

In the exact expressions flu). reflects the q-dependence of the

energies of the one-spinwave states, whereas "nw in Eq. 2.51

denotes the dispersion relation of a set of decoupled bose-

oscillators. Moreover, in the exact treatment the higher excited

states consist of spinwave continua and spinwave bound states,

which are not simply related to the one-spinwave states, whereas

in the linear spinwave theory i t is assumed that alt excited

states can be obtained by a linear superposition of single

spinwaves. An obvious extension of this theory is to expand the

square-root in Eq. 2.2 7 up to second order in af and a.. As we

will demonstrate in chapter V, the result of such an expansion

is that several higher order processes (eg. three-spinwave processes)

enter in the expressions for the DFF's. However, in this way no

bound states and, consequently, no transitions involving these

bound states are obtained, which agrees with the general notion

(Schneider and Stoll, 1982) that these bound states actually

represent an "infinite order" effect. The predictions from spinwave

theory should therefore be considered with some care, especially

at higher temperatures.
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2.4. Classical spin model

The history of the classical spin formalism starts in 1964

when Fisher (1964) solved the classical isotropic Heisenberg

chain analytically. Extensions of the theory of Fisher have

been reported by Blume et al. (1975) and Lovesey and Loveluck

(1976) for the Heisenberg chain in an applied field and by

Loveluck et al. (1975) for a Heisenberg chain with uniaxial

anisotropy. Although analytic expressions could not be obtained,

they showed that accurate results for the thermodynamic properties

and the static spin correlation functions can be obtained with

numerical methods. All these model systems have in common that

the system contains rotational symmetry about one axis. In the

classical chain with orthorhombic anisotropy this rotational

symmetry is lacking. This fact gives rise to a considerable

complication of the problem. Boersma et al. (1981) extended the

theory for the weakly anisotropic ferromagnetic Heisenberg chain

with an applied field directed along one of the principle axes,

described by the Hamiltonian

N
H = I «<S i,S i + 1), (2.52)

with

tf(vw = ~2s2 z j%K+i - \ ^ B
S B Z ( s i + s i + i ' ' a = , x ' y ' 2

U (2.53)

S. is a classical unit vector with three components, representing

a spin localised at s i te i . We note that this Hamiltonian is the

classical counterpart of the Hamiltonian 2.1 , which is appropriate

to CHAC and CHAB.

An elegant method to derive the partition function, the

thermodynamic properties and the spin correlation functions of the

system described by Hamiltonian 2.52 is the transfer matrix formalism.

Within this formalism the s t a t i c properties can be expressed in terms

of the eigenvalues and eigenfurjctions of the transfer integral

eigenvalue equation (Fisher, 1964)

r ^ -&H(s. ,S . ) ^ ^

Ke X * * « W V W (254>
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where cyclic boundary conditions are imposed: S = S .

Because of the linearity of this equation there exists a complete

orthonormal set of solutions. Furthermore all eigenvalues will be
-Btf'Ji,§i+l)

real because of the symmetry of e under permutation

of i and i+1 (Courant and Hubert, 1968) . In general, an accurate

evaluation of the eigenvalues and eigenfunctions is possible with

the aid of numerical methods and all static properties can be

computed straightforwardly. For a more elaborate discussion of the

transfer matrix formalism the reader is referred to Boersma et al.

(1981).

Because we will confront the field-dependence of the heat

capacity of CHAB with the predictions from the classical spin

model in chapter IV, we shall now briefly consider the calculation

of the heat capacity of this model system. In principle, the heat

capacity can be expressed in static spin correlation functions

with the aid of a fluctuation theorem (Stanley, 1971, p. 263).

This relation involves four-spin correlation functions. However,

the algebra needed to express these correlation functions in the

eigenvalues and eigenfunctions of the transfer integral eigenvalue

equation is rather cumbersome. Therefore we prefer to compute

the heat capacity by numerical differention of the free energy F

C = -T ( & ) . (2.55)

In the thermodynamic limit (N ->• ») the free energy per spin is

given by (Fisher, 1964)

F/soin = -kT In A , (2.56)
o

where A is the largest eigenvalue of Eq. 2.54.

A confrontation of results of the classical spin model with

experimental data on quasi one-dimensional systems with S = 5/2

(or even lower) reveals that this model gives a fair description

of the correlation length (Boucher et a l . , 1979), the

susceptibility (Boersma, 1981, Walker et a l . , 1972) and the

field-dependence of the paramagnetic-antiferromagnetic phase



boundaries, which is closely related to the behavior of the

correlation length within the individual chains (Hymans et al.,

1978). The heat capacity, however, shows non-physical features

in the zero-temperature limit due to lack of quantization in this

model. We will return to this point in chapter IV„

2.5. The sine-Gordon model

2.5.1. Introduction

In the preceding section we have shown that the static properties

of a classical one-dimensional magnetic chain can -in principle- be

calculated by the transfer matrix method. However, the individual

contributions of the various excitations in the system to these proper-

ties and the dynamic properties cannot be obtained from these calcula-

tions. During the last decade considerable progress has been made with

respect to the understanding of the physics underlying the various

properties of these systems. It appeared that in the elaunioai limit the

equation of motion of certain classes of one-dimensional systems,

among which the ferromagnet with XY anisotropy, can be approximately

mapped onto a sine-Gordon (sG) equation, which is known to support

both linear (magnon) and non-linear (soliton) solutions. By exploring

this mapping analytic expressions for the static properties and OFF'3

have been obtained, which can be interpreted in terms of soliton and

magnon contributions. Because -as we will show in chapter III- CHAB

is an excellent quasi one-dimensional ferromagnet with XY anisotrcpy,

we will consider the sG-model in more detail. The organisation of this

section is as follows: In 2.5.2 we summarize the mapping of several

ferromagnetic chain systems to a sG-chain and consider the various

types of solutions of the sG-equation. The static properties and DFF's

of the sG-model will be treated in 2.5.3 and 2.5.4, respectively.

2.5.2. The sine-Gordon equation

One-dimensional ferromagnetic Heisenberg systems with XY anisotropy

can generally be described by the Hamiltonian
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H = H + H + H . , (2.57)
o xy sb

where H represents the isotropic ferromagnetic exchange interaction

between neighboring spins, H serves to establish the XY plane as the
xy

easy-plane and H breaks the symmetry in the XY plane by energetically
si?

favoring the x direction. The transformation of the equation of motion

of a chain of spins described by the Hamiltonian 2.57 to a sG-equation

can be performed for a system of classical spins in the limit of zero

lattice spacing (continuum limit) and assuming that the motion of the

spins is largely confined to the easy plane. In table 2.2 we have sum-

marized various Hamiltonians for which a mappin9 has been reported.

For the actual transformation of these Hamiltonians, which is well

documented in the literature, the reader is referred to the references

given in this table.

The sG-equation is written as

— j - — — Y = m 2sin ip , (2 . 58)
<5z c <5t

where z is the chain direction and cp is defined as the angle between

the spin and the preferred direction - x direction - resulting from H

(see Fig. 2.5). The "magnon" velocity c and the "mass parameter" m are

determined by the parameters of the Hamiltonian 2.57. The relations

between c and m and these parameters are also comprised in table 2.2.

The meaning of the parameters E , E° and g listed in this table will

be clarified below.

x,8
• Fig. 2.s.

Definition of the angle tp,
oaauving in the sG-
equation for a ferromag-
netic chain

I t should be noted that for the Hamiltonians III and IV listed in

table 2.2 the mapping results in a sG-equation with sin2ip.
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2.2.

Various ferromagnetic model systems with Xï anisotropy for whiah - in

the classical limit - the equation of motion can be mapped onto the

sG-equation. The meaning of m, c, E , E and g is explained
OS

in the text. The quasi one-dimensional XY ferromagnetic systems CVAB

(S = 1/2) and CsNiF (S = 1) can be described by the Hamiltonian
ó

"I" wtth J/k = 53.18K, 6 = 1.05 and "II" with J/k = 11.8k, A/k = 4.SK,

respectively, For system parameters given in units of Kelvins, E /k,
3

c and m can conveniently be evaluated, by making the following
2 2 2

substitutions in the table: J •> J/fi k; A •+ A/fi kt C -*• C/n^k,

Ug -* VrJk. Apart from this, the resulting expression for a must be

multiplied by k.

The sG-equation exhibits three kinds of solutions: linear magnon

solutions and non-linear breather and (anti-) kink solutions. The lat-

ter type of solution is generally referred to as an (anti-) soliton.

The magnons in the sG-model are plane-wave solutions, <p = exp i (u)t - kz) ,

which represent small amplitude oscillations (sin tp « i?) of the spin

system as a whole. The dispersion relation of the magnons can be found

by inserting a plane-wave solution into Eq. 2.58 and is given by

29



c(m2 + k 2 ) 2 , (2.59)

where co denotes the magnon frequency at wavenumber k.

The (anti-) soliton solution is written as

= 4 arctan {exp(± ym{?. - vt - z ) ) } , (2.60)

where y = ! 1 - — 1 reflects the "relativistic" invariance of the

sG-equation and"?, represents the soliton position at t = 0. The + and

- sign correspond to a soliton and anti-soliton, respectively. In the

classical ferromagnetic chain described by a Hamiltonian including a

field term (see table 2.2) the solitons can be considered a 2ïï-twists

of the spins, whereas in the zero-field cases listed in this table

they correspond to ii-twists. This difference is related to the degene-

racy of the ground state. Fig. 2.6 shows an illustration of s f1- and

2ir~soliton. In contrast to the magnons, the solitons are more or less

local excitations with a finite length of order 1/rn and a velocity

v along the chain. The energy associated with a soliton of velocity v

is given by

E (v) = YE° , (2.61)

o
where E is the so-called soliton rest-energy. The relation between

E and the parameters of Hamiltonian 2.57 is given in table 2.2.

The breather solution of the sG-equation is given by

2 j_

l—~ - 1 / sin{o(t - ̂ | - t ) }

/VV / B c ° \
ip(z,t) = 4 arctan I : I (2.62)

\ / W
R
2\ I /-

cosh { 1 - -=p 2 IBY(Z - vt - z )}

with u = me. The form of a breather is that of a translating envelope

(velocity v < c) with an internal oscillation frequency to < co . The
B O

energy associated with a breather can be written as

-

E (v,w ) = 2YE° (l " -f )• (2.63)

o
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Since for u>B = 0 this energy is just twice the energy of a single soli-

ton (Eq. 2.61), a breather is frequently considered as a pulsating soli-

ton -anti-sol iton pair.
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fig. 2.6.

Art-Cat's impression of a Sir- and v-coliton in a ferromagnetic: chain

Having pointed out the relation between several model Hamiltonians

and the sG-equation as well as the various types of solutions of this

equation, we now turn to the calculation of the contribution of the

individual "excitations" to the free energy, heat capacity and DFF's.

2.5.3. Static properties

As was shown in section 2.1, the static properties can be evaluated

from the partition function, which in case of the concinuum sG-chain

is determined by the Hamilton density associated with the sG-equation.

This hamilton density reads

E
/' = —

2
c

,1 1 2
c

vj\ 2 2., ,i
-j—I + c m (1 - cos lp)} . (2.64)

The constant E sets the energy scale and is determined by the para-

meters of the Hamiltonian 2.57. The relation between E and these para-
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meters is comprised in table 2.2. Unfortunately, the expression for

the partition function corresponding to Eq. 2.64 involves an functional

integral over cp, which cannot be carried out analytically (Maki, 1982).

Therefore, one generally uses an approach in which the Hamilton density

is discretized with the aid of the relations

6z a
(2.65)

dz -* a Z ,
•* i

where a denotes the lattice spacing of the discretized sG-chain. The

resulting Hamiltonian is conveniently written in the form

N
H = I {#(<&.) + #(cp.,ip. )} , (2.66)

i l x

with

E to.
=-%a02., fr.-jA

E 2
 ( 2" 6 7 )

where N = — , L being the length of the chain.
3.

The partition function of the discretized sG-chain decomposes into

a multiple integral, which factorizes out into two parts (Maki, 1982,

Schneider and Stoll, 1980, Currie et al., 1980)

(2-68)

with

Z. = f TL d0 i exp Hïfffcl^)), (2.69)

and

Z = | n i d ^ exp (-e#(cplF<Pi+1)). (2.70)

The integrals over <p. in Eq. 2.69 can be performed analytically with

the result
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Z, = J-^-j • (2-71)

By applying the transfer matrix formalism to Eq. 2.70 and imposing

periodic boundary conditions, cp. = ip ,, it can be shown that in the
1 N"**l

thermodynamic limit (N -*• °°) , Z,„ is given by (Schneider and Stoll, 1980,

see also section ^.4)

Z = AN , (2.72)
lp o

where A is the largest eigenvalue of the following Transfer Integral

Equation (TIE)

| dcpi+1 exp <-6//(i<V«W>V
Pi+l

) = V W - (2'73)

Schneider and Stoll (1980) were able to solve this TIE with the aid of

numerical methods and to calculate the free energy and related proper-

ties of the sG-chain. As already pointed out in the introduction, these

calculations yield no information on the contribution of the various

specific elementary excitations in the system. However, in the low

temperature timtt the various contributions can be unraveled, since

in that region the TIE corresponding to the sG-chain can be treated

analytically. -

It has been shown (see for instance, Schneider and Stoll, 1980, '

Currie et al., 1980) that for

E°
kT K< ami (2-74)

and in the strong coupling regime, m /a * 1, (i.e. soliton length

large compared to the lattice spacing ) the TIE (Eq. 2.73) can be

transformed to a Pseudo Schrödinger Equation (PSE) of a particle with

mass m* = (E /8kT) , moving in a non-linear potential V (tp) = 1 - cos (p.

The PSE can be written as

dip

In this equation the potential V = (23E m a)~1ln(BE /2ira) acts as a
o o o

33



temperature-dependent "energy" minimum. The relation between the eigen-

values of the PSE and those of the TIE is given by

-3E m2ae
A = e - (2.76)
n

As shown above, the static properties are determined by the largest

eigenvalue, X , of the TIE, which according to Eq. 2.76 corresponds

to the lowest eigenvalue, e , of the PSE. Low-temperature analytie

expressions for £ have been evaluated in two different ways,

yielding identical results.

First, e can be evaluated by applying the WKB approximation to the

PSE (see for instance, Currie et al., 1980, Sasaki and Tsusuki, 1982).

The potential V((p) has degenerate minima, which implies that for m* ~» 1

(consistent with Eq. 2.1 A) e can be written as

e = V + E' - t , (2.77)
o o o o

where E' is the lowest eigenvalue of Eq. 2.75 if V(ip) is approximated

by an "isolated" well and t is the "tunnel spitting", which removes

the degeneracy of the eigenvalues corresponding to the individual wells.

E' can be obtained by expanding V (ip) in the PSE into a power series in

<p(Schneider and Stoll, 1980) and t can be evaluated with the aid of a

WKB tunneling formula. The resulting expressions for E' and t are
o o

given by

_4

(2.78)

9 1 &
E' = 4t - 2t - t - 3t
o

to- -a^'W
1'*,

where t is defined as kT/E .

Alternatively, e can be evaluated by writing the PSE as a Mathieu

equation, which is possible because of the particular form of V((p)

(see for instance, Schneider and Stoll, 1980, Maki, 1982):

-^r + a - 2q cos 2vW = 0 . (2.79)

L. 2 n J n
1

In this equation v = :rip , q = -4m* and a = 8m* (£ - V - 1) .z n n o
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The Mathieu equation is well documented and for |q| » 1 and |q| « 1

asymptotic expansions for the eigenvalues are available. Using the

asymptotic expansion for |q| > 1 (consistent with Eq. 2.74) of the

lowest eigenvalue, a , of the Mathieu eauation an expression for e
o o

can be obtained, which i s -as quoted above- identical with the result

obtained using the WKB approach.

The low-temperature free energy per spin can be obtained straight-

forwardly with the aid of Eqs. 2.68, 2.71, 2.72 and 2.76-2.78, and

can be conveniently written as

F = F + F + F , (2.80)
o m s

with

2 2
+ E m aV + E m a4t (2.81)

o o o

F = -E m2a(2t2 + t 3 + ~t4) (2.82)
m o 2

F =-E m
2a8(f)1 / 2t1 /V1 / t .

S O TT

Equations 2.80-2.83 are generally referred to as the exact transfer

matrix result.

A detailed discussion of the physical interpretation of the

various terms in Eq. 2.80 has been given by Currie et al. (1980).

They studied the statistical mechanics of the sG-chain at low

temperatures in a phenomenological way, assuming that the system

can be viewed as consisting of magnons and solitons, and in particular

that the solitons behave as a gas of non-interacting thermally

excited quasi-particles with a thermal velocity distribution. This

approach, first suggested by Krumhansl and Schrieffer (1975), is

known in the literature as the ideal gas phenomenology. The free

enf y calculated within this phenomenology is in exact agreement

with the transfer matrix result (Eq. 2.80) at sufficiently low

temperatures (F /F •+ 0 for t <• 1) and can be written as
m o

F = F - kTn . (2.84)
o s
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In this equation n s is the total density per spin of solitons

(solitons + anti-solitons)

(2.85,

In this way, Currie et al . were able to identify F (Eq. 2.81)
o

with the harmonic magnon contribution and F (Eq. 2.83), which is the

free energy associated with the tunnel splitting component within

the WKB approach, with the contribution of an ideal gas of solitons.

For the second type of non-linear solutions of the sG equation, the

breathers, a corresponding phenomenology is not possible, since low-

energy breathers spatially overlap. Moreover, such a phenomenology

would yield an infinite number of excited breathers at any finite

temperature, since the breather energy can be zero (cf. Eq. 2.63}.

On the other hand, i t has been argued that breather contributions

to the free energy do not have a thermally activated character, but

vary with temperature according to a power series in t (Currie et a l . ,

1980). Accordingly, i t was suggested that F (Eq. 2.82) includes this

breather contribution together with that of "anharmonic" magnons

(see for instance, Allroth and Mikeska, 1980, 1981). One should

not, however, that the complete power series in t , F + F , can be

obtained by expanding the potential V(tp)in Eq. 2.75 in a power

series of (p, as was shown above. Therefore, breathers and anharmonic

magnons are often considered to be identical phenomena. Hence, in the

remainder of this section we shall discuss the heat capacity and

DFF's of the sG-model in terms of a magnon and soliton contribution,

and will not distinguish the breather contribution separately.

The low-temperature molar heat capacity can be obtained from the

free energy by differentiation as

C = Cm + C., (2.86)

with

= R + R m a (jt + ~t2 + | t 3 ) . (2.87)
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(2.88)

R = 8.314 J/mole K.

In equations 2.86-2.88 C and C are the magnon and soliton contribution,
m s

respectively.

At this point a comment on the ideal gas phenomenology seems

appropriate. In contrast to the evaluation of e.g. the dynamic

form factors of the sG-system, where -as we will show in the following

subsection- explicit use is made of the principle that the solitons

form a gas of thermally excited non-interacting quasi-particles with

a thermal velocity distribution, the calculation of the heat capacity

only requires an expression for the total free energy of the system.

In this case the phenomenology may serve to identify the various

contributions to the heat capacity, but -formally- has no effect on

the calculations.

As discussed above, the free energy and some related properties

of the sG-model have been obtained more directly by Schneider and

Stoll from a numerical solution of the transfer integral equation of

a discretized chain. The resulting prediction for the heat capacity

is generally believed to be exact (Sasaki and Tsuzuki, 1982, Borsa

et a l . , 1983}, as was proved rigorously in the low- and high-

temperature limits. In the strong-coupling regime these results show

universal behavior, i .e . a plot of the so-called excess heat capacity

AC = C - R, which is the field- or anisotropy-dependent part of the

heat capacity divided by ma, against t yields a universal curve.

In Fig. 2.7 this curve, labelled "SSN", is plotted, together with the

total excess heat capacity based upon Eqs. 2.86-2.88, which is

reflected by the dotted curve labelled "KS, tot". The dashed curve

labelled "KS, sol" represents the corresponding soliton contribution

given in Eq. 2.88. From this figure one might conclude that the ideal

gas phenomenology leads to incorrect results for t > 0.15.
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Fig. 2.7.
AC of the sG-model aaoording to the various theoretical approximations.
The full ouwe reflects exact numerical results, whereas dotted eurves
denote estimates within the ideal gas phenomenology. Dashed curves
represent the bare soliton contribution. For the various labels see
the text.

More recently, Sasaki and Tsuzuki (1982) calculated the thermo-
dynamic properties of the sG-model using an impioved WKB method.
The resulting expansion for the free energy can be associated with
a magnon part, given by a power series in t , and a soliton part
-kTn withs

.8, 1/2 -1/2 -l/t,, 7
n = ( — ) m a t e (1 - ^ t -

59^2,
t) (2.89)

Comparison of this equation with Eq. 2.85 reveals the presence of

finite temperature corrections to the density of solitons. The
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corresponding prediction for Ac/ma, including the magnon part, is

given by the dotted curve labelled "STl,tot" in Fig. 2.7, and is in

much better agreement with the numerical results than the prediction

based on Eqs. 2.86—2.88. Moreover, since the magnon contribution is

monotonically increasing for t < 0.3, their results suggest that the

maximum in AC calculated by Schneider and Stoll originates from

the presence of solitons. The bare soliton contribution obtained from

Eq. 2.89 is represented by the dashed curve labelled "ST,sol".

In a more detailed calculation, Sasaki and Tsuzuki (1983) included

the effect of interactions between solitons. The resulting total

excess heat capacity is depicted in Fig. 2.7 by the dotted curve

labelled "ST2,tot". Although the inclusion of those interactions seems

to yield a somewhat better description of the heat capacity maximum

itself, i t is obvious that a rather irregular behavior occurs at

t ~ 0.3.

2.5.4. Dynamic foiyn factor's

The DFF's of the ferromagnetic chains described by the Hamiltonians

listed in table 2.2 can be associated with correlation functions of

the corresponding sG-model in the following way (See for instance,

Maki, 1982, Allroth and Mikeska, 1981):

SXX(q,w) = — dt dz e l ( q Z ~ U t ) S 2 « cos ip(z,t) costpfO,0)»

Syy(q,o)) = — dt jdz e
l ( q Z ~ W t ) S 2 < sin ip(z,t) sin(p(0,0)>> (2.90)

E a 2

~~\ « <j>(z,t)0>(o,o)>.>r
o '

where « » denotes the thermal expectation value.

Until now, the DFF's have only been evaluated a t low temperatures

(kT <C E ) using the ideal gas phenomenology presented in the preceding

sec t ion . To lowest order of approximation, i . e . neglecting the

in terac t ion between magnons and s o l i t o n s , the DFF's are seperated

in to a magnon and sol i ton p a r t ,

[»">). (2.91)
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which .re calculated independently of each other.

Starting from the ideal gas phenomenology, Mikeska (1978) and

Maki (1982) derived the following expressions for the soliton contribution

in the "non-relativistic" limit (the temperature is low enough

(kT< -r£°) to ensure that the velocity of most excited solitons is
Is +

small compared to c )

where F(q,u>) and Q are defined as

(2.93)

® ~ 2m "

ctct
The different terms in S (q,to) can be identified as follows:

F(q,u) represents the total density of solitons multiplied by a

Gaussian frequency dependence, which reflects a Maxwellian velocity

distribution of the solitons. The last factors on the righthand side

of Eq. 2.92 are determined by the shape of the soliton.

The magnon contribution can be calculated in a direct way by

expanding the correlation functions in Eq. 2.90 to lowest order

in IJ> 'Allroth and Mikeska, 1981). Comparison of the resulting expressions

for S (q,u) with those obtained from (quantum-mechanical) linear

spinwave theory, presented in section 2.3, reveals that the resonance

structure of the DFF's is identical. I t should be noted, however,

that the prefactors given in Eqs. 2.46-2.48 are different from those

obtained from the sG-model, whereas the Bose occupation number

t We wish to note that these expressions are only appropiate for the

Hamiltonians I and II listed in table 2.2.
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occuring in linear spinwave theory (Eq. 2.37) is replaced by i ts

classical equivalent. Since in linear spinwave theory quantum effects

are taken into account, we will use the expressions evaluated in

section 2.3 to describe the contribution of linear excitations to the

nuclear spin-lattice relaxation time in CHAB, presented in chapter V,

instead of the expressions based on the sG-raodel.
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CEIAPTER I I I SOME MAGNETIC PROPERTIES OF CHAC AND CHAB

Z.I. Introduction

The compounds CHAC and CHAB are two Cu S = 1/2 systems, showing

a pronounced quasi one-dimensional ferromagnetic behavior. During the

last five years the properties of CHAC(B) have been extensively studied.

In this chapter we will summarize the various results on the magnetic

interactions and the magnetic structure in the ordered state.

The organization of this chapter is as follows: The preparation and

structure are described in the next section. From our zero-field heat

capacity measurements, described in section 3.3., it follows that the

intrachain interaction in CHAC and CHAB has about the same value

(J/k f» 50 K). In both compounds some anisotropy is present in the ex-

change interaction: CHAC contains about 2% Ising anisotropy, whereas CHA3

contains 5% easy-plane anisotropy. In section 3.4. the magnetic structure

in the ordered phase, the magnetic phase diagrams and the low-temperature

magnetization will be treated. From the magnetic phase diagrams it is

inferred that the interchain interactions in CHAC(B) are almost three

orders of magnitude smaller than the intrachain interaction. Moreover,

we will show in this section that from the available data the magnetic

space group of both compounds can be determined. Recently, quantitative

results fe- the anisotropy in the intrachain interaction were obtained

from FMR experiments. These will be summarized in section 3.5. We will

conclude this chapter with some remarks, which will be given in section

3.6.

3.2. Preparation and structure

Single-crystals of CHAC were grown by evaporation at room tempera-

ture of an equimolar solution of cyclohexylammonium chloriae and copper

(II)chloride in n-propanol. The solution was kept in an N atmosphere.

The bromide compound was synthesized in an analogous way. Large single

crystals (up to a few grams) could be obtained rather easily.

The crystallographic structure of CHAC has been determined by Groe-

nendijk et al. (1981). The structure is orthorhombic, space group

P (z = 4 ) , with a = 19.441 %, b = 8.549 8 and c = 6.190 8. A2V
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Fig. 3.1.

Schematic representation of the

crystal structure of CHAC,

according to Groenendijk et al., 19

schematic representation of this structure is given in Fig. 3.1. It

consists of bi-brigded linear chains of CuCl ions running parallel to

the c axis. In the b direction adjacent chains are about 8.5 A apart

and are hydrogen bonded via the NH groups of the cyclohexylammonium

complexes, thus forming two-dimensional sheets parallel to the be plane.

Adjacent sheets are separated by two layers of CHA ions and are nearly

10 A apart.

The crystallographic structure of CHAB has not been published in

detail. However, recent X-ray experiments on this compound (de Vries

et al., 1985) confirm the isomorphism of CHAC and CHAB anticipated before

(Kopinga et al., 1982), yielding a = 19.779 8, b = 8.774 A, c = 6.439 8

and atomic parameters only slightly different from CHAC.

The intrachain interaction in CHAC(B) originates from the superex-

change paths along the Cl-Cu-Cl (Br-Cu-Br) bonds and is expected to

be ferromagnetic, because the bonding angles are smaller than 90°

(Groenendijk et al., 1901). The anisotropy in this interaction, caused

by the effects of spin-orbit coupling, is related to the local symmetry

of the crystal field at the copper-sites. Because adjacent copper-sites

within a chain are not related to each other by an inversion center, the

exchange tensor - in principle - may comprise a symmetric as well as an

antisymmetric contribution. Furthermore, the twofold screw-axes parallel

to the a direction imply that the Cu-Cl(l) (Cu-Br(l)) bonds in adjacent be

sheets are oriented differently. Consequently, two symmetry-related sets

of chains are present in these compounds.
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3.3. Zero-field heat capacity7

The magnetic heat capacity C of CHAC i s shown in Fig. 3.2. The
M

;. anomaly at T = 2.214 K marks the onset of three-dimensional long-

nae order, which is induced by the interplay of the intrachain cou-

pling and small interchain interactions. The dashed curve in this

figure represents the numerical estimate of the heat capacity of an S = 1/2

isotropic ferromagnetic Heisenberg linear chain system with J/k = 45 K

T(K)

Fig. 3.2.

Magnetic heat capacity of CHAC. The experimental data corrected for

the lattice contribution are denoted by black circles. The dashed

curve represents the theoretical estimate for an S - If. ferromagnetic

Heisenberg linear chain system with J/k - 4b K. The full curve reflects,

the effect of 2% uniaxial anisotropy (Jj/J,/ - 0.98, J,,/k = 45 K).

fThe zero-field heat capacity measurements on CHAC(B) have been published
as: K. Kopinga, A.M.C. Tinus, W.J.M, de Jonge, 1982, Phys. Rev. B25,
4685. —
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(Bonner and Fisher, 1964). This theoretical curve gives an adequate

description of the experimental data for T Ï 7 K. At lower temperatures,

however, the heat capacity shows a rather pronounced "bump", which ir

more or less superimposed on the rather constant value ~ 1 J/mole K

characteristic for the S = 1/2 ferromagnetic Heisenberg chain. This

contribution results from the anisotropy in the exchange interaction

as illustrated by the full curve in Fig. 3.2. This curve represents

numerical calculations of the heat capacity of an S = 1/2 ferromagnetic

Heisenberg chain with 2% Ising anisotropy as given by Blcte (1975). It is

obvious that the data above T can be explained satisfactorily with the latter

model. We like to note that the inaccuracy in the value for the intra-

chain interaction inferred from these measurements is estimated as + 5 K.

O

(C6HiiNH3)CuBr3

J/k=55K

VJl=0-9i>' V k = 5 5 K

T(K)
10 15

Fig. 3.3.

Magnetic heat capacity of CHAB. The experimntal data corrected for the
lattice contribution are denoted by blaak circles. The dashed curve
represents the theoretical estimate for an S = 1/2 ferromagnetic
Heisenberg linear chain system with J/k = 55 K. The full curve
reflects the effect of 5% aasy-plane anisotropy (J ,,/J. = 0.95,
J/k = SS K).

47



The overall behavior of the zero-field magnetic heat capacity of

CHAB, shown in Fig. 3.3, resembles that of CHAC. Apart from the fact

that the three-dimensional ordering of CHAB occurs at a lower tempera-

ture (T = 1.50 K ) , the data on the two compounds differ considerably

c

in the region between T and 10 K. This difference originates from the

fact that the anisotropy in the intrachain interaction in CHAB has an

easy-plane like character, whereas the anisotropy in CHAC is Ising-like.

This is illustrated by the full curve in Fig. 3.3. This curve repre-

sents the numerical estimate of the heat capacity of an S = 1/2 ferro-

magnetic Heisenberg linear chain system with J/k = 55 K and 5% easy-

plane anisotropy (Blote, 1975). The agreement of the data with this

model is reasonable: only minor deviations occur, which presumably

reflect the uncertainty in the estimate of the lattice contribution

(1.5 J/mole K at 7 K ) . The inaccuracy in the resulting J/k value is

estimated as + 5 K. For comparison, we also depicted in this figure

the prediction for the heat capacity of the fully isotropic system

with the same J/k value.

5.4. Magnetic structure, phase diagrams and magnetization

3.4.1. CHAC

The spin structure of CHAC in the ordered phase, as inferred from

susceptibility, magnetization (Groenendijk et al., 1981) and FMR (Phaff

et al., 1984, see also section 3.5) experiments, is shown in Fig. 3.4.

In accordance with the crystallographic structure mentioned above, two

types of symmetry-related chains, denoted by the subscripts 1 and 2,

can be distinguished. For both types of chains the c axis is the inter-

mediate axis and the ab plane is the easy-hard plane. The two easy

directions e and e lie close to the b axis and the two hard directions

h and h lie close to the a direction (see section 3.5 for a discussion

of the exchange constants as measured by FMR). Within the individual chains

the spins are parallel to each other because of the ferromagnetic

intrachain interaction. The chains are coupled into sheets, lying

parallel to the be plane, through a ferromagnetic interchain interaction.

The easy axes of the chains within such a sheet have the same orienta-

tion and the spins are parallel to each other. A largely antiferromag-

netic interchain interaction between spins located in adjacent sheets
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Fig. 3.4.
Schematic representation of the magnetic structure of CHAC(B) in the
ab plane at T - 0 K. Each arrow represents het magnetic moment of a
ahain. There are two "types" of chainu, 1 and 2, each with -its own
system of local axes, (e^i^h^ and (e^,in,h ) . The axes i.,, and i2

coincide with the c axis. J.„ denotes the anti ferromagnetic interchain
interaction between chains of types 1 and 2 and J„ denotes the
ferromagnetic interchain interaction between chains of the same type.

gives rise to a two sublattice non-compensated antiferromagnetic array.

The observed net ferromagnetic moment along the a axis results from the

crystallographic inequivalence of the chains in adjacent sheets. The

canting angle of the spins with the b axis, as obtained from magnetiza-

tion and FMR experiments, amounts to 17°.

The spin structure, discussed above, can also be obtained in an

elegant way by considering the four magnetic space groups belonging to

the Opechowski family (Opechowski and Guccione, 1965) of the crystallo-

graphic space group P_ o 0 . Inspection of these magnetic space grovqps
1 1 1

reveals that P_ _ , , is the only one compatible with both the ferro-
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magnetic alignment of adjacent spins in the c direction and the observed

net ferromagnetic moment along the a axis (see also Fig. 3.6) . Using

the Fymmetry elements of P„ 9,_, and the experimental observation that
1 1 1

the easy axis of the spins is located within the ab plane near the b

direction, the spin structure can easily be deduced. The result corro-

borates the spin structure presented in Fig. 3.4.

5m
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Fig. 3.5.
Magnetic phase diagram of CHAC for an external field direated along
the h axis (Groenendijk et al., 1981) and a field directed along the
a a^xis. Ttie dashed curves are only meant as guides to the eye. The
shaded region reflects the mixed phase region, in which the composition
changes from almost entirely anti ferromagnetic at B to a saturated
•paramagnetic phase at the upper phase boundary.

The magnetic phase diagram for an external field along the b axis
(Groenendijk et a l . , 1981) is shown in Fig. 3.5. At sufficiently low
temperatures a f irs t order metamagnetic transition occurs for B fs 100 G.

c
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At B the antiferromagnetic interchain interaction energy is equal to
c

the Zeeman energy

in which z may be taken to be 8 which i? the number of "antiferromagnetic"

nearest neighbours. Insertion of the extrapolated value for B^ at T = 0 K

in this equation yields an anti ferromagnetic interchain interaction

z J /k = -1.44 * 10 K. Since in the crystallographic structure no evident

exchange path is present along the a direction. Groenendijk suggested

that the interchain interaction in this direction is mainly dipolar.

The metamagnetic transition disappears at a tricritical temperature

T = 2.11 K. From T , the ratio of the anti ferromagnetic and ferro-

magnetic interchain interactions can be estimated, using the following

result from mean-field theory (Kincaid and Cohen, 1975) j

T 7 T
_t , - ^ AF

where z may be taken to be 4 which is the number of "ferromagnetic"

nearest neighbours. If we insert T , T and the value of z J__/k deter-
t C AT At

mined above in this equation, a ferromagnetic interchain interaction

z J /k = 0.15 K is obtained. This interaction probably occurs via paths

involving hydrogen bonds between adjacent chains in the b direction anci

couples the chains into sheets (Groenendijk et al., 1981). It is obvious

that the values of z J /k and z J /k are almost three orders of

magnitude smaller than the value of J/k, thus corroborating the very

good one-dimensional magnetic character of CHAC.

The magnetic phase diagram for a field along the c axis is denoted

by the dashed curve in Fig. 3.5. It has been obtained from heat capa-

city measurements by monitoring the field dependence of the X-anomaly

that marks the second order phase transition from the paramagnetic

phase to the antiferromagnetically ordered phase (Kopinga, 1985).

Results for the magnetic phase diagram for a field along the a axis

are not available.
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3.4.2. CHAB

The results of magnetization measurements on CHAB at T = 1.2 K are plot-

ted in Fig. 3.6. The experiments were performed for external fields up to

~ 1 kG directed along the crystallographic a, b or c axis. Inspection

of this figure reveals that for B // b an abrupt change of the magneti-

zation occurs, indicating a field induced phase transition at about 210 G.

The data for B // a show the presence of a net ferromagnetic mo-

ment along this axis; the increase of the magnetization below 100 G

arises from the alignment of weakly ferromagnetic domains parallel to B,

I
o
O
o

2 2-

Fig. 3.6.

Magnetization of CHAB as a function of the external magnetic field

for the three arystdllogvaghia axes a, b and a. The data are recorded

at T - 1.2 K. Full curves are only meant as guides to the eye.

For comparison, we also plotted similar measurements on CHAC

(Groenendijk et al- . 1981) for B//a and B//a (dashed lines).

fViese measurements have been published as: K. Kopinga, A.M.C. Tinus,
W.J.M, de Jonge, 1982, Phys. Rev. B25, 4685.
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The data for B // c show the regular behavior characteristic for a field

direction perpendicular to the easy axis.

It is clear that the behavior of the magnetization is largely similar

to that of CHAC. One major difference between the magnetization of both

compounds should be emphasized. In CHAB the magnetization along both

the b and c direction reaches about 80% of the saturation value M =

Ng)i S (5.8 * 10 G cm /mole) already at fields of about 1 kG, whereas
B

the magnetization along the a direction seems to saturate at much higher

fields (> 20 kG). Since - as we shall see below - the interchain inter-

actions are very smail, this behavior must originate from the aniso-

tropy of the intrachain interaction. Comparison of the data with a mean

field calculation for a two-sublattice system (Kopinga et al., 1982)

reveals that the anisotropy in CHAB has an easy-plane like character,

in accordance with the zero-field heat capacity measurements presented

in section 3.3. This behavior is complementary to that of CHAC, where the

reported magnetization measurements indicate that the moments are more

or less fixed to one particular direction (Ising-like). This is illustrated

by the data of CHAC for B//a an B//c (Groenendijk et al., 1981), which

are depicted in Fig. 3.6 by dashed curves. The behavior for B// b is not

plotted, since it is largely similar to that of CHAB.

From the recently established crystallographic isomorphism between CHAC

and CHAB and the fact that a net ferromagnetic moment along the a axis exists

we can directly deduce that the magnetic space group of CHAB is also

P, ,,,,. Since, similarly to CHAC, for both types of symmetry-related
1 1 1

chains the c axis is the intermediate axis and the ab plane is the

easy-hard plane 'nee section 3.5), the spin structure in the ordered

phase of both compounds is basically identical (see Fig. 3.4), as was

anticipated before (Kopinga et al., 1982). Recently, more extensive

magnetization measurements on CHAB were performed (Hoogerbeets, 1984,

Kopinga et al. , 1985). From extrapolation of the net ferromagnetic mo-

ment along the a axis to T = 0 K (M = 2.52 * 10 G cm /mole) the
a

canting angle of the moments is estimated as cp = arcsin (M /M ) = 25°.
a s

The magnetic phase diagrams for a field applied along the b and c

axis are shown in Fig. 3.7 (Hoogerbeets, 1984). If - in analogy to

CHAC - CHAB is considered to be a metamagnet, the interchain interac-

tions can be obtained by a similar approach as described in the former
_p

subsection, yielding z, J Vk = -3.8 * 10 K and z J _/k = 0.19 K.
At? Ar r r
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Fig. 3.7.
Magnetic phase diagram of CHAB
(Hoogerbeets, 1984) for an external
field directed along the b and c
axis. The dashed lines are only
meant as guides to the eye.

However, it has been suggested by Hoogerbeets (1984) that in contrast

to CHAC, CHAB exhibits a spin-flop transition for B // b instead of a

metamagnetic transition. From a simple mean-field calculation, in

which CHAB - in a first approximation - is considered as a collinear

antiferromagnet, the antiferromagnetic interchain interaction was esti-

mated as z A p J A p A = -4.4 * 10

-3.8 * 10~2 K inferred above.

-2
K, which is rather close to the value

3.5. Ferromagnetic resonance (FMR)

In general, detailed information about the anisotropy can be obtained

from FMR experiments, because these directly probe the anisotropic part

of the Hamiltonian, the isotropic part playing only a minor role.

Recently, extensive FMR experiments on both CHAC and CHAB were performed

by Phaff et al. (1984). In the following we shall present a summary of

the main results.

The experiments were performed in the temperature range 1 . 2 < T < 4 . 2 K

with the external field directed either parallel or perpendicular to

the c axis. The data were interpreted by considering both compounds to

be antiferromagnets consisting of two weakly coupled non-collinear

sublattices. The sublattices 1 and 2 correspond to the chains labelled
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1 and 2 in Fig. 3.4 and are described by the Hamiltonian

- - 2 ( 3- 3 )

The coupling between the sublattices reflecting the anti ferromagnetic

interchain interactions was approximated by an isotropic exchange

interaction, which can be written as

(3.4)

Using this model, the FMR data on both CHAC and CHAB could be well

described within the framework of linear spinwave theory choosing

the parameters as given in table 3.1. It should be

CHAC

CHAB

T (K)

2 . 2 1 4

1.50

W k (K)

-0.04

-0.04

g

ga = 2.09

gb = 2.33

gC = 2.12

g a = 2

gb = 2

gc = 2

J /k (K)

J* = 45.52

JV = 44.99

j z = 44.49

JX = 55.92

JV = 55.91

JZ = 53.IB
Table 3.1.

Using the parameter values of this table the classical theory gives

an adequate description of the FMR behavior of CHAC and CHAB at a
temperature of 1.26 K. Note that the accuracy of J^/k, tft/k and
J /k is about 5 K (zero-field heat capacity measurements);
the anisotropies (i.e. the difference J^/k-fl/k, c^/k-tfl/k,
<ft/k-J /k) obtained from the FMR data are accurate to within 0.005 K.

Within the framework of linear spinwave theory an FMR experiment at
T = 0 K effectively measures the k = 0 spinwave energy tiu) (see for
instance, Kittel, 1948, Nagamiya et a l . , 1955) Hence FMR experiments
reveal the field-dependence of the spinwave gap. The linear spinwave
theory for one sublattice is treated in section 2.3. From Eq. 2.34 in
that section i t can be inferred directly that in this case the spin-
wave gap depends on the anisotropy of the intrachain interaction
and the applied field but not on the "average" value of this interaction.



noted that the exchange parameters given in this table are evaluated

using the "average" intrachain interaction (J/k = (J /k + J/k + J /k)/3)

inferred from the heat capacity measurements. From this table it follows

that the intrachain interaction in CHAR contains an easy plane aniso-
3 Jz

tropy (i.e. -̂ -(1 —)) of 4.96%, which is in excellent agreement with
2. J

the estimate obtained from the heat capacity measurements (5%). The

anisotropy in CHAC is, however, rather orthorhombic instead of Ising-

like.

Rotation diagrams with the magnetic field in the ab plane showed

the individual spinwave modes of the two sublatticns, which are shifted

with respect to each other over an angle of 34° (CHAC) and 50° (CHAB),

due to the canting of the principal axes of the exchange tensors of

these symmetry-related sublattices in the ab plane. From the separation

of the patterns the canting angle can be obtained, yielding 17° and

25° for CHAC and CHAB, respectively. These values are the same as those

obtained from magnetization measurements (cf. section 3.4). From the

rotation diagrams it also appeared that for both sublattices the c

axis is the intermediate (y) axis and the ab plane is the hard-easy

(zx) plane. The two easy and hard directions have been already depicted

in Fig. 3.4.

At T = 1.25 K the weak coupling between the two sublattices causes a

small hybridization (~ 0.08 K) of the spinwave modes. From this hybri-

dization the antiferromagnetic interchain interaction (Eq. 3.4) can be

estimated as z j /k = -4 * 10 K for both compounds. This value is

of the same order of magnitude as the values inferred from the magnetic

phase diagrams for B// b (cf. section 3.4). Above T no hybridization

could be detected within experimental error, indicating that in this

region the properties of CHAC and CHAB are mainly determined by those

of the individual chains.

3. 6. Concluding remarks

We like to conclude this chapter with some remarks concerning the

the magnetic space group, the origin of the anisotropy in the intra-

chain interaction and the magnitude of the anisotropy within the easy-

plane of CHAB deduced from the FMR experiments.

The magnetic space group of CHAC(B) - in principle - allows that
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adjacent magnetic moments within a chain are tilted out of the ab plane

in the positive and negative c direction. Experimentally,

however, such an effect has not been observed. The zero-field heat capa-

city, magnetization and FMR experiments, which are described in this

chapter, can be explained without assuming such a tilting. Therefore,

we may conclude that the tilting angle of the magnetic moments - if

present - is very small.

The chains in CHAC(B) are described by the Hamiltonian given in Eq.

3.3 and consequently all anisotropy effects are incorporated in the

anisotropic exchange interaction. In the paramagnetic phase there are

two contributions to the anisotropy: firstly, a dipolar anisotropy

arising from the dipolar interaction between adjacent magnetic moments

in the chain and, secondly, an anisotropy induced by the crystal-field

resulting from the local environment of the Cu ions. The dipolar

anisotropy in a ferromagnetic chain would favor an orientation of the magne-

tic moments parallel to the chain direction (c axis) instead of an orien-

tation close to the b axis a.'i found from FMR and magnetization measure-

ments. This suggests that the actual anisotropy is dominated by crystal-

field effects. However, the effects of dipolar origin are not neglegi-

ble. In CHAB, the dipolar anisotropy plays an essential role, because

the very small "effective" anisotropy within the easy— plane is a con-

sequence of an accidental cancelling of the orthorhombic part of the

exchange anisotropy by the dipolar anisotropy (̂ 0.3 K) (Phaff et al., 19S4).

From the exchange parameters given in table 3.1 it follows that the

anisotropy within the easy-planes ((J - J )/J) of CHAB amounts to
-4

1.8 * 10 . Because of this small anisotropy CHAB can be considered as

a potentially soliton bearing system, as we shall show in chapter IV.

Therefore, a comment on the reliability of this estimate seems appro-

priate. Since the coupling between the sublattices has been assumed to

be isotropic, all anisotropy effects are - as mentioned above - incor-

porated in the anisotropic exchange interaction. Hence the calculated

in-plane anisotropy may comprise some efffects of the anisotropy in

the interchain interaction. On the other hand, small deviations are

present between the theoretical prediction and the FMR data at smaller

fields (< 4 kG) (Phaff et al., 1984), which indicate that the in-plane
-4

anisotropy may be larger than 1.8 * 10 by about a factor two (The

reported exchange parameters yield the best overall fit to the data).

57



Therefore, we estimate that the in-plane anisotropy in the intrachain

interaction in CHAB to be smaller than 10
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CHAPTER IV THE APPLICABILITY OF THE SINE-GORDON MODEL TO THE

MAGNETIC HEAT CAPACITY OF CHAB

4.1. Introduction

In the preceding chapter i t has been shown that CHAB is a system

built up from very loosely coupled S = 1/2 ferromagnetic Heisenberg

chains with about 5% easy-plane anisotropy. If we ignore the small

anisotropy within the XY easy-plane (JX-J^)/J » 10 the system can

-to a very good approximation- be characterized by the Hamiltonian

fi - * * i j L L o t o . b . . ' t * o . o . 1 J + o . o . J C ( f - l ö . z ^ t , f ^ * i . i ;

1 i

with the intrachain interaction J/k = 53.18 K and 6 = 1.05.

The Hamiltonian 4.1 can formally be mapped to the sG-Hamiltonian

in the c^se that the magnetic field is applied in the XY easy-plane

(cf. section 2.5). For CHAB this mapping is -in principle- only

real is t ic in a limited temperature region. At the low-temperature

side the onset of the three-dimensional ordering at T = 1.50 K

(B=0) restricts the description in terms of ihe sG-model, since this

model is basically only appropriate to one-dimensional systems. On

the other hand, the motion of the spins should be largely confined

to the easy-plane. For the present system this condition is

approximately satisfied below a temperature

T = 0.44 JS A = 6 K , (4.2)
CO

characterizing the cross-over from Heisenberg to XY behavior (Faria

and Pires, 1979, Boersma, 1981). Hence, barring quantum effects,

the mapping of CHAB to the sG-system seems meaningfull in the

temperature range 1.5 < T < 6 K.

In chapter II we have shown that the s ta t ic and dynamic properties

of systems that can be mapped to the sG-system can be described in terms

of magnon and soliton excitations. To investigate whether this

picture gives a satisfactory description of the thermodynamic

properties of CHAB -at least within the tenperature region indicated

above- we performed detailed heat capacity measurements on this
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compound.

Recently, heat capacity data on two comparable quasi one-dimensional

XY systems CsNiF, {S = 1, Ramirez and Wolf, 1982) and (CH ) NMnCl

(TMMC) (S = 5/2, Borsa, 1982) have already been interpreted in

terms of the sG-raodel. In general, these results on the heat

capactiy are compared with predictions based upon the ideal gas

phenomenology, in which the solitons are assumed to behave as a dilute

gas of non-interacting quasi-particles (see section 2.5). Although

a satisfactory description of most of the data could be obtained

-at least after a certain renormalization of the soliton rest-energy-

the validity of the sG-approximation to real magnetic systems has

been questioned by several authors (Loveluck et a l . , 1981, Reiter,

1981, Pini and Rettori, 1984). I t is far from obvious whether the

available data actually support evidence for the presence of solitons

in these experimental systems, since until now i t has not been

clarified to which extent the various approximations involved with

the mapping of the original magnetic system to the sG-system affect a

meaningful comparison of the latter model with the experimental data.

In this context, our heat capacity measurements on CHAB may serve to

yield additional experimental information about the presence of

soliton-like excitations in quasi one-dimensional XY systems. On the

other hand, because of the small spin value S = 1/2, one might

anticipate that the present compound offers a nice opportunity to

study the influence of quantum effects on the description of the data

in terms of the sG-model.

A f irs t analysis of heat capacity and nuclear spin-lattice

relaxation measurements on CHAB (Kbpinga et a l . , 1984) showed

deviations from the sG-model comparable to those observed in the two

other potentially soliton bearing XY systems CsNiF., and TMMC. Since

the value of the spin quantum number in these systems is different,

these deviations cannot exclusively be attributed to quantum effects.

This motivated us to analyse in more detail the effects of the

various approximations on the interpretation of our heat capacity

measurements on CHAB in terms of the sG-model.

The organization of this chapter is as follows. After a discussion

of the experimental setup in section 4.2, we summarize our earlier

interpretation of the heat capacity measurements on CHAB in section 4.3.
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In section 4.4 we discuss the implications of the ideal gas pheno-

menology. Next, we consider the various approximations involved

with the mapping of CHAB to the sG-system. The influence of the out-of-

plane spin conponents and the continuum limit will be considered in

section 4.5 by confronting the sG-model with several appropriate

classical model systems. In section 4.6 we estimate the influence

of quantum effects, and conpare some results from calculations on

corresponding classical and S = 1/2 systems. A confrontation of

various predictions for the field dependence of the magnitude and

location of the heat capacity maximum in CHAB with the experimental

data will be presented in section 4.7, together with a discussion,

in which we briefly consider comparable data on CsNiF and TMMC.

4.2. Expevimen ta 1

The heat capacity measurements described in this thesis were

performed with a vacuum calorimeter, which is schematically drawn

in Fig. 4.1. The outer part of the calorimeter consists of a stain-

less steel tube a, having a diameter of about 30 mm, with a copper

vacuu-n chamber b at the lower end. The system is immersed in liquid

helium. The inner part consists of a thin-walled stainless steel

support tube c, which ends in a partly cone-shaped copper bush d.

To the bush a brass frame e and a mechanical heat switch (f , j ,k, l ,n)

are attached. The bush i tself can be screwed into a conical hole of '

the top flange g of the vacuum chamber to provide a good thermal

contact with the helium bath. The sample holder h, which consists

of a small thin copper plate, is suspended with nylon threads inside

the frame e, along which the electrical wiring is led. The whole

inner part, including sample holder and heat switch, can be taken

out of the vacuum chamber. In this way the sample can be changed

rather easily. The mechanical heat switch, which is thermally anchored

to the helium bath, can be closed by pulling the lod m upwards. The

cool-down sequence of the sample from room temperature to liquid

helium temperature takes bet' een I and 2 hours.

Next, we will oonsic1 c the sample \ 'der in more detail . The

crystal under investigation, with a mass typically between 0.5 and

3 grams, i s wrapped into 10 ]M copper foil to improve thermal

equilibrium. This sanple is stuck to the sample holder h with a few
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mg of Apiezon M vacuum grease. I t was desirable to improve thermal

contact by binding the sample to the sample holder with a piece of

thin teflon tape (~10 mg). Teflon was chosen because of i t s very

large l inear expansion coefficient . A metal film re s i s to r of about

8 kü, which was used as a heatez-, and a resistance thermometer are firmly

attached to the sample holder with GE 7031 Varnish. In the course of

the experiments two different thermometers were used. The i n i t i a l

measurements were performed with a germanium resistance thermometer

(Sr 2683, Cryocal I n c . ) . Because of the rather large magnetoresistance

of th i s type of thermometer, which introduced addit ional inaccuracies

a t the highest f i e ld s , i t was replaced by a carbon-glass thermometer

(CG 1476), tha t shows only small resistance changes in f ields up

to 10 kg.

The resistance of the thermometers ( typically 1 kïï a t 4.2 K) i s

measured with a four-wire a . c . resistance bridge operating a t 30 Hz.

The bridge voltage can be adjusted to l imit the power dissipat ion

in the thermometer to 10 to 10 Watt. In t h i s way excessive self-

heating of the thermometer can be avoided. The e l e c t r i c a l noise

referred to the bridge input amounts to about 20 nV in 1 Hz bandwith,

which generally corresponds to bridge resolution AR/R of about 10 .

The corresponding temperature resolution varies between 1 UK at

T = 1.2 K and 20 )JK a t T = 6 K. Both thermometers were ca l ib ra teJ

in zero-field against secondary standards, which match the IPTS-68

temperature scale with an accuracy of about 5-10 UK in the tempera-

ture range 2-20 K. A smooth interpolat ion of the cal ibrat ion data

was obtained by f i t t i n g with cubic sp l ines . The standard deviation

of these f i t s typical ly did amount to 0.03%, which i s of the same

order of magnitude as the uncertainty in the ca l ibra t ion .

The f ie ld dependence of the thermometers was determined experi-

mentally. These experiments revealed tha t the resistance of the

thermometers a t f ields below 10 kG can be re la ted to the zero-f ield

calibrat ion by a rather simple emperical expression:

R/RQ - 1 = CMS TQ " , (4.3)

where a and 3 are constants, R i s the observed resistance in an

applied f ield B (in kGauss), and R and T are the corresponding
o o
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values of the resistance and temperature in zero-field. R and T
o o

can be determined from R and B by an iteration procedure, using the

known zero field calibration T (R ). For the germanium thermometer

a and 8 amourt to 2.5 x 10 and 1.5, respectively, whereas for the

carbon-glass thermometer a = 1.5 x 10 , 6 = 2.5. If we express the

observed magnetoresistance as a field-dependent temperature correction,

this has a magnitude of 30 mK (3 mK) for the germanium (carbon-glass)

thermometer at 4,2 K and B = 6.5 kG. Equation 4.3 describes these

corrections with an accuracy of about 5 percent.

With the equipi. n' «sketched above, heat capacities can typically

be measured with re> "<ucibility of ~ 2 percent. We wish to note

that the determiiï r jf the magnetic heat capacity of the sample

requires the subtra. cion of the heat capacity of the various addenda

and the empty sample holder from the experimental data, as well as a

correction of the resulting sample heat capacity for the lattice

contribution. This procedure may -in principle- give rise to a

serious accumulation of systematic errors. However, in our analysis

of the data on CHAB, which will be presented in the next sections,

only the excess heat capacity is considered, i . e . the heat capacity

in applied field minus that in zero field. Since the heat capacity

of the addenda and the sample holder and the lattice shows no

significant field dependence, such an accumulation of systematic

errors does not occur.

4.3. Experimental results; interpretation based on the sG-model
within the ideal gas phenomenology

The heat capacity measurements reported in .this chapter have been

performed in the paramagnetic region for 1.5 < T < 6.5 K. The external

magnetic field (<6.5 kG) was aligned either along the c axis, which

is located in the easy-plane of both sets of chains, or within the

ab plane. For the measurements we used single crystals with a mass

between 2 and 3 gram.

Typical examples of the total heat capacity C of the sample

for B// c are shown in Fig. 4.2. These data clearly reveal a field

dependence, which varies markedly with temperature. To study this

dependence in detail, we aalculated the magnetic excess heat capa-

city Ac = C .(B) - C (0) for various values of the external
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Fig. 4.2.

Total heat capacity of CRAB measured in external fields along the

c axis.

field. The results are plotted in Fig. 4.3. No demagnetization
corrections are applied, since these amount to at most 50 G, as can
be inferred from magnetization measurements presented in chapter H i .

Although Ac certainly includes the effect of B on the linear
spinwave excitations (cf. chapter I I ) , the contribution of these
excitations on i tself would yield a decrease of the heat capacity
with increasing field in the present temperature region. This is
illustrated e.g. by the dashed curve in Fig. 4.3, which represents
the linear spinwave contribution to Ac for B = 4 kG. Furthermore,
a contribution arising from isolated magnetic ions (or impurities)
can be ruled out (Ramirez and Wolf, 1982). Hence we conclude that
the observed field dependence is governed by non-linear processes.
In fact, the behavior of Ac suggests a soliton contribution, which
-as was shown in section 2.5- is positive and exhibits a field
dependent maximum.
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Fig. 4.3.

Temperature dependenee of AC = C(B) - CAO) for B// o. Full ourves are
guides to the eye. Dotted curves represent our earlier interpretation
(Kopinga et al., 1984) based on the ideal gas phenomenology (Eq. 4.4)
with E°yk = 8. 4y/B. The linear spinaave contribution for B = 4 kG is
shotfn by the dashed auvve. The inset shews the orientation of the
XY easy-planes.

As already mentioned in the introduction, we recently reported

an interpretation of the excess heat capacity of CHAB in terms of the

sC-raodel (Kopinga e t a l . , 1984). Analogous to the original interpre-

t s ion of the data on CsNiF (Ramirez and Wolf, 1982) and TMMC

(Borsa, 1982), this interpretation was based upon the ideal gas

phenomenology introduced by Krumhansl and Schriefer (cf. section 2.5).
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For the analysis we vised an expression for the soliton contribution

AC to the excess heat capacity, in which the properties of the

system only enter through the parameters J/k and E /k, i . e .

8\1/2 2 -1 / E s \ 3 / 2 ' E s / k T ffEl
| ) Ü6JSS2, Sc ( £ ) S ((

ffEl A2 1\((_£-!) . I). (4.4,

where E is given by (cf. table 2.2)

E° = 8S(2gU BSJ5) 1 / 2 . (4.5)
S B

In fact, this expression is obtained directly from Eq. 2.88 by

eliminating the mass parameter using the relation {cf. tabel 2.2)

in = - -rrrr- = - — - (4.6)

With the exception of the absolute magnitude a fair description of

the data, in particular the temperature at which the maximum excess

heat capacity occurs, was obtained for E /k = 8.4/B (dotted curves

in Pig. 4.3, see also Fig. 4.7). This implies a renormalization of

20% of the classical soliton rest energy E /k = 10.95/B (B in kGauss),

that is obtained from Eq. 4.5 inserting the appropriate values for

CHAB (J/k = 53.18 K, S = 1/2, g = 2, ó = 1.05). With respect to the

overall magnitude of Ac we recall that the data include the contri-

bution of linear magnetic excitations, which is shown to be negative.

If, however, Ac is corrected for this contribution, the resulting

magnitude of the data is s t i l l too low compared with the prediction

based on Eq. 4.4 with E = 8 .4 /B . We will discuss this point rather

extensively in the remainder of this chapter.

Measurements of the excess heat capacity were also performed with

a field applied within the ab plane. In Fig. 4.4 some representative

sets of data obtained with a field directed along the b and a axis

are shown. These results are compared, respectively, with sets of

data obtained for fields along the c axis (Figs. 4.4a and 4.4b) or

b axis (Fig. 4.4c and 4.4d). The magnitude of the fields in the a,

b and c direction have been chosen such that they all yield the same

value for the component in the XV easy-plane. The corresponding

field components are shown in the insets of Fig. 4.4. This comparison
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Fig. 4.4.

Comparison of AC - C(3) - 0(0) in inclined fields B// a with AC

measured in inclined fields Btan <p// b yielding the same in-plane

component Bsin (f>'o+d). Comparison of AC measured in in-plane fields

Bsin ip// a with tC measured in inclined fields Btan W// b yielding t'-:c

same in-plane component (a + b). In the insets (p - 25° is the

canting angle as indicated in Fig. 4.3 and the shaded area denotes

the easy-plane.

clearly reveals that the behavior of Ac is dominated by the effect

of the component of the field within the XY plane. Furthermore, we

measured Ac with the field directed perpendicular to the easy-plane

of one of the two symmetry-related sets of chains (B//hj). In this

case, a non-zero in-plane field component is present only for one

set of chains. In Fig. 4.5 the data with B//hj are compared with

those obtained for B// b involving the same in-plane field component

for both sets of chains. This figure shows that the field effect for

T 5 3 K with B// b is roughly twice as large as the field effect with

B//h , corroborating that Ac is mainly determined by the component

of the applied field within the easy-plane. For low values of the

external field (B £ 3 kG) along the h direction and T < 3 K the
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ixcess heab capacity shows a peak which resembles the A-anomaly of

iie zero-field heat capacity (see Fig. 3. 3) , whereas at higher fields

i more or less flat plateau is observed. This somewhat peculiar

>ehavior disappears when the external field is applied at a direction

slightly different from the h. direction, indicating that this

>ehavior is related to the fact that for B//h the field is perpen-

iicular to the easy-plane of one of the sets of chains. The physical

jrigin of this effect i s , however, not yet clear.

0.2

Si
o
E

0.2

04-

0.2

• B-1.95kG//h,
. I , I

°B-1.93kG//b
• B-2.26kB//hi

n 1 1 r

o B-Z.76M5//b
• 8"3.26kO//h,

1 r

B-5.22k6//h,

TIKI

Fig. 4.5.
Comparison of AC = C(B) - C(0) measured in inclined fields perpen-
diaulca> to the easy-plane (XY1) of one of the two symmetry-related
sets of chains B//h1 with AC measured in inclined fields ZBsin y//b
yielding the same in~plane component Bsin &p in both sets of chains.
The relative orientations are shown in the inset.
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These observations -at first sight- are consistent with the soli-

ton interpretation, since as long as the "hard" component of the

applied field is (much) smaller than the easy-plane anisotropy, only

the in-plane component, which induces the symmetry breaking required

for soliton excitations, determines the soliton rest-energy

(Makhankov and Fedyanin, 1984). I t has been suggested that the out-

of-plane component of the field may alter the stability range of the

solitons (Hackenbracht and Schuster, 1983, Kumar, 1982, Magyari and

Thomas, 1982), but the data do not indicate such an effect. Of course,

the data should s t i l l be corrected for the linear spinwave contri-

bution. However, this correction will not exceed -2*10 J/mol K at

a maximum in this field and temperature region, and will therefore

not basically alter the analysis presented above.

4.4. Implications of the ideal gas phenomenology

In the confrontation of the sG-model with the experimental excess

heat capacity of CHAB, presented in the preceding section, only the

soliton contribution (Eq, 4.4) was considered. The magnon contri-

bution to AC in Eq. 2.87, which in this model is represented by a power

series in kT/E multiplied by Rma, that should be added to Eq. 4.4,

was replaced by i t s quantum-mechanical couterpart based on linear

spinwave theory. Formally, this approach is somewhat indirect, since

an exact numerical result for the excess heat capacity of the

classical sG-model is available from a numerical solution of the

transfer integral equation. In this section we shall confront the

data on AC with that exact result and discuss the implications

on our earlier interpretation based upon the ideal gas phenomenology.

We will confine ourselves to the data obtained for a field directed

along the c axis, which is -as mentioned in section 4.3- located

in the easy-plane of both sets of chains.

If the magnetic behavior of CHAB in the experimental field anc"

temperature region can perfectly be represented by the sG-model

Ac should show universal behavior, since the data have been collected

in the strong-coupling regime determined by T//B « 11 as follows from

Eq. 2.74 (see section 2.5). To investigate this point in detail

we plotted the data, which have already been presented in Fig. 4.3,
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in reduced form, i .e . AC//B against T/ /B. This procedure should

yield an universal curve, since for a ferromagnetic system described

by the Hamiltonian 4.1 both m and E are proportional to /B (Eqs.

4.5 and 4.6). Inspection of Fig. 4.6, where the experimental excess

heat capacity for several values of B are plotted in such a way,

clearly shows that the data collected at different fields do not

collapse onto a single curve. For higher fields, the magnitude of

AC//B increases significantly, whereas the location of the maximum

shifts to somewhat lower values of T/ /B. Apart from this, the excess

heat capacity becomes negative at low T/ /B, in contrast to the

theoretical predictions outlined in section 2.5. We will return to

this point in section 4.6.

0.25

0.20

T—:—i 1

C6H,,NH3CuBr3

T

BlkG)
'1.25
o 1.75
' 2 5 0
•325
«VOO
° 5-50
• 6.50

"T

-0.05

T//BIK.kG1/2)

Fig. 4.6.
Experimentally observed excess heat capacity &C = C(B) - C(0) of CHAB
for B//a plotted in reduced form. Full curves are obtained by smooth
interpolation of the data. The inset shows the orientation of the
easy-plane for the two symmetry-related sets of chains.
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Fig. 4. 7.

The excess heat capacity AC = C(B) - C(0) of CHAB for B// c plotted

in reduced form together with several- theoretical predictions for

the sG-model. Dotted curves denote experimental data, whereas the

full curve reflects exact numerical results. The dashed curves are

explained in the text.

The full curves in Fig. 4.6 are obtained by smooth interpolation

of the various sets of data (Note that the data for B = 5.5 kG and

6.5 kG have been represented by one full curve). For the sake of

clarity, only these curves are repeated in some of the following

figures. In Fig. 4.7 the data are represented by dotted curves. In

this figure we also included several theoretical predictions, which

will now successively be discussed. The dashed curve labelled 1

represents the soliton contribution to the excess heat capacity Ac
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given by Eq. 2.38. In this equation we inserted the "classical"

values for m and E° obtained from Eqs. 4.5 and 4.6, with J/k = 53.18 K,

5 = 1.05, S = 1/2 and g = 2, i . e . E°/k = 10.95 /B and m = 0.049 /B
s

(B in kGauss). The dashed curve labelled 3 denotes the prediction

for Ac, which has been used in the analysis presented in the pre-

ceding section (dotted curves in Fig. 4.3). This curve was obtained

with a renormalization of the parameter Es/k in Eq. 4.4 by 20% to

8.4 / B . I t is obvious that such a procedure implicitely yields also

a reduction of the mass parameter by 20%. From a theoretical point

of view i t has been argued that E° and m should be renormalized in

a different way (Dashen et a l . , 1975). As an example we have

il lustrated the effect of a renormalization of the soliton rest-

energy in Eq. 2.88 without changing m in Fig. 4.7 by the dashed

curve labelled 2. Although accurate quantitative predictions for the

renormalisation of m and E are not available (cf. section 4.6), the

previously reported fair agreement of the theory with the data seems

rather fortuitous (Kopinga i t a l . , 1984), since the corresponding

expression for the excess heat capacity (cf. Eq. 4.4) is not

applicable for T//B > 1.6 (cf. section 2.5), in which the majority

of the experimental data has been collected.

A much better quantitative description of the data is provided

by the numerical results of Schneider and Stoll (1980) (cf. Fig. 2.7),

which are represented in Fig. 4.7 by the full curve labelled SSN.

As we already indicated abovo, these results include a l l contributions

to the excess heat capacity of the classical sG-model, in contrast

to the other theoretical predictions plotted in this figure, which

only represent the contribution from solitons within the framework

of the original ideal gas phenomenology. I t i s obvious that the

(exact) numerical results plotted in Fig. 4.7, corresponding to

E°/k = 10.95 /B and m = 0.049 /B (cf. Eqs. 4.5 and 4.6), agree

fairly well with the "average" data. Hence we conclude that a correct

description of the excess heat capacity of CHAB in terms of the

sG-model does not require a significant renormalization of the

soliton rest-energy. Our data even suggest a small increase of E°

with respect to the "classical" value rather than the decrease

inferred above. We will return to this point in section 4.6.

On the other hand, inspection of Fig. 4.7 reveals that the sets
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of data collected at different fields show systematic deviations

from the numerical results for the sG-raodel. In the next section

we will demonstrate that this non-universal behavior, which was

already noted above, most likely originates from the effect of

spin components out of the easy-plane.

•/./'. Out-of—plane spin <?ompone>its

In the foregoing section we have shown that the experimental

data on CHAB exhibit systematic deviations from the exact numerical

results for the excess heat capacity of the sG-model. Since these

results -in principle- are obtained without any additional

assumptions, such as the ideal gas phenomenology, i t is evident

that the observed deviations originate from the various approximations

involved in the mapping of the original equation of motion of the

spins to the sG-equation. However, the effect of each individual

approximation on the theoretical prediction for Ac is far from

obvious. These approximations can be summarized as follows: the spins

are treated as classical vectors, the ariisotropy is assumed to be

large enough to confine the motion of the spins to an easy-plane,

and the limit of zero lattice spacing is taken.

Recently, several corrections to the static and dynamic proper-

ties predicted by the sG-nodel have been proposed (Leung and

Bishop, 1983, Fogedby ot a.l., 1983, Mikeska and Osano, 1983) in

order to account for the out-of-plane spin-components. As the

calculation of the heat capacity does not require a knowledge of

the properties of the individual elementary excitations, we will

confine ourselves here to a direct approach, in which the excess

heat capacity is confronted with exact numerical results for Ac

obtained from transfer matrix calculations on a chain of classical

spins (cf. section 2.4). In these calculations the known exchange

and anisotropy parameters of CHAB are used (J /k = 55.92 K,

Jy/k = 55.91 K, JZ/k = 53.18 K) . The results are represented by the

full curves (n = 3) in Fig. 4.8, in which we also plotted the

smoothed experimental data (dashed curves). Inspection of this

figure shows that the magnitude of Ac obtained from the transfer

matrix calculations is too high by about a factor 2 (see also
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section 4.6 for a discussion). Nevertheless, the systematic
deviations of the data from "universal" behavior, i . e . the increase
of the magnitude of the maximum of AC//B and the shift of the maximum
towards lower values of T/ /B at higher fields, are predicted
correctly. Hence we conclude that these features qualitatively
originate from out-of-plane spin components.

0.3

0.2

0.1

n«3, classical

n-2, classical

data

0 1 2 3 . , 4 5 6
T//B(K-kG'1/2)

Fig. 4. 8.
The excess heat capacity Ac? - C(B) - C(0) of CHAB fov B// o plottea
in reduced form together with nvmviaal results of transfer matrix
calculations on two classical spin systsms. Full curves3

characterized by the magnitude of the magnetic field, represent
calculations on a system with exahange parameters appropriate to
CHAB (f/k = 55.92 k, J'/k = 55.91 k, J*/k - 53.18 k3 B//y (c axis)),
in which the spins have three L . yonents. The shaded area represents
calculations for 1.25 < B < 6.5 kG on a planar system (^/k = 55.92 k,
$/k = 55.91 k} B//y), in which the spins have only two non-zero
components.
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The present approach, however, has the formal drawback that i t

may be somewhat obscured by the effects of the continuum limit,

since the transfer matrix calculations are performed for a discrete

chain. To discriminate between the effects of out-of-plane spin

components and the continuum limit, i t would be useful to compare

the exact numerical results for the excess heat capacity of the

sG-model with transfer matrix calculations on a chain of classical

spins in a transverse field, in which the importance of the out-of-

plane spin components is varied by the value of J (0 < J < J) ,

especially in the limit J =0 . Unfortunately, such calculations give

rise to numerical problems at low values of kT/J if J differs signi-

ficantly from J (Boersma et a l . , 1981). Therefore, ve have to resort

to transfer matrix calculations on a planar (n = 2) system, i .e .

a chain of classical spins which are fully confined to the XY plane.

Note that this system is essentially different from the n = 3 model

in the limit J = 0 mentioned above, where the spins s t i l l can have

an (energetically unfavorable) out of-plane component. The results

of these n = 2 transfer matrix calculations for J /k = 55.92 K and

J /k = 55.91 K are reflected by the shaded area in Fig. 4.8, bounded

by broken curves, the upper and lower curve corresponding to a

magnetic field B = 6.5 kG and B = 1.25 kG in the y direction (c axi^),

respectively. We like to note that inclusion of the small in-plane
x y — 3

anisotropy (J - J )/J = 10 has no significant effect on the

results for Ac for the tenperatures under consideration, which

conclusion also holds for the n = 3 case.

The numerical results of Schneider and Stoil for the excess heat

capacity of the sG-model are located within the shaded area ir. Fig.

4.8 and coincide with the n = 2 transfer matrix results for B - 6.5 kG

within a few percent. The good agreement between the results for

these two model systems indicates that the influence of the continuum

limit on the excess heat capacity is rather small in the present

field region. Of course, the small deviations of the ri 2 results

from universal behavior might be associated with lattice discreteness

effects, but such a conclusion should be considered with some re-

servations, since the best agreement of the numerical results for

the discrete n - 2 system with those for the sG-model does not occur

at the lowest field, where the influence of the discrete lattice
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spacing should be minimal, because in this region the solitons have
their maximum length. Nevertheless, the evidence presented in Fig. 4.8
strongly suggests that the influence of the continuum limit is rather
unimportant compared with that of the out-of-plane spin components.
The quantitative effect of these spin components on Ac seems to
increase dramatically at higher fields, as can be inferred from
a comparison of the numerical results for the discrete i; = 3 and
n = 2 systems.

Fig. 4.9.

Expectation value of the spin components « (sf1) » of CHAB for B = 0

(full curves) and B - 4 kG// a (a = y, dotted curves) as obtained by
n - 3 classical transfer matrix calculations. The results on

s 2« (S ) » for B = 0 and B = 4 kG// a coincide. Cashed curves are
only meant as guides to the eye.

The significance of the out-of-plane spin components in this
system can also be i l lustrated by a numerical transfer matrix cal-
culation of the behavior of the expectation value of the various
spin-components « (S.) » . These calculations were performed for a
set of exchange and anisotropy parameters appropriate to CHAB. Some
representative results are plotted in Fig. 4.9. Inspection of this
figure reveals that the out-of-plane spin-components (z) are
definitely non-zero in the temperature region 1.5 < T < 6.5 K, in
which the experimental data has been collected.
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We wish to conclude this section with a comment on the comparison

of the various results presented above. Although the n = 2 classical

spin model and the sG-model and -to a less extent- the n = 3 classical

spin model yield comparable results for the excess heat capacity,

the corresponding predictions for the total heat capacity are

markedly different. This is illustrated in Fig. 4.10. Note that in

the zero-temperature limit, the n = 2 model predicts a heat capacity

equal to R/2, whereas the n = 3 and the sG-model both predict a

zero-temperature heat capacity equal to R. This is in accordance

with the prediction from classical mechanics, C = — R{n - 1), where

n denotes the spin-dimensionality (Stanley, 1969). However, i t is

obvious that the present classical systems al l violate the third

law of thermodynamics. We will return to this point in the next

section.

Fig. 4.10.

Comparison of the heat capaei-•,

characterized by the magnitude

of the magnetic field, for £>:,

classical n - 3 (a) ~>ii n = L

(c) spin model obic • -j

transfer matrix aalcu^a'L-.r-n

with exchange parameters

appropriate to CHAB with the

numerical predictions for the

sG-model (b). The excess heat

capacity AC = C(B) - C(0) is

already depicted in Figs. 4.7

and 4. 8.

20
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4.8. Quantum effects

Especially at low temperatures, the heat capacity is very
sensitive to quantum effects, since i t directly probes the location
of the energy levels of the system. A t r ivia l demonstration of this
fact i s the heat capacity of the n = 2 and n = 3 classical spin
models mentioned above, which approaches a finite value at T = 0
instead of zero, as was demonstrated above. On the otherhand, the
solitons occuring in the sG-system behave as quasi-particles with a
finite rest-energy. Since these solitons are not present in zero-
field, i t is not a priori irnpossible that the classical sG-model
-despite i t s inadequacy to describe the total heat capacity of a

quantum system- may give a fair description of the excess heat
capacity Ac = C(B) - C(0), at least in that field and temperature
region where the solitons have sufficient s ta t i s t ica l weight. This
assumption i s supported by the experimental evidence presented in
the preceding sections.

In the remaining part of this section we shall f i rs t consider the
effect of several quantum corrections that have been proposed for
the sG-model, especially for the range of parameters appropriate to
CHAB. Next, we will i l lus t ra te the potential influence of quantum
effects by conparing the excess heat capacity of the classical and
S = 1/2 systems.

Inclusion of quantum effects in the sG-model has been considered
by several authors (Maki, 1981, Mikeska, 1982, RLseborough, 1983).
Their calculations reveal that the importance of quantum effects

is related to the magnitude of the dimensionless coupling parameter
2 2 2

g = "fic/E , where for the present system E = a2Jh S 6 and
° 1/2 °

c = a2JSh[2S(6-l)] (see table 2.2). This parameter is often rewritten
as g = 8m*/E , where m* = me is the magnon gap and E is given by

2 s

Eq. 4.5. If g is small compared to unity, the behavior of the system
car» be described by semiclassical s ta t i s t i cs , and only a renormaliza-
tion of the soliton rest-energy and the mess parameter i s required
(Maki, 1981). For a ferromagnetic chain described by the Hamiltonian
4.1 g2 = S~1[2(6-l)/6]1 '2 , yielding the value g2 = 0.62 for CHAB.
If we use the expressions given by Maki (1981), we obtain reductions
of both E and m by about 10% in the field region of interest. Thiss
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renormaiization shifts the magnitude and the location of the pre-

dicted maximum excess heat capacity to lower values. The inclusion

of these renormalized parameters in the exact numerical results for

the sG-model would therefore increase the deviations between these

results and the experimental data presented in Fig. 4.7. One should

note, however, that in the mapping of the spin system to the sG-model

(cf. section 4.1) the length of the classical spin vector is taken

equal to the spin quantum number S. If, alternatively, one starts
1/2

from the semiclassical value S = [s(S+l)] the "initial" predictions

for E and m and, consequently, the magnitude of the maximum as

well as the position at which the maximum occurs, would be sub-

stantially higher. In this case, however, the predicted quantum

corrections would improve the description of the data.

Mikeska (1982) has analyzed the quantum effects on E and m

allowing small deviations from idealized planar behavior. For ani-

sotropies that are characteristic for the experimental systems

investigated up t i l l now, he obtains a reduction of E and m which

only depends on the value of S. In his analysis, the classical

estimates for E and m are given by expressions similar to Eqs 4.5

and 4.6, where S has been replaced by S. The net result of the

inclusion of quantum effects on the numerical results for Ac of the

sG-model i s a decrease of AC//B and the value of T//B at which the

maximum excess heat capacity occurs by about 30% and 5%, respectively.

This renormaiization does not result in a better description of the

experimentally observed excess heat capacity, except for the lowest

fields. Probably, the better agreement at lower fields is related

to the smaller influence of the cut-of-j-lane spin components in this

region (cf. sect'.on 4.5), which very likely improves the description

of the experimental system in terms of the sG--;nodel, but actually

the available evidence does not permit any quantitative conclusions

about the validity of the suggested quantum corrections.

Riseborough (1983) has shown that -in principle- the quantum

effects on E in a discrete lattice may diffar considerably from

those calculated within a continuum approximation. However, his

analysis reveals that the various corrections involved with lattice

discreteness cancel if the J/k value, which he assumed to be extracted

from an experimentally observed spinwave dispersion relation is
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appropriately renormalized. I t is not clear, however, whether this

conclusion also holds for CHAB, since the estimate for JÓ/k is partly

based on heat capacity measurements in the paramagnetic region (cf.

chapter I I I ) .

We wish to emphasize that the good description of the "average"

excess heat capacity of CHAB by the exact numerical results for a

classical sG-model does not necessarily imply that the bare quantum

effects in this experimental system are small- In fact, these effects

significantly reduce the excess heat capacity, as can be inferred

directly from Fig. 4.8 by comparing the experimental data with the

n = 3 transfer matrix results, which are calculated for the same

Hamiltonian and the same parameters (cf. table 3.1.) that describe

the chains in CHAB, except for the fact that the spins are repre-

sented by classical vectors. The good description of the "average"

data by the sG-model most likely arises from a compensation of the

influence of out-of-plane spin components, which tend to increase

the excess heat capacity, by the influence of quantum effects, which

result in a decrease of Ac. Within the framework of the sG-model,

the predicted quantum corrections are rather small for the range of

parameters corresponding to the experiments on CHAB, as was discussed

above. This suggests that also in these theoretical calculations the

potential quantum nature of the present S = 1/2 system is to a large

extent "neutralized" by the relatively small easy-plane anisotropy,

which is reflected by the small value of the coupling parameter

g = 0.62. This view is supported by the results obtained by Wysin

et al. (1984) from a numerical simulation of the soliton dynamics.

They conclude that the deviation of the behavior of CHAB from the sG-

theory originates from finite excursions of spins away from the easy

plane, whereas -because of the small XY anisotropy- the quantum

effects are weaker than in the S = 1 system CsNiF .

The rather crucial influence of the amount of XY anisotropy can

be illustrated by a theoretical comparison of the classical and the

S = 1/2 anisotropic XY system in zero-field. Both systems are

described by the Hamiltonian

Ï [(1 + Y ) S ^ + 1 + (1 - Y)S^ + 1 3 . (4.7)

81



The s ta t ic properties of the classical system are calculaced by

a transfer matrix method, whereas the S = 1/2 system can be mapped

on a system of non-interacting fermions by invoking the Jordan-

Wigner transformation (Lieb et a l . 1961, cf. section 2.2). The

symmetry within the easy-plane is broken by an orthorhombic aniso-

tropy characterized by y, which actually replaces the action of the

usual transverse magnetic field. In the classical case, the system

described by Eq. 4.7 can be mapped on the sG-system (Mikeska, 1931, cf.

table 2.2), in which TT-solitons are allowed. We like to note that

also in this case the Ac in the sG-model shows a universal behavior,

i . e . Ac//y as a function of T//y i s independent of y.The excess

heat capacity AC = C(y) - C(y = 0) i s plotted in Fig. 4.11 in such a

way for both the classical and the S = 1/2 model. The dashed curve

reflects the numerical calculations by Schneider and Stoll for the

sG-model. Their results agree very well with those for the classical

system described by Eq. 4.7.

Fig. 4.11.
Excess heat capacity
AC - C(y) - C(y - 0) of the
classical and the S - 1/2 XÏ
linear chain system, plotted in
reduced form. The curves are
characterized by the relative
anisotropy y within the AT plane.
The dashed curve represents exact
numerical results for the sG-modc

oe
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A comparison of the classical and S = 1/2 systems presented in

Fig. 4.11 reveals that, although t'.ie maximum excess heat capacity

occurs at comparable temperatures for both systems, the magnitude

of AC differs up to a factor 40. This discrepancy must be related

to the large XY anisotropy of the systems described by the Hamiltonian

4.7. within the framework of the theoretical calculations of the

quantum corrections for the sG-model discussed above, the value of the

coupling parameter g of these systems amounts to 8/2 (cf. table 2.2),

which indeed invalidates the use of (semi)classical s ta t i s t ics .

The small magnitude of AC in the S = 1/2 XY case might already

have been anticipated from the magnetic entropy of the system. I t

is well-known that the presence of a field or anisotropy enhances

the magnetic order/ i . e . i t gives rise to an increase of the

correlations between some of the spin-components and a shift of

the entropy S towards higher temperatures. Since S is equal to the

integral of C/T, a positive excess heat capacity in a certain

temperature region in fact results from the fraction of entropy

removed at lower temperatures. In the S = 1/2 isotropic XY system

the amount of entropy below the temperature region of interest

(kT/J < 0.05) is very small (Katsura, 1962). This limits Ac to low

values, in contrast to the classical system, where formally an

infinite amount of entropy is present at T = 0. The shift of entropy

produced by a field or anisotropy also explains the fact that the

experimental excess heat capacity plotted in Fig. 4.6 becomes

negative at low temperatures, as was already noted in section 4.4.

The same holds for the S = 1/2 XY system presented above.

So far, we have considered the influence of quantum effects on

the heciL capacity of two potentially soliton bearing systems, we

wish to conclude this section with a more general comment on the

influence of these effects on the heat capacity. To this end we will

compare the predictions for the classical and the S = 1/2 XXZ chain in

zero-field described by the Hamiltonian (cf. section 2.2)

(4.8)

Depending on the value of the anisotropy parameter this Haniltonian

describes the XY-Heisenberg (0 £ A < 1) and Ising-Heisenberg (A > 1)
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ferromagnetic chain system, respectively. The heat capacity of the

classical system is calculated by the transfer matrix method, whereas

that of the S = 1/2 system is obtained by extrapolation of numerical

calcalutions on finite chains (Blote, 1975). Because -as was demon-

strated above- the heat capacity of the classical system shows non-

physical features at low temperatures, we will confine ourselves to

the excess heat capacity Ac = C(A ^ 1) - C(A = 1). In Figs. 4.12 and

4.13 both the classical results (dashed curves) and (exact) quantum-

mechanical results (full curves) are plotted for various values of

XY and Ising anisotropy, respectively. Inspection of these figures

reveals that the classical model gives a fair description of the

effect of an XY as well as an Ising anisotropy on the heat capacity,

i .e . the increase of the magnitude and the shift of the location of

the maximum of Ac for increasing anisotropy is predicted correctly.

However, the classical prediction for the magnitude of Ac is too

high, which again i l lustrates that quai.tun effects result in a decrease

of Ac. The quantitative agreement between the predictions of the

classical and S = 1/2 model becomes better for lower values of the

anisotropy. This tendency is -more or less- consistent with the

results presented above. For CHAB, where the amount of XY anisotropy

is rather small (J /J *« 0.95), the transfer matrix results for the

magnitude are about a factor two higher than the data (cf. Fig. 4.8),

whereas for the anisoóropic XY chain (J /J = 0) the classical results

are up to a factor 40 higher than the results for the corresponding

S = 1/2 system at least for the Y values considered in Fig. 4.11.

4. 7. Discussion

In the preceding sections we have shown that the overall behavior

of the excess heat capacity of CHAB in the region 1.5 < T < 7 K and

1.25 < B < 7 kG can be described fairly well by the exact numerical

results for the sG-model (Schneider and Stoll, 1980). In the present

section we will focuss our attention to the location and the

magnitude of the maximum of AC//B, and confront the experimental

evidence with several theoretical predictions. Next, we will compare

the results of our analysis of the data on CHAB with those for two

other potentially soliton-bearing systems, CsNiF and TMMC.
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B(kG)

Fig. 4.14

Field dependence of the reduced maximum excess heat capacity

AC //B (left) and the reduced temperature T /JB at which this

maximum occurs (right). Open circles are the experimental data

on CHAB; the dotted curves are guides to the eye. The various

theoretical predictions are discussed in the text.

In Fig. 4.14 the reduced maximum excess heat capacity Ac //B and

the temperature T //B at which this maximum occurs are plotted

against the external field B. The experimental data are denoted by

open circles; the dotted curves are guides to the eye. We first discuss

the field dependence of Ac / / B .
m

The horizontal line labelled KS,soll reflects the soliton excess

heat capacity of the sG-model givan by Eg. 2.88. This prediction is

systematically higher than the data, as was noted already in

section 4.4. The effect of the renormalization of the soliton rest-

energy as reported in our previous analysis (Kopinga et a l . , 1984)

is indicated by the line labelled KS,sol3 (see also section 4.4).

A much better description is obtained by, either, the exact numerical
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results for the sG-model ("SSN") or the n = 2 classical model. All

these theoretical approaches, however, do not predict a significant

increase of Ac / / B with field, as displayed by the data. In section 4.5
ID

we pointed out that this increase originates from out-of-plane spin

components. This is demonstrated very nicely by the curve labelled

n = 3 in Fig. 4.14. This prediction, which is obtained from transfer

matrix calculations on the classical spin model, actually gives an

almost perfect qualitative description of the observed field

dependence. Within the ideal gas phenomenology, the out-of-plane

spin components have been included in the theory by Fogedby et al.

(1983) ("F") and by Leung and Bishop (1983) ("LB"), using a steepest

descent method and a path-integral method, respectively. Although

these approaches yield a correct increase of Ac / / B at low fields,

the resulting magnitude of the excess heat capacity is far too high.

A confrontation of the field dependence of T / / B with the available
m

theoretical predictions leads to largely similar conclusions. Predic-

tions based on the sG-model all result in horizontal lines. We wish

to note that the dashed line labelled KS,sol3 describes the data

almost within experimental inaccuracy. In our original interpretation,

where Ac at a fixed temperature was plotted against B, the systematic

deviations which seem evident now were not observed, due to the

limited number of data in these plots. A correct qualitative

description of the observed field dependence is again only given by

the n = 3 classical spin model, in which the out-of-plane spin

components are fully taken into account. The difference between this

prediction and the experimental data on CHAB actually reflects the

bare influence of quantum effects on the excess heat capacity in

this compound, as was already noted in section 4.6.

In view of the results of the analysis of the excess heat capacity

of CHAB, i t seems interesting to analyse the behavior of Ac of two

other potentially soliton-bearing systems, CsNiF and TMMC, in a

similar way. In Fig. 4.15 we therefore present the reported (Ramirez

and Wolf, 1982) excess heat capacity of CsNiF as a plot of AC//B

against T/ /B . In this figure we also included the numerical results

for the sG-model, based on the reported value of the intrachain

interaction J/k = 11.8 K (Steiner et a l . , 1983). Although the scatter

of the data is rather large, the sets of data collected at different
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Experimentally observed excess heat aapacity of CsNiF. according
o

to Ramirez and Wolf (1982) plotted in reduced form. The full curve
represents the corresponding exact numerical results for the sG-model.

fields seem to display only small deviations from "universal" behavior.

In particular, the maximum value of Ac/v̂ B is almost independent of

the applied field, hs we demonstrated in section 4.5 this indicates

that the influence of out-of-plane spin components is rather small,

which is not inconsistent with the relatively large value of the

easy-plane anisotropy in this compound (A/J = 0.2; "classical" value

of A (Steiner et a l . , 1983)). As a result of this large anisotropy

the quantum effects in this system might be rather important. Within

the framework of the sG-model, the decrease of Ac due to quantum

effects (cf. section 4.6) may be substantially larger than the

increase resulting from out-of-plane components. This i s corroborated

by the evidence presented in Fig. 4.15, which shows that the magnitude
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of the experimentally observed excess heat capacity is lower than the

numerical results for the sG-model by about a factor 2. Such a reduc-

tion is considerably larger than the theoretical predictions (Maki,

1981, Mikeska, 1982, Riseborough, 1983), which yield a renorznaiization

of both E and the mass parameter by 10-20% for this system. This

discrepancy suggests that CsNiF, cannot properly be described by

semiclassical statistics. A more or less similar conclusion has

recently been drawn by Pini et al. (1984) from a comparison of the

excess heat capacity of this compound with the results of n = 3

transfer matrix calculations for a chain of classical spins.
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Experimentally observed excess heat capacity of TMMC according

to Borsa (1982) plotted in reduced form. The full curve represents

the corresponding exact numerical results for the sG-model.

Next, we will consider TMMC. For an antiferromagnetic system, both

E g and m are proportional to B. Therefore we presented the data col-

ected by Borsa (1982) as a plot of Ac/B against T/B in Fig. 4.16,

89



where we also included the exact numerical results for the sG-model

(Schneider and Stoll, 1980), based on an intrachain interaction

J/k = -6,7 K. Inspection of this figure shows that the reduced

temperature at which the maximum experimental excess heat capacity

occurs decreases significantly at higher fields. As we pointed out

in section 4.5, such a decrease may arise from the presence of

out-of-plane spin components. For TMMC this is not unlikely, given

the very small easy-plane anisotropy (<2%) in this compound, compared

to CHAB (5%) and CsNiF (20%). However, the magnitude of Ac/B does

not increase with field, as expected (cf. section 4.5), but it

decreases dramatically at the highest field. According to Borsa

et al. (1983), this indicates the inadequacy of the sG-model in this

field region, although they obtain a slightly better quantitative

agreement with theory of the experimental excess heat capacity is

corrected for the magnon contribution, which may be as large as

-0.2 J/mole K in TMMC. Nevertheless, the maximum excess heat capacity

is systematically lower than the numerical results for the sG-model,

suggesting that the decrease of Ac/B due to quantum effects is so

large that it "overcompensates" the increase expected from out-of-

plane spin components.

The importance of quantum effects in this system is also reflected

by the temperature at which the maximum excess heat capacity occurs.

For a correct description of this temperature within the framework of

the sG-model, the soliton rest-energy has te be renormalized by about

20%. This value agrees very well with the renormalization of 21% in-

ferred from neutron scattering experiments (Regnault et al., 1982),

suggesting that the quantum effects are indeed rather pronounced.

Given the spin quantum number S = 5/2 for TMMC and the small value

of the easy-plane anisotropy, this must be related to the fact that

this compound is built up from antiferromagnetic chains. From

detailed antiferromagnetic resonance experiments on this compound

it has been shown that these chains have a large zero-point spin

reduction (Phaff et al., 1983), which gives rise to a renormalization

of about 30% of the spinwave gap and hence of the parameters in the

sG-model with respect to their classical values. This result is in

agreement with the renormalization of the spinwave gap, which is

theoretically predicted for TMMC within the framework of the sG-model

(Maki, 1981).
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We conclude this discussion on TMMC by noting that the importance

of out-of-plane spin components is also demonstrated by Fowler et

al. (1984), who calculated the excess heat capacity of this system

from quantum-sine-Gordon thermodynamics. Their prediction for Ac is

about a factor 2 lower than the experimental data. They also report

that - in contrast to the sG-prediction - no significant renormali-

zation of the magnon gap occurs. Although this conclusion seemed

justified by the neutron scattering results of Heilmann et al. (1981)

it disagrees with the antiferromagnetic resonance results mentioned

above. The reason for this discrepancy is not clear.
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CHAPTER V NUCLEAR SPIN-LATTICE RELAXATION RATE OF XH IN CHAC AND CHAB

5.1. Introduction

As we have shown in chapter II, the dynamics of a magnetic system
("V ft

is contained in the dynamic form factors S (q,w). Nuclear spin-

lattice relaxation (NSLR) experiments performed on nuclear probes

such as H, coupled tc the electron spin system through, for instance,

dipolar interactions, can yield information on S (q,w) since - as

will be shown in the next section - the inverse nuclear spin-lattice

relaxation time T is proportional to Z S (q,io ).

Earlier NSLR experiments on potentially soliton-bearing systems,

such as CsNiF (Goto, 1983) and TMMC (Boucher and Renard, 1980),

indicated a soliton as well as a spinwave contribution to the dynamic

form factors in these systems. Because CHAB may - in principle - be

soliton bearing (see also chapter IV), whereas in CHAC the presence

of solitons seems to be ruled out by the type of anisotropy, we

felt it worthwhile to perform NSLR measurements on both CHAC and

CHAB and compare the results on these compounds. These experiments

form the subject of this chapter.

The organization of this chapter is as follows. In the next section

we will briefly discuss the relation between T of % in CHAC and

CHAB and the dynamic form factors of the individual chains in these

systems. The experimental apparatus and the measurement technique

of T. will be considered in section 5.3. In section 5.4 we compare

our data on CHAB and CHAC with numerical calculations of the two-

spinwave (Raman) process within the framework of linear spinwave

theory. The contribution of the three-spinwave process to the NSLR in

CHAC and CHAB will be discussed in section 5.5. In section 5.6 the

contribution of soliton excitations to the NSLR in CHAB with a field

applied along the c axis will be considered. A more detailed derivation

of the expression relating T to the dynamic form factors of the

individual chains in the present compounds is presented in the

appendix.
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5.2. Relation between T~ and the dynamic form factors

The dynamics of the systems CHAC and CHAB can be probed by NSLR

measurements on the *H(I = 1/2) hydrogen nuclei of the cyclo-

hexylammonium complex s of these systems. The relaxation of these

nuclei is mediated by the dipolar interaction between the nuclear

moment and the electron spin system. Compared to the nuclear spins,

the electron spins in these compounds relax so fast, that they remain

in thermal equilibrium with the crystallographic lattice. As a

starting point for the calculation of T and, in particular, the

contribution to it of the various elementary excitations, we take an

expression relating T. to the dynamic form factors S (q,w) of the

individual chains. In this section we will give an outline of the

derivation of this expression.

As already mentioned above, the hydrogen nuclei in CHAC and CHAB

are coupled with the electron spin system by a dipolar interaction.

Neglecting the very small dipolar interactions between different

hydrogen nuclei (<5*10 K) the Hamiltonian of the j nucleus can

be conveniently written as

eff'

= E

with

'N J
Bex ~ ( * V "1

"jl

(5.1)

(5.2)

(5.3)

S -

o
4ir

l-3x -3xy -3xz
2

-3yx l-3y -3yz
2

-3zx -3zy l-3z

(5.4)

In these equations y is the gyromagnetic ratio of the hydrogen

nucleus (YN/2TT = 4.2576 MHz/kG) , r ^ is the position vector of the
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1 electron spin relative to the position of the j nucleus,

x = (x,y,z) is defined as r /|r |, and 6s denotes the fluctuating
th -1 -1

part of the 1 electron spin. The first term in the Hamiltonian 5.1,

H (j) , describes the interaction of the jth hydrogen nuclear with
S -+ th

the static part of the local field B (j) at the j nucleus site.

B £f(j) is the sum of the applied field and an internal field, i.e.

the "static" part of the dipolar field, induced by the surrounding

electron spins. This internal field depends both on the temperature

and on the orientation and magnitude of the external field. The

second term fr (j) describes the fluctuating part of the dipolar field

at the j nuclear site.

It is well-known that the diagonalization of the static part of

the Hamiltonian 5.1 results in two eigenstatas, which can be

characterized by the quantum numbers m = 1/2 and m = -1/2. The

energy splitting of these states equals AE = -fid) (j) with

w.,(j) = Y |B f (j) |. The Fourier component of the fluctuating part

of the dipolar field (Eq. 5.3) with frequency <«•> (j) causes transitions

between the nuclear spin levels and provides a relaxation mechanism

for the hydrogen nuclear spin system towards equilibrium with the

electron spin system.

The relaxation of a hydrogen nuclear spin can be evaluated from

the relation (Moriya, 1956, Slichter, 1978:

T^(j) = W(-l/2 -»• +1/2) + WC+1/2 •+ -1/2), (5.5)

where W(±l/2 •+ +1/2) denote the thermal transition probabilities

from a state characterized by the nuclear spin quantum number

m = ±1/2 to one of m = +1/2. These transition probabilities and,
-1

consequently, T (j) can be expressed in terms of time-dependent

two-spin correlation functions « Cs.. (t)<$S (0)» of the electron spin

system, using first order time-dependent perturbation theory

(Moriya, 1956, cf. appendix). The result reads

J j_(jj ( i ) t

dte " «5s"{t)óse(0)» +

(5.6,

ga6(j,l,n)* J dt e N « 6s™(t)6s^(O)» ],
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where a,3 = x,y,z, ̂ v/J) denotes the nuclear Zeeman frequency and
ctP

g (j,l,n) are geometrical coefficients corresponding to the dipolar

interaction. These coefficients, for which explicit expressions are

given in the appendix, depend on the position vectors of the 1"

and n electron spin relative to the position of the j nucleus

and also on the relative orientation of the quantization axes of the

j t h nuclear sp

electron spin.

j t h nuclear spin [//B*eff(j)] and the 1
t h [// « S^] and n t h [// « Sn>>]

From Eq. 5.6 it is obvious that T (j) probes the Fourier component

with nuclear Larnor frequency w„(j) °f a H two-spin correlation

functions. Since, however, in CHAC and CHAB the interaction between

two spins belonging to different chains is at least three orders of

magnitude smaller than the nearest-neighbor intrachain interaction

(see chapter III), we will ignore - in first approximation - the

time-dependent correlations between spins on different chains, i.e.

« 6s"(t)6s^(O)» = 0 if S, and S belong to different chains. This
In In

approach is supported by the fact that FMR and heat capacity data

on both systems in the paramagnetic region (see chapters III and IV),

in which region also our data on T. have been collected, can be

satisfactorily explained without taking the interchain interactions

into account. Moreover, similar T. experiments on other quasi

one-dimensional magnetic systems such as TMMC (Boucher and Renard,

1980) and CsNiF (Goto, 1983) have been interpreted in terras of a

one-dimensional model.

Using the approximation outlined above it is straightforward

to rewrite the expression for T, (Eq. 5.6) in terms of dynamic form

factors of the individual chains. From the definition of these form

factors for a one-dimensional magnetic lattice (Eq. 2.4) it can be

easily deduced that

dt eiWt«<5s™(t)ÖS^(0)» = %• Z Saf3(q,ü))cos mqa
q

rv ft
- 2TT6(W)«S>> « S » , (5.7)1 n

where N is the number of electron spins within a chain and
, - > • ->• •

ma = |r^ - r |, a being the distance between two adjacent spins.

The second term in Eq. 5.7 yields no contribution to the relaxation
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rate since to ^ 0 and will therefore be neglected in the remainder
N

of this chapter. In CHAC and CHAB two symmetry-related sets of chains

must be distinguished (cf. chapter III). In general, the dynamic form

factors of these two sets are different for non-zero external fields.

Our T data, however, have been collected in fields directed along

the crystallographic a, b, and c axis. In this case the dynamic form

factors of the two sets of chains are identical, because of the

symmetry of the magnetic structure in these compounds. We will return

to this point in section 5.4. For these particular directions of the

field it is possible to obtain an expression for the relaxation rate

by inserting Eq. 5.7 into Eq. 5.6:

T " 1 ^ ) = Z Z I {[Z Z ga(3(j,l,l+m)] ~- Z sae(q,WN(j))cos man
ex 3 m=-oo chains 1 q

(5.8)

+ [Z I g (j,l,l+m) ] — Z S (q,toN( j) )cos maq;
chains 1 q

Because of the translational invariance of the chains, the two-spin

correlation functions and hence the integrals with respect to time

in Eq. 5.6 only depend on the distance between the 1 and n

electron spin (cf. Eq. 5.7). This implies that for a fixed distance

(i.e. m value) the geometrical coefficients can be added according

to the summations Z . f in Eq. 5.8, where the sum over 1 runs
chains 1 ^

over all electron spins belonging to a certain chain. This expression

can Be further simplified using two general properties of the dynamic

form factors (Marshall and Lovesey, 1971), namely

(b.9)

(5.10)

Eq. 5.10 is often referred to as the "detailed balance" condition

and expresses the fact that it is easier for the electron spin system

to gain energy than to "emit" energy. Since in the experimental field

and temperature region 'na)N/'
t
B
T < 2*10 , we replace the exponential

term in Eq. 5.10 by unity. If we insert Eqs. 5.9 and 5.10 into

Eq. 5.8 we obtain
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CO

T7 1(J) = E Z Z Ga3(j,m) -^ I saB(q,w (j))cos mqa (5.11)
1 a 6 m=0 q N

with

Ga6(j,m) = Z Z [(1-1/26(m,
chains 1

aS * a6 *
g (j,l,l+m) + g (j,l,l-m) j,

(5.12)

where to (j)> 0 and G (j,m) are the so-called geometrical factors. The

various terms in Eq. 5.11 can be identified as follows; the term

with m = 0 corresponds to the contribution of the spin auto correlation

functions (1 = n) , the term with in = 1 to that of the nearest-

neighbor spin pair correlation functions (1 = n ± 1) , etc. The

expressions 5.11 and 5,12 will be used as the starting point of the

interpretation c

in section 5.4.

5.S. Experimental

interpretation of the T. measurements on CHAC and CHAB, presented

The nuclear spin-lattice relaxation rate T can in principle be

determined from the recovery of the magnetization of the nuclear spin

system after demagnetization. In our experiments the magnitude of

the nuclear magnetization was measured by means of a spin-echo

technique (Hahn, 1950), using a sequence of incoherent RF pulses

matching the larmor frequency of the nuclear subsystem of interest.

The experimental apparatus is schematically given in Fig. 5.1.

The RF pulses are obtained from a pulsed oscillator (MATEC Corp.,

model 6600), which delivers an output power up to ~ 1 kW into 5Os2

in the frequency range 1 - 700 MHz. The signal of the pulsed

oscillator is applied to an LC circuit tuned to the desired frequency,

which supplies an alternating magnetic field to the sample under

investigation. An attenuator is inserted to prevent frequency pulling

of the RF oscillator. The spin-echo signal picked up by the LC

circuit is applied to the receiver input via a hybrid TEE, which

provides 40 dB isolation between the transmitter output and receiver
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Fig. 5.1.
Schematic drawing of the experimental set-up used for the NSLR
measurements on CHAC and CHAB. The details are explained in the text.
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input. The envelope of the spin-echo signal, which appears at the

receiver output, can be displayed directly on a memory-scope and

- if desired - processed by a boxcar integrator data-aquisition

system. The RF pulse generator is controlled by an external pulse

sequence generator. In the experiments described in this thesis the

pulse sequence basically consists of two parts. First, a so-called

comb consisting of up to 25 narrow pulses with a typical width of

3 ps and separation of 25 ys is generated, which serves to demagnetize

the nuclear spin system. Next, the recovery of the nuclear magne-

tization is measured by applying a IT/2 - TT/2 detection sequence to

the sample after a so-called long-delay time t . These IT/2 pulses
LD

(~5 ps, typical separation t = 25 us) affect the motion of the
SO

nuclear moments in such a way that at a time t after the second

IT/2 pulse a spin-echo occurs, of which the magnitude is proportional

to the nuclear magnetization at t = t . The nuclear relaxation rate

was subsequently deduced from the relation (Slichter, 1978)
-t/T

M (t) = M (t = w) (1 - e ) , (5.13)
z z

where M (t = <=) corresponds to the equilibrium magnetization and t

was varied between 0.1 T and 3 I,. In case of CHAC and CHAB the

duration of the IT/2 - ir/2 pulse sequence is chosen as short as

possible, because the rather fast spin-spin relaxation (T ~ 60 us)

in these compounds causes an appreciable reduction of the spin-echo

signal at longer times t (Hahn, 1950). During a T measurement

t was kept constant. It should be noted that, although the absolute

intensity of the cbserved spin-echo signal depends on the value of

t , the relative intensities of the spin-echoes as a function of the

long-delay, from which we in fact deduce the relaxation rate, are

not affected by the choice of t .
SO

Depending on the experimental field, or frequency, and temperature
region different LC circuits were used. These circuits are constructed

T is, in fact, the characteristic time in which the individual

nuclear moments, which contribute to the magnetization, dephase

in the plane transverse to the local field.
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4
in such a way that they can be inserted directly in a liquid He

cryostac or, for instance, the bore of a superconducting magnet. One of

these inserts, designed for experiments at frequencies above 70 MHz

and - if necessary - at temperatures above 4.2 K, is shown in Fig. 5.1

in more detail. The outer part of '-. consists of a stainless steel

tube, of which the double walled ower end a is scaled with the

flange b. The region between the two walls is evacuated, whereas the
4

insert itself is filled with He gas. Inside the stainless steel

tube an anticryostat c is mounted. The temperature of this unit can

be controlled by a feedback circuit, which incorporates a carbon

resistance thermometer d (Allen Bradley, 220 Q) and a manganin

heater e. The temperature of the sample f is obtained from the

reading of the carbon-glass resistance thermometer g, which is

located well outside the main RP field. Temperature gradients within

the anticryostat were generally smaller than 10 mK/cm, allowing sample

temperature to be determined with an accuracy of about 50 iuK. In the

temperature region below 4.2 K, no heating power was applied to the

anticryostat, and the temperature was stabilized to within about
4

20 mK by controlling the pressure of the surrounding He bath. Above

4.2 K, the temperature stability of the regulated anticryostat was

of the same order of magnitude. No explicit corrections were made

for the magneto resistance of the thermometers, since these did

not exceed 100 mK in the region 1.3 K < T < 6,5 K of interest for

our experiments on CHAC and CHAB.

The LC circuit depicted in Fig. 5.1 was found to operate

satisfactorily in the frequency range up to 300 MHz, corresponding

to magnetic fields up to 70 kG. It consists of a coil of which the

mid tap is connected to the 50ft coaxial line entering the cryostat

from the top. Each outer end of the coil is connected to a variable

capacitor h, of which the other side is grounded. Due to the large

peak RF power required for the experiments, very high voltages develop

accross the LC circuit, which appeared to cause electrical breakdown

of the various commercially available capacitors. For this reason

we constructed cylindrical capacitors with PTFE (teflon) as dielectric

material, which proved to be more reliable. Another advantage of

these capacitors is that they can conveniently be adjusted by the

rods i, which leave the cryostat via the top flange. Tuning and
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impedance matching at the desired frequeji^y was achieved by mini-

mizing the reflected RF power. In general, the loaded quality factors

of the LC circuits used in our experiments varied between 10 and 50.

This range of values was chosen as a compromise between signal

intensity and "ringing" effects, which caused an undesired overlap

between the tail of the second ir/2 pulse and the actual spin-echo signal.

Under these circumstances, the spin echo signals occurring in CHAC

and CHAB could be observed with a signal to noise ratio varying

between 10 and 40, depending on frequo..~y and temperature.

Fig. 5.2.
Illustration of the variation of ln[ICtLD ->• a>)-l(t )] as a function
of the long-delay t . Ht-J is the observed spin-echo intensity.
The relaxation rate can be determined from the slope of the straight
line fitted to the data (full line).

As an example, the var ia t ion of the observed spin-echo intensi ty
I upon t i s p lo t ted as l n [ l ( t ^ -»• eo) - I ( t )] against t in Fig. 5.2.

LD LD hD l iU

The intensity I(tT_ -*•»), which is proportional to the nuclear
LD

magnetization at equilibrium, is determined from a measurement using

a pulse sequence without comb. The scatter in the spin-echo intensities

amounts to a few percent, reflecting the signal to noise ratio for

this case. The spin-lattice relaxation rate can be determined from

the slope of a straight line fitted to the data (cf. Eq. 5.13). This
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procedure - in principle - may yield very accurate estimates of Tj ,

but in the actual measurements on CHAC and CHAB some complications

occur, which will now be discussed.

In the description of the experimental procedure up till now we

tacitly assumed that the observed spin-echo signal originates from

one well-defined subsystem of hydrogen nuclei. In CHAC and CHAB,

however, 56 hydrogen atoms are present in each crystallographic

unit cell. If the external field is directed along one of the

crystallographxc axes, 14 inequivalent sets of hydrogen nuclei remain.

Because of the small dipolar interactions, these sets are subject to

slightly different internal fields (cf. section 5.2) and hence possess

different larmor frequencies w (j). Moreover, because the geometrical
N

factors for these sets are not the same (cf. section 5.4), each set

may in principle have a different value of T (j).
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Hg. 5. 3.

Typical examples of the NMR spectra of H in CHAC obtained by

monHoring the spin-echo intensity at fixed frequency (v = 42.5 MHz)

and setting of the pulse sequence as a function of the external field.

The arrows indicate the part of the spectrum that has been used for

the actual relaxation rate measurements.

The presence of the various inequivalent sets of hydrogen nuclei

is illustrated for CHAC in Fig. 5.3, which shows the observed spin-

echo signal intensity at fixed frequency and setting of the pulse

sequence as a function of the external field. The overall width of

the spectrum, which depends on the orientation of the external field
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with respect to the crystallographic axes, and on frequency and

temperature, is consistent with that obtained from dipole-field

calculations. The arrows indicate the part of the spectrum that has

been used for the actual T measurements. Similar NMR spectra were

obtained for CHAB.

Because of the field and temperature dependence of the spectrum,

the uncertainties in the positions of the hydrogen atoms at liquid
4
He temperatures (cf. section 5.4), and the rather large bandwidth

(400 kHz, corresponding to 100 G) of the experimental equipment it

is not possible to decide of which set of nuclei the relaxation rate

has actually been measured. In some cases it was obvious that more

than one set contributed to the spin echo signal, since the variation

of the echo intensity with time could not be described by a single

exponent over more than one decade of t . Although these complications
LD

certainly preclude a detailed quantitative comparison of the cal-

culated relaxation rate with the data, they do not dramatically affect

the characteristic field and temperature c

return to this point in the next section.

the characteristic field and temperature dependence of T . We will

5.4. Experimental results; the Raman relaxation process

The relaxation rate of H in CHAC and CHAB was measured as a

function of the resonance frequency (7.5 < v < 300 MHz, corresponding

to external fields 1.75 < B < 70 kG) at constant temperatures

(1.3 < T < 6 K ) . The experimental results for external fields

directed along the crystallographic axes are presented in the

Figs. 5.4 and 5.5, for CHAC and CHAB, respectively. For both compounds

the experimental curves exhibit a remarkably large field and tempera-

ture dependence: at a constant temperature the relaxation rate varies

over almost five decades in the experimental field region, whereas

at a constant field T. varies over two decades in the experimental

temperature range. The scatter of the data presented in Figs. 5.4

and 5.5 shows that the errors in the determination of the relaxation

rate in CHAC and CHAB are substantially larger than the experimental

inaccuracy (a few percent), as was anticipated already in the

preceding section. The data apparently represent an average

relaxation rate of the ineguivalent sets of hydrogen nuclei which
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are simultaneously excited. Since the NMR spectra tend to broaden

with increasing field and decreasing temperature, slight changes

may occur in the relative contribution of the various sets of nuclei

to the observed spin-echo intensity as a function of the applied

field, resulting in additional errors. Apart from this, it is not

possible to measure the entire field dependence of T with a single

LC circuit. This implies that the crystals had to be reoriented up

to 8 times, which may result in small changes of the orientation of

the crystal with respect to the direction of the external field.

In order to estimate the influence of some of these complications we

measured the relaxation rates of sets of nuclei corresponding to

different lines of the NMR spectrum (cf. Fig. 5.3) for fields

directed along the a and b axis. Within experimental error no

qualitative changes of the field and temperature dependence of T

could be observed. Some of the experimental curves, however, were

shifted with respect to those presented in Figs. 5.4 and 5.5. by a

factor 1.5 to 2. This is due to the fact that th-i magnitude of the

relaxation rate is proportional to the geometrical factors, which

are different for each inequivalent set of hydrogen nuclei. We will

return to this point below.

We will now calculate the NSUt rates of H in CHAC and CHAB within

the framework of linear spinwave theory. As a starting point we take

the expression for the relaxation rate derived in section 5.2,

relating T. to the dynamic form factors of the individual chains.

Successively the evaluation of the dynamic form factors for B// a,b,c,

the geometrical factors, and T. will be discussed.

As we have shown in chapter III, both symmetry-related sets of

chains in CHAC and CHAB can be described by the Hamiltonian

S - -2 Z (J Xsy + 1 + j*sjsj+1 + J"sjsj+1) - PBI - « . Z 1.(5.14)

In both compounds the c axis is the intermediate (y) axis and the

ab plane is the easy-hard (zx) plane for both sets of chains. The

easy (z) axes are canted away from the b axis over an angle <p equal

Within (linear) spinwave theory the z axis is usually defined as

the easy-axis.
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Fig. 5.6.

Definition of the set of local axes (x,y,z) for an applied field

along the a axis. The z axis lies within the ab plane and coincides

with the preferred direction of the electron spins at T = 0 K.

The meaning of Z, 1 and (p is explained in the text.

to 17° for CHAC and 25° for CHAB (see Fig. 3.4). Since the preferred

directions of the spins at T = 0 K depend on the direction and

magnitude of the applied field it is advantageous to transform Eq.

5.14 to a set of local axes x,y,2, where the ? axis coincides with

the preferred direction of the spins at T = 0 K. The definition of

this set of axes is illustrated in Fig. 5.6 for 'S,// a. If the external

field is applied along a crystallographic axis the transformed

Hamiltonian is identical for both sets of chains and can be written

as

H = -2 I
i

i i+1 V

(Ja - JZ)sin

st
(5.15)

where a = x for B// a,b and a = y for B// c. t, (0 5 Q £ TT/2) and

n(0 S n £ C.), respectively, denote the angle of the applied field

and that of the preferred direction of the spins (// z) at T = 0 K

with the easy axis (see Fig. 5.6). Expressions for Jx,jy,JZ,BZ and

are given in table 5.1.
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J*

S//a

B//b

B//C

v 2 z 2
J cos n+J sin H
x 2 z 2

J cos n+J sir n

j y

j y

y 2 Z 2
J cos H+-J sin H

JXsin2n-MZcos n

x 2 z 2
J sin n+J cos H
v 2 z 2

j sin n+J cos T)

g Bcos(C~n)

gbBcos(C-1)

g Bcos(;-r|)

B5

gaBsin(C-n)

b
g Bsin(^-n)

g Bsin (£--.)

r

it/2-ip

71/2

Table è.l.

Expressions for the parameters of the Uamiltonian S.15. The meaning

of the angtes n and c, is explained in the text.

Next, the spin operators in the Hamiltonian 5.15 are replaced

by boson operators using the Holstein-Primakoff formalism (cf.

section 2.3). Within the framework of linear spinwave theory

(i.e. f ( a ^ a j = 1 and retaining terms up to second order ir the

boson creation and annihilation operators), the spinwave Hamiltonian

is obtained. The third and fourth term in Eq. 5.15 yield terms which

are of first order in the boson operators. The angle T\ for which this

linear part vanishes can be calculated from the relation

ga'bU B 2S (JZ - jX)sin 2n

gCu B = 4S(JZ - JY)sin n.

a,b]

[B// c]

(5.16)

Since no spinwave renormalization is taken into account Eq. 5.16

is identical to the classical torque balance equation, which

minimizes the sum of exchange and Zeeraan energies. For B// c the

paramagnetic phase (complete alignment of the spins) is reached for

1 = TT/2. The torque balance equation yields the value of the

paramagnetic transition field B

= 4S(J2 - (5.17)

The derivation of the diagonalized bilinear spinwave Hamiltonian,

corresponding to the remaining first and second term in Eq. 5.15,

has already been given in section 2.3.

From the expressions for the dynamic form factors given in

section 2.3 (cf. Eqs. 2.46 - 2.48) and Eq. 5.8 it is readily seen

that
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i (T~l(i))R (5.18)

with

= E
m=0

J - ~ Z (vk-uk)
2«nk+l»cos mka 5 (—|

B ' k B

(j)

m=0
) — — I (v, +u ) -̂  n, +1» cos mka ö (—-r—~ - Ê, )
kB N k k k k kB k

(5.10)

(T;
a
(j))

S= E G
ZZ(j,m)f-ï- E E (u v

1 m=0 kB lT kj k2 *1 k

i (j)

'.5.2'))

«n, +l»«n, +1» cos ma(k +k.)5(— Ê, -È, )
kl k2 : 2 kB Vl k2

= E G S 2 ( j , m ) ^ ^ Z E (ü Ö
ra=o KB N k% k2

 K 2 1 2

(5.21!

« n +1» « n » cos ma(k.+kn)ó(— + E, -E, ) .
kl k2 X 2 kB k2 kl

In Eqs. 5.19 - 5.21 E is the spinwave energy at wavenumber k
K.

expressed in units of Kelvins and u , v are the coefficients of the

Bogoliubov transformation (Eq. 2.35). E , ü and v , for which

expressions are given in section 2.3, depend on the direction and

magnitude of the external field through the angle v\ (see table 5.1).

Without giving any details we note that a straightforward calculation

shows that within the framework of (linear) spinwave theory the

terms in Eq. 5.8 involving the dynamic form factors S (q,ü)) with

a £ 3 do not contribute to the relaxation rate. In Eq. 5.18 (T~ (j))

represents the contribution of the so-called one-spinwave, or direct,

relaxation process, in which a spinwave is created or annihilated as

the nuclear spin flips. (T (j)) is the contribution of the so-

called two-spinwave sum process, in which two spinwaves are
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simultaneously created or annihilated as the nuclear spin flips, and
— 1 R

(Tj (j)) is the contribution of the so-called two-spinwave difference,

or Raman, process, in which ons spinwave is created and another

annihilated while the nuclear spin flips.
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Field-dependence of the k = 0 spinwave energy E in CHAC

(full curves) and CHAB (dashed curves) for fields applied along

the crystallographic axes. The inset shows the behavior of E
9aP

in CHAB at low fields in more detail.

The 6-functions in Eqs. 5.19 - 5.21 ensure the conservation of

energy at the transition. Because of this energy-conservation

requirement only the Raman relaxation process can occur in CHAC and

CHAB at least within the present theoretical description. The direct

and two-spinwave processes are - in general - not possible, since

the minimum spinwave energy, i.e. the spinwave gap, is much larger

than "R̂ jj/k (2*10~ K for B = 70 kG) , which is the change of energy

associated with the nuclear spin flip. This is illustrated in Fig. 5.7,

where the field-dependence of the spinwave gap for both compounds

is plotted as a function of the magnitude of the external field for

the various field directions. From this figure it is obvious that

for B// c there exists a very small field region centered around the

paramagnetic transition field B (cf. Eq. 5.17), where the energy-
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conservation requirement for the direct and two-spinwave sum processes

can - in principle- be satisfied. However, in this field region the

number of excited spinwaves « r^3" will be very large, which invalidates

the applicability of linear spinwave theory.

The calculation of the contribution of the Raman process proceeds

as follows. The 5-function with respect to energy in Eq. 5.21 is

replaced by a 6-function with respect to wave numbers using the

relation (Messiah, 1976)

<5[(f(x)J = I I * | <5(x - x ) , (5.22)
X ' O '
o

where the summation runs over all nodes of f(x), yielding

fito (j)
<5(—r + È. - Ê ) = |N(E. ,) |[o(k' -k.) + c<k' + k.)]. (5.23)

KB k2 1

k'(k_,w (j)) is the positive wave number for which Êv, = È v + -nuM(j)/kc

andN(Ëk,) = [(dËk/dka)fcII"
1

the wave number k' given by

and N ( Ë ) = [(dE /dka) ] is the density of states of spinwaves at

N(Ë, ,) = È, ,/[2S(JX + Jy) (4SJZ + V BZ/k )sin k'a -

16S 2 jVs ink 'acosk 'a ] . ( 5 - 2 4 )

With the use of Eq. 5.23 the summation over k in Lq. 5.21 is trivial.

Replacing the summation over k? by an integral and exploiting the

inversion symmetry of the spinwave Hamiltonian (i.e. N(E, ) = N(Ë ),
K —k

Ê, = E , , u = u and v, = v , ) the following expression for

(T (j))R can be deduced
CO ^ ^

(T~ (j))R = ï. GZZ(j,m) Z (j,m), (5.25)
m=0 s w

with

* f11 . . . . 2
d(k a) N(E ) ("î .iV + v

k i
v
k '

 <<nv'>:>

(5.26)
+ 1» cos mak' cos mak_ .
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The resulting integrals Z (j,m) were computed numerically. Although
Sw

the state density N ( E ) exhibits a singularity at k1 = 0 (cf.

Eq. 5.24), which is characteristic for a one-dimensional system,

the integrals do not diverge, since k' will be always larger than

zero, because of the presence of the term fiw (j)/k in Eq. 5.23.
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Fig. 5.8.

Example of the behavior of G z(j,m) as a function of m for external

fields directed along the orystallographic axes. Dashed curves are

only meant as guides to the eye.

22
The geometrical factors G (j,m) can be evaluated by a direct

zz ,summation of the relevant -"••oinetrical coefficients g (j,l,n), which

- as already pointed out in section 5.2 - depend both on the position

vectors of the electron spin relative to the position of the j

hydrogen nucleus and on the orientation of the quantization axes of

the electron spins and the nuclear spin. In our calculation the

quantization axis of the electron spins, which coincides with the

preferred direction of the spins at T = 0 K, was evaluated with the

use of the torque balance equation 5.16. The quantization axis of

the nuclear spins is - in principle - different for each of the

14 inequivalent sets of nuclei present in these systems, due to

the different dipolar field at the corresponding hydrogen sites.
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However, since - in general - the dipolar field (~500 G) is rather

small compared to the applied external fields (>2 kG) and, on the

other hand, it is not possible to decide of which set of nuclei

the relaxation rate has actually been measured, we simplified the

problem by assuming that the quantization axis of the nuclei was

parallel to the direction of the external field. In the calculations

on both CHAC and CHAB the relative coordinates of the hydrogen and

copper positions of CHAC determined at room temperature (Groenendijk

et al., 1981), were used. Recent X-ray experiments on CHAB (De vries

et al., 1986) revealed that the relative coordinates of this

compound are only slightly different from those of CHAC.

For both compounds the geometrical factors were calculated by

summation of the geometrical coefficients according to Eq. 5.12 over

the lattice points within a volume of 3 x 7 x 11 unit cells in the

crystallographic a,b and c direction, respectively. This volume was
zz

chosen such that the numerical values of G (j,m) are computed with

an accuracy better than 1%. The magnitude of the geometrical factors

decreases fairly rapidly for increasing m values, since the

corresponding distance ma between the relevant electron spins

increases. A typical example is given in Fig. 5.8, where we plotted

the m dependence of G (j,m) for a hydrogen nucleus of the NH

groups of CHAB for the various field directions. In the analysis of

the relaxation rate data on Cs in CsNiF, (Goto, 1983), only the terms

with m = 0 and m = 1, corresponding to the contribution of the auto

and nearest-neighbor pair correlation functions had to be taken into

account. However, it can be inferred from Fig. 5.8 that in case of

CHAC and CHAB also terms with m > 2 contribute significantly to the

relaxation rate, due to the rather small distance (3 A) between

adjacent electron spins within a chain. In our calculations on CHAC

and CHAB we therefore truncated the summation in Eq. 5.25 at m = 10.

In that case the relaxation rates are computed with an accuracy

better than 5%. The actual inaccuracy in the calculated values of
~ 1 R

(Tj (j)) is larger (~20%), because of the uncertainties in the

evaluation of the geometrical coefficients outlined above.

Despite the uncertainties discussed above, the absolute magnitude

of the observed relaxation rate for both CHAC and CHAB at high fields

lies roughly within the range of calculated T"1 values of the 14 sets
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CHAC

CHAB

B//a

B//b

B//c

B//a

B//b

B//c

T(k)

2

2

2

2

2

2

B(kG)

70

70

60

70

70

60

(TT 1 )
1 exp

0.15

0.12

0.03

0.61

0.12

0.044

0.04

0.02

0.03

0.11

0.03

0.02

r l ) }
R

- 0.35

- 0.10

- 0.14

- 0.95

- 0.10

- 0.10

1 1 R

1 ( * Ï 4
1 C6HJ1

0.07 - 0.35

0.01 - 0.09

0.02 - 0.07

0.12 - 0.42

0.02 - 0.10

0.004 - 0.006

Table 5.2.

Comparison of the calculated magnitude of the relaxation rate

for the 14 sets of inequivalent hydrogen nuclei in CHAC and CHAB

with the observed relaxation rate.

of inequivalent hydrogen nuclei (see table 5.2). Apart from the

absolute magnitude, also the field and temperature dependence of

the relaxation rate may be different for each set of nuclei. This

illustrated in Fxg. 5.9, where the theoretical curves for the

various sets, obtained by inserting the appropriate parameters for

CHAB into Eq. 5.25, are scaled at B = 70 kG. The curves are located within

the shaded areas plotted in this figure. It is obvious that for B//a

the calculated field and temperature dependence of the relaxation

rate is markedly different for the various sets of nuclei, whereas

for B// c and - to some extent - for B// b all sets show a largely

similar qualitative behavior. This can be understood as follows.

For increasing fields along the a or b axis the directions of the

quantization axes of the electron spins rotate within the ab plane

towards the direction of the applied field, as can be inferred from

the torque balance equation 5.16. This rotation introduces a field-

dependence of the geometrical factors and consequently of the

relaxation rates, which is, in general, different for each set of

nuclei. Because the angle of rotation for B// b (~25° at B = 70 kG)

is smaller than for B//a (~65° at B = 70 kG) the effect on the

behavior of T , is likely to be more pronounced in the latter case.

For B// c the geometrical factors are field independent for external

fields larger than the paramagnetic transition field B = 150 G,
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103:

Fig. 5.9.

Comparison of the field and

temperature dependence of the

Raman relaxation rate for the

14 sets of inequivalent

hydrogen nuclei in CHAB. The

theoretical curves for the

various sets, which were scaled

at B - 70 kG, are located

within the shaded areas.

BlkQ)
60

since in that case the quantization axes of the electron spins are

always parallel to the applied field. Similar results were obtained

for CHAC.

In order to compare the actually observed field and temperature

dependence of the relaxation rate in CHAC and CHAB with the theoretical

prediction we applied the following procedure. For each direction of

the applied field we selected first that set of nuclei that yielded

the smallest difference between the calculated and observed magnitude

of the relaxation rate. This particular set was found to be different
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for each field direction. Since the basic approximation of linear

spinwave theory, i.e. small numbers of excited spinwaves, is expected

to be most accurate at low temperatures and high fields, the

theoretical curves were scaled to match the data collected at the

lowest experimental temperature (1.3 K for B// a,b and 2 K for B//c)

and the highest experimental fields (45 < B < 70 kG). The results

of this procedure are represented by full curves in the Figs. 5.4

and 5.5. Inspection of Fig. 5.5 reveals that the overall field and

temperature dependence of the relaxation rate in CHAB for each

direction of the applied field can be satisfactorily explained by

the Raman relaxation process. Only for B// c significant deviations

occur at relatively high temperatures T >. 4.2 K. In case of CHAC

a good agreement between theory and experiment is found for each

direction of the applied field at external fields larger than 10 kG.

The deviations occuring at lower fields will be discussed in the

next section. In both compounds the difference between the calculated

and experimentally observed relaxation rates is less than a factor

two in the experimental region where the behavior of T is

adequately described by the theory (the scaling factors applied

for each field direction are depicted in the Figs. 5.4 and 5.5).

Such a factor is not very surprising, given the approximations used

in the derivation and evaluation of Eq. 5.11. In fact, the observed

quantitative agreement may even be fortuitous, since it was not

possible to decide whether we actually measured the spin-echo signal

of those sets of nuclei that were selected for the calculation of

the relaxation rate. Nevertheless, it appears that in both CHAC and

CHAB for B// a the set of nuclei for which the best quantitative

agreement is obtained, also yields the best description of the

observed field and temperature dependence. On the other hand,

similar deviations in magnitude between theory and experiment of

the relaxation data on Cs in CsNiF, were found by Goto (1983).

The deviations between theory and the experiment data presented

in Figs. 5.4 and 5.5 suggest that especially at low fields and high

temperatures, other relaxation mechanisms contribute significantly

to the relaxation rate. Therefore we thought it worthwile to calculate

the contribution of three-spinwave relaxation processes in both

compounds and in case of CHAB the contribution of soliton-like
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excitations, which could be of importance in this region as may be

anticipated from the analysis of the neat capacity measurements of

this compound presented in chapter IV.

S.5. The three-spiwave relaxation process

Within the framework of linear spinwave theory the dynamic form
ct

factors are evaluated by expressing the spin operators S. in terms

of boson creation and annihilation operators using the Holstein-

Primakoff transformation (Eq. 2.27), in which the operator quantity

f(a*,a.) is replaced by the identity operator. In this case only

three relaxation processes - in principle - contribute to the

relaxation rate of a hydrogen nucleus (cf. section 5.4). As already

pointed out in section 2.3, an obvious extension of this theory i s

to expand the operator quantity f(a?,a.) up to second order in a*

and a , yielding

< = *? ( a i + *Ï - A ataiai - h aia*ai»

si = ¥ (ai - a? - i a t a i a i+ è 'Ï-ÏV (5-27)

si = s -

Obviously, such an expansion only affects the prediction for the
XX W

dynamic form factors S (q,ü)) and S (q,w) (cf. Eqs. 2.46 and 2.47).

The calculation of these dynamic form factors using Eq. 5.27 is

similar to that given in section 2.3. For external fields along

a crystallographic axis in CHAC and CHAB a rather lengthy

calculation yields the following results

xx S 2
S (q,w) = -r-iv -5 ) (1-C){«n +l»6(w-w )+« n » 6 (w+u )}

2 q q q q q q

+ —i-j Z I E (y,-Yj2 x
32SN k.kjc,

1 2 3 (5.28)

{«n + l » « n » « n, » S (k +k -k -q) 6 (w+oi -u -<2 )

+ « n, » « n +1» « n +l»ó(k -k -k^+q)6(üH-w, +w -u>. )}
k l k2 k3 1 2 3 k2 k3 kj
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f-(v +u ) 2 ( l - c ) { « n +l»6(w-Üi ) + « n » <5 (w+w
2 q q q q q q
f ( v + u ) ( l c ) { n + l 6 ( w Ü i ) + « n <5 (w+w
2 q q q q q q

( Y . + Y 2 ) 2 x

32SN k 1k 2k 3

i « n + l » « n » « n » 6 (k +k -k -q) ó (w+w -w -u ) (5.29)
k ! k 2 k 3 1 2 3

+ « n, » « n + l » « n , + 1 » ö (k - k „ - k +q) o (w+w +u - i ) } ,

w i t h

c - ï

Yn = (u, u. v, +a v, ü +v2 k l \ 2 k3 \ k2 k3 k

The meaning of u , v and w = Ê /h i s explained in section 5.4.

At th i s point i t should be noted that the calculation of the relaxation

rate wi l l be performed with the unrenormalized dispersion re la t ion , i . e .

the chains are s t i l l described by the b i l inea r spinwave Hamiltonian 2.31,

evaluated within the framework of l inear spinwave theory (f(a*,a.) = 1).

By inser t ing Eqs. 5.28-5.30 into Eq. 5.11 the following expression

for the relaxation rate can be deduced

(5.31)

with

(T, ( j ) ) = £ {G (j,m)X (j,m) +G^^(j ,m)Y ( j ,m)} , (5.32)1 _ sw sw
m=0

where
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X (j,m) = J ~ E £ E (Y1-Y2)2-os(k +k -k ) ma x
o W k B 1 6 S N 3 k k k *

-nu (j)
{« „ +1» « n ^ » « n ^ » 8 < - — « ^ - È ^ - E ^ ) (5.33)

•Rü) (j)
+« n » « n + l » « n +1»<5(— + E +E -E )s

k l k 2 3 kB 2 k 3 k l

Y ( j ,m) = - I I I (Y,+Yo) c o s ( k +k -k )ma x
SW k B 16SN3

 k l k 2 k 3 * 2 2 3 1

•ftco ( j )
{ « n , + l » « n , » « n , » 5 ( —™ +È -Ë, -Ë ) ( 5 . 3 4 )

k l k 2 k 3 k B k l k 2 k 3

-ftco ( j )
+ « n » « n, + l » « n , + 1 » 6 ( — +È +È -È ) } .

k l k 2 k 3 k B k.l k 3 k l

Comparison of this expression with Eq. 5.18 reveals that the strength

of the direct relaxation process is reduced by a factor 1-C and, in

addition, a contribution of the so-called three spinwave relaxation

process appears. In this process simultaneously one/two spinwave(s)

are created and two/one spinwave(s) are annihilated as the nuclear

spin flips. Since the energy conservation requirement represented

by the 6-functions in Eqs. 5.33 and 5.34 can always be satisfied, this

relaxation process - in principle - may contribute to the relaxation

rate of the hydrogen nuclei in CHAC and CHAB.

We have calculated this contribution for each of the 14 sets of

inequivalent hydrogen nuclei for the various field directions. These

calculations were performed in a similar way as those of the Raman

relaxation rate described in section 5.4. I t appeared that in both
-1 T

compounds for B// a,b the contribution of (T ) to the relaxation

rate can be neglected with respect to that of the Raman relaxation

rate in the experimental field and temperature region. For B// c the

calculated Raman relaxation rate is about a factor 10 smaller, mainly due

to the magnitude of the geometrical factors, and the three-spinwave

relaxation process yields a significant contribution at relatively high

temperatures and relatively low fields. In this respect, the experimental
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data corroborate our calculations, since the observed relaxation rate

for B// a,b is about a factor 10 larger than that for &// c.

In order to investigate the effect of the inclusion of the three-

spinwave relaxation process on the description of the experimental

data for B//c, we plotted in Figs. 5-4 and 5.5 the calculated
— 1 — 1 R —IT

relaxation rate T = (T. ) + (T ) (dashed curves) for those sets

of nuclei, which were selected on basis of the Raman relaxation rate

(see section 5.4). Inspection of these figures reveals that in case

of CHAB inclusion of the three-spinwave relaxation process leads to

a remarkable improvement of the theoretical description at higher

temperatures. In case of CHAC the inclusion of this process does not

give an improvement of the agreement between theory and experiment.

We will conclude this section with the following remark. Although

we expanded the spin operators up to higher orders of the spinwave

creation and annihilation operators in the calculation of S' (q,w),

we did not include any non-linear effects in the Hamiltonian itself.

However, as already demonstrated in chapter I I , the dynamic form

factors of the general S = 1/2 XYZ chain in an applied field are

far more complicated than those obtained from (linear) spinwave theory.

Therefore, the theoretical description presented in this section may

s t i l l be somewhat incomplete, which might explain the large deviations

between theory and experiment occuring in CHAC for B// a and - to less

extent - for B// b. In fact, the importance of non-linear effects in

CHAC might already have been anticipated from the satel l i te lines,

observed in FMR experiments on this compound, which could be

associated with transitions between spinwave-bound states (Phaff

et a l . , 1984, Hoogerbeets et a l . , 1984). Unfortunately, i t is not

possible to calculate the corresponding relaxation rate.

The particular XY anisotropy in the intrachain interaction in

CHAB offers the opportunity to describe the non-linear effects,

occuring for B// c - at least within certain approximations - in

terms of sG solitons (cf. section 2.5). With respect to the relaxation

rate itself, such a description is not necessary, since the agreement

between spinwave theory and the data for this field direction is very

good. On the other hand, the heat capacity measurements discussed

in chapter IV, demonstrated that non-linear processes in CHAB are

very important, and can to fair extent be described by the sG-model.
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For sake of completeness/ the influence of so l i t on - l i ke exc i ta t ions

on the relaxat ion ra te in CHAB wi l l therefore be considered in the

next section.

5.6. Contribution of solitons to the relaxation rate of H in CHAB

As already pointed out in the preceding section, the NSLR measure-

ments on CHAB - in rontrast to the heat capacity measurements- do

not yield any information about the presence of soliton-like

excitations in this compound, since the data in the whole experimental

field and temperature region, can be satisfactorix/ explained by the

combined action of the Raman and three-spinwave relaxation processes.

On the other hand, similar experiments on other potentially soliton

bearing systems, such as CsNiF and TMMC seem to indicate both a

spinwave and a soliton contribution to the relaxation rate. To

elucidate this point, the latter contribution to the relaxation

rate in CHAB will be considered in more detail. In this section we

will confine ourselves to the data obtained for B// c, since this

axis is located within the easy-planes of both sets of chains

(cf. chapter I I I) .

As a starting point of our calculation we take the Hamiltonian

4.1, in which the small easy-plane anisotropy is neglected. This

Hamiltonian, which can formally be mapped to the sG-Hamiltonian,

was also used to evaluate the soliton contribution to the excess

heat capacity of this compound (cf. chapter IV). Assuming that the

solitons behave as an ideal gas of thermally excited quasi-particles,

i t is possible to obtain expressions for the soliton contribution

to the dynamic form factors (cf. section 2.5). By substitution of

these expressions into Eq. 5.11 and taking the z axis as the easy axis,

i t can be deduced that the soliton contribution to the relaxation rate is

(T ( ; ) ) = r- e x
(5.35)

CO - — - ^ ~ ~,-~

I [GX X( j ,m)X s o l( j ,m)+Gy y( j ,m)Y s o l( j ,m;+GZ Z( j ,m)Z s o l( j ,m)],
M=0

with
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x
sol

(5.36)

, (1 ,m; =1 I — | dlqa)— e ( ; I cos mqa lb. 3 /)
sol \ TT / TT J qa \cosh

Q = qa/2ma

a = E°üJ^(j)a2/2c2kBT

In case of CHAB, J/k = 53.18 K, 6 = 1.05 and E°/k = 10.95vB (cf.B s B

chapter IV). From these values E and c can be calculated with the

aid of the expressions given in table 2.2. At th i s point a remark

on the app l icab i l i ty of expression 5.35 seems appropriate . In the

derivation of the dynamic form factors e x p l i c i t use i s made of the

pic ture tha t the sol i tons form an ideal gas of thermally excited

quas i -par t i c les with a density n given by Eq. 2.85. Since - as was
s

shown in section 2.5 - t h i s expression for n i s only valid for
k T/E°< 0.15, i . e . T//B < 1.6 for CHAB, the calculat ion of (T~ ) S °
B s 1

i s only re l iab le in th i s f ie ld and temperature range.

We have calculated the sol i ton contribution to the relaxat ion ra te

for the se t of nuclei that was selected on bas is of the Raman relaxation

process. In the actual calculat ion we truncated the summation over

m at m = 10 and evaluated the in tegra l s in Eqs. 5.36 - 5.38

numerically. I t appeared tha t within the experimental f i e ld and temperat

region mentioned above the numerical values of these in tegra l s are almos

independent of the applied f ie ld and temperature. This implies that

i f the NSLR in CHAB would be solely due to the presence of so l i t ons ,

the relaxation ra te would be given by

T-1 •, 1 e~E>»\ I . - " * / * , ( 5 . 3 9 )

where E /k = 10.95/B. This relation was also found by Goto (1983)
s B

from a somewhat different approach. Eq. 5.39 results in a linear relatie

ship between lnCTTj ) and /B/T for all fields and temperatures under coi
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i/B"/T(kG1/2-K)

Fig. 5.10.

NSLB rate of H in CHAB for B// a plotted in reduaed form according

to Eq. 6. 39. The meaning of the various labels of the theoretical

curves is explained in the text. These curves are all scaled with

a factor 0. 72.

sideration. In Fig. 5.10 the experimental data collected for B// c are re-

presented in such a way. Although this figure reveels a linear relationship

for B̂/T < 1, this neither confirms nor rules out the presence of

solitons, since the spinwave contribution to the relaxation rate
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(dotted curves labelled "(T ) + (T ) " ) , which can be represented

by a single curve for low values of / B / T , is much larger than the
soliton contribution (dashed curve labelled "(T ) " ) , at least

1 KS

in the region /B/T > 0.61 where Eq. 5.35 is applicable. This is

more clearly illustrated in the inset of Fig. 5.10, where we plotted

the various contributions to the relaxation rate separately for

low values of /B/ T . We like to emphasize that in order to obtain

a meaningful comparison of the theoretical results with the data,

we scaled both contributions with the same scaling factor 0.73

(cf. Fig. 5.5). For comparison we also depicted the

soliton contribution (dashed-dotted curve labelled "i T j"1")
\ ^ /SI

calculated from Eq. 5.35 using the finite temperature corrected

soliton density obtained by Sasaki and Tsusuki (cf. Eq. 2.89), which

is valid for >'e/T > 0.5 (cf. section 2.5). The figure reveals that

the inclusion of (T ) yields a slightly better description of the
I b 1

behavior of the relaxation rate in the appropriate >'B/T region

(full curve labelled "(T ) ") , but the resulting improvement

is not very significant and does therefore not yield solid evidence

for the presence of soliton-like excitations in this compound.

This result is - in a way - surprising, since NSLR experiments

on the S = 1 XÏ ferromagnet CsNiF clearly revealed a contribution

of non-linear excitations to the dynamic properties of this system.

Because this contribution could be explained - at least qualitatively -

in terms of fluctuations caused by a dilute gas of solitons, these

experiments were considered as a support for the existence of

soliton excitations in a real system, originally demonstrated by

neutron scattering experiments.

However, with respect to the interpretation of the T measurements

on CsNiF the following comment seems appropriate. In a similar way
1

as the calculation of the relaxation rate of H in CHAB, presented

in this chapter, Goto calculated the contribution of the Raman and

three-spinwave relaxation processes for Cs in CsNiF .̂ However, in his

analysis the term ^M
N/^-n appearing in the expressions for these

processes (cf. Eqs. 5.18 and 5.31) was neglected, resulting in a

divergence of the corresponding integrals. In order to avoid this

divergence he introduced a cut off by setting the lower limits of

the integrals equal to ka = E, , where £ is the correlation length
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of the n = 2 planar model, which is given by £ = 8 JS /k T. This

procedure, which - as was shown in section 5.4. - is not necessary,

seriously affects the calculated field an temperature dependence of

the spinwave contribution to the relaxation rate, especially in the

region were solitons were shown to yield a significant contribution.

It may therefore be worthwhile to reanalyse the T data of CsNiF ,̂

in order to investigate the effect of non-linear processes more

precisely.

With respect to the neutron scattering results on CsNiF wo like

to note that a detailed additional study ~>i the linear and non-linear

spin-fluctuations by means of polarized neutrons (Kakurai et a l . ,

1984) was necessary to unravel the contributions of the various

excitations. Although the in-plane spin-fluctuations in this compound

could be fairly well described in terms of the sG-model, these

experiments demonstrated that the out-of-plane components play an

essential role.

We feel that in order to establish unambiguously the nature and

the influence of the non-linear excitations in CHAB more direct

evidence is necessary. Part of this evidence can be obtained from

inelastic neutron scattering experiments or - perhaps - from neutron

spin-echo experiments.

Appendix

General expression for the nualear spin-lattioe relaxation rat,:

According to Eq. 5.5 the relaxation rate of a hydrogen nucleus

is determined by the probabilities W(±l/2 •*• +1/2) of a transition

from a state characterized by the nuclear spin quantum number

m = +1/2 to one of m = +1/2. In this appendix we will give an

outline of the evaluation of these transition probabilities.

By treating the fluctuating part of the dipolar interaction

between the jth nuclear spin and the electron spins H (j) (Eq. 5.3)

as a perturbation, an expression for the transition probability

w.(m ,\> •*• m',V), where v denote the quantum numbers specifying the

eigenstates of the electron spin system, can be readily obtained
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Fig. 5.11.

Definition of the reference frames 5,

and x,y,z for the electron spins.

,£ for the jth nuclear spin

by first order time-dependent perturbation theory (Moriya, 1956),

yielding

w.(m ,V ->• m',V') = ~ dt<m,v\H{j,t)\m',V'><xi>,V>\H(j,O)\m_r,v>.

(Al)

The time-dependence of #f(j,t) is determined by ^s<j) (cf. Eq. 5.2)

and the Hamiltonian of the electron spin system. The thermal transition

probabilities w.(±1/2 •* +1/2) follow from Eq. Al by multiplying the

expression by the statistical weight (e ° /Z) of the initial

state V and taking the sum over all possible initial and final

states V and V . The result reads

-E /k T
w. (±1/2 -i- +1/2) = Z Ï. w.(±l/2,V -»• +1/2,V)e /Z. (A2)

3 v V' •*
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In order to evaluate these thermal transition probabilities it is

convenient to transform I. and 6s occuring in the expression for

(j/t) to the reference frames C/ and x,y,z defined in Fig. 5.11.

The Z, and z axes of these reference frames are chosen such that they

coincide with the quantization axes of the j nuclear spin (// B )

and the electron spins (// « S..» ) , respectively. If 0 ,«p. and

->•

9 . ,(p. are the special coordinates of <K s s> and B - with respect to

the crystallographic abc coordinate system, this transformation can

be expressed as follows

(A3)

where OS = S - « S^» and R is defined as

R(0,(P) =

sino -cos8 0

cos6cosip cosSsirtP -sinö

sin9cos(p sin6sini+> cos6

; if 6 = O,ïï then if) = TI/2.

•A4)

Using Eq. A3 and the well-known relations

X~(t) = (A5)

withcoN(j) = Y N|B e f f(j)|,

it readily follows that #.(j,t) (Eq. 5.3) can be rewritten as

,'/t(j,t) = ft Z (iTe
(A6)

6sJ{t)

with
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1

1

0

- i

i

0

0

0

2

1 , Ü ) ; L ) »

r 2

I l-3x -3y -3xz

where A = j -3yx l-3y -3yz

|_-3zx -3zy l-3z2j

R(8.,(P.).A.RT(91,Ü);L) » (A7)

(A8)

thIn Eq. A7 r.^ is the position vector of the 1" electron spin

.threlative to the position of the j hydrogen nucleus within the

crystallographic abc coordinate frame and x = (x,y,z) is defined as

r../|r | . Insertion of Eq. A6 into Eq. A2 yields - after some

algebraic manipulations - the following expressions for the thermal

transition probabilities

w.(-l/2 •* +1/2) = I 1 ï. Z ga6(j,l,n) dte
iwN(j)t

a 6 n 1
(A9)

w.(+l/2 •+ -1/2) = Z Z Z I g p(j,l,n)
3

dte

a 3 n 1

[ H - e v B

v v'z

(A10)

<v!5s?'(t)!v><v|6sB(O)|v>l
1 n

where a,3 = x,y,z and g (j,l,n) are the sc-called geometrical

coefficients, which are given by

13 J' 21 J

Z12(j,l)Z22(j,n)

'13 I J"

Zn(j.l)Z23(j,n)

J23 l J l'

(All)

In this equation Z g(j/l) are the elements of Eq. A7. Noting that
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the term between brackets in Eqs. A8 and A9 is just the thermal
rt ft

expectation value of (5s.. (t) ÖS^(O) (c£. section 2.1) the expression

for the relaxation rate of the jth hydrogen nucleus given in section

5.2 (Eq. 5.6) is readily obtained using the relation Eq. 5.5.
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SAMENVATTING

Het in dit proefschrift beschreven onderzoek is gericht op de

bestudering van de bijdrage van lineaire en niet-lineaire magnetische

excitaties tot de statische en dynamische eigenschappen van de twee

quasi ééndimensionale (ID) S = 1/2 ferromagnetische verbindingen,

[CH JH,]CuBr. (CHAB) en [ccH. .,NH,]CuCl, (CHAC). Als methode van

onderzoek is gebruik gemaakt van soortelijke warmte en kernspin-

rooster- relaxatieme tingen.

De exchange interactie tussen opeenvolgende momenten in de ketens

is in beide verbindingen ferromagnetisch en vrijwel isotroopen heeft

een grootte van ongeveer 50 K, terwijl de interketen interacties drie

orden van grootte kleiner zijn. In CHAB is de anisotropie in de

intraketen interactie van het "easy-plane" type, terwijl de anisotropie

in CHAC een uniaxiaal (Ising) karakter heeft. De specifieke anisotropie

bepaalt welke typen elementaire excitaties kunnen optreden. In zowel

CHAB als CHAC kunnen naast de welbekende lineaire spingolfexcitaties

ook niet-lineaire excitaties voorkomen, zoals, bijvoorbeeld, sine-

Gordon solitonen in CHAB en magnongebonden toestanden in CHAC.

Na de inleiding, hoofdstuk ï , wordt in het eerste deel van

hoofdstuk II een beknopt literatuuroverzicht gegeven van de resultaten

van theoretische studies naar het excitatiespectrum en de statische

en dynamische eigenschappen van de verschillende ééndimensionale S = 1/2

ferromagnetische modelsystemen. Uit dit overzicht blijkt dat voor de

S = 1/2 ID ferromagneet met orthorhombische anisotropie in een

uitwendig veld (in feite het modelsysteem waarmee de ketens in CHAC

en CHAB beschreven kunnen worden) geen exacte resultaten gerapporteerd

zijn. De eigenschappen van dit modelsysteem kunnen in benadering be-

studeerd worden door middel van lineaire spingolftheorie, het

klassieke spin model en - in het geval van CHAB - het sine-Gordon

model, die we in het twoede deel van hoofdstuk II behandelen.

De kristallografische eigenschappen van CHAC en CHAB en de

magnetische eigenschappen voor zover deze bekend zijn uit metingen

van de soortelijke warmte (B = 0) , de magnetisatie, de susceptibiliteit,

en uit ferromagnetische resonantie-experimenten, zijn in hoofdstuk III

samengevat.
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In hoofdstuk IV wordt de veldafhankelijkheid van de magnetische

soortelijke warmte van CHAB besproken. Uit deze metingen blijkt dat

voor relatief lage waarden van het uitwendige magneetveld (B < 6.5 kG)

niet-lineaire (soliton-achtige) processen tenminste even belangrijk

zijn als lineaire (spingolf) processen. Vanwege de easy-plane aniso-

tropie in deze verbinding is de excess soortelijke warmte (de soorte-

lijke warmte gemeten in veld minus die gemeten zonder uitwendig veld)

in eerste instantie geïnterpreteerd in termen van het klassieke

sine-Gordon model, hetgeen tot een redelijke beschrijving van de

experimentele resultaten leidde. Uit een meer gedetailleerde analyse

volgt echter dat de goede beschrijving van de resultaten door dit

klassieke model het gevolg is van een toevallige compensatie van

quantum effecten en de effecten van spin componenten uit het

voorkeursvlak.

In hoofdstuk V, tenslotte/ worden kernspin-rooster relaxatietijd-

metingen aan de waterstofkernen in CHAC en CHAB behandeld. Het blijkt

dat de veld- en temperatuurafhankelijkheid van de relaxatietijd, die

in hoofdzaak de dynamica van de individuele ketens weerspiegelt, in

beide verbindingen gedomineerd wordt door de bijdrage van twee- en

drie-spingolf relaxatieprocessen, berekend met behulp van lineaire

spingolftheorie. Voor CHAB is dit opmerkelijk gezien de grote invloed

van niet-lineaire soliton-achtige excitaties op het gedrag van de

soortelijke warmte.
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