PHYSICAL REVIEW B

VOLUME 16, NUMBER 9

1 NOVEMBER 1977

g-dependent magnetic susceptibility of a disordered linear chain*

George Theodorou' and Morrel H. Cohen
Department of Physics and The James Franck Institute, The University of Chicago, Chicago, Illinois 60637
(Received 18 April 1977)

The g-dependent magnetic susceptibility for disordered Ising and classical Heisenberg chains is calculated.
The coupling between spins is of the form J(n) = Joe ®~D, B0, with n the random number of
interatomic units between neighboring spins. The cases where J is ferromagnetic or antiferromagnetic or of

spin-glass type are examined.

I. INTRODUCTION

In studying magnetic properties of physical sys-
tems the Heisenberg and Ising spin Hamiltonians
have been widely used. Exact results are scarce
in two or three dimensions.! In one dimension,
however, the possibility of obtaining analytic solu-
tions is greater, since the mathematics involved
are less; complicated than in the two- or three-di-
mensional cases. Interest in the one-dimensional
systems is further enhanced by the existence of
some real crystals® where the dominant spin inter-
actions occur between atoms arranged in linear
chains.

Much of the theoretical study based on the Heisen-
berg model has been devoted to the periodic case.?
Recently the disordered case received considerable
attention, and the static magnetic properties of the
disordered classical Heisenberg linear chain have
been examined.*” The classical Hamiltonian is ex-
pected to yield results close to the quantum ones
for large values of the spin §. In addition, for the
case of a sufficiently disordered system the pres-
ent authors,>® using a specific probability distribu-
tion, have provided strong evidence that the class-
ical Heisenberg Hamiltonian can describe adequate-
ly well the quantum case even for small § (S=1%).
Consequently the study of the disordered classical
Heisenberg Hamiltonian is of physical interest,
and its results can be quite instructive.

In previous work®® we have demonstrated that
the zero-field magnetic susceptibility of the organ-
ic conductors N-methylphenazinium-tetracyano-
quinodimethanide (NMP-TCNQ), quinolinium(TCNQ),
and acridinium(TCNQ), can be adequately
well described by the classical antiferromag-
netic S = disordered Heisenberg model provided
that the probability distribution of the coupling
constant J is of the form P(J)x<1/J'-¢, that is,
it is singular at the origin for ¢<1. The singular-
ity in the probability distribution of the coupling
constant has profound effects on the thermodynamic
properties of the above materials. Examination of
the response, x,, of the classical disordered Hei-
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senberg model, to a field of the form H(¥)
=Hcos(§+T), for the case where P(J)x1/J'"°,

will thus be of physical importance, since it will
provide information on the outcome of neutron-
scattering experiments performed on NMP-TCNQ,
quinolinium(TCNQ),, or acridinium(TCNQ),. Ac-
cordingly, the study of the g-dependent susceptibil-
ity of the disordered classical Heisenberg linear
chain will be the subject of this paper. We also
provide results for the Ising model using the same
probability distribution.

Thorpe” has studied x(g) for a random classical
Heisenberg model considering the following two
cases: (a) Spins along a topologically-linear poly-
mer chain, that is, all sites are magnetic with the
same coupling for all nearest neighbors but the ad-
jacent monomers form random angles; (b) Spins
located on every site of a periodic chain contain-
ing two kinds of atom A and B, the exchange inter-
actions being J , ,,J ;5 =J5 4,J55. He also examined
the special case where one of the two kinds of
atoms is nonmagnetic, but assumed that there is
a nonzero coupling between spins, only when they
occupy nearest-neighbor sites. The physical sys-

_ tems considered by Thorpe are not the proper ones

to describe the g-dependent susceptibilities of the
materials we are interested in since they lead to a
g =0 susceptibility which at low temperatures is
either constant or behaves like 1/7, whereas the
experimentally observed ¢=0 susceptibilities

of NMP-TCNQ, quinolinjum(TCNQ),, or acri-
dinium(TCNQ), behave like® 1/T* with@ < 1. Inwhat
follows we introduce disorder in a way that produces
the singular probability distribution of the coupling
constant required to obtain the experimental low-
temperature behavior x(g=0)<1/T%.

We consider a system of localized spins ran-
domly placed on a one-dimensional array of atoms
or molecules. We assume that we have interactions
only between spins separated by an arbitrary num-
ber of intermediate sites of zero magnetic moment.
These spins are called nearest-neighbor spins and
the distance between them is a random variable.
Denoting p to be the probability that a site will
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have one spin localized on it, we find that the prob-
ability of having a distance of » interatomic units
between two nearest-neighbor spins is given by

P(n)=p(1-p)**. (1.1)

The interaction between the localized spins was
analyzed in detail in Ref. 10 and has the form

J(n)=de?mD  B>0 (1.2)

The above outlined process produces a Hamilton-

ian'®

3C=2Ji§i'§i+1 (1.3)

with J; a random variable. The probability dis-
tribution'® of J for J<« J,, has the behavior P(J)
«1/J*¢, where c= lln(l - p)|/B. We note that the
subscript ¢ in Eq. (1.3) represents the ith localized
spin and not the ith site of the one-dimensional lat-
tice.

The structure of the paper is as follows: In Sec.
II we develop the formalism for the solution of the
problem for both the Ising and the classical Heisen-
berg chains. Section III contains the calculation of
x(g) at T=0° for the cases where the interaction
is ferromagnetic or antiferromagnetic or of spin-
glass type. The calculation of x(g) at finite tem-
peratures is presented in Sec, IV. Finally, Sec. V
is devoted to discussion of the results.

II. FORMALISM

The system of interest described in the intro-
duction is shown in Fig. 1. The chain consists
of N+1 localized spins. We start measuring the
spins from zero, the zeroth spin being placed at the
origin of the chain. The distance between the
Z—1 and ith spins is denoted by n;. The average
distance between neighboring spins is a/p, with
a the interatomic distance. Thus the average length
of the chain we are considering is Na/p. The Ham-
iltonian of the system in the presence of a magnetic
field is given for the Heisenberg case by

3c=i‘ I8, 8, - guaﬁ HSE (2.1)
=1 =1
and for the Ising case by
1
=7 g;Jiof_lc,' —éguailH,crf , (2.2)

with H,; the magnetic field at the position of the ith
spin and o # the Pauli matrix. We consider the case
where H; has the form

H;=Heili (2.3)

where L, isthe distance of the ith spinfrom the origin
of the chain, L;=2}_ n,. Heregqisinthefirst Bril-
louin zone of the chain of molecules, -m/a<g=<m/a.

@O Qng @1 @...Q_@N

FIG. 1. Chain consisting of N+1 localized spins. The
empty circles denote sites of zero magnetic moment.

The magnetic moment of site 7 is

Tr(S%e"8%)

. 4
TTre @4

M;=gug

We define the magnetic susceptibility x;, by the
following formula

= aM:’ _g:z“z 2Qz2
= (50) =S (s, 2.5)
where the subscript zero denotes that the quantity
is calculated for zero magnetic field. Eq. (2.5)

also indicates that x;;=x;;. For small magnetic
field we can write

M, =zj:x”H, ) (2.6)

Using the magnetic field given by Eq. (2.3), Eq.
(2.6) becomes

M‘=Ha2:x”e"“"i52 M et"ali (2.7
@

Fourier inversion of Eq. (2.7) leads to

p -iq‘al iqal
M,.=H, +lZe A P At I
7

Consequently the magnetic susceptibility per site
is given by

aM, p . .
- q -iq'aLiy, piaal K
Xeta o8, N+lz;e X 358 0k (2.8)

in g space.

From Eq. (2.8) it is evident that the susceptibility
has off-diagonal as well as diagonal matrix ele-
ments. We further note that Eq. (2.8) gives the
zero-field susceptibility for a specific configura-
tion of the N+1 spins. In nature, however, an
isolated chain does not exist. What we have in-
stead is collection of parallel chains weakly inter-
acting among themselves. Thus to give our for-
malism physical meaning we have to study the con-
figuration average (X, .. In what follows, { »
will denote configuration average while { ) will
represent thermal average.

From Eq. (2.8) we see that knowledge of the
quantity x;; is essential in finding the susceptibility
{Xq,,?- Our inability to calculate x;, for the case
of the quantum Heisenberg model forces us to
treat the Ising and the classical Heisenberg chains.
In both the latter cases x;; can be calculated ex-
actly and is given by




max(i,4) J
2u25(S+1 U(—‘—) for i#j,
Xu=g"£gk(1~*) t=mig.jm kT
1 fori=j,
(2.9)
For the classical Heisenberg chain®
J\_ kT JS(S+1)>
U(kT) =TE+D °°th< °T (2.10)

and $¥=S(S+1), while for the Ising chain we have!!
U(J/RT) =tanh(-J/ET) (2.11)

and S=3.

IIl. T-0°K CASE

Our aim is to calculate the quantity

. 3kT
o gmags(er D) XD
=lim SkT P

z; ((eritatalimaalyly 3y,

(3.1)

In both the Ising and the classical Heisenberg mod-
els we have that lim,_, ox U(J/RT) =sgn(-J). Using
this fact and also Eq. (2.9), Eq. (3.1) becomes

3kT

ITi_Ipo 235G+ D) X el TID

1082 L3S(S+1) N+1

= N%l_ Z; [sgn(=d)]'#-91((e-itaaLi=aal )y (3.2)

for the ferromagnetic or antiferromagnetic cases.
The spin glass will be analyzed later.

A. Diagonal matrix elements

In order to calculate the average {{exp[-iga(L;
- L)) for ¢’ =¢, we distinguish the following
cases: (a)i<j. In that case

i
L,-L;= :-};1 ny
and
i
{(exp[-iga(L;- L)) = n ((expligan,)))
=i+l
= ({exp(igan)))**. (3.3)

The average in Eq. (3.3) can be evaluated with the
use of Eq. (1.1) and is equal to

iqan\\ _ - n-1_,iqan _ peiqa =
(e ))—P;(l—,b) ‘e “"-‘1_(1—_1,)6‘:«7,—'4«,

(3.4)
so that
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((exp[-iga(L;- L )N =Al" (3.5)
(b) i=j. In that case
((expliga(L;- L )N =1; (3.6)
(c) i>j.
{exp[-iga(L; - L,)]) = {(exp[iga(L, - L,)]*))
=(A¥)*. (3.7)

Denoting A, sgn(-J) as B, and making use of Egs.
(3.4), (3.6), and (3.7), in the thermodynamic limit,
N-x, Eq. (3.2) becomes

) 3BT _ 1-1B, |2
HprmigsEe D O T G E

(3.8)

1. Antiferromagnetic chain

Antiferromagnetic coupling leads to sgn(-J)=-1
and Eq. (3.8) becomes
. 3kT
7 pemgse D) X0
_ (1 - p)[1 - cos(qa)]
(1-p)[1 - cos(ga)]+p[2p — 1+cos(ga)]

(3.9)

The maximum occurs at ga=7 and the minimum at

q=0, the values being 1/(1 - p) and zero, respec-

tively. For p<«< 1 and g+ 0 we have.
3kT 1-p

lim ~—r ey (T = 75

3.10
-0 PE2U3S(S+1 ( )

~1+p.

In Fig. 2 the quantity lim,_,[3kT/pg?p3S(S +1)]

X {{x(T))) is plotted versus ga, for different values
of p. The striking feature is that the maximum
occurs always at g=7/a. Consider a periodic anti-
ferromagnetic spin chain where the distance be-
tween the spins is equal to the average spin dis-
tance a/p of the random chain. In this chain the
maximum will occur at g =p(n/a), which is differ-
ent from our result for the ensemble averaged
random chain. For p =1 we recapture the periodic
result, that is

lim 3kRT )((Xq(T))>={O for g 1/a,

m — (3.12)
70 & HpS(S+1 +0 for g=1/a.

2. Ferromagnetic chain

In this case sgn(-J)=1 and Eq. (3.8) becomes

lim 3kT {1—17 for g#0,

T P VA (3.12)

+o for ¢=0.

As in the antiferromagnetic case, for p=1 we ob-
tain the periodic result:
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B
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qa 2w

FIG. 2. Quantity limg.q [38T/g2nd pS(S+1)] (X o(T))
is plotted vs ga for an antiferromagnetic chain and for
p=0, 0.1, 0.4, 0.6, and 0.8.

. 3kT 0 £ #0
lim ——s—ao «Xq(T)»= orq=%
70 £°UpS(S +1) +o for g=0

3. Spin-glass-like case

Besides an antiferromagnetic or ferromagnetic
interaction among the spins, a combination of these
two former cases can exist. We assume the inter-
action to be ferromagnetic if the number »; of inter-

 atomic units between the spins is even and anti-
ferromagnetic for »z; odd. In this system
lim ., U(J;/kT)=(~1)", The configuration aver-
age we need to calculate in order to find the dia-
gonal matrix elements of {{X,. ) is given by

(1ot emy=p 3 (1= pI -t
_peiqu -c (3 13)

From this point on the calculations are similar to
that of the antiferromagnetic or ferromagnetic
cases and the result is the following:

Lim [8RT/pg2u3S(S+1) KX (T))

=(1-|C D/[1+|C, 2= (C,+C¥)], (3.14)
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where C* is the complex conjugate of C,. Inserting
into Eq. (3.14) the value of C, as given by Eq.
(3.13), we obtain

Lim [3KT/pg*u3S(S+ DIX (TN =1-p.  (3.15)

For g+0 we note that the result in the spin-glass
case is the same as that in ferromagnetic case.
At ¢ =0, however, the spin-glass model produces
a nonsingular X,(T) in contrast with the ferromag-
netic case.

From our examination of the ferromagnetic, the
antiferromagnetic and the spin-glass-like chains
we see that in all cases lim,_ , T{(x,(T))) = con-
stant for g#0. Thus the behavior of {(x,(T))) at
low temperatures and for g#0 is given by

Ux TN e<1/T . (3.16)

B. Off-diagonal matrix elements

1. Ferro and antiferromagnetic cases

In order to evaluate the off-diagonal matrix ele-
ments of {({X,«(T))) we need to know the configura-
tion average ((exp[-i(g’aL,- qaL,)])). We distin-
guish the following cases:

Case 1: i=j. In this particular case

((exp[-i(g’ - g)aL;]» = ((exp[-i(g’ - q)an])).
Since

{({exp[-i(q’ - g)an]))=p Z{ (1 -p)™exp[-i(g’ - q)an]

_ __ pexp[-ilg’ - q)a]
1-(1-p)exp[-i(g’ - q)a] ’

we finally obtain

., _(___pexp[-ilg'-q)a] Y
emal-ita' - L = (e ZR et ar)

(3.17)
Case 2: i>j].
(exp[-ilg’L; - qL,)a])

= {{exp[-i(q’ - q)aL ] exp[-igq'a(L ;- L,)]»

=< p exp[-i(g’ - q)a] )‘
1-(1-p)exp[-ilg’ - g)a]

x( p expl-ig'a) >H (3.18)

1-(1-plexp(-iq’a)
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Case 3: i<j. In this case we have
(¢exp[-i(q'L; - qL ))al))
={(exp[-i(q’ - q)aL,])) (exp[-iga(L;~ L))

=< b exp[-i(q’ - g)a) )‘
1-(1-p)exp[-ilg’ - g)a]

p exp(~iqa) =i
x<1 -(1- p)exp(_iqa)> . (3.19)

Using the notation
Ax(q' _ q) =pe“‘""“’“/[1 -1 —p)e‘“""‘”“],
Bl(q') =p{e-iq'a/[1 - (1 _p)e-iq'a]} Sgn("J)’
C.(q)=ple"¢/[1 - (1 -p)e~*]}sgn(=J), (3.20)

and also making use of Egs. (3.17), (3.18), and
(3.19) we obtain that for g#q’ the susceptibility at
T-0°K is given by

: 3kT
11'131) m UXqe q(T)»

- Pl_ Al /A{‘M‘AL BY*I_BL>
"N+1lA -B\ A, -1 = B,-1

C,A (AY-CF Af’—lﬂ
C,-1\A4,-¢, A -1/I

(3.21)

+

Provided that all denominators in Eq. (3.21) are
different from zero and going to the thermodyna-
mic limit, N—-, we obtain

lim [3kT/g*u3S(S +1)] UXge N =0.  (3.22)
Equation (3.21) also implies that
lim (Lim {Xqe o TIN =0 (3.23)

if we allow N —~ first and then take the limit
T -0°K. Therefore, the off-diagonal matrix ele-
ments of the susceptibility are zero.

We examine now the special cases in which at
least one of the denominators of Eq. (3.21) is zero.
From Eq. (3.20) we see that A, =1 only if g=¢’.
This corresponds to diagonal matrix elements and
was examined before. For the off-diagonal matrix
elements (g#g’) we always have |A|<1 and thus the
denominator A, — 1 never becomes zero. In the ex-
amination of the possibility that one of the remain-
ing denominators is zero we distinguish the follow-
ing cases:

(a) Antiferromagnetic Case (J>0). For p#0,1,
B, and C, are different from zero and thus B, -1
and C, - 1 never become zero. In the case where
A, =B, we note the following: Since |4, |<1 this
implies |B, |<1. For |B,|<1 it is easy to prove

that Egs. (3.22) and (3.23) hold in the thermody-
namic limit. The same is true for the case C, =A,.
In conclusion, for antiferromagnetic coupling, re-
lation (3.23) always holds.

(b) Ferromagnetic Case (J<0). The analysis for
the cases B, =A, and C, =A, is similar to that of
the antiferromagnetic case. We consider now the
cases B, =1 and C, =1 which occur for ¢’=0 and
g =0, respectively. For the case ¢’ =0 and for
small but finite temperatures, we have

B,(T)=(WUW/RT)) (3.24)

with U given by Eq. (2.10) for the case of the class-
ical Heisenberg model. Using Eq. (1.2) and cal-
culating the average in Eq. (3.24) we obtain that the
behavior of B,(T) at low T is given by

1-6,kT/J, if |In(1-p)|>B
1= 5,(RT/J,)11=21/8 it |In(1-p)|<B

with 8,6, positive. Thus the limit of [1/(N+1)]
x1/[B,(T) - 1], allowing first N to go to infinity and
then T—0, is zero. Consequently relation (3.23) is
valid.

A similar analysis applies to the ¢ =0 case. Ex-
amining the Ising model shows that the behavior
is the same as that of the classical Heisenberg
chain.

B,(T) =.{

2. Spin-glass case

As regards the off-diagonal matrix elements,
following the same procedure as in the ferromag-
netic and antiferromagnetic cases we find that the
relations of (3.20) change to

e~i(a’=ala

Al(ql - q) =p 1- (1 _p)e-l(a'-a)a ’

-iq?a
B,(¢")=~p — (3.25)

1+(1-p)eie’e?
e-iaa
C1(q)=_p 1+(1' __“r“p)e- a

Otherwise everything remains the same and thus,
in the thermodynamic limit, Eq. (3.23) holds.

In summary, from our analysis of Sec. III B we
conclude that in the thermodynamic limit, the off-
diagonal matrix elements of {(x,.,(T))), with
T -0°K, are zero for the antiferromagnetic, ferro-
magnetic, and spin-glass case.

IV. FINITE TEMPERATURES

A. Diagonal matrix elements

For the calculation of x, at finite temperatures
we need to calculate the quantity

D(T) = (U[I(n,) /kT e osy), (4.1)
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2.0 4.0 6.0 FIG. 4. Antiferromagnetic classical Heisenberg chain
a o [3RT/g%ud pS(S+1)] (X, (T))) is plotted vs ga, for
q kT/S(S+1)J, =(a) 0, (b) 1072, (c) 1074, p=0.2 and
FIG. 3. Ferromagnetic classical Heisenberg chain p=4.0.
[3RT/g 2k pS(S+1)] (X, (T))) is plotted vs ga, for
ET/S(S+1)dy=(a) 1.0, (b) 0.5, (c) 0.1, p=0.5 and f=2.0.
in terms of which we have
[D(T)]*¢ for i>j,
3kT . W={1 fori=j (4.2)
772SE+T) (expliga(L;- L,)Ix;;» = or i=j, .

[D. (D)} for i<j.

Proceeding in a way similar to the zero-temperature case, we obtain in the thermodynamic limit, N—=,
[3%T/pg?u2S(S + DIKXLTN =[1 = | D(T) [2) A1 +|D(T) |2 - [DLT) + D.(T)]}- (4.3)

D,(T)is calculated numerically. {{x,) is shown as a function of ga for different temperatures in Figs. 3 and 4 for
the ferromagnetic and antiferromagnetic classical Heisenberg chains, respectively. Figuresb5 and 6 are the
corresponding results for the Ising chain. From Fig. 4 it is apparent that in the antiferromagnetic case at
low temperatures there exist ¢ fluctuations in ((x,)), while from Fig. 7 we see that such fluctuations are
absent at high temperatures. In order to understand the origin of these fluctuations we examine the behav-
ior of {{x,(T)) for the limiting case of T<«J,. We focus on the classical antiferromagnetic Heisenberg
chain only, the behavior of the Ising model being similar. U(J) for the classical Heisenberg model is given
by Eq. (2.10). Using the approximation
cothy = {1/x+%x for 0<x<1.,5,
1 for x=1.5. (4.4)

U[J(n)/ET], for S=%, becomes
U(J(n))___ {—%[JDS(S+ 1)/kT]e®™1) for n>n,,

kT [T /T, S(S+1)]e8™1) 1 for n<mn,, (4.5)
where n, is defined by [J,S(S+1)/kT]e™®")=1.5. For kT<«J,, so that n,> 1, we have

((e“’""U[J(n)])) ﬁ,p Zl:(l —p)mleiqw‘(j.si-(;::l—) By _ 1) - %) ngl (1 _p)n-xeiqan fsﬁgT_'*_l_) e B(n=1) (4.6)

Since 7, =(1/8) In{[J,S(S +1)/1.5kT]ef}, Eq. (4.6) becomes
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FIG. 6. Antiferromagnetic Ising chain [3kT/
2213 pS(S+1)] (X (T))) is plotted vs ga, for kKT/S(S+1)d,
=(a) 0, (b) 0.1, (c) 0.5, (d) 2.0, p=0.5 and B=2.

FIG. 5. Ferromagnetic Ising chain [3kT/g%gpS(S+1)]
x{{ X4 (T))) is plotted vs qa, for RT/SES +1)J,=(a) 1.0, (b)
0.5, (c) 0.1, p=0.5 and f=2.0.

iqan ~_ peiqa ka el taa( 1)( 1.5k 2 _B>|ln(1-p)|/5
«e @ U[J(n)]» 1= (1 _p)ewa + S(S+1)Jo 1= (1 _p)e{qae]; +pe o+ S(S+1) Jo e
1 1 1 2 1
% (1 —-(1-p)e’@ "2 F_(1-p)e™ "3 eP_(1-ple'® > 4.7

For |1n(1 -p) | /B<1 the behavior of {{¢’?®UJ(n)/ET)) at low temperatures will be the following:

iqan M>>>N peiqa iqa(n 1)< 1'5k _T_‘_ -B> Ma(1-)1/8
<<ea U(kT = I-pe® P 5 7,¢

1 1 1 2 1
X <1 -(@-p)e’ T2 F_(1- pe™™ " 3 eBP-_(1-p)e@ > (4.8)

-

[y
o
-

| T Since n, depends on the temperature, the presence
of the factor e**®"*!) will produce strong ¢ fluctua-
tions on the second term of Eq. (4.8). Thus
{x(T))) will also exhibit fluctuations, and we are
able to understand Fig. 4 which is the result of
exact calculations for p=0.2, 8=4, and |In(1-p)|/
B=0.0558. In the case |In(1-p)|/B>1, the linear
term in Eq. (4.7) dominates the temperature depen-
/7 dence for kT <« J, and {{x,(T))) does not exhibit
A R\ S~ oscillations due to the absence of the g*%(o+!)
— N\ term. These arguments suggest that oscillations
y | | of {(x,(T))) with ¢ must occur also for the ferro-
0 L 50 . 20 = 6.0 magnetic case at low temperature, but will be
‘ ‘ . confined to the high peak in {(x,(T))) near ¢=0,
qa 2w where the susceptibility is large. Because the
FIG. 7. Antiferromagnetic classical Heisenberg chain slope of {(x,(T))) with g is very large there, it
[3kT/g2upp S(S+1)] (X, (T))) is plotted vs ga, for will be difficult to notice the fluctuations.
kT/S(S+1)dy=(a) 0, (b) 0.1, (c) 0.5, p=0.5 and B=2.0. For completeness we also examine the case
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T>J,. In that limit we have
UlJ(n)/BT] ~ -5[JS(S+1)/ET]e 1)

and thus

<<eiqanu<%¥_‘)->>> = _pJfIS‘ +D 1-(1 f;:;e"’e'“ ’

The susceptibility ((x,(7T)) is then given by
3krT b N
ZTESS+D) T =511 Z’ 1~p. (4.9)

Equation (4.9) indicates that in the case T>J,
we get the same result as for free spins.

B. Off-diagonal matrix elements

The analysis for the off-diagonal matrix elements
at finite temperatures is essentially the same as
that of the 7~ 0 °K case. The only changes are the
replacement of B,(q’) by D_,{7T) and C,(q) by D_[(T).
In fact, the finite T case is much simpler since
|D.(T)|<1.

V. DISCUSSION

In this paper we have calculated the g-dependent
susceptibility for disordered Ising and classical
Heisenberg chains. Our investigation included the
cases where the interaction between the spins is
ferromagnetic or antiferromagnetic or of a spin-
glass type. The most interesting result of our cal-
culations occurred for the antiferromagnetic case
where at T -0 °K and also at finite T, {(x,)) exhib-
its a maximum at ga=m, instead of ga=pm which
one would expect by analogy with a periodic chain
with interatomic distance equal to the average dis-
tance of the random chain. The reason that the
maximum occurs at ga=7 is that a is the most
probable distance between the spins in this one-

dimensional case. What is different in our result
from that of the periodic chain with interatomic
distance a is that our peak at ga =7 exhibits a
width. . The width is due to the disorder, and its
value will depend on the amount of the latter. The
implications of this result are the following: The
scattering cross section in the quasielastic ap-
proximation is given by*?
£ =x(@. (5.1)

Since the position of the maxima does not depend
on the amount, 1-p, of the disorder present in the
system, the scattering angles will not change with
disorder. The effect of disorder will be the intro-
duction of a width in the scattering angles.

Another ihteresting phenomenon is the oscilla-
tion of the susceptibility with g for the antiferro-
magnetic case at low temperatures. These oscil-
lations arise from the existence of a separation
n,(T) beyond which the exchange becomes signifi-
cantly less than T in magnitude. The oscillations
occur only when ]1n(1 -p) |/ﬁ is less than unity,
which corresponds to the case where the probabil-
ity distribution of exchange is singular at’*¢J=0.
In that case there is a significant number of ex-
changes smaller than T, and n,(T) introduces a
meaningful temperature-dependent cut off into the
exchange distribution. The g =0 susceptibility
changes from nonsingular to singular behavior
as T~ 0°K for precisely the same reason.®'®

We expect our theory to be applicable to the
case of quasi-one-dimensional disordered mater-
ials such as NMP-TCNQ, quinolinium(TCNQ),,
and acridinium(TCNQ),. However, until now,
neutron-scattering experiments have not been per-
formed in these materials. We believe that such
experiments will be the source of valuable infor-
mation.
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