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Dynamical spin correlation function in CsCo Mg, _ Cl;
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Department of Applied Physics, Tohoku University, Sendai 980, Japan

Received 9 September 1991

Abstract. The dynamical spin correlation function $%(Q. w) of dilute antiferromagnet
CsCo,Mg, . ,Cl, is analysed using a one-dimensional Ising-like model of § = 1/2 with the
nearest-peighbour interaction J and the next-nearest-neighbour interaction J'. Qur results
reproduce well the experimental results from Nagler ef al (1984), We estimate J'/J ~ 0.1,
which is compatible with a previous estimation. Two peaks found at w ~J and @ ~2J
correspond to single soliton excitations and soliton-pair excitations, respectively, The inter-
action J' over asingle Mg** ion broadens the peak at w ~ J. As the temperature is increased,
another pcak appears at @ ~ 0.

1. Introduction

The dynamical properties of quasi-one-dimensional Ising-like antiferromagnet CsCoCl,
have been studied extensively. Inelastic neutron scattering has been a major means of
measuring the dynamical spin correlation function. The Villain mode peak (Villain
1975) was observed in S*((Q, w) at @ ~ 0 by inelastic neutron scattering in CsCoCl; for
the first time by Hirakawa and Yoshizawa (1979), Yoshizawa ef af {1981}, and also in
CsCoBr; by Nagler era/ (1982, 1983b). Contraryto Villain's prediction, the experimental
results did not show sharp shoulders. Recent simulations showed that this discrepancy
could be removed by taking into account collisions among propagating domam walls
(solitons) (Matsubara and Inawashiro 1990),

Another characteristic peak of §*(Q, w) at @ ~ 2J was found in the neutron scat-
tering experiments on CsCoCl; (Hirakawa and Yoshizawa 1979, Yoshizawa er af 1981)
and on CsCoBr; (Nagler er af 1983a). Ishimura and Shiba (1980) explained this peak on
the basis of a picture of soliton-pair excitations. However, their results were not in good
agreement with the experimental observations of the O-dependence of the peak position
and the line shape. Shiba (1980} alsc analysed Raman scattering data (Breitling et af
1977a, b, c, Lehmann ef af 1981) taking into account weak interchain interactions. He
could explain the experimental data qualitatively, but there remained some dis-
crepancies in the quantitative point of view. Matsubara and Inawashiro (1989) pointed
out that a next-nearest-neighbour interaction along the chain contributes markedly on
S¥(0, w). Having taken into account the interaction, they could explain the results of
neutron scattering experiments (Matsubara and Inawashiro 1991) and magnetic Raman
scattering experiments (Matsubara et al 1991).

Asfor the dilute magnet CsCo,Mg, _ ,Cl,, one-dimensional Co?* chains are randomly
cut in segments by Mg** ions. Magnetic excitations of this compound were studied by
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Table 1. The values of parameters estimated by various workers, where f, £ and J' are defined
in the text and J, is the interchain interaction in the b plane.

JK) - sMronj
Lehmann e al (198]) 702 0.11~014 — 00125
Nagler et af (1984) 744 0.120 — . 0.0500
Matsubara and Inawashire (1991) 629 0.150 0.100 —
Matsubara et af (1991) 63.6 0.145 0.095 0.0115

Present work 65.9 0,145 0.095 —

Nagler er af (1984), and two peaks were observed in §**((Q, ). They also analysed the
experimental data using the diagonalization technigue. Based on the results of finite
chains with up to eight spins, they identified the higher energy side peak (@ ~ 2J peak)
as soliton-pair excitations and the lower energy side peak (w ~ J peak) as a flip of the
end spins of the chains. However, their results did not explain satisfactorily the Q-
dependence of the w ~ 2J peak and the relative intensities of the two peaks. Moreover,
their identification of the w ~ J peak is unacceptable from the point of view of a
propagating domain wall {Villain 1975, Nagler et af 1983a.b).

In the present paper, the magnetic excitations in an Ising-like antiferromagnet with
§ =1/2 on finite chains are discussed in detail, and then neutron scattering data of
CsCoy gsMgy 17Cl5 are analysed. In section 2, the excitations in an isolated chain are
discussed. In section 3, formulation and calculation for the dilute system are presented
with and without interchain interaction. Comparison with the experimental datais made
in section 4. Section 5 is devoted to the summary.

2. Dynamical spin correlation in an isolated chain

In CsCo,Mg, - ,Cls, finite chains of Co®* ions along the c-axis are separated by non-
magnetic Mg?* ions. Magnetic quantities are described by a weighted sum of the cor-
responding quantities of these chains. Hence, we first study the dynamical spin cor-
relation in the finite chains. There are two kinds of interactions among those finite
chains; one is the next-nearest-neighbour interaction along the c-axis over an isolated
single Mg?* ion, the other is the interchain interaction in the ab-plane. The former will
be discussed in the next section. The magnitude of the latter was estimated to be 1% of
the nearest-neighbour interaction in CsCoCl; as shown in table 1 (Shiba 1980, Lehmann
et af 1981, Matsubara and Inawashiro 1991, Matsubara et af 1991). The effect of the
interaction will be more weakened in CsCo,Mg, _,Cl; because of the randomness, so
we will ignore it throughout this paper.

2.1. Hamiltonian and dynamical spin correlation function S5 (0, )
Let our model Hamiltonian of n-spin ¢hain be
36=%; +?€2 (21(1)

r—1

¥, =27 2 {8787, + (SISt + STV (2.1b)

i=]
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Figure 1. Low lying Ising states: (@) ground state, (b} and (c¢) excited states with up to two
domain walls for each separated cluster.

n—2

Hy = —2J" 2 {S7S%ua + &(S1S%z + SISV} (2.1c)
i=1

where J is the nearest-neighbour interaction, and J' is the next-nearest-neighbour
interaction. Here, £ ~ 0.1, ' /J ~ 0.1 and the boundary condition is free.

Since the system is Ising-like (¢ < 1), the Hamiltonian is diagonalized in a subspace
consisting of low-lying Ising states. The ground state is described approximately by a
Néel state (figure 1(a)). Reversing a right or left block of spins in a finite chain generates
a domain wall between the two blocks with the energy loss of J ignoring the next-nearest-
neighbour interactionJ’, as shown in figure 1(b). As we will see later, this mode appears
asthe w ~ Jpeakin the §*(Q, w). Similarly, reversing a middle block of spins generates
a pair of domain walls (the left side cluster in figure 1(b)) and gives the w ~ 2J peak in
$¥(Q, w). Hence, for T = 0 K, the Ising states are chosen to have up to two domain
walls, As for T+ 0K, the system is thermally excited, allowing transitions between
excited states. So the Ising states are chosen to have up to four domain walls. Note that
another mode arises at @ ~ 0 for 7% 0 K, which is illustrated as the transition between
states described in figures 1(b) and {c).

The dynamical spin—correlation function is given by the space-time Fourier trans-
formation of the spin—correlation function and is expressed by

1
SE(Q,w) = ‘Z‘Z zr e PEi (|8, )12 8(w — E; + E)). (2.2a)

Here f denotes 1/ksT, E; and E; are the eigenvalues of the eigenstates y; and v,
respectively, and Z is the partition function given by

Z=2efE, (2.2b)
i
The operator S§, is the Fourter transformation of S}
n
55, = El S ei0k;, (2.2¢)
j=

In order to investigate the contribution of the transition from the ground state and that
of other transitions, we rewrite (2.2a) as follows.

S0, w) = 576(Q, 0) + S5E(Q. w) (2.30)



2644 K Murao et af

03 geosxn

2=05%n

3 s !
=1 Q=r X g b
£ “ -
Tﬂ% 2 - ' Q=m
r |
i 02
‘I_
0
SO (I || |
S | | P Lt Ll j
0 50 0 10 200 0 Eul 100 150 200
W (K) w (K)

Figure 2. S35(0. w)at @ =05xand s forn=15in  Figore3. S5{Q. w)at @ =05t and nforn = 11in
the histogram with Aw = 1 K. The values of the par-  the histogram with Ae = 1 K., The values of the par-

ameters are given in table 1, ameters are given in table 1.
where
e~ BE;
Sii5(Q, 0) = —5— 2 Kwi1Sha W )60 — E; + £ (2.36)
f
1
STE(Q.w) = 7 2 X e FFily|Shlyil’8(e — E; + £y) (2:30)
1¥Fg
where, 4} is the ground state, and E, is the ground state energy. S35(Q, w) describes

the contribution of the transition from the ground state to excited states (GS — EX),
and §7:(0, w) the transition between different excited states (EX — EX). For T= 0K,
the dynamical spin correlation is described by only Si&(Q, @). However, when the
temperature is increased, the relative intensity of S%(Q, w) increases while that of
§76(Q. w) decreases because the factor exp(—BE,)/Z decreases. Note that when the
temperature is low and the energy of the first excited state is sufficiently high, we can
still ignore $7%(Q2, w). This occurs, for instance, insuchacaseas T=4.7K, E, — E =
60 K where E| is the first excited state energy.

In the following, the results are shown separately for 85%(Q, w) and $¥2(Q, w). The
values of the parameters are chosentobe J = 65.9 K, £ = 0.145,J'/J = 0,095, keeping
in mind the comparison with the experimental resulis.

2.2. S36(0, w)

Typical results of 575 (Q, w) for O = 0.5x and & are shown in figure 2. These results
were calculated by restricting the Ising states to two domain walls. The approximation
was justified by the fact that the 575(Q, w) did not change substantially by extending
the subspace of Ising states up to four domain walls. The peak at around 150K is the
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w ~ 2J peak and the peak at around 75K is the w ~J peak. The intensity of the
w ~ 2J peak is much stronger than that of the w ~ J peak. This is due to the fact that
the number of the soliton-pair states is ,, .,C; ~ n?/2 and the number of the singie soliton
statesis ,_ C; ~ », where n is the number of spins.

The @ ~ 2J peak is broad at @ = ot and sharp at O = 0.5x. It exhibits a tail on the
high energy side at O = n. These results are similar to those obtained by Matsubara and
Inawashiro (1991) in the chains with the periodic boundary condition.

The w ~ J peak is broad and spreads over the range from 60 K to 100 K. This reveals
that the @ ~ J mode is a delocalized (or propagating) mode where a single domain wall
exists widely inside the chain, contrary to Nagler’s conjecture. At Q = m, this peak is
high on low energy side. At & = 0.5x, the peak is lower and more flat.

2.3. 8%(0, w)

The results of $7:(0Q, w) for O = 0.5 and 7 are shown in figure 3. The main difference
from figure 2 is the occurrence of the w ~ 0 peak. This peak originates from the trans-
ition, represented by figures 1{5) and (¢), which preserves the number of solitons, hence
its Q-dependence shows the same character as the Villain mode, i.e. the broad peak
with a shoulder at O = .57 and a sharp and intensive peak at Q = 7.

Shapes of other peaks are similar to those of §35(0Q. w). but they are smooth due to
the broad dispersion of energy in the initial states.

3. Dynamical spin correlation in dilute systems

Now. we consider the dilute system, in which a dynamical spin correlation function is
obtained by accumulating contributions from finite chains of various lengths. However,
there are couplings between chains over a single Mg** ion, because there also exists
superexchange interactions through Cl- jons between next-nearest-neighbour Co?*

B-z-2 xx T 1 et x@ Figure 4. Types of molecular fields at the ends of
chains. The probabilities of these occurring are given
intable 2,
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Table 2. Probabilities for types of molecular fields shown in figure 4, Concentration of Co?*
ions is given by p.

Type of molecular

fierd A-1 A-2-1 A-2-2 A-3 B-1-1 B-1-2 B-2-1 B-2-2 ¢
Thermal

probability 1 L - - 1 e e~V 1
Geometrical

probability o P P> 2p(l-p) 2p(1-p) 2p(1-p) 2p(1-p) (1-p)?

ions, as assumed in the model Hamiltonian (2.1). For simplicity, we take into account
the interactions by molecular fields and add the following term to the Hamiltonian

Hp = —2J(ST(S% ) + S3{SH+2)) (3.1)

Here, the molecular fields represented by (S2 ) and (S}, ;) arelisted in figure 4 and tabie
2. In the figure, series A, B and C stand for configuration of non-magnetic ion and are
found by the geometrical probability in the dilute system, where the concentration of
Co®" ions is given by p. Each series is divided into cases depending on whether the
molecular fields and the spins at the ends of a chain are cooperative or non-cooperative.
Here, these ratios are denoted as thermal probability.

We investigate the effect of the molecular fields on the dynamical spin correlation
function. Figure 5is the results of 856 (Q, w) at Q = 7. The w ~ J peak strongly depends
on the molecular fields. For example, the line shapes of the w ~ J peak in A-1 and A~
3 are almost the same but their positions are different, and the line shape in A-2-1is
different from the others. This is due to the fact that the @ ~ J peak comes from the flip
of the end spin which is subject to the next-nearest-neighbour interaction over a single
Mg2* ion. On the other hand, since the w ~ 2J peak comes from the flip of spins in the
middle of the chain, it is affected little by the molecular fields as seen in figure 5. Figure
6 shows the results of $5% (0, w) at Q = . The results for @ ~ J and 2J are similar to
those in figure 5. The @ ~ 0 peak is not strongly affected by the molecular fields, This is
also due to the fact that this peak comes from the spin flip in the middle of the chain,

Hence, we calculate the dynamical spin correlation function averaged over the
molecular fields and denote it as $%(Q, w). The total §%(Q, w) is expressed in terms of
the power series of concentration p:

55(Q, w) = 2 p*(1 - p)2S5(Q. w). (3.2)

We calculate $¥(Q, @) for n < N and the contribution from the chains longer than
Nspinsis estimated by extrapolation (N = 16for T = 0 Kand N = 12for T # 0 K). Since
the outline of $5(Q, w) converges with an increase of n, the contribution from the chains
longer than N spins may be given as S¥(Q, w) multiplied by a weight function fy(p).
Thus, (3.1) is approximated as follows.

N
$(Q, w) = 2 p"(1 — pYST(Q, 0) + fn(p)SH(Q, w). (3.3)

Since the N-dependence of each peak is different, we use a different fy(p) for different
peaks. For @ ~ 0, there is no N-dependence because the number of domain walls



Spin correlation function in CsCo,Mg,_,Cl; 2647

0 6:{ A-1 ;“
V] -'4{ ‘ i/]
L N
02r i o pos] a
i s WA -
0 FNE A 0.06F
0.6F A-2-1 !
EXTA
S ol
Rg ﬂ,'l i , ; |
L] N X
oAz“- R A "
[)> - Ay FU—
0.6F A3 j
) 0.06
0 4F _
S 0.0 \
02 b L 0 02{ ﬂ _
<‘V'I! v . { .tf\'\ /\- / \/\‘
4 T, H
L M ol "J__...
0 50 100 150 200 0 100 200
w [K} w {K]

Figure 5. Effects of molecular fields on $75(Q, w) at
O = @ forn = 9. Data are convoluted by a Gaussian
distribution with a half width at haif maximum

Figure 6. Effects of molecular fields on $3L(g, @) at
= xfor n = 9. Data are convoluted by a Gaussian
distribution with a HwHM of 6.52 K.

(HwHM) of 6.52 K.

conserves. For @ ~ J, the peak grows linearly in proportion to the length of a chain,
because this peak arises from the creation of one domain wall out of N ~ 1 possible sites.
For w ~ 2J, we take into consideration the creation of two domain walls out of y_,C,
possible combinations. These three peaks are weakened by the factor of p every time
one spin is added to a chain. Therefore, the function f( p) may be given as

() o~0  fup)= = p (3.4)
k=N+1

® o=t fup)= T o (3.45)

© o~  fup= 3 I (3.40)

k=N+1 N- ICZ

Now we show the resalts for the dilute systems of p = (.70, 0.83and 0.90 at T = 4.7
and 30 X. Figure 7 presents the results for T= 4.7 K. The full curves represent the full
values of (3.3) and the broken curves the first term of (3.3). The difference between the
full curves and the broken curves becomes larger as p is increased. This is because the
contribution of long chains increases in proportion to p. However, the results will still
be reliable for p = 0.90 because the line shapes of the peaks are similar for chains longer
than 12 spins. As p is increased, the relative intensity of the w ~ J peak to the @ ~ 27
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Figure 7. The results of dilute system for T=4.7K  Figore 8. The results of dilute system for T=30K
convoluted by Gaussian distribution with a FwHM of  convoluted by a Gaussian distribution with a HWHM
6.52 K. Broken curves are the resulis before extra-  of6.52 K. Broken curves are the results before extra-
polation, polation.

peak becomes smaller. The line shape of the w ~ 2J peak changes as p is increased. The
width of the peak becomes narrower at Q = 0.5 and wider at Q = x. All these features
are due to the enhancement of characters of long chains.

Figure 8 shows the results for T'= 30 K. The w ~ 0 peak is seen, but its line shape
depends little on p because the @ ~ 0 mode does not depend strongly on the length
of the chains. The @ ~J and 2J peaks show similar features to those in the case of
T = 4.7 K except that they are somewhat smooth.

To observe the w ~ J peak in neutron scattering experiments, the peak should be
sharp and comparable to the @ ~ 2J peak. These are satisfied when p is decreased,
however, then the intensity becomes weak. The proper concentration to observe the
w~Jpeak willbe p = 0.7 ~ 0.8

4. Comparison with the experiment

In figure 9, our resuits are compared with experimental dataforp =0.83,at T=47K
by Nagler er al (1984). The calculated w ~ 2J peak fits the experimental data very well
over the whole range of Q. The calculated w ~ J peak also fits the experimental data at
Q = 0.5z but notsowellat Q = . The reason for thisis not known at present. However,
since the experimental data of the @ ~ J peak is not very clear, detailed experimental
investigations are desired.

Values of the parameters used here are presented in table 1 together with those of
previous works. The values are very similar to those used by Matsubara and Inawashiro
(1991) and Matsubara er af (1991) in the case of CsCoCl;. .
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In the fittings, the role of J' is essentially important. The effect of J' is seen not only
in the O-dependence of the line shape of the e ~ 2J peak but also in broadening of the
w ~ J peak.

5. Summary

We calculated the dynamical spin correlation function §%(Q, w) of quasi-one-dimen-
sional dilute antiferromagnet CsCo,Mg, _,Cl3 accumulating various finite chains. The
results were in good agreement with the experimental observations by Nagler ef al
(1984).

Two peaks of $*(Q, w) found in the experiment were identified as follows: the peak
at w ~ 2J {w ~ 2J peak) is associated with soliton—pair excitations, and the peak at
w ~ J (w ~ J peak), which is characteristic of the dilute system, is associated with single
soliton excitations, where J is the intrachain nearest-neighbour interaction.

In this calculation, we took into account the intrachain next-nearest-neighbour
interaction J'. From the fittings of the caiculated w ~ 2J peaks to the observed ones
for different O, we estimated J'/J ~ 0.1, which is compatible with that estimated by
Matsubara and Inawashiro (1991) and Matsubara et al (1991). Hence, we believe this
analysis confirms the existence of J'.

Attention was paid to the fact that the interchain interactions along the c-axis exist,
because J' links two chains separated by a single Mg** ion. We took into account the
interactions by molecular fields and found that they broaden the w ~ J peak.

Qurcalculation suggested that, as the temperatureisincreased, another peak appears
atw ~ 0,
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