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Abstract, An analysis of the magnetic Raman scattering in quasi-one-dimensional anti- 
ferromagnets CsCoCI,. CsCoBr, and RbCoCI, at the magnetically ordered regime is given. 
We show that discrepancies between experimental observations and the results of previous 
theories can be removed excellently by taking into account a next-nearest-neighbour ferro- 
magnetic interaction J ’  along the c axis. We estimate the value of I ’ i J = O . l  in those 
substances. where J is the nearest-neighbour antiferromagnetic interaction. Modulationsof 
the magnetic structures for both IOW- and intermediate-temperature ranges are investigated 
by calculating the weightings of magnetic chains subject to different stasered fields. We 
estimate domain sizes in the modulated structures for the first time. 

1. Introduction 

Spin dynamics in an kinglike S = 4 antiferromagnet on a linear chain has been the 
subject of great interest for many investigators, since Villain (1975) proposed a theory 
of a domain-wall soliton. The compounds CsCoC13 and CsCoBr, are known to be good 
realization of the model and solitons in the compounds have been extensively inves- 
tigated using various experimental techniques. Among them, studies of spin-wave 
excitations by means of magnetic Raman scattering at temperatures below the NCel 
temperature are very attractive, because they enable us to investigate unusual magnetic 
ordering (Mekata 1977, Matsubaraand Ikeda 1983, Matsubara and Inawashiro 1984) in 
the compounds and to determine values of various physical parameters such as the 
intrachainand interchain exchange interactions andg-values. Breitlingetal(1977a, b, c, 
1979) first examined the spin-wave excitations in CsCoCI, by means of Raman scattering 
and found many discrete peaks superposed on a continuous broad peak. Very similar 
spectra for CsCoBr3 were observed by Johnstone and Dubicki (1980). A Raman scat- 
tering study of the isomorphic compound RbCoC1, has also been made by Lockwood ef 
a1 (1983), and a similar lineshape has been observed at lower frequencies. Shiba (1980) 
first explained the observations by taking into account a weak interchain interaction J ,  
which yields staggered molecular fields. He showed that the staggered fields quantize 
the magnetic excitation continuum of the kinglike chain, and series of discrete spectra 
called Zeeman ladders appear. Careful comparisons between experimental observations 
and calculated results were made by Lehmann etal(l981). 
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However, the following important problems have remained unsolved. 

(i) Fits between experimental peak frequencies and theoretical values are not very 
good unless different values of the anisotropic ratio E are chosen for the magnetic chains 
subject to different staggered fields. That is unacceptable from aphysical point of view. 

(ii) For each series of the spectra, when the peak frequency is increased, the exper- 
imental peak heights decrease more rapidly than those predicted theoretically. 

(iii) A shoulder is found at the low-frequency end of the continuous spectrum. 
(iv) Experimentalratiosofthemagneticchainssubject tostaggeredfields h = 0, Z J , ,  

4J, and 6 J ,  are considerably different from those predicted theoretically. 
Nagler et al (1983) proposed an effective Hamiltonian including a slow internal 

staggeredfield hofrom exchange mixing that influences the rapidspin fluctuations. Using 
theHamilronian, theycouldobtaina better fit for thepeakfrequency. They alsopointed 
out that another series should appear instead of the continuous spectrum which is 
observed astheshoulder ofthecontinuousspectrum, but theydidnot make acompanson 
ofspectral intensities. Wethink that thefrequencydependenceofthespectralintensities 
is essentially the same as that obtained by Shiba and is incompatible with the exper- 
imental observations. 

In this paper, we show that the discrepancies can be removed satisfactorily if we take 
into account the intrachain next-nearest-neighbour interaction J ' .  In section 2 ,  the 
dynamical structure factor S"(q, w)at the absolutezero temperature iscalculatedusing 
a perturbation method. The effect of J '  is studied for magnetic chains with and without 
a magnetic field. In section 3, comparisons of our results with experimental results for 
CsCoCI,, CsCoBr, and RbCoCI, are made. Excellent agreement is obtained in both the 
peak frequency and the peak height. The values of the parameter J' are estimated for 
thosesubstances togetherwith the valuesof other physical parameters. We also estimate 
theratiosofthe magneticchainssubject to different molecular fieldsanddiscuss thespin 
structure of the compounds. We estimate the size of domains for the first time. The 
results are summarized in section 4. 

2. Dynamical structure factor S"(q, w )  at T = 0 

We start with an effective Hamiltonian with S = ion a linear chain described by 

H =  ZJC [Sfsf,, + E ( S ~ S ~ + ,  + SjS:,,)] 

- 2 J ' E [ S f S f + z  + ~ ( S f S f ; 2  +SfSj+,)]  - h z ( - l ) ' S ;  
i 

= H,: + H, + H '  (2.1) 

where h is the effective field from neighbouring chains. Here, E a 1, I J '  I * J ,  N % 1 and 
the periodic boundary condition is assumed. 

The ground state of H,, is doubly degenerate and consists of two NCel states IN,) 
and IN2) related by a spin reversal at every site. Lowest-lying excitations will occur 
around the Ising energy 2 J .  The relevant excited states can be obtained from a NCel 
state by reversing a block of 1' adjacent spins so as to yield a domain-wall pair state. 
Since we are interested in the excitation of the soliton pair, we consider the case M ;  
(= &Sf) = 1. In analogywith themethodofpreviouspapers(1shimuraandShiba 1980, 
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Shiba 1980, Lehmann eta1 1981), one can analyse the dynamical properties of the model 
at T = 0. We choose aset of basisstatescorresponding to domain-wall pairs propagating 
with wavevector q: 

(U - 1112 1 I v,  4 )  = G: exp(iqrj)s: Il ( ~ y + k -  I s;+k) I N I ) .  (2.2) 
m = 1  

Within the restricted space, the matrix elements of H are given by 

2J(1+ e2)+2J'[1 - ~cos(2qa)l +2(2v - l)h 

(v,qlHlv,q)=[ 2J(1+$~~)+4J'+2(2v- 1)h otherwise 

for v =  1, N- 1 
(2.3) 

for diagonal terms and 

V ,  forvl  = v - 4  

V for v ,  = v - 2 

(v ,q lHlv l ,q )=  V* forv,  = v + 2  

V y  forv,  = v + 4  I 0 otherwise 

for off-diagonal terms, where V = J&[1 + exp(2iqa)l. V ,  = -J&*[l + exp(4iqa)]/2 and 
a is the lattice constant which is set equal to unity hereafter. Here the diagonal terms are 
expressed apart from the ground-state energy which is approximately given by ,Ig = 

The eigenstatesandeigenvaluesof the Hamiltonian in the space are readily calculated 
-NJ ( l f  $)I2 - hN/2. 

numerically. The dynamical structure factor P ( q ,  w )  at T = 0 is given by 

SXX(q,  0) = 22 l w p ( q ) l ~ ; l ~ g ) 1 2 w  - Lp) (2.5) 
P 

where jYP(q)) and ,Iq.p are the eigenstate and eigenvalue obtained above, S + ( q )  = 
l/<NZjeexp(iqri)SJ, IYg) is the ground-state approximately given by IYJ = IN,) + 
(A, - H,,)-'H,I N,)forl= lor2,andANistheNCelstateenergy. WecalculateS"(q, w) 
for q = 0 using equations (2.3)-(2.5). Before comparing the theoretical lineshape of 
S"(0, w )  with the experimental lineshapes, we briefly mention effect of J' for chains 
with both h = 0 andh # 0. 

(i) The chain with h = 0. The results for S"(0, w )  for different J' are presented in 
figure 1. The spectrum appears in the energy range 

25 + 4J' - 4 d  + k 2 J  < w < 2J f 4J' f 4 d  + ~E'J.  (2.6) 
For a k e d  E, as J' is increased, the spectral intensity strongly concentrates towards 
lower energies. For E > J'/J, the lineshape almost depends on the ratio J ' /&J .  When 
J'/J > E, a sharp separate peak appears at a lower frequency in addition to a small 
continuous peak in the energyrangeofequation (2.6) (Matsubaraand Inawashiro 1989). 

(ii) The chain with h # 0. As shown in figure 2, the Zeeman ladder occurs. For J' = 
0, the properties of the Zeeman ladder are known: firstly the intensity is largest for the 
lowest energy and it decreases almost linearly as the peak energy increases; secondly 
theseparationintheenergyisthewidest between thelowest tivoenergiesandit gradually 



1818 F Matrubara et al 

k E i 0.10 t . 0 2 0  
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Figure 1. Continuourspccrrum (Csencr)fordifferentEandJ'. Thespectraarecanvoluted 
wilh a Lorentzian lineshepc of half-width 0.1 1. 

E i 0.15 t c i 0.10 E = 0.20 

J?J : 0.10 

1.5 2.0 2.5 
W l J  

Figure 2. Zecman ladderswith h l l  = 0.02 for differcnt f and J' 

decreases in a monotonic way as the energy increases. For J '  # 0, these properties are 
pronounced. In particular, the intensity for the lowest energy is considerably larger than 
the others. 

3. Comparison with experiments 

Now we compare our results and experimental observations for CsCoCI,, CsCoBr, and 
RbCoC13 in the magnetically ordered regime. In these compounds. the magnetic chains 
form a triangular array in a plane perpendicular to the chains, i.e. the c plane. In figure 
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I O 1  l b l  

Figure 3. Postulated magnetic structures of (a )  the FR phase at T <  T,, and (b)  the PDAF 
phase at T,, < T < TN,: +, up spins; -, down spins; 0. paramagnetic chains. 

3, the postulated magnetic structures in the c plane are shown (Mekata 1977). At 
low temperatures ( T <  TNZ), a ferrimagnetic (FR) phase occurs owing to a very weak 
ferromagnetic next-nearest-neighbour interaction in the c plane. At intermediate tem- 
peratures (TN2 < T < TNl), apartiallydisorderedantiferromagnetic(~~~F) phase occurs 
owing to the frustration of the nearest-neighbour antiferromagnetic interaction in the c 
plane.Thestaggeredfie1dscomingfromneighbouringchains takeoneofthefourvalues: 
h = 0,2Jl,4Jland6Jl. FollowingShiba(1980), wecall theseriesofspectraarisingfrom 
the magnetic chains with h = 6J1, 4J1 and 2Jl  the A, B, and B, ladders, respectively. 
We also call the continuous spectrum the C spectrum. The ratios of the magnetic chains 
at these different staggered fields were theoretically calculated for both spin structures 
(Shiba 1980). However, it has been pointed out that the magnetic structures are not 
stable against thermal disturbance and a kindofstructure modulation occurs (Matsubara 
and Ikeda 1983, Matsubara and Inawashiro 1984). In fact, lines which are expected to 
disappear at T < TN2weremeasured by Ramanscattering evenat very low temperatures. 
Hence, analyses of the spectral intensities provide knowledge of the microscopic mag 
netic structure of the compounds. 

ThefittingparametersareJ,~,J’andJ,.ThevaluesofJ,~andJ‘havealready been 
estimated by Matsubara and Inawashiro (MI) (1991) froin the analyses of inelastic 
neutron scattering data in the paramagnetic regime obtained by Nagler et al (1983). 
Here, we estimate the values separately and compare them with the previous data to 
examine the validity of our model (2.1). We also fit the spectral intensities and estimate 
the weighting?. of the different magnetic chains. 

3.1. CsCoC13 
We first consider CsCoCI,. The fitting is made by the following procedure. First, we 
consider the low-frequency edge of the C spectrum which is theoretically given by o = 
25 + 45’ - 4d + 52J. Next, we consider the energy of the zone-boundary response, 
UJ = 25 + 2J’, measured from inelastic neutron scattering (Yoshizawa ef a1 1981. Nagler 
et a1 1983). Since one more condition is necessary to determine the values of the 
parameters, we tentatively assume E = 0.15, which is obtained by MI. Thus the values of 
JandJ‘aregiven tentatively. Then,J,isgivensoastofit the peakat thelowest frequency 
ofthe Aladder. Using thesevalues, we fit theotherpeaks. Ofcourse, deviations between 
theoretical and experimental peak positions occur at higher frequencies and minor 
changes in the values are made to obtain better agreement. Using the values thus 
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Table 1. The values of the parameters for CsCnCI, estimated by different workers. 

Reference J ( K )  E J ' l J  J J J  
. ~ "  ~ ~~ ,.I". .""#U,,..--. f:" , I , #  . .. 

Lehmann er nl(1981) 70.2 0.11-0.14 - 0.0125 
Nagler era/ (1983) 71.8 0.12 - 0.020 
MI 62.9 0.15 0.10 - 
Present work 63.6 0.145 0.095 0.0115 

. I ,  

fnergy I"'l 

Figure 4. Calculated results for CsCoCI,. The arrows indicate the experimental peak 
positions and the edge of the shoulder. The spectra are convoluted with a LorenMan 
lineshape of the common half-width 1 cm-'. 

determined (table 1). we can fit all the spectra within the accuracy of 1 cm". It should 
be noted that the present values agree very well with those obtained by MI, although the 
two sets of values are determined by different kinds of experiments. 

Next. the intensities for individual peaks are calculated by using equation (2.5) and 
the scale factor wk (k = A ,  B,, B, and C) for each ladder is determined to fit the 
theoretical and experimental intensities at the lowest frequency. Using these scaling 
factors,S"(O, w) iscalculatedandisshown infigure4.The theoretical resultsreproduce 
the observed lineshapes very well over a wide frequency range (see figure 3 of Lehmann 
etaf (1981)). 



Raman scattering in CsCoC13, CsCoBr, and RbCoC13 1821 

Table 2. The weighting factors (relative intensities) for CsCoCl, used to fit the spectral 
intensities. The theoretical values are from Shiba (1980) hased on complete ordering in the 
R( phase and a random distribution of one-third chains in the PDAF phase. 

Temperature (K) Reference W A  U',, U'F+ U'c 

2 Lehmanneral(1981) 0.37 0.07 0.18 0.41 
2 Present work 0.33 0.06 0.07 0.54 
2 Theory, no domain 0.33 0.00 0.00 0.67 

12 Lehmann eral(1981) 0.10 0.29 0.43 0.14 
12 Present work 0.10 0.24 0.29 0.37 
12 Theory. no domain 0.08 0.25 0.25 0.42 

l a )  

Figure 5. Schematic illustration of domains and domain walls for (a) T <  TNi and (b) 
TNi< T <  TN,: +. upspins; -,downspins;O,paramagneticchains. 

The normalized scaling factors 

Wk = Wk/ (W*  + w*, + w** + W,) (3.1) 

give the ratios of the magnetic chains with the different staggered fields. Lehmann et a1 
(1981) first estimated the ratios by the use of Shiba's theory. However, the ratios deviate 
far from those of the theoretical predictions (table 2). In particular, W,, is much larger 
than WB,, although both are expected to be almost the same, and W ,  IS much smaller 
than that predicted theoretically. This is a curious problem, because it suggests incom- 
patibility between Mekata's picture of spin ordering and Shiba's theory of soliton-pair 
excitation, although both theories have been widely accepted. This strong discrepancy 
occurs because J' is neglected. Our estimation presented in table 2 gives ratios much 
closer to those predicted theoretically. The theoretical ratios were calculated on the 



1822 F Matsubara et a1 

R 

I 
80 100 120 1 LO 

4 4  
r . , .  J J J .  - 

160 

Energy IcK'I 

Figure 6. Calculated results for CsCoBr,. The arrows indicate the experimental peak posi- 
tions and the edge of the shoulder. The spectra are convoluted with a Lorentzian lineshape 
of " n o n  half-width 2cm-'. 

assumption that the FR or PDAF magneticstructure is realized over the whole lattice. The 
differences between the ratios predicted theoretically and those estimated from the 
experimental data will arise because of the modulation of the magnetic structure due to 
the occurrence of domain walls. 

We roughly estimate the size of the domains. We first consider the FR phase at 
T < TNz, Suppose the wa domains are separated by domain wallsasshown in figure 5(a).  
Here, for simplicity, we assume that the domain walls are completely shrunk and lie 
between lattice points. The magnetic chains away from the domain walls have a 
staggered field h = 0 or 6J1. On the other hand, every one-third of the magnetic chains 
which is adjacent to the domain walls takes the staggered field h = 0,23, and 43,. If 
we suppose that the domain wall occurs between magnetic chains with a ratio x ,  the 
ratios of the B1 to B2 ladders are k / 3 .  Using the obtained values of W,, and W B i ,  
we have x =0.1. This means that the linear size d of the domain is about 10 in units 
of the lattice constant. 

Next we consider the PDAF phase at T,, < T <  T,,, where the domain walls have 
at least one magnetic chain in the unit area as shown in figure 5(b).  In the domain 
walls, the ratios of the magnetic chains with h = 0, 2J,, 41, and 63,  are h ,  ft, & and 
I$, respectively. Hence, we can estimate the domain-wall ratio x from the difference 
between W,, and WB2, i.e. (A - &)x = WB2 - WBI. We obtain x = 0.2,  i.e. d = 5. 
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Table 3. The values of the parameters for CsCoBr, estimated by different workers. 

Reference J(K) 8 J ' / J  J , / J  

1823 

~~ 

Lehmanneraf(1961) 90.7 0.165-0.235 - 0.019 
Naglereral(1983) 77.8 0.137 - 0.059 
MI 69.6 0.18 0.10 - 
Present work 71.2 0.17 0.10 0.026 

Table 3. The weighting factors (relative intensities) for CsCoBr, used to fit the spectral 
intensities. 

Temperature (K) Reference WA 

2 Lehmanneral(1981) 0.30 
2 Present work 0.32 
2 Theory, no domain 0.33 

12 Lehmann etal(1981) 0.12 
12 Present work 0.13 
12 Theory. no domain 0.08 

WB, WB! Wc 

0.05 0.20 0.45 
0.06 0.13 0.49 
0.00 0.00 0.67 

0.23 0.39 0.26 
0.19 0.27 0.41 
0.25 0.25 0.42 

Note that this result is quite reasonable, because the system fluctuates more at higher 
temperatures. 

Note that similar estimations of the ratio can be made from the analyses of W ,  and 
Wc. We also estimated these ratios and obtained somewhat different values of the same 
order. We think that the differences come from a rough estimation of the ratios. As 
discussed in previous papers (Matsubara 1983, Matsubara and Inawashiro 1984), the 
domain walls would be very flexible and a detailed estimation of the ratios is not easy. 
If one can estimate the ratios by taking into account the flexibility, similar values of x 
will be obtained from all the ratios of W,. We believe that the domain sizes estimated 
here are reliable at least in the order. It should be noted that this is the first estimation 
of the domain size in this compound. 

3.2. CSCO& 

Next, we consider CsCoBr,. The fitting procedure is the same as for CsCoCI,. We only 
show the final results in figure 6. The values of the parameters used in the theoretical 
analysis are given in table 3 and the values of the ratios in table 4. As seen in figure 6, 
our results reproduce the peak positions and the lineshapes satisfactorily (see also figure 
3 of Lehmann et al(1981)). The values of the parameters are also very close to those 
estimated by MI from the neutron scattering data of Nagler etal(1983). However, the 
deviations of the peak positions are slightly larger than in the case of CsCoCI,. The 
deviations in the wcightings are also larger than those for CsCoCI,. These will be because 
CsCoBr, is less one dimensional and less king like than CsCoCl,, as seen in table 3. A 
treatmentofhigher-order termsin easwellasamoreaccurate treatmentofthe interchain 
interaction will be necessary to get better agreement for this compound. 
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Table 5. The values of the parameters for RbCoCI, estimated by different workers. 

Lockwood er ul(1983) =70 -0.1 -0.03 
Present work 71.8 0.15 0.135 0.07.0 

Table 6. The weighting factors (relative intensities) for RbCoCI, used to fit the spectral 
intensities. 

Temperature (K) Reference W A  WB, wLC1 wc 
2.3 Present work 0.37 0.13 0.19 0.31 
2.3 Throry,nodomain 0.33 0.00 0.M) 0.67 

13.7 Present work 0.13 0.29 0.40 0.18 
13.7 Theory. nodomain 0.08 0.25 0.25 0.42 

We also estimate the ratio x :  x = 0.15 for T < TNz andw = 0.32 for TN2 < T <  TN,, 
i.e. d == 7 for T < TNz and d = 3 for TN2 < T < TN,. Our results predict smaller domains 
in CsCoBr, than in CsCoCI,. At present, it is difficult for us to discuss this problem for 
the reason mentioned above. 

3.3. RbCoCll 

The Raman spectra for this compound exhibit another interesting property. In this 
compound, only three prominent peaks at low frequencies are seen together with a 
continuous spectrum which is heavily concentrated towards lower frequencies (Lock- 
wood et a/ 1983). We think that this results from a stronger J'. As seen in figures 1 and 
2, as the ratio of J ' / d  is increased, the peak at the lowest frequency grows rapidly, 
while the other peaks diminish. Unfortunately, it is difficult to determine values of the 
parameter uniquely because of a lack of the fitting points. Here, we give tentative values 
for them. We assume E = 0.15 and J' is chosen to be not larger than d but close to it. 
Then J and J ,  are chosen to fit the theoretical and experimental peak positions. The 
values of the parameters obtained in this way are given in table 5 and the weights used 
for the fitting in table 6. In figure 7 the results of the fits between theoretical and 
experimental results are presented. Again, we obtain very good agreement at low 
frequencies. Our result predicts other peaks at high frequencies which have not been 
observed. At present, we do not know whether they disappear or are masked by phonon 
spectra at around 115 and 132cm-'. 

The domain sizes of this compound are also estimated from the deviations of WB, 
and WB2. These are given as d = 5 at 2.3 K, d = 3 at 13.7 K. Our results predict further 
smaller domains in this compound. 

4. Summary 

In this paper. we have shown that the magnetic Ramanscattering in CsCoCI,, CsCoBr3 
and RbCoCI, can be excellently explained by a quasi-one-dimensional Ising-like S = 4 
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Energy (cm- l l  

Figurel. Calculated resulls for RbCoCI,. The arrows indicate the experimental peak posi- 
tions and the edge of the shoulder. The spectra are convoluted with a Lorentzian lineshape 
ofcommon half-width2.4cm-'. 

antiferromagnet with a weak next-nearest-neighbour ferromagnetic interaction J'. We 
can fit not only the peak frequencies but also the peak heights excellently over a wide 
frequency range. The values of the parametersl, E andl '  estimated here are very close 
to those obtained from analyses of inelastic neutron scattering in the paramagnetic 
regime. We have also estimated the ratios of magnetic chains subject to different 
staggered fields which deviate from those predicted theoretically. We have discussed 
the fact that the deviations come from modulations of the magnetic structure and we 
estimated for the first time the domain size of the modulated structures. 

The spectra for CsCoCI,, CsCoBr3 and RbCoC!, exhibit their own features. These 
have been shown to come from differences in magnitudes of E, J'/J and JJJ. Only 
when E < 1 and J ' / J  is considerably smaller than E,  are the Zeeman ladders observed 
up to a high frequency. This is the case for CsCoCI,. For CsCoBr,, the system is less 
king like and the Zeeman ladders are seen up to an intermediate frequency. For 
RbCoCI,, because of a larger J ' ,  only the prominent peaks at low frequencies are 
seen together with the C spectrum which is heavily concentrated at low frequencies. 

It should be noted that the existence of J' in these substances suggested recently by 
the present authors is clearly justified by this analysis. We believe that J' also exists in 
other hexagonal AMX, compounds. The effects of J' on those compounds will be 
discussed separately. 
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