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The spin-wave response of the S =% Ising-like antiferromagnetic chain compounds

CsCoBr; and CsCoCl; has been studied by inelastic neutron scattering. The asymmetry at
low temperatures of the line shape of the spin-wave continuum is not correctly predicted by
the existing theory of isolated chains to first order in the transverse exchange interaction.
The effective spin Hamiltonian for a chain has been rederived and shown to include a slow
internal staggered field from exchange mixing that influences the rapid spin fluctuations.
Three-dimensional correlations are shown to be important above but close to Néel tempera-
ture. The first-order calculation of Ishimura and Shiba has been extended to include these
effects and numerical calculations made for 0< T <J /kg. A good account is obtained of
the spin-wave continuum and its temperature dependence. The results show that the highly
asymmetric line shape arises from local staggered fields which vary on a much slower time
scale than the transverse spin motion, and whose effect decreases with increasing tempera-
ture in the manner expected for the decay of the intrachain and interchain correlations. An
improved and simplified account of the Zeeman ladder as seen in the Raman scattering at

low temperatures has also been obtained.

I. INTRODUCTION

Recently there has been much interest in the
dynamics of one-dimensional (1D) S =% spin sys-
tems.' = Their many unusual features include
quantum effects, such as the spin-wave double con-
tinuum in the Heisenberg antiferromagnet, and the
possibility of observing nonlinear excitations or “sol-
itons.” One of the most interesting systems is the
Ising-like antiferromagnet, which has an exchange
Hamiltonian

Ao =27 3 [SS7 1 +€(SES7 +SIS7,1)]
i
O<e<l. (1)
CsCoBr; and CsCoCl; are examples of quasi-1D
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Ising-like antiferromagnets with e~0.1. The mag-
netic structure of both compounds has been deter-
mined by elastic neutron scattering,*~® and their
magnetic susceptibility®’ has been measured as well
as the specific heat of CsCoBr;.® Spectroscopic
studies on CsCoCl; have been carried out by neutron
scattering,®~!® infrared absorption,'* and Raman
scattering!>1; for CsCoBr; only the Raman spec-
trum'>1® has been measured.

The spin dynamics of the Ising-like chain are
dominated by the motion of domain walls.!”!® For
very small €, the lowest-order ground state of the
chain is the Néel state, with a total z component of
spin S7=0. Flipping v adjacent spins of a Néel
state creates a domain-wall—pair state. The first ex-
cited states of the system with energy O (2J) above
the Néel state and S7=0,+1, consist of superposi-
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tions of the domain-wall—pair states.

At low temperatures the response measured in a
neutron scattering experiment near « ~2J arises
from transitions from the ground state to the first
excited states. The response is dominated by the
transverse correlation function S$*(Q,w) and is
therefore referred to as the spin-wave response.
Also there are weak longitudinal fluctuations in this
spectral range as shown by Fowler,!® in contrast to
the earlier results of des Cloizeaux and Gaudin.?’

At temperatures where the excited states are
thermally populated, one can observe additional
low-frequency scattering from transitions within the
band of excited states. Its spectrum is determined
by the dynamics of propagating domain walls (soli-
tons). The low-frequency response contains both
longitudinal and transverse fluctuations analogous
to critical scattering. The soliton response was ob-
served in CsCoCl; (Ref. 13); in CsCoBr; it was re-
cently found?! to give rise to a well-defined peak as
first predicted by Villain.!” In this paper we consid-
er only the spin-wave response.

Following some earlier work®® the first high-
resolution inelastic neutron scattering experiments
on CsCoCl; revealed that the zone-center spin-wave
response consisted of a continuum with a strong
peak at its low-frequency end and a tail to higher
frequencies.!~!3 The width of the continuum di-
minishes with wave-vector Q and a narrow peak is
observed at the zone boundary. The behavior is an
example of a quantum effect and is very different
from the usual linear spin-wave response which con-
sists of a sharp peak at all values of Q. The extent
of the continuum was calculated exactly by Johnson
et al?? The first theoretical prediction for the line
shape of the spin-wave scattering arising from the
continuum was the perturbation calculation of
Ishimura and Shiba!® (IS). Starting from the Ising
limit, IS showed that to first order in € the spin-
wave spectrum of the Ising-like antiferromagnet at
T =0 consists of a spin-wave continuum with max-
imum breadth at the zone center and zero width at
the zone boundary. It should be noted that the des
Cloizeaux—Gaudin spectrum does not form a lower
bound to the excitation continuum of the Ising-like
chain,'®?2 although it does for the Heisenberg chain.

The IS theory, however, does not account for the
observed transverse scattering!®'? in CsCoCl; at 25
K. The experimental line shapes are much more
asymmetric than those predicted by IS. Further, the
theory cannot describe the observed dispersion and
bandwidth consistently with a single value of the
parameter €.!! There are also some experimental
problems due to the presence of phonon scattering in
CsCoCls.

We report here results of an inelastic neutron
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scattering study of the spin-wave response in the iso-
morphous quasi-1D salt CsCoBr;. The magnetic
response in CsCoBrj; is similar to that in CsCoCls,
but the magnon response and phonon peaks are
shifted relative to one another, enabling more defini-
tive statements to be made regarding the discrepan-
cy in the theoretical line shape. For the sake of
completeness we present previously unpublished
data on CoCsCls.

To improve upon the IS theory, the effective
S=+ spin Hamiltonian for the Co** ion has been
rederived taking account of the exchange mixing of
higher levels within the ground doublet. In addition
to the exchange interactions of Eq. (1), it is found
that the Hamiltonian contains a staggered field
whose effect on the spin-wave response depends on
the local spin-spin correlations. It is further shown
that interactions between the chains are important
even above the three-dimensional (3D) Néel tem-
perature, and must be included in a realistic calcula-
tion of the spin-wave response.

The improved theory is found to give a good ac-
count of the principal features of the spin-wave
response of CsCoBr; and CsCoCl; up to tempera-
tures kgT ~J. In addition, the results of Raman
scattering experiments in CsCoCl; and CsCoBr;
below the Néel temperature can be understood more
fully and simply than before.

In Sec. II the experiments method and results are
presented. In Sec. III the spin Hamiltonian is de-
rived and S™(Q,w) is calculated. The theoretical
and experimental results are compared in Sec. IV.

II. MEASUREMENTS

The CsCoCl, crystal has been described earlier.!”
The single crystal of CsCoBr; was prepared from a
stoichiometric amount of 48.6-g CsBr (Merck) and
50.0-g anhydrous CoBr, (Ventron) which was
thoroughly dried in a quartz tube under HBr at tem-
peratures up to 400°C. The tube was then sealed
under vacuum and slowly (1 cm per 24 h) lowered in
a Bridgman furnace. The crystal is almost cylindri-
cal with a height of 40 mm and diameter of 17 mm.
Both compounds have a hexagonal structure with
space group D}, and lattice constants as indicated in
Table 1. The cobalt ions lie along chains in the ¢
direction (Fig. 1) with two Co** ions per unit cell.
At the upper Néel temperature Ty, the magnetic
structure becomes partially ordered with % of the
spin chains aligned in an antiferromagnetic triangu-
lar array and the other % disordered (Fig. 2). At the

lower temperature Ty, the remaining % of the

chains order resulting in a hexagonal ferrimagnetic
structure in the ab plane.>®
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TABLE 1. Lattice constants and Néel temperatures.

c a TN] TN2

(A) (A) (K) (K)
CsCoBr; 6.26 (35 K) 745 (35 K) 28.3% ~10°
CsCoCl, 6.00 25 K) 7.14 (25 K) 20.8° ~13.5b

2Reference 6.
bReference 5.

Each crystal was mounted in a cryostat so that its
(h,0,]) plane lay in the scattering plane of a triple
axis spectrometer at the NRU reactor, Chalk River.
All measurements were made with constant momen-
tum transfer K and fixed scattered neutron energy
E,. The resolution conditions are given in Table II.

The spin-wave excitations were observed at
several temperatures above the upper Néel tempera-
tures Ty (Table I). Their magnetic character was

confirmed by observing the decrease in their intensi-
ty as the momentum transfer increased, according to
the magnetic form factor.

The 1D nature of the spin-wave response in
CsCoBr; is clearly demonstrated by the dispersion
of the peak frequencies shown in Fig. 3. Along the
c* direction the dispersion is marked and symmetric
about the antiferromagnetic zone-boundary point.
The zone boundary studied was at wave-vector
transfer K=(0,0,2.5)27/c, for which the interspin
phase difference is Q=w/2. The zone-boundary
frequency is 3.47+0.06 THz. No change in fre-
quency was observed as K was varied along the a*
direction.

Some typical high-resolution line-shape scans are
given in Fig. 4 for CsCoCl; and Figs. 5—8 for
CsCoBr;. We note the following features common
to both compounds.

At temperatures just above the 3D antiferromag-
netic transition temperature, the response at the an-
tiferromagnetic zone center consists of a broad con-

@:A ®:=B o=X

FIG. 1. Structure of CsCoX; salts. Here A4 =Cs,
B=Co, and X=Cl or Br. :

tinuum strongly peaked at low frequencies, with a
high-frequency tail extending beyond the zone-
boundary frequency. The continuum becomes nar-
rower as the wave vector increases and becomes a
resolution-limited peak at the zone boundary. As
seen in Figs. 6 and 8, the shape of the response at
the nuclear zone center in CsCoBrj is very similar to
that at the antiferromagnetic zone center except for
the overall intensity. The same result was found in
CsCoCls.

As the temperature is increased, the low-
frequency peak in the zone-center response shows a
drastic reduction in intensity. The resulting line
shape is much less asymmetric. The same behavior
is observed for other wave vectors but to a lesser ex-
tent, as seen in Fig. 4 for CsCoCl;. The integrated
intensity under the zone-boundary peak also de-
creases markedly. At all wave vectors, however, the
spin-wave scattering persists to high temperatures
and is readily observed as a peak at 80 K (T ~J /k).

As has been discussed previously, phonon scatter-
ing affects the observed line shape in CsCoCl;.
Referring to Fig. 9 we see that the (0,0,3) profile ex-
hibits a second peak at a frequency of ~3.7 THz.
The peak is due to phonon scattering as shown by its
K dependence in Fig. 10. The phonon is also visible
at the zone boundary with very little if any change
in frequency. The Raman scattering results of John-
stone et al.”® indicate that the zone-center E 1g pho-
non in CsCoCl; has a frequency of about 3.8 THz,

() (b}

FIG. 2. Magnetic structure in ab plane below Ty . (a)
Ferrimagnetic structure for T < T”z' () Structure for
TN2<T<TN1. Chains marked O are disordered (after
Ref. 5).
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TABLE II. Spectrometer configurations.

Specimen
Spectrometer
Monochromator
Analyzer
Collimation
before specimen
after specimen
E,
Full width at half maximum
of spin-wave peak
at zone boundary

CsCoCl, CsCoBr;
L3 N5
Ge(113) Si(111)
Graphite(002) Si(111)
0.6° 0.4°
0.7° 0.7°
2.6 THz 3.0 THz
0.25 THz 0.36 THz

in reasonable agreement with our data (Lehmann
et al.’® measure 3.54 Thz), and is very strongly
coupled to the magnon scattering. The coupling
may explain, through its effect on the temperature
and wave-vector dependence, why it was unrecog-
nized in the experiment of Satija et al.'> Their ex-
periment was, however, in a different scattering
plane (§£7n). The presence of the phonon makes it
difficult to extract the true zone-center line shape
for CsCoCls.

Figures 6—8 show that phonon peaks are also
present within the spin-wave band of CsCoBr;. The
sharp peak at 4.37 THz in the (003) antiferromag-
netic zone-center scan is clearly a phonon. Howev-
er, it seems to be uncoupled from the magnetic
scattering. The weak peak at 2.2 THz is very likely
the E; phonon, which was observed at 2.17 THz in
Raman scattering. The phonon is again strongly
coupled to the magnetic scattering, as is evident
from the temperature dependence (Fig. 6). As in
CsCoCl;, the phonon is clearly seen at the zone
boundary (Fig. 7). Since the strongly coupled E;
phonon lies essentially below the spin-wave band
scattering in CsCoBrj3, it would seem that CsCoBr;
is a better candidate for comparison of neutron
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FIG. 3. Peak frequencies observed in the CsCoBr;
spin-wave response at 35 K.

scattering experiments with detailed theories of the
magnetic response as pointed out by Lehmann
et al.’

From Figs. 3—8, it is apparent that a proper
theory of magnetic response in the paramagnetic re-
gion of the CsCoX3 salts must explain the following
results:

(1) The presence and dispersion of the strong peak
at the low-frequency end of the spectrum at lower
temperatures.

(2) The extent of the continuum scattering as a
function of Q.

(3) The observation that although the spin-wave
response at all wave vectors persists up to tempera-
tures as great as J/kp or larger, the line shape near
the zone center become smoother and less asym-
metric as the temperature is raised.

III. THEORY

The derivation of an effective spin Hamiltonian
for the CsCoX; salts is complicated by the un-
quenched orbital angular momentum of the cobalt
ion. The Co** ion is situated in an octahedron of X
ions with a slight trigonal distortion (Fig. 1). The
strong cubic crystal field causes the lowest lying *F
configuration to break up into manifolds with the
4T, state lowest followed by states of T, and 4,
symmetry.?* The higher-lying *P multiplet has *T,
symmetry, and therefore is mixed with the ground
4T, multiplet_within which the orbital angular
momentum is L=a 1 in terms of an effective / =1
with a=—1.4282  Within the twelvefold-
degenerate ground state the magnetic Hamiltonian is

ﬁlzﬁion+ﬁex . (2)

Here H ion 18 the single-ion Hamiltonian containing
the spin-orbit interaction and trigonal distortion
terms,
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FIG. 4. CsCoCl; line-shape scans. Monitor M is a measure of the number of incident neutrons. Lines are guides to the

eye.
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i

A

Hion=

—8[IF" =)

(3)

Here Ti is the T=% true spin, A the spin-orbit
coupling constant, k=0.91 is the orbital reduction

factor,

and § is the trigonal distortion parameter.

H,on breaks up the *T"; manifold into six Kramers

tonian H ex into the lowest-lying doublet leads to the
effective S = l Hamiltonian. The derivation of the
effective Ham11ton1an for CsCoCl; was discussed by
Tellenbach,® but he ignored the effect of exchange
mixing which, as is shown below, is important in the
CsCoXj salts.

doublets. The projection of the exchange Hamil- The exchange interaction between real spins has
250 T T T T T T T T T T T T T T
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FIG. 5. CsCoBr; typical line-shape scans at 35 K. Known phonons are marked with P. Lines are guides to the eye.
The notation —M 80 denotes counts with the percentage accuracy of a monitor 80 counting time, divided by 2 for compar-

ison with the other data.
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FIG. 6. CsCoBrj; line-shape scans at the antiferromagnetic zone center. Crosses represent fast-neutron background
measurements performed by inserting cadmium into the neutron beam. Lines are guides to the eye.

been found?®?’ to be largely of the isotropic form Hy=20 3T, T, . (5
S 5 o i
ch= EI‘]TI.TJ . (4)
ij

. ey A. Field due to exchange mixing
The nearest-neighbor exchange constant within a

chain, I, is much greater than that between chains, At low temperatures where there is a 3D ordered
I' [(I' /) ~1072].2% For a single chain we have spin structure the molecular field at each site causes
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FIG. 7. CsCoBr; line-shape scans at the zone boundary. Lines are a guide to the eye.
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FIG. 8. CsCoBr; line-shape scans at the nuclear zone center. Sharp rise starting at 4.0 THz in the (0,0,2) scan is due to

small angle scattering. Lines are guides to the eye.

exchange mixing of the single-ion levels. Since this
is a local effect it is also present in the paramagnetic
region as a slowly fluctuating field and is especially
important in 1D systems because of their strong
short-range order.

The exchange mixing results in an asymmetry be-
tween the true-spin matrix elements of the two
lowest-lying levels. The mixing is accounted for in
the transformation to effective spin S =% variables
by the relations

T*=AS*+2 ,

(6)
T*=yS*,

250F T T T T T ]
(0,0,3)

E, = 3TH:z

200 23.4K _

150

COUNTS

100

50

FREQUENCY (THz)

FIG. 9. CsCoCl; line shape at the antiferromagnetic
zone center. Line is a guide to the eye.

for a spin-up site, where
A=(0|T*|0)—(1|T*|1),
3=5(0[T*|0)+(1|T?|1)),
y=(1|T~]0)=(0|T*|1).

For a spin-down site we write

T T T T T T
300+ -
250 -1
200 =

50 (0,0,7) T=25K

» 150 —
2 M40
P4 E =8 THz
=)
| ] ] | ! ]
o T I T T f T
© [ ]
200 e =
L]
150+ -
(0,0,5) T =25K
M40
IOO_E, = 8 THz .

3a 28 32 36 40 aa

FREQUENCY (THz)

FIG. 10. CsCoCl; low-resolution scans at the antifer-
romagnetic zone center. Note the growth in intensity of
the upper peak at (0,0,7) as opposed to (0,0,5), showing
the phonon nature of the scattering. Lines are guides to
the eye. See Ref. 11 for the comparison of (0,0,3) and
(0,0,5).
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T*=AS*-Z2 ,

Tr=ys%. ®

In the expressions above |0) and |1) are the

single-ion ground and excited states at the up site.
The reaill spins in Eq. (5) are replaced by the effec-

tive S = spins to give an exchange Hamiltonian

H =27 3 [SiS7, 1 +€(STSF 1 +8787,1)]
i

+ho 3, SH—1Y+Cy , 9
i
where
2J=2IA?,
e=(y/A),
(10)
ho=4IAZ ,
Co=2NIZ?.

Exchange mixing thus leads to a - uniform
staggered-field term in the effective S =% Hamil-
tonian. The field A, is a single-ion effect and is not
due to interactions between different chains of spins.
The importance of this term for the transverse-spin
dynamics depends crucially on the time scale for the
decay of the excited state. If the time required for a
readjustment of the single-ion levels of the excited
ion is much larger than the period of the excitation,
7~1/2J, the term must be included. The readjust-
ment of the single-ion levels is governed by the time
7, necessary for the local spin correlations to
change. Empirically, this can be estimated from the
width Aw in frequency of the quasielastic scattering
at the ordering wave vector Q=w. If 1/7;
~Aw <<2J (the excitation energy) the uniform-field
term]should be included. In terms of the effective
S =+ model, we have Aw ~«eJ where 27k —1is the
correlation length in units of the interspin dis-
tance.”” The condition becomes keJ<<2J. This
condition is easily satisfied in the CsCoX} salts.

A reasonable upper limit for the effect of ex-
change mixing is given by the molecular-field ap-
proximation solution for the single-ion levels. The
true-spin Hamiltonian

Al =A%, +4I(T?)T?, (11)

where n represents a neighbor of atom i, is diagonal-
ized in an iterative manner, since (72 ) depends on
the eigenstates.?® The choice of parameters in Eq.
(3), was as follows. The free-ion value of A (—5.34
THz) (Ref. 30) was assumed, with k of Ref. 26, a of
Ref. 25, and & was chosen to give the value of € that
best describes the 80-K data (see Sec. IV).

The dependence of the parameters of the effective
Hamiltonian on the molecular-field-induced ex-
change mixing is clearly indicated in Fig. 11. The
staggered field h, increases monotonically with
H,,=4I(T?) and has a nearly linear dependence on
the molecular field. The field h, is therefore expect-
ed to decrease as the temperature increases; as a
rough guide we may expect by~ (S557) ~e ™",

The anisotropy parameter € is also an increasing
function of molecular field. Therefore, the effective
value of € for the CsCoX; salts will decrease as the
temperature is raised.

B. Coupling between chains

Until now, we have ignored the effect of inter-
chain exchange interactions. As will be discussed in
the next section, the interchain coupling is impor-
tant for the understanding of spin dynamics in the
CsCoXj; salts. In terms of the effective S =-21- model
the nearest-neighbor part of the interchain exchange
coupling leads to a term in the Hamiltonian of one
chain,

A =23 3 5575 (12)

i 8
where 8 is a nearest neighbor in the same ab plane as
atom i. The transverse coupling is neglected as it is
smaller by a factor ~e€. It is reasonable to treat the
interchain interactions in the molecular-field ap-

1.42 z
<S%o Vs Hpy
140+ -
A=-5.34 THz
138~ S=39.9 THZ |
1.36 0.20
- ho/J vs Hpy — 20.15
- —0.10
- -0.05
0.00
014 € vs Hp 7]
0.12 -
0.10 - -
CsCo Br3T
| |
O'080.0 0.5 1.0 1.5
Hm (THz)

FIG. 11. Exchange-mixing effects in the molecular-
field approximation. The spin-orbit coupling parameter is
A=—5.39 THz. The trigonal distortion parameter is
8=39.9 THz. Arrow indicates the value of molecular
field (H,,) which reproduces the observed zone-boundary
spin-wave energy for CsCoBr;. Note S§=(0|T?|0).
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proximation.>! The effect is to add to the effective
spin Hamiltonian a term

He=h, 3 SH—1), (13)

where
hic=2J'2 <Stz+5> .
5

At temperatures well above TN1 this term drops rap-
idly to zero, but at temperatures just above Ty, the
interchain field is expected to have the form

higmhio(T =0)e ", (14)

where 2mk ! is the in-plane spin-correlation length.
With the inclusion of exchange mixing and inter-
chain interactions in the molecular-field approxima-
tion, the effective S = spin Hamiltonian for isolat-
ed chains of cobalt i lons in CsCoXj salts is

Hcff—Z.Iz[Ssz+1+e(S 1+SyS 1)]
+h S (—1)iS?, (15)
i
where h =hy+h;,.

C. Neutron scattering and spin dynamics

For a spin chain along the Z direction, the mag-
netic neutron inelastic scattering cross section can be
written

d2
J0ds < |/ K)| 2(5,,,3—1( Kp)S*%(Q,0) ,
(16)
where K is the momentum transfer,

o =(K—7)%c/2 is the reduced 1D wave vector
measured from a nuclear reciprocal-lattice vector 7,
f (K) the magnetic form factor, and

|

a 1 iot,iQj( qa
sAQw)=—— [ ?e "¢’ 2(S5(0)sf(1))dt

is the dynamic spin—spin-correlation function. The
spins along the chains are labeled by j, and Q is the
interspin phase difference. The dynamic response
S™(Q,w) can be calculated based on the Hamiltoni-
an of Eq. (15). If the ground state | G) and excited
states | E) at an energy E above the ground state
are known, then at T =0,

S*Qw)=73, |(E|S§|G)|*(w—E), (17
E
where
1 iQjga
Se=" 2 os;

Following IS, perturbation theory is developed from
the Ising limit by writing

HefszA0+ﬁ1 5

Ho_uzs 1+h2(—1)‘S,’, (18)

H] —ZEJE(Sx ,+1+S;VS,'+1) .

The ground state of Hy is a Néel state | N), with
the z component of total spin S7=0. The first ex-
cited states with S7=0,+1 are the domain-
wall—pair states discussed by IS. Consider the
states with S7=+1. These are labeled |v,Q)
where v=1,3,5,...,N—1 is the length of the
domain within which the spins are flipped with
respect to the Néel state and Q is the wave vector
characterizing the state. In first order the perturbed
ground state is

|G)~|N)+ L

———ﬁl IN). (19)
Ey—H,
The first excited states are found by diagonalizing
the matrix defined by

(V,Q'| Hetz | v,Q) =800l (2T +hv)8y ,+€I(1+e 48, ,_;+el(14+e%9)5,,,,,,] . (20)

In Eq. (20) the state v=1 is coupled only to the state v=3 and not to the state v=N —1.

Unlike other authors!*~!7 we have not included the second-order matrix elements occurring within the mani-
fold of first excited states. The reason is that in second order, the states of energy O (4J) will be coupled to the
domain-wall—pair states of energy O(2J). For a chain of N spins there are O(N?) states at 2J, but O(N*)
states at 4J. For large N the coupling to these higher-energy states will likely be more important than the
second-order coupling within the domain-wall—pair states. It is therefore more consistent to use only first-
order perturbation theory when the basis is restricted to the domain-wall—pair states. Using Egs. (17) and (18)

we can write

S*Q0)=~3 EJ°°SQ |<E|1Q>| +
E
21— €J cosQ eJ cosQ
J+h J+h

eJ cosQ

Re({E |3Q)(1Q|E)e™)

l<E|3Q>|2

S(w—E). (21)




The expression is obtained by retaining terms of
order € in the eigenstates and energies. In the limit
where h—0, IS have calculated S™(Q,w) analytical-
ly. The response at constant Q is a broad slightly
asymmetric frequency distribution whose width
tends to zero at the zone boundary. With A-£0, the
continuum breaks up into sharp modes correspond-
ing to the “Zeeman ladder” discussed by Shiba.?®
The expression in Eq. (21), although for T =0,
should be a good approximation to the observed
transverse-spin-wave response in the CsCoX; salts
for T <<2J/kg. Proper account must be taken,
however, of the changes in the effective spin Hamil-
tonian caused by the temperature dependence of the
exchange mixing as well as the influence of 3D
correlations. We now turn to a discussion of the
calculated results for S*™(Q,w) over the temperature
range 0 <T <J/kp and a comparison of the theory
with inelastic neutron scattering and Raman scatter-
ing experiments.

IV. DISCUSSION

To show that for the region T <J/kp the T =0
expression for the spin-wave-like scattering, Eq.
(20), is a reasonable approximation, a simple esti-
mate of the depopulation of the ground state is
given by considering only the single-ion levels. For
low temperatures the fraction of Co?* ions in the
ground state is

fz(1+e_u/k”T)“ '

When T ~J /kp, f~0.9, so that at temperatures up
to 80 K for CsCoBr; and CsCoCl; we expect that
the spin-wave response is dominated by transitions
from the ground state. The above may somewhat
underestimate f because of the high degeneracy of
the excited states in the interacting system, but is ex-
pected to give a rough guide to the behavior.

We recall that at temperatures just above the Néel
temperature, the zone-center response of the
CsCoX; salts consists of a sharp peak with a high-
frequency tail. As the temperature is raised to
T ~2Ty, the intensity of the sharp peak decreases

much more rapidly than that of the tail.

Given that the response of the pure 1D chain
should not change drastically over this temperature
range, it is likely that the sharp peak arises from
strong 3D correlations which persist even above Ty

as shown below.

Since the parameters of the effective spin Hamil-
tonian depend crucially on the extent of exchange
mixing and the presence of 3D correlations, the cal-
culation of the spin-wave response is considered in
three different regimes:
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(1) The high-temperature limit "> 2Ty .

(2) The ordered phase T < Ty,.

(3) The intermediate regime 2Ty, >T> Ty,

In the high-temperature regime it may be safely
assumed that 3D correlations are absent, so that
h;.=0. There may still be some exchange mixing,
but it will be very small and for simplicity we as-
sume that hy=0. There is now no uniform stag-
gered field, and the analytic theory of IS for
S™(Q,w) may be applied

The first excited states form a continuum with
upper and lower bounds given to first order in € by

w+=2J(11+2ecosQ) , (22)

as shown in Fig. 12. Figures 13 and 14 show the re-
sults of fits of the IS theory to our results at high
temperature, for CsCoBr; at 77 K, and for CsCoCl,
at 50 K. The wave vector is that of the
antiferromagnetic zone center, Q =#. The solid line
is the IS theory convoluted with a Gaussian to ac-
count for the spectrometer resolution (Table II). A
flat fast-neutron background has been subtracted
from the data. The theory fits remarkably well, in
contrast to the situation at 25 K for CsCoCl; to
which this theory has previously been applied.!! %13
The fitted parameters are, for CsCoBr;,

J=1.621£0.007, €=0.09810.003
and for CsCoCl;,
J=1.495+0.010, €=0.088+0.004

with J in units of THz. From these values of € and
the free-ion value of A= —5.34 THz it follows?* for
zero molecular field that 8 is 39.9 THz for CsCoBr;
and 42.2 THz for CsCoCl;. The trigonal distortion
parameters should be independent of temperature, as
are the exchange constants J, but the anisotropy €
should increase at lower temperatures because of ex-

<

o] ™2 b

WAVE VECTOR

2J(1+ 2¢€)

2

ENERGY
(=

2J(1- 2¢€)

FIG. 12. Continuum of first excited states as described
in the text.
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FIG. 13. Fit of IS theory to CsCoBr; antiferromagnet-
ic zone-center scattering in the high-temperature regime.
Arrows mark positions of phonon scattering not included
in the fit. Theoretical line is described in the text.
Dashed line is the background level.

Now consider the low-temperature, magnetically
ordered region. Exchange mixing is appreciable and
the uniform field term A, will be present. In addi-
tion, the interchain field A, is nonzero but differs
for each chain according to the local environment.
In the presence of the staggered field the excitation
continuum breaks up into a set of discrete energy
levels, the Zeeman ladder described by Shiba.?® The
resulting S™(Q,w) is given by a superposition of a
set of sharp modes. Evidence for such structure was
indeed seen in the spin-wave response of CsCoCl; at
4.2 K.!° The actual energies of the Zeeman ladder
at Q =0, however, can be measured much more ac-
curately by Raman scattering.

Raman scattering experiments have been per-
formed by Lehmann et al.'> and Johnstone et al.'®
on both CsCoBr; and CsCoCl; in the temperature
regions T<Ty, and Ty, <T<Ty,. The results

were interpreted in terms of the Zeeman ladder, but
the effect of exchange mixing was neglected.

100 T T T
CsCoCl

® (1,01
5 ® 50K 1
%) - -
P 50
z
=)
o
O 2s5b _
o|—go———— ——
° 1 ] 1
2.0 3.0 4.0

FREQUENCY (THz)

FIG. 14. Fit of IS theory to CsCoCl; antiferromagnetic
zone-center scattering in the high-temperature regime.

Consider the postulated magnetic structure of the
CsCoX; salts for T<TN2.5’6 In the ferrimagnetic
structure % of the chains will have a staggered field
h;.=0 and the remaining % will have h;;=6J'. In
the region Ty <T <Ty, % of the chains will
be disordered. In this temperature region, however,
the characteristic time of flipping of the spins
(75! ~keJ) will be slow, and the correlation length
along the chain will be large. If the condition
J'e "> 17! is satisfied, the molecular field due to
the disordered chains can be viewed as quasistatic.?
Using the Ising-model result for « this condition be-
comes, for low T and x| =0,

T <J/[kgln(2eJ /J')] .

This condition holds for CsCoCl; and CsCoBr;
below Ty, using the parameters of Table III. Under
this condition it can be assumed that a spin in the
diS(l)rdered chain is either up or down with probabili-
ty 5. There are now four possible values of the field
h;. with probabilities as indicated in Table IV, giv-
ing rise to four distinct sets of lines. One expects
that the series of lines 4 (h=hy+6J') and C
(h=hg) will decrease in intensity when T goes from
T<Ty, (D to Ty, <T < Ty, (I), while the series B,
(h=hy+4J') and B, (h=hy+2J’) will gain in in-
tensity.

Previous authors!>!%2® have ignored exchange
mixing, and used k=0, for which one expects only
the A and B lines plus a continuum. However, the C
lines have in fact been observed. Lehmann et al.'®
have noted that in both CsCoBr; and CsCoCl;, the
onset of the expected continuum was not smooth but
rather occurs as a sharp shoulder which decreases in
intensity on warming from (I) to (II). We claim that
this feature is in fact the lowest-lying C line. John-
stone et al.'® also observed the C line in CsCoBr;,
and attempted to explain it as an effect of fluctua-
tions. The present explanation is simpler and leads
to a more consistent interpretation of the spectra as
discussed below.

Both Lehmann et al.'® and Johnstone et al.'® had
difficulty fitting the observed spectra well with a
unique choice of € and J'. Lehmann et al. fixed J
and J', and varied € for each of the series of lines.
On the other hand, Johnstone et al. fixed J, €, and
effectively varied J' for each series. Neither pro-
cedure is physically reasonable. With the spin Ham-
iltonian as described earlier, including the internal
field through the parameter h,, we find that the
lines of all series can be described very well with a
single choice of J, €, J', and hy. Table V shows the
results of a fit to the lines observed by Lehmann
et al. (LBW). As mentioned earlier, J was fixed by
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TABLE III. Parameters of the spin Hamiltonian.

CsCoBr; CsCoCl,
T’gTN2 35 K 77 K T’STN2 25 K 50 K

J 1.62 1.62 1.621+0.0072 1.495 1.495 1.495+0.012

€ 0.137+0.005 0.137 0.098+0.0032 0.120+0.003? 0.120 0.088+0.004
h
70 0.020+0.0032 0.016 0.0 0.013+0.0012 0.012 0.0
J ot
—J_ 0.059+0.0022 0.0272 0.0 0.020+0.0012 0.0122 0.0

?Indicates a fitted parameter. Errors are purely statistical.

the high-temperature neutron results, while A, ¢,
and J' were allowed to vary to yield the best fit
values of Table III. The fit of LBW using different
values of € is also shown for comparison. The value
of € needed by LBW varies from 0.096 in no field to
0.144 with h =hy+6J' for CsCoCl;, and from 0.160
to 0.235 for CsCoBr;. The variation in € is far too
large to be explained by a difference in the exchange
mixing for each type of chain.

Our fitted values of € of 0.137 for CsCoBr; and
0.120 for CsCoCl; are greater than the high-
temperature values as expected. When the single-
ion—field term hg is included, three parameters need
to be varied to explain 11 lines observed in CsCoBr;
and 14 in CsCoCl;. In addition, the previously
unexplained C feature is easily accounted for. We
conclude that the model provides a satisfactory
description of the Raman scattering experiments in
the ordered phase. The agreement confirms our hy-
pothesis that the internal fields from exchange mix-
ing as well as from interchain coupling should be in-
cluded in the spin Hamiltonian for CsCoX; com-
pounds.

Consider now the spin-wave response in the
intermediate-temperature region T>7y . For an

array of weakly interacting spin chains, two-

dimensional correlations in the plane perpendicular
to the chains will become important when &, >d|,
the nearest-neighbor spin distance in the plane. Ac-
cording to the Ginzburg criterion applied to this sys-
tem?3! this will be true in the temperature region

I T~—TN1 | /TNlSkBTNl/J .

Applied to CsCoBrj, this implies that interchain
correlations should be important for T'<38 K, and
for CsCoCl; for T <28 K. The effect of interchain
interactions must therefore be considered when we
calculate the spin-wave response of CsCoCl; at 25 K
and CsCoBr; at 35 K.

At temperatures just above Ty " the magnetic

correlations will predominantly have the pattern of
the spin structure in Fig. 2(b), with % of the chains
disordered and the other % antiferromagnetically
aligned. However, it is unlikely that the quasistatic
approximation will be valid for the disordered
chains in this region. Assuming that the molecular
field caused by the disordered chains is strictly zero,
the interchain staggered field for this structure will
be 3J' for % of the chains and zero for the other %
To account for the rapid decay of in-plane correla-
tions with increasing temperature, the interchain

TABLE IV. Probabilities of molecular fields.

Molecular field Weight Raman label
h T<TN2 TN2<T<TN1
ho z = c
ho+2J" 0 = B,
ho+4J' 0 - B
ho+6J’ T L A
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TABLE V. Raman frequencies (in THz).

CsCoBr;

Experiment Assignment® Present fit LBW?® fit

Frequency Frequency Comment Frequency Comment
2.64 1C 2.60 Cannot fit
2.96 1B2 2.92 2.97
3.42 2B2 3.41 One value, 342 Used €=0.185
4.07 4B2 4.10 €=0.137, 4.07
4.62 6B2 4.63 fits all 4.58
3.10 1B1 3.13 lines 3.11
3.81 2B1 3.81 3.84 Used €=0.210
4.35 3B1 4.33 4.40
3.21 14 3.30 3.23 Used €=0.235
4.18 24 4.15 4.20
4.84 34 4.82 4.93

LBW® use: J=1.89 THZ, J'/J=0.019

Present fit: J=1.62 THz, J'/J=0.059, hy/J=0.020

CsCoCl;

2.46 1c 2.45 Cannot fit
2.60 1B2 2.58 2.60
2.83 2B2 2.83 One value, 2.83
3.03 3B2 3.03 €=0.120, 3.00 Used €=0.112
3.15 4B2 3.20 fits all 3.14
3.39 5B2 3.35 lines 3.39 Assigned 6B2
3.49 682 3.49 3.50 Assigned 7B2
2.66 1B1 2.67 2.67
3.00 2B1 3.01 3.02 Used €=0.128
3.27 3B1 3.28 3.30
3.49 4B1 3.50 3.53
2.72 14 2.75 2.72
3.20 24 3.16 3.20 Used €=0.144
3.49 34 3.48 3.56

LBW® use: J=1.50 THz, J'/J=0.0125

Present fit: J=1.495 THz, J'/J=0.020, ho/J=0.013

3For explanation of the notation used to assign the lines of the Zeeman ladder (see Ref. 15).

bReference 15.

molecular field is expected to vary as A
=3J'e "t=3J'4 for —Z— of the chains and zero for
the remaining 7.

The spin-wave response for CsCoBr; and CsCoCl;
at 35 and 25 K, respectively, were then calculated as
follows. The parameter J was fixed at the value ob-
tained from the high-temperature fit, and € was
fixed by the fit to the low-temperature Raman data.
The single-ion staggered field 4, was assumed to de-
crease with temperature by a factor e ™"
=tanh(f3J /2), where « is the Ising inverse correla-
tion length along the chain. Assuming that -32— of the

chains have staggered fields 4 =hy+3J o, and the
other —;— have h=hg, Jos was varied to fit the ob-
served scattering at the antiferromagnetic zone
center. ‘

Figures 15 and 16 show the results of the fits to
the zone center of CsCoBr; and CsCoCl; in the
intermediate-temperature region. The solid line is
the theoretical expression convoluted with a Gauss-
ian spectrometer resolution function and scaled to
the data. The points are data from which a uniform
fast-neutron background has been subtracted. The
calculations were done for a ring of 80 spins; in
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FIG. 15. CsCoBr; antiferromagnetic zone-center spin-
wave response in the intermediate-temperature regime.
Theoretical line is described in the text. Arrows mark po-
sitions of phonon scattering not included in the fit.

practice no variation of the line shape could be
detected when 40 or more spins were included.

The theory gives a very good account of the
zone-center response observed at (0,0,3) for
CsCoBr;. The sharp peak at the low-frequency end
of the spectrum (Fig. 15) is well reproduced as is the
overall extent of the scattering. The calculated
structure is, however, somewhat too pronounced.
The calculation is not as good for the (1,0,1)
response of CsCoCl; (Fig. 16). The spectral weight
of the low-frequency peak is underestimated relative
to the high-frequency tail. The agreement, however,
is much better than the =0 IS theory (for a com-
parison see Fig. 17 or Ref. 11). The model satisfac-
torily accounts for the main features of the scatter-
ing. The crystal of CsCoCl; used had a somewhat

150 . T
* CsCoCl4
‘. (1,0,1)

|OO‘ 25 K —

M 30

COUNTS

1 I I
2.0 2.5 3.0 3.5 4.0
FREQUENCY (THz)

FIG. 16. CsCoCl; antiferromagnetic zone-center spin-
wave response in the intermediate-temperature regime.
Theoretical line is described in the text.
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INTENSITY (ARBITRARY UNITS)

20 30 40 5.0
FREQUENCY (THz)

FIG. 17. Effect of fluctuating staggered field on the
zone-center spin-wave response. (a) No field, #=0. (b)
Single field, A540. (c) Field with fluctuations included by
a Gaussian weighting of possible configurations. Histo-
grams show S™(Q,w), the solid lines are S™(Q,w) convo-
luted with a Gaussian to simulate spectrometer resolution.
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FIG. 18. CsCoBr; zone-boundary spin-wave response
in the intermediate-temperature region. Theoretical line
is described in the text.
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FIG. 19. CsCoCl; zone-boundary response in the
intermediate-temperature region. Theoretical line is
described in the text.

for CsCoCl; at 25 K. These values are quite reason-
able considering the Ginzburg criterion discussed
earlier. The calculation is scaled by an arbitrary
constant S, and this should serve as a measure of
the depopulation of the ground state. Again, using
the simple estimate given by the single-ion ground-
state populations, one expects for CsCoBr; at 35 K
that

—2J/35k
1+e B

———7 |=0.89.
lte —2J /TTkg

(S77/835)B,=

For CsCoCl; at 25 K one expects (Ss50/S25)q
=0.86. The observed values are, for CsCoBrj,
(S77/S35)obs=0-65’ and fOX' CSCOC13, (SSO/SZS)obs
=0.78, indicating that thermal depopulation is
somewhat underestimated by the procedure used
above.

We have ignored fluctuations in the local molecu-
lar field. Fluctuations could be included in a quali-
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" 1.0 1.5 20 25 1.5 2.0 25
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FIG. 20. $*(Q,w) at T=0 for an open-ended chain of
eight spins. Response near o ~J vanishes in the limit of
large N. Asymmetry of the spin-wave response near
w ~2J is strongly enhanced by the addition of a small
staggered-field term.

tative way by assuming some distribution of fields in
the paramagnetic region, such as a Gaussian,

(h—(h))?
2({h)?

The result of this would be to broaden out and
round off the observed scattering as shown qualita-
tively in Fig. 17. This may explain the width of the
main peak, especially in the CsCoBr; scan.

Figures 18 and 19 show a comparison of the same
theory with the observed zone-boundary scattering
in CsCoBr; and CsCoCl;. The solid lines are the
same theory as in Figs. 15 and 16, corrected for
monitor, form factor, and polarization factor. The
data are corrected for fast-neutron background.
Qualitatively, the theory predicts the narrow width
observed at the zone boundary. However, the fre-
quency of the zone-boundary mode is slightly un-
derestimated and the relative intensity at the zone
boundary is somewhat overestimated.

Part of the frequency difference may arise because
all parameters were estimated by fitting only to the
zone-center scattering. This was a deliberate restric-
tion so as to bring out any internal inconsistency in
the theory. In particular, the exchange constant J
was obtained from the high-temperature scans at the
zone center. If at 35 K, J is increased slightly the
zone-boundary frequency can be matched exactly.
If € at 35 K is correspondingly increased the zone-
center fit will still be satisfactory. On the other
hand, it is more difficult to account for the intensity
difference. The first-order perturbation-theory cal-
culation of the spin-wave response underestimates
the intensity variation as a function of Q.8~1° The
theory gives a ratio of structure factors at (0,0,2) and
at (0,0,3) of 0.57, while our experiment shows the ra-
tio to be 0.43+0.06. Notwithstanding the improve-
ment made by including exchange mixing and 3D
correlations, our results therefore show that a more
complete theory of the response of the bare 1D
chain is necessary. The essential physics of the
spin-wave response, however, can be understood in
terms of the present model. The peak at the low-
frequency end of the zone-center scattering is largely
due to the effect of 3D correlations on the response
of the quasi-1D antiferromagnetic chains. These
correlations are important in the paramagnetic re-
gion when T is slightly greater than Ty,. The field

from single-ion exchange mixing is about half as
large.

exp

A. Exact calculations

As a complementary calculation to the one
presented above we have performed an exact calcu-
lation of S™(Q,w) for a chain of eight S =~ spins



with open ends. Figure 20 shows the T=0 calcula-
tion for the Ising-type antiferromagnet with and
without a uniform staggered field. The spectral
weight at @ ~J will vanish in the limit N—ow. A
small staggered field strongly enhances the low-
frequency component of the response near 2J. This
exact calculation demonstrates that the qualitative
change in S™(Q,w) in the presence of the field is
not a special feature of the first-order calculation.
Any improved calculation of S™(Q,w) for the bare
exchange Hamiltonian will have the asymmetry
enhanced by the inclusion of this term.

V. SUMMARY

The spin-wave response in the quasi-1D Ising-
type antiferromagnets CsCoCl; and CsCoCl; has
been measured by inelastic neutron scattering. The
highly asymmetric line shapes cannot be described
by previops theories to order €. An improved effec-
tive =+ spin Hamiltonian has been derived for
these salts that includes staggered-field terms from
exchange mixing and from 3D correlations. The in-
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terchain correlations are found to be important even
in the paramagnetic-temperature region. When the
interchain effects are accounted for in a mean-field
approximation a first-order perturbation calculation
of S™(Q,w) can explain the essential features of the
spin-wave response in the paramagnetic region from
temperatures of 7 > Ty, to T~J/kp. In addition,

the Raman scattering frequencies observed in the
magnetically ordered region are well accounted for.
Results of exact calculations for chains of eight
spins with open ends confirm the effects of the
internal fields on the spectral asymmetry.
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