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The magnetic behavior of Cs,CoCly is studied by quasielastic neutron scattering techniques. The
one-dimensional (1D) character along the orthorhombic b axis is established by the observation of a

sheetlike structure in the static correlation function S (6). The temperature dependence of the in-
verse correlation length x~0.88kp7/|J | between 0.32 and 0.65 K is consistent with the recent
theoretical calculation of the « for the in-plane component of spins in a 1D XY system with S= %

In addition, the modulation of the 1D sheet of S ((_j) was found in the paramagnetic phase. With a
basis on a simplified model of competing interactions we show that the 1D short-range order is
driven to an incommensurate state due to the interchain exchange interactions.

I. INTRODUCTION

In recent years, a study of one-dimensional (1D) mag-
nets has attracted a great deal of interest from the experi-
mentalists."?> A variety of compounds has been found in
which the magnetic ions behave as a set of magnetic
chains, and both static and dynamical properties have
been studied extensively. However, there are few materi-
als which are known to behave as a 1D XY magnet with
S =+, for which interesting quantum effects are expected
in its dynamical properties.’ >

Recent measurements of the heat capacity® and magnet-
ic susceptibility’ suggest that the compound Cs,CoCl,
might be one of the rare examples of 1D XY antifer-
romagnet with the effective spin S=+. Stimulated by
these reports, we studied the static spin correlation at low
temperatures using neutron scattering techniques. The
purpose of our study is to clarify to what extent the static
spin correlation function S (6) of Cs,CoCl, reflects the
properties of a 1D XY model with S=+. We found that
in quasielastic scattering Cs,CoCl, exhibits a sheetlike
structure characteristic of the one-dimensional behavior.
From the width of the sheet, we determined the tempera-
ture dependence of the inverse correlation length « in
Cs,CoCly, and compared it with the recent calculations by
Tonegawa of the temperature dependences of both the in-
plane correlation length «, and the out-of-plane correla-
tion length «, in a 1D XY magnet with S=.

Another aspect of this study is an effect of the inter-
chain coupling J'. This compound contains two non-
equivalent chains shifted by half a lattice unit with respect
to each other® as shown in Fig. 1. For a finite value of J'
an incommensurate spin ordering may be favorable for
such a system rather than a simple antiferromagnetic or-
dering. Based on a simplified model of a body-centered
orthorhombic lattice with the finite interchain coupling,
we show that Cs,CoCl, can have a helical spin ordering.
Such a model is consistent with the fact that the static

28

spin-correlation function S (6) of Cs,CoCl, exhibits a sys-
tematic modulation from the commensurate positions
even in the paramagnetic phase.

II. PRELIMINARY DETAILS

The compound Cs,CoCl, has the orthorhombic struc-
ture® of a B-K,SO, type, whose unit cell contains four Co
ions surrounded by the tetrahedrons of the chlorine atoms.
In the tetrahedral cubic environment the orbital ground
state for the Co ions is a singlet with S=3. An axial dis-
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FIG. 1. Simplified model of the spin lattice for Cs,CoCl,.
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tortion and the spin-orbit coupling split this state into two
Kramers doublets with a separation of about 15 K.> The
inspection of possible superexchange paths suggests that
the exchange interaction in the b axis direction is consid-
erably stronger than those in other directions.® Conse-
quently, the magnetic behavior of Cs,CoCl, at sufficiently
low temperatures may be described by a 1D anisotropic
exchange Hamiltonian with an effective spin S=,

H=—2 (SIS 1 +SISY 1 +0SiSi 1) . (1)

Algra et al.® reported that the specific-heat data be-
tween 0.3 and 1 K could be fitted to the calculated specif-
ic heat of the 1D Hamiltonian, Eq. (1), with an antifer-
romagnetic exchange J/kz= —1.35 K and an anisotropy
parameter 77=0.25. They observed the onset of a three-
dimensional (3D) long-range order at Ty =0.222+0.005
K. Duxbury et al.” reported that the c-axis susceptibility
was fitted to the transverse susceptibility of the Hamil-
tonian, Eq. (1), with a reasonable agreement over the range
1 K< T <2.5K. Specifically, they could improve the fits
by including some Ising-type anisotropy, i.e., a fi-
nite 7=0.25 in Eq. (1) as was used with the specific-heat
data.

It should be noted that there is a fundamental difficulty
in the measurements of the magnetic properties in
CsyCoCly due to the rather complicated crystallographic
structure of this compound.” In Cs,CoCl, with the S-
K,SO,-type structure there are two nonequivalent Co-ion
sites.” Although the easy planes in each chain are parallel,
the easy planes in adjacent chains make a large angle with
one another. Consequently, the bulk properties are mostly
the superposition of the local properties of the two non-
equivalent easy planes. Duxbury et al.” pointed out, for
example, that there is no special direction where the sus-
ceptibility along the out-of-plane direction (H perpendicu-
lar to the easy plane: X)) can be observed separately from
X In the case of the neutron scattering experiments, we
encounter a similar limitation. In principle, the neutron
scattering technique allows us to observe only the fluctua-
tions perpendicular to the scattering vector.!® Therefore,
we can observe the pure transverse fluctuations in an Ising
system by setting the scattering vector parallel to the mag-
netic moments. Unfortunately, however, in the neutron
scattering experiments on Cs,CoCl, we always observe a
mixture of the in-plane and the out-of-plane fluctuations
due to the coexistence of two different easy planes.

III. EXPERIMENTAL DETAILS

A single crystal of Cs,CoCl, grown by us was used for
the neutron scattering study. High-purity CoCl, is pro-
duced from the metallic cobalt in a flowing HCI gas, and
is melted with CsCl powder in a silica tube. A single crys-
tal of Cs2CoC14 is grown by the standard Bridgman tech-
nique. The size of the crystal used is about 7X7
%10 mm® and the lattice constants at T=0.3 K are
ap=9.71 A, by=17.27 A, and cp=12.73 A. The prelimi-
nary measurements were carried out at JRR-2, in the
Japan Atomic Energy Research Institute (JAERI), Tokai,
Ibaraki, Japan, while most of the measurements for
0.3 K< T <0.6 K were performed at the Brookhaven Na-
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tional Laboratory High-Flux Beam Reactor.

The sample crystal was mounted in a pumped He’ cryo-
stat with the b* axis or the a* axis vertical to give the
(hk0) or the (0kl) scattering plane, respectively. A (002)
reflection of a pyrolytic graphite (PG) was used for both
monochrometer and analyzer. A PG filter was placed be-
fore the monochrometer to eliminate the higher-order con-
taminations. The spectrometer was operated in a triple-
axis configuration with an incident neutron energy of 14.8
meV, and the collimators were 20°-40'-40'-40" for the
(hk0) zone and 40'-20'-20'-40' for the (OkI) zone, which
gives a momentum resolution of 0.053 A~!in the longitu-
dinal direction and 0.027 A~! in the transverse direction.
The energy resolution of these spectrometer configura-
tions is approximately 0.6 meV, giving a sufficient energy
integration over the quasielastic scattering, because the
spin-wave excitation energy at the zone boundary was
determined to be 0.35 meV from our measurements.

IV. EXPERIMENTAL RESULTS AND DISCUSSION

Figure 2 shows the (hk0) reciprocal plane for
Cs,CoCl,. The ridge of the quasielastic scattering was ob-
served at the half-integer values of k at T=0.4 K. The
scans across the ridge around k =0.5b* with different A
values are shown on the left-hand side of Fig. 3, while
four ridges with increasing order of k are shown on the
right-hand side of Fig. 3. A similar ridge was also found
in the (Okl) zone, indicating a sheetlike quasielastic
scattering perpendicular to the b* axis. It is clear that the
spins in Cs,CoCl, behave basically like a set of antifer-
romagnetic chains oriented along the b axis.

An interesting feature of the peaks shown in Fig. 3 is
the systematic - shifts of their positions from the half-
integer values of k. The ridges observed in the (0kl) zone
exhibit similar modulation. To illustrate such modula-
tions perpendicular to the chain direction, we plotted in
Fig. 4 the peak positions, the peak intensities, and the full
width at half maximum of the ridges observed in both the
(hk0) and the (Okl) zones. Peak positions reach maxima
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FIG. 2. (hkO) scattering plane for Cs,CoCl,. Solid circles

show the positions of the nuclear Bragg reflections.
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FIG. 3. Neutron profiles observed in a (hk0) zone at T=0.4
K, where the number in each panel gives A.

at even integers of 4 or k while they reach minima at odd
integers. These plots clearly demonstrate the incommen-
surate feature of the diffuse scattering in Cs,CoCl;. A
possible mechanism for this modulation will be given in a
later section. The two middle panels show the relative
change of the ridge intensity along the 4 or the / direc-
tions, where the effective volume of the sample is correct-
ed by normalizing the incoherent background intensity.
Solid circles show the Q dependence of the ridge intensity
along the [0k 0] direction, giving the magnetic form fac-
tor of the Co ion. The oscillation of the ridge intensity
may be interpreted as the precursor of the onset of a 3D
long-range order due to the interchain exchanges.

The temperature dependence of the ridge width was
measured between 0.32 and 0.65 K, and the inverse corre-
lation length « of the chain was evaluated. As shown in
Fig. 5, k shows the linear dependence on temperature in
this temperature range. With the use of the exchange con-
stant |J | /kp=1.45 K obtained by the bulk susceptibility
measurements,’ k is expressed in reciprocal-lattice vector
units (r.l.u.) as
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FIG. 4. Scattering vector dependences of the peak position,
the peak intensity, and the width of the static correlation func-
tion S(a) perpendicular to the chain direction at 7=0.4 K.
Solid lines are guides to the eyes. A dashed line with solid cir-

cles gives the magnetic form factor of Co ions.
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FIG. 5. Temperature dependence of the inverse correlation
length « in Cs,CoCl,.
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According to the recent calculation on a 1D XY model
with S= by Tonegawa,* the inverse correlation length
ky for the in-plane component of spins follows
kx~0.785kpT/|J | at the low temperatures, while the x,
for the out-of-plane component of spins follows
k;~3.14kgT/|J|. Therefore, the observed « in
Cs,CoCl, is in reasonable agreement with the temperature
dependence of the k,. Note that the observed k in our ex-
periment is a mixture of S,, and S,,. Calculations®> show
that the amplitude of the S,, near the sheet position is
substantially stronger than that of the S,. Consequently,
the intensity from k, is presumably masked by that from
the S,,. We attempted to observe the out-of-plane com-
ponent k, separately from k, at the ridge. Since «, is
roughly four times larger than «,, we expected that the
ridge width becomes broader at larger h or [ where the rel-
ative weight of the out-of-plane component increases in
the scattering function. However, no appreciable change
of the width was found.

Now we return to a discussion on the modulation of the
diffuse scattering. The deviation of the ridge peak from
the half-integer value is schematically shown by wavy
curves in Fig. 2. This modulation may be understood by
following model. The chemical unit cell of Cs,CoCl, con-
tains eight Co ions which form four chains along the b
axis.® Two chains are shifted by b, /2 with respect to the
other two chains. Consequently, the configuration of the
Co ions is very close to a body-centered orthorhombic lat-
tice shown in Fig. 1. The important interactions are the
intrachain exchange J, with two nearest-neighbor (NN)
ions along the b axis, and the interchain exchange J', with
eight next-nearest-neighbor (NNN) ions at the corners.
When J and J’ are both negative, they favor spins to align
antiparallel to the nearest-neighbor spins and to the
second-nearest-neighbor spins, but spins can never satisfy
these conditions at the same time. A simplified model
Hamiltonian for such a case may be written as

H=—DJ(S]S"\ +SIST 1 +0SiSiL)
NN

NNN

The first term results in an antiferromagnetic configura-
tion in the chains, whereas the second term causes the
spins to rotate within the easy plane and stabilizes the in-
commensurate configuration. This spin structure is noth-
ing but the helical structure along the b axis with a long
period.“ Because the second term is small, as seen from
the good 1D character of Cs,CoCly, the shift from the
half-integer (commensurate value) is expected to be small.

The neutron scattering intensity which is proportional
to S(Q) takes maxima where J(G) has minima. J(g) is
evaluated by taking the summation of the exchanges over
the interacting neighbor spins for Cs,CoCly:

J(@)=3J()e T

r

=2J cos(qy )+ 8J cos(g, /2)cos(qy /2)cos(q, /2) .

)
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For example, we consider the wave-vector dependence
along the k direction in the (hk0) zone. Since the deriva-
tive of J(q) with respect to g, is written as

—— = —2J sing, —4J'cos(g, /2)sin(g, /2)cos(q, /2),

(5)

the intensity maxima will occur at g which satisfies the
following equation:

sin(gy /2)[J cos(qy /2)+J'cos(gy /2)cos(q, /2)] =0 .

(6)

Specifically, for the [0k 0] direction, the peaks will appear
at

qy=2cos_1(—J’/J) . (7

It is easily seen from Eq. (7) that when J' vanishes, the
chain exhibits the antiferromagnetic configuration,
whereas a finite J' causes the shift of the peak of the
quasielastic scattering S(é). From the observed peak po-
sition,

gy ~(0.515%0.005)r , (8)

the ratio of J' to J is estimated to be 0.0471+£0.016. The
peak position dependences on either A or 1 can be under-
stood in the same manner. We illustrated the contour of
J(q) in the (hk0) zone in Fig. 6 which is in good agree-
ment with our observations.

Finally, we shall briefly discuss the spin waves in
Cs,CoCl;. We carried out a limited number of inelastic
scattering scans to study spin-wave excitations. The spec-
trometer was operated in a constant-Q mode with a final
neutron energy of 4.4 meV and the collimators were all
40', which gives an energy resolution of 0.11 meV (full
width at half maximum). The spin-wave excitations were
observed at Q=(0,1.5+¢,0) and Q=(2,0.5+£,0) at

THE CONTOUR OF J(J) IN THE (hkO) ZONE

0.0 0.5 1.0

FIG. 6. Contour of J(q) in the (hk 0) zone given by Eq. (4).
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T=0.3 K. At the zone boundary, the well-defined spin-
wave (SW) excitation was observed at 0.35+0.05 meV.

The excitation spectrum of the 1D XY-Heisenberg anti-
ferromagnet, Eq. (1), is expected to be a continuum™* and
its lower and upper boundaries are given by

Eiower(§)=|Isin2w§ | , Eypper(§)=2]|Isinml| , 9)

where I =(J sinu)/p and p=cos™'n. By assuming that
the most spectral weight is concentrated in a region close
to the lower boundary because of the antiferromagnetic
nature of Cs,CoCl,, we estimated the Jgy with the use of
71=0.25 and obtained

Jsw/kg~—1.76+0.25 K . (10)

Although this figure is slightly larger than the J values
obtained from other measurements,%’ it certainly deter-
mines the upper limit of J. We also studied the line
shapes of spin-wave excitations at the zone center in detail
to detect the excitation continuum of the 1D chain. How-
ever, no sign of such a continuum was observed.
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V. CONCLUSION

We confirmed that Cs,CoCl, behaves as a 1D XY anti-
ferromagnet with S=+. The inverse correlation length «
shows the linear dependence on the temperature between
0.3 and 0.6 K, with a slope consistent with the , of the
1D XY model with S= 5. Because of the weak interchain
coupling, the sheet of the critical scattering was driven to
the incommensurate position, and the helical spin struc-
ture along the chain direction is stabilized. A part of the
work has been presented elsewhere.'?

ACKNOWLEDGMENTS

We wish to express our particular appreciation to L. J.
de Jongh for his interest in our work and to T. Tonegawa
for communicating and discussing his results prior to pub-
lication. This work was carried out as a part of the U. S.-
Japan Cooperative Neutron Scattering Program. The
work at Brookhaven National Laboratory was supported
by the division of Materials Sciences, U. S. Department
of Energy, under Contract No. DE-AC02-76CH-00016.

IM. Steiner, J. Villain, and C. G. Windsor, Adv. Phys. 25, 87
(1976).

2R. J. Birgeneau and G. Shirane, Phys. Today 31 (12), 32 (1978).

38. Katsura, T. Horiguchi, and M. Suzuki, Physica (Utrecht) 46,
67 (1970); J. D. Johnson, S. Krinsky, and B. M. McCoy, Phys.
Rev. A 8, 2526 (1973); T. Schneider and E. Stoll, J. Appl.
Phys. 53, 1850 (1982).

4T. Tonegawa, Solid State Commun. 40, 983 (1981), and private
communication.

5G. Miiller, H. Thomas, M. W. Puga, and H. Beck, J. Phys. C
14, 3399 (1981); M. Mohan and G. Miiller (unpublished).

6H. A. Algra, L. J. de Jongh, H. W. J. Blote, W. J. Huiskamp,
and R. L. Carlin, Physica (Utrecht) 82B, 239 (1976).

7P. M. Duxbury, J. Oitmaa, M. N. Barber, A. van der Bilt, K.
O. Joung and R. J. Carlin, Phys. Rev. B 24, 5149 (1981).

8J. N. McElearney, S. Merchant, G. E. Shankle, and R. L. Car-
lin, J. Chem. Phys. 66, 450 (1977), and references therein.

93. J. Smit and L. J. de Jongh, Physica (Utrecht) 97B, 224 (1979).

10See, for example, W. Marshall and S. W. Lovesey, Theory of
Thermal Neutron Scattering (Clarendon, Oxford, 1971).

11A. Yoshimori, J. Phys. Soc. Jpn. 14, 807 (1959).

12K . Hirakawa, H. Yoshizawa, G. Shirane, and H. Shiba, in
Proceedings of the International Conference of Magnetism,
Kyoto, Japan, 1982 [J. Magn. Magn. Mater. 31-34, 1137
(1983)].




