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Specific-heat, nuclear-magnetic-resonance, magnetic-susceptibility, magnetization, and

antiferromagnetic-resonance measurements on the orthorhombic crystal CsCoC13 2H20 have

led to the following model of the magnetic structure and the exchange interactions: The inter-
action is Ising-like with very strong exchange along the a axis resulting in canted-antiferro-
magnetic chains lying in the ac plane with their moments 10' from the c axis and a net moment
in the a direction. At TN=3. 38 K the chains in each ac plane couple ferromagnetically so that
their net moments are all in the same sense, but with the net moments in alternate planes anti-
parallel. At a critical field of 2. 9 kOe at 1.1 K (H applied along the a axis) the moments in
half of the planes reverse giving rise to an induced ferromagnetic moment parallel to the a axis.
At temperatures well above Tz the strong Ising interaction produces correlations which mani-
fest themselves as a large induced moment at relatively modest fields. The general features
of these experimental results have been reproduced using a Hamiltonian which includes Ising
and Dzyaloshinsky-Moriya terms for the interaction along the a axis and isotropic terms for
the interactions along b and c. Applying this Hamiltonian to the critical-field and antiferromag-
netic-resonance data, we obtain the following values: J'= —13 K, J = —0. 2 K, J =+4. 5 K, and

D =+3.6 K. These numerical values are the result of applying a very simplified model to a
very complex system and thus must be considered as qualitative rather than quantitative.

I. INTRODUCTION

A classical technique in the field of magnetism
involves the study of isostructural salts which have
either the same magnetic ion and different ligands
or different magnetic ions and the same ligands.
CsMnC13 ~ 2H~O has become a standard example of
a one-dimensional Heisenberg a.ntiferromagnet. '

The replacement of Mn '
by Co ' results in the iso-

structural salt CsCoCl, ~ 2H~O which, since Co '
often appears Ising-like, is likely to be an example
of an Ising linear chain.

We have measured the specific heat, nuclear-
magnetic resonance (NMR), magnetization, dynamic
susceptibility, and antiferromagnetic resonance
(AFMR) of CsCoCl, ~ 2HQ. From these measure-
ments we have deduced a magnetic structure and
evaluated the exchange parameters.

The measurements and interpretation are present-
ed in a sequence which purports to give a logical
development of our ideas. Needless to say, this
was not the sequence in which the idea, s occurred.
Nonetheless, it makes a pedagogically interesting
and logical picture. Thus, Sec. II describes the
crystallography and preparation, while Secs. III-
VI give the results of specific-heat, NMR, mag-
netization and susceptibility, and AFMR measure-
ments, along with their interpretation.

In Sees. VII and IX, we derive a detailed model
of the exchange interactions and summarize our
conclusions with a table which indicates not only
the final model but also the contribution of each
individual experiment in arriving at the conc lu-
sions.

A brief report of some of these results has ap-
peared previously. '

II. STRUCTURE AND PREPARATION

The structure of CsCoCl, ~ 2H~O, as determined
by Thorup and Soling, 5 was shown to be identical
to that of CsMnCl3 ~ 2H&O. The room-temperature
crystallographic space group is Pcca and the chem-
ical unit cell contains four formula units. The atom-
ic pa.rameters and lattice constants are summarized
in Table I. The structure consists of octahedra of
four chlorine and two oxygen atoms. The Cl, -Co-Cl,
axis of each octahedron lies very near to the ac
plane and makes an angle of 64' with the crystal-
lographic c axis. The octahedra share one chlorine,
thus forming chains along the a axis (Fig. l). Al-
ternate octahedra along the a axis make angles of
+64'. The chains are separated in the b direction
by layers of cesium atoms and in the c direction
by layers of hydrogen atoms which probably cause
the easy cleavage parallel to the ab plane.

Single crystals used in all of the experiments
were grown by evaporation at room temperature
from a solution of CoClz ~ 6H30 and CsCl in a molar
ratio of 4. 8: 1. The characteristic deep-blue
crystals were platelike and not very well developed
in the c direction.

III. SPECIFIC HEAT

Specific-heat measurements were performed on
a sample consisting of approximately 26 g of small
crystals (average linear dimension 0. 5 mm), using
a standard exchange-gas-type He calorimeter. The
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TABLE I. Room-temperature atomic coordinates of
CsCoC13 2H20 (data from Ref. 5).

Atoms

Cs
Co
Cl,
Cl~
0

@=8.914 A.

X

0.2500
0.0000
0.2500
0.0866
0.0659

b=7. 174 A

Y

0.0000
0.4727
0.5000
0.2344
0.6795

c =11.360 A

Z

0.1455
0.2500
0.1529
0.3879
0.3661

FIG. 1. Structure of CsCoC13. 2H20 according to Thorup
and Soling (Ref. 5). Only one set of hydrogen atoms and
hydrogen bonds are shown.

sample was sealed in a copper capsule together with

a. small amount (10 Torr at 77 K) of He exchange
gas. Care was taken to prevent the crystals from
dehydrating during the backfill process by precooling
to liquid-nitrogen temperature. The sample holder
carried a noninductively wound heater and a cali-
brated germanium thermometer.

The interpolation of the calibration data was based
on two separate 8 deg polynomials. The standard
deviations of the fits for 29 data points in the tem-
perature range 1.5-12 K and 36 points in the range
9-100 K were 0.05% and 0.01%, respectively. The
heat capacity of the empty capsule was determined
in a separate experimental run.

The experimental data in the range 1.5-30 K
are shown in Fig. 2. The specific heat of
CsCoCl~

' 2H20 is seen to pass through a sharp-
but relatively smail —anomaly at 3.38 K which ac-
companies the cooperative ordering of the Co spins
at that temperature. The small anomaly occurring
at 2. 3 K is due to the magnetic transition of about
0. 2 g of CoClz. 6H20, an impurity which we were
unable to avoid in the crystal-growing process.

In order to evaluate the magnetic contribution
to the total specific heat we must subtract the con-
tribution of the lattice specific heat. This turned
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FIG. 2. Specific heat from 1 to 30 K. The circles
are the measured values. The solid line is the magnetic
part after subtraction of a typical lattice term. Dashed
curve is an Ising calculation with J=72 K.

out to be a difficult problem. In an attempt to sep-
arate the two contributions, a plot of C~T2 vs T'
was made for the range 6-10 K. The plot showed
serious deviations from a straight line. If we
assume that in this region the lattice term can be
approximated by a T3 law, this suggests that the
magnetic term cannot be described by a T law as
in the case of an isotropic Heisenberg system.

Attempts to grow a diamagnetic isomorphic crys-
tal, in order to obtain a quantitative expression
for the lattice contribution, were unsuccessful.

The total entropy gain below 4 K (including the
lattice entropy and an estimated extrapolation be-
low 1.5 K) amounts to only 16%%uo of the theoretical
value, 0.693R, predicted for the ordering of a mole
of Co spins with an effective spin &. This suggests
the presence of an additional contribution to the
magnetic specific heat due to a possible ordering
of 1ower dimensionality above 4 K. The existence
of such a term is further indicated by the peculiar
linear behavior of the total specific heat in that
range.

Numerical fits of the data to various expressions
containing Debye functions for the lattice contribu-
tion and the theoretical formula for the one-dimen-
sional Ising case —despite the obviously arbitrary
way in which the lattice is thus represented —all
result in a rather high intrachain exchange param-
eter (J'&40 K). This result is not surprising if
we compare the total experimental specific heat
with the theoretical maximum of the one-dimension-
al Ising case (C~ =3.6 J/mole K).
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FIG. 3. Temperature dependence of the proton (upper
two curves) and Cs (lower curve) nuclear-magnetic-reso-
nance frequency.

IV. NUCLEAR MAGNETIC RESONANCE

A. Experimental Results

In zero external magnetic field and below 3.38 K
we observed two proton resonances, seven cesium
resonances, and three very weak chlorine reso-
nances. The temperature dependence of the proton and
cesium lines is shown in Fig. 3. We observed two
'Cl pure quadrupole resonances at 8.03 and 5.62

MHz, respectively. Above 3.38 K the width of the
pure-quadrupole lines wa. s quite normal (about 30
kHz) and indicated purely paramagnetic behavior.
The temperature dependence of the chlorine reso-
nances below 3.38 K is not shown because there
are insufficient data to permit an interpretation.
However, the fact that some of the Cl resonances

were observed at frequencies below the pure qua-
drupole -resonance frequency suggests very strong-
ly that the magnetic ordering in the chains is anti-
ferromagnetic, as it is in CsMnCl, 2HQ.

We determined the direction of the internal local
fields at the proton and cesium sites by observing
the splitting of the lines in a small applied external
field. The results of these experiments are given
in Table II. To each magnitude of the local field
correspond eight symmetry- related local-field
directions.

To determine the direction of the sublattice mag-
netization we attempted to construct the H-T phase
diagram. Within the experimental limits of field
and temperature available to us only one phase
boundary could be found. The temperature depen-
dence of this boundary is given in Fig. 4. The angle
dependence of H, vs 8 can be described by H,
= H, o/cos8 and is plotted in Fig. 5.

The nature of the states on both sides of this
boundary was investigated by performing rotation
diagrams on the cesium resonance in the ac plane
in a large —7. 5 kOe —external field. From the angle
dependence of the phase boundary (Fig. 5) it appears
that in an external field of 7. 5 kOe the system re-
mains in the lower phase as long as H lies within 23'
of the F axis. Rotating the field further from c brings
the system into the higher state. The results of the
rotation experiment are shown in Fig. 6 along with
data taken at 4. 2 K, i. e. , above the transition tem-
perature. Close to the c axis the cesium lines
show a 360 periodicity, characteristic of the anti-
ferromagnetic state, while for 8 & 23' the periodicity
is 180', characteristic of the paramagnetic state.
The data near the c axis agree perfectly with the
dashed lines which are calculated by adding the
known external field to the internal field obtained
from the zero-field experiments at 1.2 K. The data
in the upper phase agree very well with the data
taken in the paramagnetic state at 4. 2 K.

Similar experiments on the protons at 4. 2 K also
show the characteristic paramagnetic pattern. The
shift in the proton resonance lines due to the sus-
ceptibility in the paramagnetic state becomes zero
when the external field is applied along the b or c

TABLE II. Local magnetic fields at various nuclear sites (Fig. 1). The values are calculated from a dipole sum using
the space group P2~ca' with the magnetic moments deviating 10' from c in the ac plane.

Site

Hg

Cs

Magn. (koe)
at 1.1 K.

2.114

1.797

3.000

Experimental
Orientation~

p

90' 62' 28

35' 58' 77'

90 90 0

Ratio
Hg/H~

1.17

Magn. (kOe)
p = 2, 25p,gy

2. 106

1.797

0.135

Calculation
Orientation~
o. P

90' 57' 33'

37' 56' 77

90' 90' 0'

Ratio
Hg/Hg

1.17

Withrespect to a, b, and c axis.



MAGNETIC STUDIES OF THE CANTED ISING LINEAR. . . 4621

3.0—
n

lt h ~bit h h h h

2Q-
CIP

O

FIG. 4. Temperature dependence
of the critical field. Circle —NMR,
triangle-A FMR, square —magnetiza-
tion.

Li

1.0—

1.0
I

2.0
T (K)

I

3.0

l
l

I

I

axis indicating a large anisotropy in the g tensor.

B. Interpretation

The resonance data show that the symmetry of
the local fields at the proton and cesium sites (the
aspect group) can be described by mmm. There
are a large number of invariant spin arrays (Shub-
nikov groups) which give rise to this local-field

symmetry. However, if we define N, as the number
of elements in the aspect group, N& as the number
of distinct field magnitudes associated with one type
of nucleus and N„as the number of such nuclei per
lattice point, then the ratio N, N&/N„gives us in-
formation about the nature of the magnetic space
group. In our case N, =S, N&=2, and N„=16, so
that the ratio is 1. If we assume that the chemical
space group is Pcca, the magnetic space group
contains either an inversion and at least one anti-
translation or neither inversion nor antitranslation.
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FIG. 5. Angle dependence of the critical field. Circle-
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FEG. 6. Cs NMR frequency as a function of applied
field direction at 7.5 kOe; circle —T=1.2 K; X-T=4.2K.
The dashed line is calculated using the known external
field and the internal field obtained from zero-field ex-
periments near 1.2 K.
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FIG. 7. Diagram at the left shows the position of the
nuclei used to determine the nature of the twofold axes
determined by the experiments. The figure at the right
represents only one half the the magnetic unit cell. Standard
crystallographic symbols for the axes have been used
with the added convention that a black axis is an ordinary
axis and a white axis is an antiaxis.

There are eight magnetic space groups belonging
to the Opechowski family of the crystallographic
space group Pcca which satisfy this condition.

A further selection from among these eight is
possible through the conditions set by the direction
of the local field at the Cs site and the direction of
the sublattice magnetization. The Co and Cs ions
occupy special positions on the 2„and 2, axis, re-
spectively (Fig. 7). Table II shows us that the local
field at the Cs site is along the 2, axis. This is
only possible if the Cs ions lie on an uncolored two-
fold axis.

The direction of the sublattice magnetization may
be restricted to either the b direction or the ac plane.
Although none of the arguments is conclusive, the
following points lead us to reject the first possibility:
(i) The observed angle dependence of the phase
boundary with a minimum in the a direction makes
it unlikely that the magnetic moments are along b.
(ii) The large component of the internal field at the
Cs site parallel to the c axis can only be explained
by a significant contribution due to an isotropic hy-
perfine field along c.

If the magnetization is in the ac plane, the 2„axis
through the Co site should transform to a colored
axis in the magnetic state.

The magnetic space groups which satisfy these
conditions are P»c ca, P»cuba, and Pcca . Sym-
metry does not require the Co moment to be direct-
ed along either the a or c axes so that we are still
free to choose the sublattice magnetization any-
where in the ac plane.

A further aid in determining the direction of the
sublattice magnetization is the dipole sum. Dipole
calculations of the local fields at the proton sites
for all of the above space groups reveal that the

best agreement between the experimental and cal-
culated values is obtained for the space group
P»cca with the magnetic moments close to the
c direction in the ac plane (Table II). Assuming
p, =2. 25', ~, the angle between the magnetic mo-
ments and the c axis P =10' gave excellent agree-
ment with experiment. The resulting suggested
sublattice array is shown in Fig. 8. The array
may be described as a sheet of moments in the ac
plane coupled almost antiferromagnetically along
the a, direction and coupled ferromagnetically along
the c direction. The canting gives rise to a net
magnetic moment in the +a direction. Moments in
adjacent acplanes are coupled antiferromagnetically
with the result that their net moments are in the
—a direction.

The values for Q and p, quoted above should not
be taken too seriously because the experimental
fields must be compared with the sum of the dipolar
and hyperfine fields at the proton sites. The latter
contribution is generally small but not negligible.
Assuming the proposed magnetic-moment structure
to be correct, it will move the calculated field direc-
tions somewhat toward the positive c axis thus im-
proving the agreement between the calculated and

experimental fields.
V. MAGNETIZATION AND SUSCEPTIBILITY

A. Experimental Results

We have performed magnetization measurements
with a Faraday balance at various temperatures be-
tween 1.1 and 300 K in fields up to 22 kOe. In order
to obtain g values we have, in addition, measured
the magnetization along the crystallographic axes
at 1.5 K in fields up to 350 kOe. We have also

)
I

~ ~m
I

I
I

I+rn

J,C

FIG. 8. Proposed magnetic-moment array. All spins
lie in the ac plane. The model suggest ferromagnetic
coupling along the c axis, antiferromagnetic coupling along
the 5 axis, and essentially antiferromagnetic coupling along
the a axis.
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FIG. 9. Dynamic susceptibility of CsCoC13 2H20 as a
function of temperature with the alternating field parallel
to the a axis.

measured the dynamic susceptibility between 1.1
and 20 K using a Wiebes inductance bridge operat-
ing at 1200 Hz.

The real part of the dynamic susceptibility (y )
measured as a function of temperature along the
a axis shows a large peak (Fig. 9). Defining the
transition temperature as the point of maximum

positive slope, we derive T~=3.4 K. Along the
b and c axes y is essentially temperature indepen-

dent. This is in agreement with the magnetization
results. The magnetization measured along the

a axis shows a maximum which shifts to lower tem-
perature as the field is increased. Extrapolating
the location of the maximum to zero field and assum-

ing that this temperature is T&, we find T„=3.4
+ 0. 2 K. Along the b and c axes, in the liquid-helium

range the magnetization is essentially constant.
In order to determine the sublattice magnetization

and hence the g values, we measured the magnetiza-
tion in fields up to 350 kOe in the high-field magnet
at the "Natuurkundig Laboratorium" of the Universi-
ty of Amsterdam. Even at 350 kOe CsCoC13 ~ 2H&O

is not completely saturated at 1.5 K, so that it was
necessary to extrapolate the measurements to obtain
the values given in Table III.

At high temperatures the susceptibility derived
from the magnetization measurements exhibits
Curie-Weiss behavior along the b axis (Fig. 10)but de-
viates from Curie-Weiss behavior along the c axis.
Along the a axis the susceptibility is non-Curie-like
for all temperatures covered by the measurements.

At temperatures well below T& and in low fields
the magnetization (o) measured as a function of
field shows the usual antiferromagnetic behavior
(Fig. 11). At 1.1 K, for example, with H applied
parallel to the a axis, the magnetization increases
linearly up to a critical field field of 2900 Oe, ex-
hibits a discontinuity of 10 emuig at H„and contin-
ues to increase gradually with increasing field up
to 350 kOe. If we extrapolate 0 from, for example,
20 kOe back to zero field we observe an induced
ferromagnetic moment 00. It is remarkable that
this induced moment does not disappear as the tem-
perature rises above T~. Although the field range

Ee
Qp L~3—
C)

—4i
dE
gO
fl) Ql

3M
O

FIG. 10. Static susceptibility of
CsCoCl3. 2H20 Qeft scale and open
symbols) and the inverse suscepti-
bility (right scale and solid symbols)
as a function of temperature;
circles —H II a; squares —H II b, tri-
angles —H II c.
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TABLE III. Saturation magnetization and g values
along the crystallographic axis as obtained from high-
field measurements.

14

12

Crystal axis

a
b
c

Saturation magnetization
(emu/g)

31
47
53

g factor

3.8
5. 8

6.5

10

saba

b

0—
0 10

H(kOe)

15 20

FIG. 11. Magnetization of CsCoC13 2H20 as a function
of the magnetic field H parallel to the a direction at var-
ious temperatures; open circle —1.1 K„x—4. 2 K, open
square —4. 8 K, solid oval —10 K, open triangle-11. 16 K,
open oval —13.1 K, solid square 14.8 K, solid triangle—
20. 3 K, solid circle —77. 3 K.

B. Interpretation

We can explain, at least qualitatively, all of the
observed magnetization results by the following
set of assumptions: (i) the magnetic moment
structure" deduced by NMR (Fig. 8); (ii) strong
Ising interaction in the chains; (iii) weak isotropic
exchange between the chains.

The Ising-like behavior is assumed to mean that
a given moment has a fixed position in the crystal-
lographic frame except for the possibility of revers-
ing its direction. Consequently, application of a
field greater than H, in the a direction is sufficient
to overcome the antiferromagnetic coupling between
spins in adjacent ac planes, allowing all of the spins
in alternate planes to reverse, thus reversing their
net moments and inducing a "weak-ferromagnetic

in which the transition to this "weak-ferromagnetic"
state takes place broadens with increasing tempera-
ture and although the magnitude of oo obtained by
extrapolation does depend on the field from which
one extrapolates, a measureable induced moment
is observed up to 18 K on extrapolation from 20 kOe
(Fig. 12).

In order to study the behavior of the spin system
in an applied magnetic field at low temperatures,
we performed rotation experiments in various fields
at 1.1 K (Fig. 13). Although the principle of these
experiments is similar to that of the NMR rotation
experiments, the fact that we observe the magnetiza-
tion directly allows us to obtain additional informa-
tion about the magnetic states above and below the
critical field. For H & H, the magnetization has a
much larger maximum along a and the magnitude
of 0 varies approximately as cose as we rotate H
away from a toward bor c. At a critical angle
8, the magnetization decreases quite suddenly as
we pass the phase boundary shown in Figs. 4 and 5.

The cosine behavior of v near the a axis can only
be understood if the anisotropy of the system is very
large (thus providing another check on the Ising-
like behavior).

I

9
T(K)

15 18

FIG. 12. Induced ferromagnetic moment Oo (extrapolated
from 20 kOe) as a function of temperature.
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FIG. 13. Magnetization of
CsCoC13 2H20 in the ab plane as a
function of the angle between the mag-
netic field and the b axis at a tem-
perature T =1.1 K; inverted triangle-
2.3 kOe, triangle-3. 2 kOe, circle-
4.6 kOe, square —9 kOe, diamond—
15 kOe.

0 -120 -90 -60 -30 0 30
b axis

e (degree s)

60 90
a axis

120

moment" parallel to H.
Using the saturation-magnetization measured in

high fields and the 10 emu/g discontinuity at the
critical field, we obtain a canting angle of 10', in

excellent agreement with the NMR results.
The Ising nature explains the rotation diagrams,

since neither the real moments nor their projections
on the a axis are free to follow the field.

In order to understand both the non-Curie-Weiss
behavior in the susceptibility above T„and the in-
duced moment above T~, we invoke the fact that
the Isinginteraction is the dominantinteraction, and
is along the chains in the a direction. At tem-
peratures well above T„correlations between
spins in the chain begin to be effective, giving rise
to a correlation length which we can visualize as
a short segment of a chain with a net moment in
the a direction, antiferromagnetically aligned in
c and having no component along b. The application
of a field tends to align the net moments producing
an induced net moment in the a direction but no
moment along either b or c. The magnitude of
this moment will increase with increasing correla-
tion length and therefore with decreasing tempera-
ture until three-dimensional ordering due to inter-
chain interactions takes place at T„.

The susceptibility derived from the magnetization
measurements will be larger than expected from
the Curie-Weiss law in the a direction, will look
more or less Curie-gneiss along b, and have some
intermediate behavior along c. Silvera, Thornley,
and Tinkham' have calculated the susceptibility
of O, -CoSo& which is also a canted four-sublattice
system and predict a behavior similar to that which
we observe in CsCoCls ~ 2H20.

VI. ANTIFERROMAGNETIC RESONANCE

A. Experimental Results

Antiferromagnetic resonance was performed at
a variety of frequencies between 9 and 75 GHz at
temperatures from 1 to 3.4 K and in fields up to
10 kOe. The sample was placed on the wall or end
of a shorted X-band waveguide immersed in liquid
helium. The X-band guide was coupled by various
transitions to very simple reflection spectrometers
in the ranges 9-12, 18-26, 34-35, and 65-76 GHz.

There are three features of interest in the experi-
mental results: (i) The intensity of the resonance,
which was zero at 3.4 K, went through a maximum
at 1.8 K and decreased exponentially down to the
lowest temperature available (Fig. 14). (ii) At
low frequencies (v & 25 GHz) only one resonance
was observed at H=H, =2800 Oe. The angle depen-
dence of this resonance was the same as that of the
critical fields observed in the NMR and magnetiza-
tion measurements (Fig. 5). (iii) The frequency
(v) vs field (H) diagram (Fig. 15) gives an H, of
2800 Oe and a vo of 90+10 GHz.

At higher frequencies the lines always appeared
to double-a fact which we do not understand. No
resonances were observed above 3.4 K at any fre-
quency so that independent g values were not obtain-
able from paramagnetic resonance.

8. Interpretation

The temperature, angle, and frequency dependence
of the AFMR can be explained only by assuming that
we are observing spin-cluster resonance in an es-
sentially Ising-like system ' '~ rather than the
normal AFMR in a Heisenberg system. Although
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The addition of interchain exchange interactions
gives rise to a splitting of the previously degenerate
E„ levels at 0=0 and thus a vo which is a measure
of all the interchain couplings. If one of the inter-
chain couplings is antiferromagnetic, the possibility
exists for a metamagnetic transition at a critical
field which is proportional to the antiferromagnetic
exchange interaction. We expect that a detailed
model of the spin system and the exchange inter-
actions will allow us to interpret the temperature
dependence of the intensity, the zero-field resonance
frequency, andthe criticalfieldin terms of particu-
lar exchange constants.
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FIG. 14. Spin-cluster-resonance intensity as a function
of reciprocal temperature.

VII. SUMMARY

The set of measurements which we have made
has given us a model of the magnetic structure of
CsCoC13 ~ 2H&O which appears relatively complete
and complex.

From specific heat we found that there is an
anomaly at 3. 38 K which (referring to other experi-
mental results) can be attributed to three-dimension-
al ordering. The fact that only 16% of the theoreti-
cal entropy appears under the peak suggests very
strongly that magnetic ordering in a lower dimen-
sion may appear at higher temperatures.

The NMR results give us a magnetic space
group, and, with the additional calculation of the
field at the proton site due to an array of dipoles,
allow us to postulate a four-sublattice noncollinear
antiferromagnetic spin array in which the magnetic

we will develop a detailed model of the exchange
interactions in Sec. VIII, a few general comments
are appropriate here.

The concept of a spin cluster, as first suggested
by Date and Motokawa, ' involves the excitation of
groups of spins in a strongly exchange-coupled
Ising system. The energy of excitation of an n-fold
cluster in an isolated-for example, ferromagnetical-
ly coupled —chain is given by

E„=4J'S, +n(ggeS, H).

The exchange part of the excitation energy is in-
dependent of the size of the cluster, only the Zee-
man energy depends on n. If J' is large then we
can see that excitation of a onefold cluster requires
a large amount of energy and will be observable in
the infrared. On the other hand, the transition
n =i to n =i +n for i &0 will involve only the Zeeman
energy of a moments and will occur in the micro-
wave region. These are what Date called spin-
cluster resonances. '3 They are observable only
when the n = 1 clusters are thermally excited and
therefore will have an intensity depending on the
number of n = 1 clusters which at low fields and low
temperature depends on" e & ', thus giving a mea-
sure of J'.

100
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50—
D

L

25—
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/
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"c
Field ( koe )

FIG. 15. Spin-cluster-resonance frequency as a func-
tion of applied field in the a direction. The dotted line
is the best fit to the experimental points. The solid line
is the theoretical curve normalized to H~ and 80.
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moments are canted 10' from the c axis in the ac
plane.

The magnetization data show a discontinuity at
the critical field with an induced magnetic moment
in the a direction which is 20% of the computed
saturation value. This net moment could be observed
up to 18 K as one would expect if correlations were
important up to temperatures much higher than the
three-dimensional ordering temperature.

The AFMR results confirm the Ising-like behavior.
Combining these results with the postulated model
one can compute the intrachain and the two inter-
chain exchange interactions.

VIII. EXCHANGE PARAMETERS

In order to make a detailed calculation of the
magnetic properties of the system we will write
a Hamiltonian in the effective spin = ~ variables
having the following rather unusual form:

Dominant intrachain interaction', antiferromag-
netic and Ising-like

Intrachain canting; Dzyaloshinski-Moriya (D-M)

where, for simplicity, 15 is assumed to be parallel
to the b axis. The D-M term is allowed by sym-
metry and may be very large since D~ (g —2)/g
which in our case can be 0.7.

Interchain interactions; isotropic

Setting

=0= —J S sin2$ —2DS cos2$
&E 2

8$ S S

we obtain

tan2$, = —2D/J' . (3)

At the same time using g(( and g, as given above, we

Consequently, if we know Q, we can evaluate D. In
order to determine P, we must note that our experi-
ments give us P, the angle between the magnetic
moment and the c axis. In order to obtain P, from

we must make some assumptions about the prin-
cipal axes of the g tensor.

We assume that the principal axes of g are deter-
mined by the local coordination axes and define g,
to be parallel to the Cl,-Co-Cl, axis, g to be paral-
lel to a line bisecting the angle formed by 0-Co and
Co-CI», and g, to be parallel to the b axis (Figs.
1 and 16). Using g, and g, from Table III and

P =26' we compute g„=7.1 andg, =2.4. Since g,
= 5.8 these values do not appear to satisfy the usual
"rule of thumb" for Co ' that the sum of the princi-
pal values equals 13.

We have concluded experimentally that f =10'.
Using p, =g ~ S we obtain P, = —14.5'. Inserting
this value in (3), we obtain

D = —0. 28J'.

—Z& J'S& ~ S„,
Whether the interchain interactions are, in fact,

isotropic cannot be determined from experiment
since the possible anisotropies are masked by the
large anisotropy in the dominant interaction. Since
each spin has two nearest neighbors of each type,
the factor of 2 is included in the exchange constants
The resultant Hamiltonian is

X= —J'S ) S2 —5 ~ (5, x%2) —J S, ~ S2 —J'5) ~ Sq,

where S, and fz are neighboring spine in the a, b,
and c directions. In view of the experimental evi-
dence reviewed in Secs. III and V, and the well-es-
tablished linear chain behavior of the isomorphic
CsMnCl, ~ 2H20, we assume J' to be larger thanJ' and J'. We can evaluate D in terms of J' by
noting that if in equilibrium the spins make an
angle P, with the crystallographic c axis (Fig. 16),

g

E = —J 'Si cosP, S2 cos(v —@,) —DS,Sz

x sin(v —2@,) +J S~S2 —J'S ~Sz . (2)

FIG. 16. Geometrical disposition of M, S, H, and g
tensor for one set of sublattices. The g tensor is that
associated with M~ and S&.



4628 HERWEI JER, DE JONGE, BOTT ERMAN, BONGAARTS, AND CQWEN

compute p, =2. 8p, & for the equilibrium value of the
magnetic moment.

In terms of the angles defined in Fig. 16, we
have, for one spin at T=O,

E, =J'S'cos Q, D-S sin2$, +J S'-J'S' —psS g H.

(4)
With H applied along a(e= 0) the Zeeman term be-
comes —p~Sg Hsing, where g~ is the g value
in the equilibrium direction.

To obtain an expression for the critical field in
the a direction, we equate the energies of the spin
system before and after spin reversal. Recall that
all the the spins in a given ac plane have their net
moments along +a,, whereas those in the adjacent
planes are along —a. The total energy of all the
spins is

EToT~ =N(J'S cosa/, —DS sing, +J'S —J'S ),

(5)
where the Zeeman terms due to adjacent planes
cancel. After spin reversal

E»T+& =A(J'S cos Q, -DS sin2(t),

—J S —J'S —p, eg, SH sing„ ), (6)

where only the sign of the J term has changed be-
cause only nearest neighbors in the b direction have
reversed.

Equating these two energies and solving for H,
we have

H. (e =o) =-'
I
J'I Sl»~. »na-

if H is along the c direction (9 = —,'w} the same cal-
culation gives

(7)

H, (e = —'v} =(IJ'Icos Q, +ID I sin2$, + I J 1}$/

peg~ cos@ . (8}

E(i) = —4$ [J'cos P, Dsin2@, +i (J —P3]-
y2ipeS g~ Hsing, (9}

where the + sign refers to clusters in adjacent ac
planes with net moments in the opposite direction.

For the excitation of the onefold cluster we get

In general, this is a much larger number than that
of Eq. (7).

To compute the energy necessary to excite a, spin
cluster, we consider the change in energy of a given
spin and its six nearest neighbors when the given
spin is reversed Calling. E(f) the energy of the
system when an i-fold cluster is excited, we obtain,
for H&H, and 8=0,

+ IJ I+ I J'I+g~ gsHsing (10)

while, for the spin-cluster resonance,

hv =E(i+1)—E(f) =+ I J I +
I J I+@+ peHsin@

With H&H, the net moments all lie in the same di-
rection so that we now have

E(i) = —4$ [J'cos P, —Dsin2$, —f(J +J~)]

+2ipsg, SHsing (12)

hvo=+ I J'I + t J'1 (15)

The theoretical curves are plotted as solid lines
in Fig. 15 normalized to the experimental H, and
v&. It is clear that there is a serious discrepancy
in that the experimental data goes to zero frequency
at H„whereas the theoretical curves remain at
large v. Torrence and Tinkham' have shown that
the addition of non-Ising terms to the Hamiltonian
introduces terms in the energy which are not linear
in the field and which therefore agree better with
the experimental curves, We will not apply these
terms to our system but rather assume that neither
H, nor vo are seriously modified by their inclusion
and evaluate the exchange parameters using (7)
and (15).

The intensity of the spin-cluster resonance is ex-
ponential in E(1)—E(0) as predicted by Eq. (10).
Experimentally we have I=e, H, =2800 Oe,
v0=90+10 GHz, P =10', and g~ =5.6. Usingthese
values we obtain

J =-12.7 K, J =-0.2 K,

J'=+4. 5 K, D =+3.6 K.

The J defined in (1) is only part of the intrachain
energy. The total intrachain excitation energy, in-
cluding D, is 15 K.

IX. DISCUSSION

and again, for the onefold cluster,

h~~ =E(1)-E(0) =+ I
J'I cos Q, + ID I sin2@,

+ I J'I + I J'I +g~ psHsing (13)

and, for the spin-cluster resonance,

hv =E(i+1) E(i)-= I
J'I + I J'I +go psHsing .

(14)
The onefold excitation occurs in the infrared because
of the large intrachain exchange but the spin-cluster
resonance occurs in the microwave range with a
zero-field resonance

h v
&

——E(1)—E(0)

= I J'I cos ft), +ID I sin2&,

In Table IV we have tabulated the details of the
model and indicated the measurements which are
responsible for arriving at each of the results.
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TABLE IV. Summary of measurements and the inferred magnetic structure of CsCoCl3'2H20.

Behavior for
T&T

Behavior for
T&T

H, (kOe)

H, (e)

Ising like?

Magnetic space
group

Canting angle

Intr achain
exchange (K)

Interchain J
exchange J~

(K)

Specific heat

3.38

Large amount
of entropy

Probably large

NMR

3.38

Antiferro-
magnetic

Paramagnetic

2. 85

cos8

Probably

P~ccQ

10'

&0

—0.2
&0

Magnetization
susceptibility

3.4
Antiferro-
magnetic

Induced
moment

2. 9

cos8

Yes

10'

Probably large

—0.2

A FMR

Antife rro-
magnetic

2.8

cos8

Yes

P~ccQ

00

—0.2
+4. 5

Preliminary neutron-dif fraction results" confirm
the space group to be P»caa and the magnitudes
of the magnetic moments along a and c. Although
we believe the model outlined above gives a correct
qualitative description of the magnetic behavior
there are some discrepancies:

(i) The most serious discrepancy appears in the
evaluation of the intrachain exchange which is given
as 16 K by the temperature dependence of the inten-
sity of the spin-cluster resonance and -70 K by the
admittedly rather unsatisfactory analysis of the
specific-heat data. Although the theory of the
resonance intensity seems rather simple and straight-
forward, ' the only other case for which measure-
ments have been made, those by Date on
CoC12. 2H20, seem to suffer from the same malaise.

Date does not explicitly compare the values ob-
tained from the temperature dependence of the spin-
cluster resonance' with the values obtained by
Narath" for the exchange interactions, Jo= 9.3 K;
J&= —4.4 K; J2= —1 K. Since the excitation of a
single spin involves doing work against all of the
exchange interactions, the intensity should behave
like e' . If one scales crudely from Fig. 10 of
Ref. 16 one obtains approximately es ~. This is
a factor of 5 smaller than the theoretical value,
which, for whatever it is worth, is similar to our
result.

(ii) The calculation of the remaining exchange
parameters is based on the strongly Ising-like be-
havior of the system. Additional small transverse
components of the exchange interaction cause a
shift in the energy levels of the clusters downwards. '4

This shift is most pronounced near H, and will af-

feet the calculated values of the exchange parameters.
(iii) There are three values which we have avail-

able for the equilibrium magnetic moment: p,

= 2. Sp, ~ obtained from the magnetization measure-
ments, p. = 2. 25'.& which gave the best results when
used in the dipole calculation (Sec. EV) and a pre-
liminary neutron-diffraction result p, = 2. 6p,~."
Although there is a rather large amount of scatter
in these values, their dependence on such unknown
factors as the orientation of the g tensor, contact
hyperfine interactions, etc. , indicates that a mean
value of p = (2. 5 +0.3) gs is not so unreasonable.

(iv) Susceptibility measurements in the isomor-
phic CsMnC13 ~ 2H~O showed a broad maximum above
T& which could be attributed to the spin correlations
within the chains. That such an effect is not observed
in our case can be understood qualitatively by treat-
ing the linear chain of spins as the sum of an anti-
ferromagnetic and a ferromagnetic chain with appro-
priate moments. Referring to calculations by
Katsura, ' it is seen that the exponential contribu-
tion of the ferromagnetic component of the chains to
the susceptibility can easily obscure any broad max-
imum due to the antiferromagnetic coupling in the
chains. In CsMnC13 ~ 2H2O the coupling in the chains
was purely antiferromagnetic and no ferromagnetic
contribution appears.

In summary, the application of a simple and prob-
ably not strictly correct Hamiltonian to the results
of a large number of essentially macroscopic mea-
surements has resulted in the analysis of a complex
magnetic system. Answers to the remaining ques-
tions await both a better theoretical approach and
the detailed results of the neutron-scattering ex-
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periments.
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