2024

to reflect different effective Debye temperatures
seem capable of producing the curve in Fig. 2,
nor of giving an entropy change of RIn(2S+1) for
each material. The ac method has been essential
for the observation of the extremely small peaks
at the ordering temperatures and the high resolu-
tion possible has facilitated the extraction of the
broad magnetic contribution to the specific heat.
We conclude that thermodynamic measurements
give further evidence that the ordering of the planar
antiferromagnets K,MnF,; and K,NiF, is of the
Stanley~Kaplan type, with the anisotropy and three-
dimensional nature of the ordered phase making
only minor modifications in the over-all behavior.

M. B. SALAMON AND H.
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Note added in proof. Yamada®® has recently ob-
tained similar results for the two-dimensional
Heisenberg ferromagnet K,CuF,. The specific
heat of that material does not fall on the curve of
Fig. 7, but rather, resembles the curve of Fig. 5
with 7= 0. 25.
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Magnetic Transitions in CsNiCls'f
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(Received 28 August 1972)

Recent NMR and specific-heat measurements have revealed the presence of magnetic phase transitions in
CsNiCl; at 4.85 and 4.4 °K. Previous neutron-diffraction studies have revealed only one transition and we
have, therefore reexamined a single crystal of CsNiCl; in the temperature range 1.6-5.0 °K by means of
this technique. The use of neutrons of wavelength of 2.46 instead of 1.03A gives improved resolution and
peak-to-background ratio, and our study confirms the presence of two magnetic phase transitions. The first
of these corresponds to the onset of antiferromagnetic order and the second is interpreted as a 90°
reorientation of the basal-plane component of the magnetic moment. In addition, the triangular structure
observed at 1.6 °K has been found to undergo considerable modification as the temperature approaches

4.4°K.

I. INTRODUCTION

Previous neutron-diffraction studies'™® of
CsNiCly, whichexhibits many of the characteristics
of a one-dimensional antiferromagnet, have re-

vealed a magnetic structure in which there are
linear antiferromagnetic chains along the hexagonal
¢ axis coupled together in a triangular array with
the moments lying in a plane perpendicular to the
basal plane. The Néel temperature derived from
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these measurements has been reported as 4.6 2
and 4.3 °K, 3 and an interesting feature is the
anomalously low value of about 1 pz at 0 °K ob-
served for the Ni®* moment.

Recent NMR*? and specific-heat® measurements
have revealed the presence of two magnetic transi-
tions, however; the first at 4. 85 °K and the second
at 4,40 °K. In this region, the neutron-diffraction
measurements suffer from a combination of weak
signal and quite high background, and the tempera-
ture dependence of the magnetic scattering in this
range was interpreted as being indicative of critical-
type behavior. Inthe presentpaper, we describe a
more detailed high-resolution neutron investigation
inwhich the data were obtained with neutrons of wave-
length 2. 46 A from the larger of the two crystals
used in the previous study,® and we have confirmed
the existence of two transitions. The low-tempera-
ture triangular structure observed at 1, 6 °K under-
goes considerable modification as the temperature
is increased and the unusual temperature depen-
dence of the perpendicular component is inter-
preted as arising from a 90° reorientation of this
component within the basal plane, consistent with
the NMR data. The results illustrate that the mag-
netic structures of materials of this type must de-
pend upon a delicate balance between anisotropy,
crystal field effects, and weak basal-plane ex-
change.

II. STRUCTURE REFINEMENT

Data were taken in the (khl) zone at a number of
temperatures between 1,6 and 5.0 °K. The im-
proved resolution resulting from the use of longer-
wavelength neutrons (2.46 A) is accompanied by a
significant improvement in a peak-to-background
ratio in comparison to the previous studies of
CsNiCl;. Against this, however, is the fact that
far fewer reflections were accessible and a com-
plete nuclear structure refinement was not possi-
ble. The data were therefore fitted with only the
scale factor and extinction as variable parameters.
The over-all temperature factor and Cl positional
parameter were held fixed at the values determined
in the previous study.® Nuclear intensities were
measured at several temperatures and no depen-
dence on temperature was observed,

Magnetic peaks were observed only at positions
($h $h1) with ! odd and 2#3n. At a number of
temperatures, data were taken for both (31 3h1)
and (3% 2 1) reflections, and were found to agree
within 5 to 10%. Eight inequivalent magnetic re-
flections, of which two had less than the observable
minimum intensity, were studied. The tempera-
ture dependence of the intensities of the three
strongest magnetic peaks is shown in Fig. 1(a).

Of particular significance is the fact that the ratio
between the intensities of (331) and ($+£1) is con-
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FIG. 1. (a) Intensities of the three strongest magnetic

peaks in CaNiCl; as a function of temperature. (b) The
ratio of intensities of the (5 3 1) and (4 4 1) reflections
showing a sharp change around 4 °K and a constant ratio
above 4.4 °K.

stant [Fig. 1(b)] above 4. 4 °K, but decreases con-
tinuously as the temperature is lowered.

Previous experience with the low-temperature
structures of CsNiCl,; and RbNiCl, ® suggested that
the data might be fitted to the modified triangular
model (I) shown in Fig. 2, in which it is assumed
that there are equal fractions of equivalent domains,
In this case, since the intensity of the (111) reflec-
tion was found to be zero, the c-axis component of
the moment on site II (K ,) must equal — 3p; within
experimental error limits. Therefore there are
only two parameters to be fitted, py and 8 (or u,),
as the orientation of the basal-plane component
cannot be determined from neutron data in a multi-
domain crystal. At all temperatures studied, this
model gave a satisfactory fit to the data (Table I)
with weighted R factors {Ry =3 W(l,ps ~ Learo)?/

S WT,pe)? 112} between 5 and 8%, and the results
are shown in Figs. 3(a) and 3(b). In these calcula-
tions, the theoretical Watson- Freeman form fac-
tor was adjusted by a scaling factor [ fscareq

=f(k sin6/)), with k held fixed at the value of 0. 88
determined in the previous study®].

The most prominent features in Fig. 3 are the
apparent change in behavior at 4.4 °K, the differ-
ence in the ordered moments on sites I and II,
particularly above 3 °K, and the low Ni?* saturation
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(001 FIG. 2. Two possible models for
i} a1 the CsNiCly structure. Model I, with
o) 6 varying, describes all the experi-

mental data with a physically plausi-
ble structure, but model II gives
precisely the same fits to the ex-
perimental data.

moment (1,05u5). For this model, the intensity
ratio of (3 51) and (% % 1) depends only upon the
angle 6, and the sharp break in this ratio at 4.4 °K
[Fig. 1(b)] taken in conjunction with the results
shown in Fig. 3 is clear evidence of a phase tran-
sition, and is consistent with the observation of a
specific-heat anomaly at 4, 4 °K.

The exact nature of this transition cannot be de-
termined unequivocally from the neutron data.
However, a possible explanation is suggested by
the NMR results.* Below 4. 85 °K, a hyperfine
field perpendicular to the ¢ axis (H,) is observed
on one set of Cs sites (labeled Cs; in Fig. 4).
Below 4.4 °K, a parallel component (H,) is also ob-
served on these sites. For this component to be
zero, the perpendicular component of the Ni mo-
ments (u,) must be either disordered above 4, 4 °K
or correlated in such a way that the dipole field at
the Cs; site cancels out. A model consistent with
the neutron data is shown in Fig. 4(a) in which u,
is oriented along the y axis of the c-centered
orthorhombic cell which can be derived from the
hexagonal cell as outlined in the figure, The mag-
netic space group consistent with this description
is orthorhombic, C22’2]. A 90° rotation of u, to

TABLE I. Comparison of the observed and calculated
intensities of the magnetic reflections in CsNiCl; at 4.5
and 2. 3°K, temperatures above and below the second
(spin-reorientation) phase transition.

hhi 4.5°K 1.6 °K

calc obs cale obs
551 0.59 0.56 4.15 4.81
221 0.67 0.73 3.42 3.92
111 0.0 0.0 0.0 0.0
441 0.43 0.40 1.87 1.70
+31 0.32 0.32 1.36 1.35
221 0.0 0.0 0.0 0.0
$is 0.086 0.090 0.89 0.84
223 0.099 0. 096 0.85 0.79

Ry=0.06 Ry=0.09

the x axis of the orthorhombic cell (which is equiv-
alent to a change from the [110] to the [100] direc-
tion of the hexagonal chemical cell) could then ac-

count both for the observed specific-heat anomaly

and the appearance of H, at 4.4 °K. The magnetic

space group for this low-temperature structure is

also orthorhombic, Cm’c2]. The temperature de-
pendence of H, and H, observed in the NMR experi-
ments is in excellent agreement with that of p, and
K, in the neutron study (solid circles in Fig. 3).

It should be noted that the model discussed is
not only one that can account for the data. For
example, if the components of the moments in the
basal plane did not form a collinear structure, but
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FIG. 3. Results of the structure refinement using
model I. (a) The total moments on the Ni?* ions (uy and
typ) and the basal plane component on site II(x,). (b) The
angle with the z axis made by the moments on site Il as a
function of temperature. In both parts of the figure the
statistical errors are of the order of the size of the data
points but increase as the temperature is raised and the
total moments decrease.
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FIG. 4. (a) Unit cells for CsNiCl; (basal-plane pro-
jection). Closed and shaded circles represent Ni atoms
at z=0 on sites I and II, respectively; doubled circles
are Cs atoms, at heights along the z axis of ; (open cen-
ters) and 3 (solid centers). The smallest cell (containing
one Ni atom per layer) is the primitive paramagnetic
cell, space group P63/mmc. The enlarged hexagonal cell
containing three Ni atoms per layer, yields the observed
magnetic reflections. The C-centeredcell, derived from
this enlarged cell, describes the magnetic symmetry of
the ordered phase. Between Ty and 4.4 °K, the basal-
plane component of the Ni moments are as shown, and as
such produce no hyperfine field parallel to the ¢ axis
(H,) on the sites labeled Cs;. Below 4.4 °K this compo-
nent is believed to rotate by 90°. (b) An alternative
model above 4.4 °K which also produces no H, on the
same Cs; sites, but is not favored due to its monoclinic
symmetry.

x

instead formed a triangular array, exactly the
same fit to the data would be obtained, although the
angles between the moments and the magnitudes of
the moments would differ. Furthermore, if these
moments were directed as in Fig. 4(b), then the
hyperfine field along the ¢ axis, H,, would again be
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zero on one-third of the Cs atoms. This model,
however, has monoclinic symmetry and does not
have any obvious physical origin. Likewise, model
I (Fig. 2) gives an identical fit to the neutron data
but once again is of rather dubious physical sig-
nificance because of the particular orientation of
moment required.

III. CONCLUSIONS

The improved resolution afforded by the use of
long-wavelength neutrons has enabled us to confirm
the existence of a second magnetic phase transition
in CsNiCl; at about 4.4 °K. Above this tempera-
ture, the Ni®* moments on one-third of the sites
(1) lie along the ¢ axis, while the moments on the
remaining two-thirds of the sites (II) appear to be
directed approximately toward a Cl ion in the sur-
rounding octahedra in the yz plane. Below 4.4 °K
the moments on the latter sites are oriented in the
xz plane, The magnetic structure is a modified
triangular arrangement which is consistent with a
simple picture of competition between single-ion
anisotropy and weak basal-plane exchange interac-
tions as discussed previously in connection with
RbNiCl;.® The mechanism responsible for the re-
orientation of moments above 4.4 °K is not clear,
but presumably has its origin in the local crystal
fields associated with the chlorine octahedra, As
was noted in the earlier work on CsNiCl; 3 and
RDbNiCl,,  the saturation Ni** moment is quite
small, the observed value of 1.05u 5 agreeing with
the previously determined value of (1.0+0.1)u 5.
This substantial deviation from the free-ion value
is thought to be due to zero-point effects and a re-
cent theoretical study’ predicts a value very close
to that actually observed. Another notable feature
of the system is the difference in the moments on
the two different Ni?* sites in the vicinity of the
second transition., These sites are chemically
equivalent in the paramagnetic phase and there is
no evidence of any crystallographic deformations
associated with the magnetic ordering, Thus the
environments of the two sets of nickel sites remain
equivalent but the magnetic moments are neverthe-
less strikingly different.

fWork performed under the asupices of the U.S. Atomic Energy
Commission.
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