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High-resolution ultrasonic-velocity and attenuation data are used to obtain the magnetic phase dia-
gram of the quasi-one-dimensional ferromagnet CsNiF;. Anomalies in the elastic constant C;; and in
the ultrasonic attenuation have been observed and related to the three-dimensional ordering of the spins.
The phase diagram is obtained for a magnetic field in the basal plane and along the chain axis and for an
angular variation of the magnetic field. In the basal plane the exponent B is consistent with the Ising
universality class while along the hexagonal axis it is more consistent with the Heisenberg class. A com-
parison with previous neutron measurements for fields in the basal plane and mean-field predictions
along the various directions studied is also provided. Finally, the frequency dependence of the elastic
anomalies and the enhancement of the Néel temperature and critical fields will be discussed in relation
to domain formation in the paramagnetic phase and to the highly nonlinear behavior of this compound.

I. INTRODUCTION

In recent years hexagonal magnetic ABX; compounds
have been widely studied both experimentally and
theoretically.! The quasi-one-dimensional nature of the
magnetic interactions leads to a great diversity of
structural and magnetic properties of which the magnetic
ones have been studied the most. The magnetic phase di-
agram of these compounds can provide a powerful testing
ground for theories of phase transitions and critical phe-
nomena. Among these compounds CsNiF; is now con-
sidered to be the best example of a quasi-one-dimensional
ferromagnet. Short-range ferromagnetic correlations
along the c-axis chains of Ni** ions (S =1) develop at
temperatures below 80 K; the parallel exchange interac-
tion is J, =20 K.? A large single-ion magnetic anisotropy
between directions parallel and perpendicular to the axis,
D ~8.5 K,? confines the moments to lie in the hexagonal
basal plane. At a temperature Ty ~2.7 K correlations
between the chains build up [|J;|/]J,|~100 (Ref. 3)] and
a phase transition characterized by a three-dimensional
ordering of the Ni>* moments occurs. The ferromagnet-
ic character of the spins along the ¢ axis remains and
there is an onset of antiferromagnetic ordering in the
basal plane. In the absence of an applied magnetic field,
basal plane ordering consists of a three-domain structure
where the spins are directed along one of the three basal
plane crystallographic axes. The effect of applying a
magnetic field in the basal plane in a direction perpendic-
ular to one of the spin directions is to increase the size of
the domain relative to the other two.* A further increase
in field strength reduces the amplitude of the long-range
order. The critical field above which order is destroyed
has been measured as a function of temperature in neu-
tron* and magnetization® experiments. We are unaware
of any values reported for field directions out of the basal
plane. In CsNiF;, the importance of relatively strong
magnetic dipolar interactions (comparable with exchange
coupling) in the basal plane should favor a mean-field
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description of the phase transition outside a narrow criti-
cal region since they tend to suppress critical fluctua-
tions. This has been partly shown to be evident in
specific-heat data® and in neutron-scattering experiments®
where a mean-field exponent 3=0.5 was observed. The
more precise magnetization data® yielded, rather,
B=0.34, consistent with the XY model universality class.

In these magnetic compounds there is an important
coupling of the order parameter to the elastic strain ten-
sor which gives interesting elastic properties. In the
paramagnetic phase, many elastic constants soften as the
temperature is reduced; moreover, anomalies appear at
the phase transition and these can be used to map the
magnetic phase diagram of the compounds. This has
been done, for example, for two quasi-one-dimensional
antiferromagnets CsNiCl; (Ref. 7) and CsMnBr; (Ref. 8).
The elastic properties of CsNiF; have been studied by
many techniques: the vibrating reed by Barmatz et al.,’
Brillouin scattering by Kérajamaki, Taiho, and Levola,!©
ultrasonic propagation and Brillouin scattering by Ganot
et al.,'! and ultrasound and thermal expansion by Simp-
son, Caillé, and Jericho.!? The large softening of the
Young’s modulus along the ¢ axis observed by Barmatz
et al.’ has never been reproduced in subsequent studies.
In all other experiments the elastic constants are found to
increase upon cooling from room temperature except C,
which softens below 175 K. The only anomaly reported
at the phase transition in the literature,'? except the vi-
brating reed measurement of Barmatz et al.,” has been
tentatively associated with C,,. We will report here that
an anomaly is only observed on Cj;, in contradiction
with mean-field predictions.!3 It is then the purpose of
the present high-resolution ultrasonic study to examine in
detail the behavior of the phase boundary line close to the
Neéel temperature for different magnetic-field orientations
relative to the ¢ axis. For the two main orientations, the
deduced exponents B are different and a mean-field
description is inadequate; in the basal plane the exponent
is consistent with previous magnetization experiments.
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We will also emphasize the need to include the nonlinear
behavior of this compound to understand the complete
phase diagram.

II. EXPERIMENT

The ultrasonic velocity was measured using a pulsed
acoustic interferometer, whose operating principle is
based on the measurement of the phase difference be-
tween the ultrasonic wave and a reference signal.'* This
phase difference ® is inversely proportional to the ul-
trasonic velocity ¥ according to the relation,

27 fL

V ’
where L and f are, respectively, the sample’s length and
the frequency of the ultrasonic wave. If the phase
difference is maintained constant by means of a
computer-controlled feedback loop, then the relative ve-
locity variation is given by

AV _Af AL
v f L

One can, therefore, relate the variations in the ultrasonic
velocity to the changes in frequency and the changes in
length of the sample due to magnetostriction and thermal
expansion. Magnetostriction and thermal expansion
effects (evaluated using the data of Ref. 12) were neglect-
ed as they are at least one order of magnitude smaller
than measured velocity variations.

For longitudinal waves propagating along the ¢ axis in
the hexagonal symmetry, the changes in the velocity can
be related to the changes in the elastic constant C;; as
follows:

AV _ 1 AGs
V. 2 Cy
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Therefore the measured changes in frequency can be
directly related to the changes in the elastic constant C;;.
The ultrasonic attenuation is obtained from the ampli-
tude of the first transmitted pulse at the output of the
sample.

The sample used for this experiment measured approx-
imately 2X7X 17 mm3. Its tendency to cleave along the
{1120} plane facilitated its orientation for acoustic prop-
agation along the ¢ axis [0001]. Parallel faces perpendic-
ular to the ¢ axis were polished to receive longitudinal Y-
cut LiNbO; transducers (30 MHz) bonded to the crystal
by a silicone sealant. Longitudinal acoustic waves were
generated at 30, 90, 150, 210, and 270 MHz. A precision
better than 1 ppm can be obtained using this phase com-
parison method.

Magnetic-field amplitudes between O and 10 T were ap-
plied using a superconducting coil. The sample was rotat-
ed in the magnetic field using a sensitive gear system for
which a precision of 0. 1° can be obtained. Because of the
large mass of our sample, the absolute value of its tem-
perature could only be determined within £0.03 K from
one experiment to the other. Temperature stability was,
nevertheless, obtained within 20 mK using a Si diode for
measurements in zero field, while a carbon-glass resistor
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and a SrTiO; capacitance were used for measurements in
the magnetic field.

III. RESULTS AND DISCUSSION

In order to map out the magnetic phase diagram of
ABX; compounds from an ultrasonic experiment, one
can look for anomalies appearing at the phase transition
on the temperature dependence of both the velocity (elas-
tic constant) and the attenuation. These anomalies are
subsequently studied as a function of a magnetic field
oriented along different directions. For CsNiF;, well-
defined anomalies are only observed for longitudinal
waves propagating along the hexagonal axis.

A. Magnetoelastic coupling

The relative variation of the elastic constant C,; and
the attenuation as a function of temperature at different
ultrasonic frequencies are, respectively, shown in Figs.
1(a) and 1(b) for zero magnetic field. The data were nor-
malized to their value at 2 K and the curves have been
shifted vertically for clarity. Anomalies at the phase
transition (2.7 K) are observed in both quantities. Their
shape is strongly dependent on frequency over the
30-270 MHz range, a situation which as far as we know,
has not been observed before on compounds of the same
family.”®

At the highest frequencies (210-270 MHz), the transi-
tion is seen around 2.67 K as a slope variation of the elas-
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FIG. 1. Relative variation of the elastic constant C;; (a) and

attenuation (b) as a function of temperature at various ultrason-
ic frequencies.
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tic constant and a peak on the attenuation. As the fre-
quency is lowered the slope variation is changed into a
depression of increasing amplitude; the attenuation peak
decreases as expected with frequency. On the elastic con-
stant, the minimum of the depression is centered at 2.67
K, the most reported Néel temperature in the literature;
we will see in Sec. III B that Ty is higher around 2.77 K
where the depression begins. For higher temperatures,
and thus in the paramagnetic phase, well-defined thermal
oscillations are seen on both the elastic constant and the
attenuation: their wavelength increases with temperature
but decreases with frequency. These oscillations persist
up to 15 K and their origin is not yet understood; they
could be related to a domain structure present in the
one-dimensional paramagnetic phase. To prevent any ob-
struction from these oscillations to map out the phase di-
agram, we will use the high-frequency data (210 MHz)
for our study. We have, however, verified that the phase
diagrams presented in this paper are not dependent on
frequency.

The only similar anomaly observed in an ultrasonic ex-
periment was reported by Simpson, Caillé, and Jericho;'?
they interpreted their data by assuming that they were
observing a bar mode at 10 MHz, associated with the
elastic constant C,,. We have clearly verified for our
sample that C,, is free from any anomaly over this fre-
quency range. We believe that the observed bar mode
was associated with Cj;; besides, the amplitude of their
anomaly at 10 MHz (10™%) is fully consistent with ours
at 30 MHz (6X107°). No thermal oscillations for
T >2.7 K were reported by these authors.

We thus conclude from our data that the magnetic
phase transition around 2.7 K in CsNiF; produces a vari-
ation of the magnetoelastic coupling; this gives a depres-
sion on the elastic constant C;; whose amplitude is fre-
quency dependent. The exact shape of the anomaly with
temperature is dependent on the interaction terms ap-
pearing in the magnetoelastic energy and the minimum
will not be necessarily centered at T. The only predic-
tion known for this elastic constant is a mean-field one
made by Plumer and Caillé;!3 they predicted a variation
at the transition AC,;/C;;~2.2X 1075, a value smaller
by more than one order of magnitude than the measured
value. This anomaly will now be studied at a frequency
of 210 MHz as a function of the magnetic field to obtain
the phase diagram.

B. Magnetic phase diagram

The magnetic phase diagram for the field oriented in
the basal plane has been obtained from neutron-
diffraction* and magnetization experiments.®> To our
knowledge, no experimental investigation of the phase di-
agram is reported in the literature for orientation of the
field along the hexagonal axis or for its angular depen-
dence. Only theoretical mean-field predictions have been
proposed by Plumer and Caillé.!?

1. Magnetic-field oriented in the basal plane

Figure 2 shows the variation of the elastic constant
AC,;/C5; and the attenuation obtained as a function of a
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FIG. 2. Relative variation of the elastic constant C;; (a) and
attenuation (b) at different temperatures as a function of mag-
netic field for fields in the basal plane at a frequency of 210
MHz.

magnetic field at fixed temperatures below Ty for a fre-
quency of 210 MHz. The magnetic field is oriented paral-
lel to the basal plane. In Fig. 2(a), as the field is in-
creased, the elastic constant softens, reaches a minimum,
and then hardens abruptly; an arrow indicates, at each
temperature, the field at which the hardening rate is max-
imum. This determines the critical field at a fixed tem-
perature, separating the ordered state (three-dimensional
antiferromagnetic) at low fields from the paramagnetic
state at high fields. The small structure appearing for
H <0.05 T is likely to be related to monodomain forma-
tion.* It is useful to note here that at T=2.66 K (the
most reported Néel temperature is T, =2.67 K) the
critical-field value is still 0.15 T; the exact Néel tempera-
ture must then be higher, as will be discussed shortly. In
Fig. 2(b), the attenuation presents a structure that can be
mapped on the variation of the elastic constant. The
transition is seen here as a sudden increase of the attenua-
tion and the arrows indicate the critical field determined
from Fig. 2(a). The choice of our definition for the criti-
cal field is only guided by the occurrence of coherent
structures on both the attenuation and the elastic con-
stant variation, since we cannot gauge the exact field
dependence of the elastic anomaly; this is an adequate
choice which minimizes the error on H,. The same pro-
cedure will be used in subsequent sections.

Similar magnetic-field scans were obtained at different
temperatures between 2.0 and 2.8 K: the deduced critical
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fields were used to obtain the phase diagram shown in
Fig. 3 (diamonds). The diagram is characterized by a
slow decrease of the critical field as the temperature is in-
creased from 2.0 K; the decrease rate becomes larger for
T>2.65 K and no critical field could be deduced over
2.74 K. This temperature dependence is similar to the
one deduced from the neutron-diffraction experiment
(circles), except for the field and temperature scales; at
2.0 K, our critical field is near 0.29 T when the neutron
value is just over 0.21 T; moreover, the Néel temperature
deduced from magnetization data’ is 2.665(8) K while
ours is likely to be 2.77(1) K, a difference larger than the
precision on the absolute value (0.03 K). This discrepan-
cy in scales will be discussed shortly.

In Fig. 3 we have also added the results of a mean-field
prediction (using T, =2.77 K) as proposed by Plumer
and Caillé;'? even very near Ty, disagreement with exper-
imental data is observed. We remind the reader that
mean-field theory works nicely to explain the phase dia-
gram deduced from ultrasonic data in other 4BX; com-
pounds. At the boundary between the paramagnetic and
the ordered phases the critical field H, should scale as the
zero-field order parameter Sy;!*> we can thus write
H_~(Ty—T)P for the critical behavior. This expression,
used for T >2.6 K, yielded a best fit over the complete
temperature range as is shown in Fig. 3. The parameters
are Tp=2.77+0.01 K and B=0.31%0.01. This ex-
ponent 3 is smaller than the value deduced from magneti-
zation,” B=0.34=+0.3, but considering the error on this
last value, it seems to be consistent with the Ising univer-
sality class.

Now we have to ask the question why, in the ultrasonic
experiment, the low-temperature critical field and the
Néel temperature values are higher. The answer is relat-
ed to the recent history of the sample. These ABX; com-
pounds are highly hygroscopic and they are always kept
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FIG. 3. Phase diagram obtained at 210 MHz (diamonds) for
fields in the basal plane; comparison with mean-field predictions
(dotted line) and neutron data (circles). Solid line was obtained
from a least-squares fit (see text).
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under dry atmosphere to maintain their intrinsic quality.
Our crystal was excellent; a nice transparent green single
crystal having a minimum of defects, mainly cleavage
planes along the hexagonal axis. Moreover, the crystal
had never been subjected to high magnetic fields before
the ultrasonic study. The first experiment has been per-
formed with the magnetic field in the basal plane and the
phase diagram obtained at 30, 90, and 210 MHz is shown
in Fig. 4; as said before, the diagram is frequency in-
dependent and very similar to the neutron-diffraction
data.* The next experiment was to rotate the sample to
produce an angle of 30° between the basal plane and the
field direction. When the field was increased up to 10 T,
an important torque was surprisingly exerted on the sam-
ple in the paramagnetic phase so as to move the sample
from its initial direction. To proceed further with the ex-
periment, we had to modify the sample holder to prevent
any other movement of the sample during the field scan,
then realign the crystal to maintain the field in the basal
plane and reobtain the previous phase diagram. The re-
sult was very surprising; a similar diagram, but with
enhanced critical field and Néel temperature values as
shown at 210 MHz in Fig. 4. Subsequent thermal (2—-300
K) and magnetic cyclings (0—-10 T) did not modify the di-
agram. Since the crystal was always kept in low helium-
gas pressure and no mechanical stress was applied,
this enhancement is likely related to the application
of a high field, possibly modifying the magnetic micro-
structure. A small hysteresis is, indeed, observed at the
phase transition indicating the persistence of domains,
while we thought that a small field had produced a mono-
domain. The thermal oscillations observed in the
paramagnetic state could be related to this domain struc-
ture. How exactly is this microstructure modified by the
application of a high magnetic field is left as an open
question. In this paper the critical fields were always
measured for increasing magnetic fields; the values ob-
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FIG. 4. Phase diagram obtained for fields in the basal plane:
before magnetic cycling at 30 (hollow circles), 90 (hollow
squares), and 210 MHz (hollow triangles); after magnetic cy-
cling at 210 MHz (filled circles).
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tained for decreasing fields are a little smaller but they
are still higher than the neutron data.

2. Magnetic-field oriented parallel to the hexagonal axis

For the field oriented parallel to the hexagonal axis, we
present in Fig. 5 the elastic constant variation and the at-
tenuation as a function of field at a fixed temperature of
2.0 K. Now the field scale extends up to 2.6 T. In Fig.
5(a) the attenuation increases with field in a monotonic
way; at ~2 T, we observe a small local maximum likely
related to the phase transition. The elastic constant
shown in the same figure softens with increasing field and
the phase transition may be seen as a small change of
slope at ~2 T. An enlarged region is presented in Fig.
5(b) to better appreciate the behavior of both parameters;
an arrow indicates the critical field corresponding to the
onset of the phase transition. For all temperatures be-
tween 2.0-2.8 K the observed anomaly was similar and
field scans up to 10 T did not reveal other structures that
could be related to the transition.

We present in Fig. 6 the phase diagram deduced from
the measured critical field at different temperatures. To
our knowledge, this diagram has never been reported ex-
perimentally. The overall dependence of the critical field
on temperature is similar to the previous phase diagram.
At first, the critical field decreases slowly with increasing
temperature and then more rapidly for 7>2.65 K. Evi-
dently, the critical behavior near the Néel temperature is
not mean field and, if we use a similar expression as be-
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FIG. 5. Relative variation of the elastic constant C;; and at-
tenuation (a) at 2 K as a function of magnetic field for fields
along the chain axis at 210 MHz; graph (b) is an enlargement.
The dashed lines are guides for the eye.
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FIG. 6. Phase diagram obtained at 210 MHz (circles) for
fields along the chain axis; comparison with mean-field predic-
tions (dotted line). Solid line was obtained from a least-squares
fit (see text).

fore to relate the critical field to the order parameter, we
obtain a best fit for 7>2.6 K with parameters
Tn=2.80+0.01 K and =0.371+0.01. Considering the
imprecision of the absolute value of the temperature from
one experiment to the other (0.03 K), the Néel tempera-
ture is consistent with the previous one. The exponent 3
is, however, larger and more in agreement with the
Heisenberg universality class; a temperature shift of 0.02
K to reconcile the Néel temperatures does not modify the
exponent. The low-temperature critical-field values are
also different being eight times larger for this particular
orientation, a value much smaller than the expected one
based on the ratio D/J, ~30. In the basal plane, the
magnetic field competes with the interchain exchange
constant J,, which is of the order of 0.28 K or 0.28 T;?
this explains, qualitatively, the observed critical field
(0.29 T) for this orientation. When the field is oriented
perpendicular to this plane, the field is rather in competi-
tion with the single-ion magnetocrystalline anisotropy
D =8.5 K (Ref. 2) or approximately 8.5 T. For this field
orientation, the observed value, 2.3 T, is thus much
smaller than expected.

3. Angular dependence of the phase diagram

The angular dependence of the magnetic phase dia-
gram can also provide a complementary view of the com-
peting magnetic interactions and excitations present in
the studied crystal. This has been done, for example, for
the antiferromagnet CsMnBr; (Ref. 8) where mean-field
theory fits very well not only the phase diagram but also
its angular dependence.

We show in Fig. 7 the elastic constant and attenuation
data obtained as a function of the magnetic field at a fixed
temperature of 2.0 K for different field orientations; the
angle is measured relative to the basal plane. For the
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FIG. 7. Relative variation of the elastic constant C,; (a) and
attenuation (b) at 2 K as a function of the orientation of the
magnetic field (0° being the basal plane and 90° the ¢ axis).

elastic constant [Fig. 7(a)], the critical field is easily
identified by the discontinuity indicated by the arrow; on
the attenuation, the phase transition produces a peaked
structure whose onset is also indicated by an arrow. This
critical field at 2.0 K has been followed for many angles
between 0° and 90°; its angular variation is given in Fig. 8.
In the same figure we have plotted the mean-field predic-
tion in order to fully appreciate the particular angular
dependence observed for this compound. When the field
deviates from the plane direction (0°), the critical field
barely increases; it is only for 8 > 45° that the critical field
increases more rapidly. The increase is particularly steep
beyond 80°, the maximum value of 2.3 T is obtained over
a very narrow range of angles. The same angular depen-
dence was obtained for higher temperatures (2.3 and 2.6
K) with consequently smaller critical fields.

Such a peculiar angular dependence has not been ob-
served yet in other crystals; as said previously, antiferro-
magnetic compounds of the same family seem to be well
described by mean-field theory. One may ask the ques-
tion as to why is it different for the ferromagnet CsNiF;.
Is this angular behavior observed in other magnetic prop-
erties? Seitz and Benner'’ have studied the angular
dependence of the nuclear relaxation rate 7! in the
paramagnetic phase; they have obtained a dependence
very similar to the one observed in the ultrasonic experi-
ment. According to Plumer,'® one can invoke simple
phenomenological arguments to relate the relaxation rate
to the order parameter and, therefore, to the critical field.

dence may be fitted by a model which includes magnon
and soliton contributions. It has been shown in the
literature that the nonlinear behavior of this compound
must be considered to explain the static and dynamic
magnetic properties. This must also be the case for the
magnetoelastic coupling. Contrary to the other com-
pounds, the anomaly observed on the elastic constant Cs;
is frequency dependent and its amplitude is much larger
than the prediction of mean-field theory. Moreover,
thermal oscillations appear on both the elastic constant
and attenuation below 150 MHz in the paramagnetic
phase. We thus believe that more elaborate models incor-
porating nonlinear excitations are needed to explain the
peculiar magnetoelastic coupling and the critical
behavior of the complete phase diagram.

IV. CONCLUSION

We have presented in this paper a complete magnetic
phase diagram of the quasi-one-dimensional ferromagnet
CsNiF;, using an ultrasonic experiment. The phase dia-
gram was obtained from the observation of anomalies on
the velocity and attenuation of longitudinal ultrasonic
waves propagating along the hexagonal axis. The shape
of these anomalies were frequency dependent but the de-
duced phase diagram was not. For the magnetic field
oriented in the basal plane, the diagram is very similar to
the one deduced from neutron-diffraction and magnetiza-
tion experiments but the critical fields and the Néel tem-
perature are somewhat higher. The universality class is
likely to be Ising, in agreement with ferromagnetic planes
coupled antiferromagnetically. The phase diagram with
field oriented along the hexagonal axis is reported and is
somewhat different from the other one; the exponent
agrees with a Heisenberg universality class. The critical
field value is eight times larger, a value much smaller



48 ULTRASONIC INVESTIGATION OF THE MAGNETIC PHASE . .. 6205

than the expected single-ion anisotropy to the interchain
exchange constant ratio. The angular dependence of the
critical field was also obtained and it confirmed the inade-
quacy of mean-field theory to explain the critical
behavior of this ferromagnet. The experiments seem to
indicate that the nonlinear behavior of this compound
should be taken into account to fully understand the
peculiar magnetoelastic coupling and the deduced mag-
netic phase diagrams. Finally, hysteretic effects,
enhancement of the critical field, the Néel temperature,
and the particular shape of the phase diagram near Ty

may suggest that the phase transition could be slightly
first order.
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