PHYSICAL REVIEW B

VOLUME 46, NUMBER 1

1JULY 1992-1

Ultrasonic study of the quasi-one-dimensional spin fluctuations in CsNiCl;
in the presence of a magnetic field

Yves Trudeau, Mario Poirier, and Alain Caillé
Centre de Recherche en Physique du Solide, Departement de Physique, Universite de Sherbrooke, Québec, Canada JIK 2R1
(Received 27 November 1991)

High-resolution ultrasonic-velocity and -attenuation data are used to characterize the paramagnetic
phase of CsNiCl; as a function of temperature, frequency, and magnetic field (both amplitude and orien-
tation). The interpretation of the results is based on a classical treatment of a compressible spin chain.
Qualitative agreement is obtained but the experimental data put into question the validity of the classical

approach for spin fluctuations in this system.

I. INTRODUCTION

In recent years, hexagonal magnetic ABX; compounds
have been widely investigated both theoretically and ex-
perimentally. These crystals may be considered to be
quasi-one-dimensional magnetic insulators but, at low
temperature, many competing magnetic interactions pro-
duce three-dimensional ordering and yield very rich
phase diagrams. Multicritical points have been found in
many systems' and controversies about the nature of
their universality classes exist.?

Because of the quasi-one-dimensional magnetic charac-
ter at high temperatures, in general the physical proper-
ties are largely affected by the one-dimensional fluctua-
tions whose effects can be monitored on a large tempera-
ture scale. It is then very important to fully characterize
these fluctuations in order to understand the subsequent
magnetic ordering. A good candidate for such a study is
CsNiCl;, an easy-axis antiferromagnet which is ordered
below 4.85 K.> Above 10 K, the quasi-one-dimensional
character is clearly established (J,=—33 K, J,=—0.6
K) (Ref. 4) and associated anomalies have been observed
in the temperature range 10-60 K on the magnetic sus-
ceptibility,” the thermal expansion,® and the elastic con-
stants;’ other anomalies, associated instead with the
three-dimensional ordering, are present at lower tempera-
tures.

The existence of a strong magnetoelastic coupling in
CsNiCl, has been shown by previous ultrasonic’ ! and
Brillouin'® scattering measurements. Longitudinal waves
propagating along the hexagonal axis have revealed a
pronounced anomaly on the elastic constant C;; centered
around 40 K with a consequent attenuation peak. A clas-
sical model, developed by Fivez, De Raedt, and De
Raedt!"!? introduces the magnetoelastic coupling via a
modulation of the parallel exchange integral by the
interspin separation. This model yields a softening peak
for Cy; centered at a temperature near |J, | /kp and an at-
tenuation one at approximately the same temperature.
The amplitude of the attenuation peak varies as the
square of the frequency w. The effects of the magnetic
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field and of its orientation relative to the hexagonal axis
(c axis) on the ultrasonic velocity have never been includ-
ed in Fivez’s study. The investigation of such effects
should be considered in order to fully acknowledge such
a magnetoelastic coupling model and the validity of the
classical approach for treating one-dimensional spin fluc-
tuations.

We will thus report, in this paper, experimental data
for the temperature (4-200 K) and frequency (30-150
MHz) dependences of the ultrasonic velocity and attenua-
tion of longitudinal waves propagating along the hexago-
nal axis in CsNiCl; crystal. These data are obtained in
magnetic fields ranging from O to 8.5 T, oriented parallel
and perpendicular to the easy magnetization axis. In or-
der to appreciate these data we have extended Fivez’s
model for the acoustic velocity by the addition of a
single-ion magnetic anistropy field and a magnetic field.
Comparison of experimental data with the predictions of
the model supports qualitatively the coupling of spin fluc-
tuations with phonons. Some important deviations are,
however, observed and they put into question the classi-
cal approach for spin fluctuations in CsNiCl;.

II. THEORETICAL MODEL

The interpretation of our experimental data is based on
an extension of Fivez’s model to take into account the
single-ion magnetic anisotropy field and the magnetic
field. We report here only the outline of the model, the
details of the theoretical development being presented
elsewhere.!?

The Hamiltonian used by Fivez expresses the modula-
tion of the superexchange integral by a compressional
acoustic wave. We can separate it into three parts, one
for the phonons, #p, one for the spins, #g, and finally
for the spin-phonon coupling, #¢p:

H=Hp+Hs+FHsp
with
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N p? LN s
Hp= igl E"'?a I_§1 (x;j41—%)7,
N—1
Hs=—J 3 S;'S; 4y,
i=1
N—1
Hsp=—e 2 (X017 x,)8;8; 4 .

i=1

a is the longitudinal restoring force constant, J is the
parallel exchange integral (J, >>J,), and € characterizes
the strength of the magnetoelastic coupling. The index i
identifies the momentum p, the displacement from equi-
librium x, and the spin vector S at a particular site along
the chain made of N sites. To this Hamiltonian, we have
added a term for the single-ion magnetic anisotropy field

Vo

N
H =D (S7)? .
i=1
The accepted value for D in CsNiCly is quite small at
—0.62 K,* compared with Jy (=33 K). As a conse-
quence large magnetic-field-orientation effects are not ex-
pected. External magnetic-field effects are introduced via
a Zeeman term

N
Hz=—guH- 3 S; .
i=1
Due to the presence of these additional terms in the
Hamiltonian, the expression giving the acoustic velocity
is similar to the expression of Fivez’s but the term ap-
pearing in the denominator now includes the summation
over all neighbors. We now have

A~ A~

1+ Au 2[<(Si'/s\,'+1)(sj-'§j+1)>_</S\,'"S\i+1)<§j‘§j+1>] 1727

J

where

_ [S(S+1)]%?
alJ;S(s+1)|

is the magnetoelastic coupling constant. Also,
u=p|J,S(S+1)|, B=1/kyT ,

and v, is the acoustic velocity in the absence of the mag-
netic interaction. The spins S; are assumed to be classical
unit vectors. This expression is solved numerically using
a transfer operator method and it yields, in the absence of
the single-ion magnetic anisotropy and magnetic field
(D=|H|=0), the same results as obtained from the
analytical solution by Fivez. We may summarize the pre-
dictions of expression (1) according to the following: the
magnetoelastic interaction produces a softening peak,
centered at T~J, /kg, whose amplitude is controlled by
the parameter A4; the presence of a magnetic field accen-
tuates further the softening but the addition of the small
single-ion anisotropy field has no direct measurable effect
on the peak. A parallel treatment for the acoustic at-
tenuation has not been done yet.

III. EXPERIMENT

The ultrasonic velocity was measured with 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 ultrason-
ic velocity v according to the relation

b= 27 fnL ,
v
where n, L, and f are, respectively, the number of back-
and-forth trips executed by the acoustic pulse, the length
of the sample, and the radiofrequency. During the exper-
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ment, when the external parameters (H,T) are modified,
the phase difference is maintained constant by a frequen-
cy feedback loop. The relative velocity variation is then
given by

Av_Af AL
v f L

We can obtain the thermal expansion from the literature®
so that a measurement of the frequency that keeps the
phase constant yields directly the relative velocity varia-
tion. Since the magnetostriction' is usually orders of
magnitude smaller than the variation of velocity due to
the magnetic field, it is neglected. The attenuation is ob-
tained from the amplitude of the first acoustic transmit-
ted pulse at the output of the sample. Particular care has
been necessary to take into account the nonparallelism
and the finite bandwidth of the transducers. These effects
can be evaluated correctly for frequencies up to 150 MHz
and temperatures below 60 K.

The single crystal used for this experiment was grown
by the Bridgman method. Its tendency to cleave along
the {1120} plane facilitated its orientation for acoustic
propagation along the ¢ axis [0001]. Parallel faces, ap-
proximately 10 mm apart with normals parallel to the ¢
axis, were polished to receive the acoustic transducers.
In this work we have used Y-cut coaxially plated LiNbO;
piezoelectric transducers, having fundamental frequen-
cies of 10 and 30 MHz, to produce the longitudinal
acoustic pulses. Precisions better than 1 ppm for the
acoustic velocity and 10% for the total attenuation are
easily obtained with this interferometer.

In the present work, we have used longitudinal ul-
trasonic signals at 30, 50, 90, and 150 MHz propagating
along the hexagonal axis. The orientation of the crystal
in the magnetic field was controlled by a gearing system
which allows all angles from O to 90°. The sample tem-
perature was monitored with a carbon glass resistance
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sensor (weak magnetoresistance) and controlled by a Lak-
eshore DRC-93C system.

IV. RESULTS

Typical data of relative acoustic velocity and attenua-
tion, at 150 MHz, in zero magnetic field, are presented in
Fig. 1. The reference of the attenuation curve is taken at
a temperature of 4.2 K in zero magnetic field. The acous-
tic velocity shows a 0.6% softening (decrease) between 10
and 40 K while the attenuation shows a broad maximum
centered around 25 K. In the absence of a magnetic field,
the ultrasonic data obtained are similar to those reported
by Mountfield and Rayne’ and by Almond and Rayne.’ It
has also been verified that the attenuation is proportional
to ®’ as mentioned by Almond and Rayne.” These
dependences as a function of the temperature and fre-
quency have been the object of earlier investigations; they
are presented here for reference and because of their
higher resolution, they will be used later in the discus-
sion. We will now show how these data are modified by
the application of a magnetic field.

The application of a magnetic field, parallel or perpen-
dicular to the hexagonal axis, increases both the softening
and attenuation. This can be seen in Fig. 2 where the rel-
ative velocity and attenuation data are plotted as a func-
tion of the magnetic field at field temperatures. Both sets
of data follow a quadratic dependence on field and we
may write

v(H)—v(0) _ 2
v(0) AT.H",

a(H)=y(T,0)H? .

The parameters S and y are temperature and frequency
dependent and they also vary with field orientation.
These parameters are plotted in Figs. 3 and 4 as a func-
tion of the temperature for, respectively, parallel and per-
pendicular field relative to the hexagonal axis at various
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FIG. 1. Acoustic velocity and attenuation as a function of

temperature in zero magnetic field and at 150 MHz.
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FIG. 2. Acoustic velocity (a) and attenuation (b) as a function

of the magnetic field:
K.
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FIG. 3. Magnetic-field dependences of relative velocity and
attenuation for field parallel to the hexagonal axis: O, 30 MHz;
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FIG. 4. Magnetic-field dependences of relative velocity and
attenuation for field perpendicular to the hexagonal axis: O, 30
MHz; V, 50 MHz; O, 90 MHz; and A 150 MHz. (a) (T, o)
(T72); () y(T,0) (dAbT2).

frequencies. In the first configuration (parallel), the abso-
lute values of parameters 3 and y show a broad max-
imum structure; when the frequency is increased, the
maximum for the parameter S is shifted toward higher
temperature along with a diminution of its amplitude; a
similar temperature displacement can be observed on the
maximum of the parameter ¥ but its amplitude increases
with frequency in a way which is not parabolic. The pic-
ture is somewhat different in the perpendicular
configuration (Fig. 4): there is no longer a shift of the
temperature of the maximums as a function of frequency
for both parameters while the amplitude is frequency in-
dependent for the parameter 8 and shows a more normal
o? dependence for the parameter y. The observation of
frequency effects on the velocity is not predicted by the
theoretical model as well as the magnetic-field angular
dependence because of the small amplitude of the single-
ion anisotropy field in CsNiCl;. These observations for
the frequency and magnetic-field-orientation dependences
should be considered to evaluate the validity of the
theoretical model to explain the magnetoelastic coupling.

V. DISCUSSION

Before attempting to compare the experimental acous-
tic velocity data with the predictions of the theoretical
model, we must isolate the contribution due to the mag-
netoelastic interaction. This means, in the first place,
that we should subtract the elastic anharmonic contribu-
tion to the velocity, a contribution which is not directly
accessible in CsNiCl;. To conduct such a subtraction we
have tried to find an equivalent crystal for which the

magnetism, if there is any, does not affect the elastic con-
stant C;;. In CsNiF;, this elastic constant shows no
anomaly'® and it is quasilinear in the temperature range
(4-300 K). This temperature behavior for Cj;, after ad-
justing the slope by a factor of 5, has been used to isolate
the magnetic contribution to the relative variation of
acoustic velocity. This treatment is shown in Fig. 5(a).
The magnetoelastic contribution deduced along this pro-
cedure is compared to the prediction of Fivez’s model in
Fig. 5(b) in the absence of a magnetic field; the magneto-
elastic coupling constant 4 has been adjusted to 0.027
with J,=—33 K. The agreement is qualitatively good.
The experimental softening peak has its maximum at a
higher temperature and its width is much smaller than it
is predicted. As it was said before, the single-ion magnet-
ic anisotropy field D is very small in CsNiCl;
(D/J;~0.02) and its addition in the model does not
affect the softening peak. According to this we should
not expect the orientation of the magnetic field to be a
relevant parameter for interpreting the data.

Considering the magnetic-field dependence, no subtrac-
tion of the anharmonic contribution is needed and the
comparison with the model should be made easier. The
inclusion of a Zeeman term in the model predicts'> a
quadratic H? field dependence for the acoustic velocity.
This is shown in Fig. 6(a) for the parallel configuration
where we have used the same parameter 4 =0.027 at the
reduced temperature u =1 and with g=2.23. The
straight line helps to show the quadratic dependence.
This field dependence of the velocity has been verified at
all temperatures, all frequencies, and magnetic field orien-
tations. Although the same dependence was found for
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FIG. 5. (a) Process of subtraction of the anharmonic contri-
bution from the experimental data: — —, experimental data;
(—~-), anharmonicity; and , magnetic velocity. (b) Com-
parison between the experimental and theoretical magnetic
softening: , experimental and — —, theoretical.
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FIG. 6. (a) Theoretical velocity as a function of the magnetic
field. (b) Comparison between theoretical and experimental 8
for H||c: 0, 30 MHz; V, 50 MHz; and 0, theoretical.

the attenuation, no theoretical predictions are available
at this time. The temperature dependence of the theoret-
ical parameter 8 (Ref. 13) (expressing this quadratic H 2
dependence on the field) is shown in Fig. 6(b). It is com-
pared with experimental data obtained at 30 and 50 MHz
for the parallel configuration. The agreement is qualita-
tively good at the lowest frequencies but the predicted
amplitude is much smaller than measured. When the fre-
quency is increased or if the orientation of the field is per-
pendicular to the hexagonal axis, the qualitative agree-
ment is no longer valid.

Even if good qualitative agreement is found between
the experimental data and the predictions of the model,
important observations cannot be reconciled regarding
the frequency and the field orientation dependences.
These observations are possible indications that some-
thing is missing in the theoretical model. This could be
the higher-order terms in the development of the ex-
change integral'® since the large value of the magnetic
Griineisen constant would lead one to expect that the
second-order constant will be larger than the first-order
one. This second-order term was, however, neglected in
the theoretical treatment. Another important approxi-
mation made in the development of the model was the
use of classical spins (S— o). As a consequence impor-
tant quantum effects might have been neglected. In fact,
the whole comparison as a function of the temperature
relies on an arbitrary subtraction of the elastic anhar-
monic contribution to the velocity. This subtraction
gives anomalies of the velocity and attenuation which are
displaced from each other in temperature by ~15 K;
from Fivez’s model this temperature separation is at most
7 K. This difference cannot be attributed to the particu-

lar details of the anharmonic contribution chosen to ob-
tain a softening peak for the velocity. We must
remember that according to Kramers-Kronig relations,
one should expect anomalies to be centered at the same
temperature for any model. This fundamental discrepan-
cy between the experience and the model suggests to us
that there may be another way of analyzing the ultrasonic
data. With a simple anelastic model in mind, it is possi-
ble to interpret the data of Fig. 1 as a softening step for
the velocity (a step of 0.6%) when raising the tempera-
ture between 10 and 40 K accompanied by an attenuation
peak centered exactly at the center of the velocity step.
Such anomalies are often encountered in physical acous-
tics. The elastic anharmonic contribution that should be
subtracted then will be similar to what is generally found
in insulators at low temperatures. It is plausible that
such a behavior is linked to quantum effects because, in
CsNiCls, there is a relevant quantity in this range of ener-
gy, the Haldane gap'’ [A~13 K (Ref. 4)]. In this picture,
at low temperatures the magnetism is frozen by the Hal-
dane gap and the softening will come from the excited
spin waves above the gap which would start at a tempera-
ture near to the value of the gap and will be maximum
when the spin waves reach their full energy spectrum at
T~|J,|/kg~33 K. The development of a quantum
model would be needed to verify this hypothesis but the
classical approximation may still be valid in systems
where there is no Haldane gap such as CsNiF; (a fer-
romagnetic chain) or where there is a very strong easy
axis, such as CsCoCl; (D ~J, S =1).

VI. CONCLUSION

In this work, high-resolution data for the acoustic ve-
locity and attenuation in CsNiCl; have been reported as a
function of the temperature. We note that this is an
acoustic investigation of this system in the paramagnetic
phase in the presence of a magnetic field. Interesting fre-
quency and magnetic-field-orientation effects have been
found. These data have been compared with a model
based on the longitudinal compression of a spin chain
developed by Fivez and completed'® to take into account
the magnetic field and single-ion magnetic anisotropy
field. In general, the comparison between the experimen-
tal and theoretical data is good qualitatively, but the
model cannot explain the frequency and field orientation
effects. There is some evidence that quantum effects may
play an important role, especially those related to the
Haldane conjecture. The development of a quantum
model will be needed in order to fully appreciate the
acoustic data in CsNiCl;. However, the classical model
can still be useful in systems that do not correspond to
the Haldane conjecture. Experiments in such systems
will be necessary if one wants to go any further in testing
the validity of the classical model.
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