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The elastic properties of NiF, were studied at 65<7 <300 K using the ultrasonic pulse
superposition method. At 300 K, the measured adiabatic elastic stiffness moduli, in units of
10! dyn/cm?, are Cy;=14.50, C1,=11.04, C3=9.09, C33=22.08, C,,=4.65, and Cgg=9.94.

The measured moduli are compared with the theoretical values calculated from Pandey’s
model by using published Raman frequencies. Near 300 K, each dC; _,/d T has a negative
value. But dCg/dT, where Cg =3(Cyy—Cyy), is positive between 300 K and the Néel tempera-
ture T,. Other anomalous features are the following. There is a long precursor above Ty

in Cg3 and Cy,, Cj3 exhibits critical exponents near Ty, whereas the values of Cy;, Cgg, Cs,
etc. show sharp “cut-off’”’ anomalies below T'y. These can be eliminated by a 4-kOe magnetic
field along suitable directions. These properties of the elastic moduli are discussed in terms
of a lattice instability or volume magnetostrictive coupling mechanism above Ty, linear
magnetoelastic couplings, shear instability, and weak ferromagnetic domain effects, respec-
tively. Possible existence of twin domains is proposed.

I. INTRODUCTION

In recent years, ultrasonic methods such as
phase comparison' and pulse superposition® have
become powerful tools for studying physical prop-
erties in materials. The high resolution of these
methods enables one to detect small changes in
acoustic velocities. Physical properties such as
anomalies in acoustic velocities, attenuation,
critical phenomena, and various coupling mecha-
nisms in the crystal can be studied. Experiments
of this sort have been reported in literature,®*
but the present study is one of the few to report
the complete elastic tensor of a weak ferromagnet
over a large temperature range.

NiF, has been chosen for this study for several
reasons. First, it has the important crystal struc-
ture of rutile (TiO,). The lattice dynamics of this
type of crystal has become a subject of interest
recently.® Second, NiF, becomes a canted weak
ferromagnet below its Néel temperature 7y.5*” The
properties of this type of phase transition are very
important for building up-the theory of magnetism.
Very few ultrasonic experiments have been done on
such substances.? Third, NiF, also exhibits a
crystallographic distortion below 7y.° In view of
the above, we feel that a systematic measurement
of acoustic velocities in NiF, is needed to under-
stand more about the lattice dynamics, phase
transition, weak ferromagnetism, and domain ef-
fects in this crystal.

We measured a complete set of the adiabatic
stiffness moduli of NiF, in the temperature range
65<7<300 K. From these moduli and their behav-
ior in a magnetic field, the associated elastic
properties are investigated. In the following, we
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briefly review the crystal properties. The details
of the experimental procedures and the results are
presented in Secs. III and IV, respectively. The
discussions and the conclusions of the experiments
are presented in Sec. V.

II. CRYSTAL PROPERTIES

NiF, has the rutile-type crystal structure at
room temperature. It belongs to the space group
P4,/mnm. The tetragonal unit cell is shown in
Fig. 1. It contains six ions: Two nickel ions are
located at positions (0,0, 0)and (3, 3, 3), and four
fluorine ions at positions (,%,0), (1 -u,1-u,0)
and (+u,5¥u,0). The lattice constants area=b
= 4.6506+ 0.0002 A and ¢ =3.0836+ 0.0004 A, and
the lattice parameter is » =0.302.'° The density
determined from these values are 4.815 g/cm?®.

Below 7, =73.2 K, NiF, is a weak ferromagnet.
Its magnetic properties can be explained by a two-
sublattice model” in which the corner and body-
centered spins of the nickel ions lie nearly anti-
parallel in the a-b plane but are canted slightly
away from the b axis, resulting in a weak moment
pointing along the a direction. The weak ferromag-
netic moment can point along four equivalent di-
rections in the a-b plane, giving rise to four pos-
sible directions of the domains. It has been
shown® that in zero magnetic field, the averaged
values of the a and b lattice constants are equal,
but in the presence of a magnetic field which
causes the domains to line up along the a direc-
tion (so defined), the lattice constant a is greater
than the lattice constant b by 0.026% at 20.4 K.°
A single domain NiF, crystal belongs to the ortho-

rhombic magnetic space group Pnn'm’."!
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FIG. 1. Rutile-type crystal structure of NiF, at room
temperature. It has a tetragonal unit cell containing six
ions. The black balls represent Ni** ions and the white
balls represent F~ ions. Ion 2’ just below ion 2 along
the c axis is not shown.

III. EXPERIMENTAL DETAILS

A. Specimen preparation

One large specimen cut from a single-crystal
boule'? was used for all the investigations. This
specimen has a purity of 99.9% with Fe, Co, and
excess Ni as main impurities. Two pairs of sur-
faces parallel to the (100) and (001) planes were
prepared first. After the acoustic velocities for
v; ,2=1-6 were measured in the range 65<.7<300
K at 1 bar and at high pressures'® at 296 K,
another pair of surfaces parallel to the (110) plane
was prepared for the measurements of v to v,,.
Finally, surfaces parallel to the (011) plane were
prepared for measuring v,, and v,,. The designa-
tion of these velocity modes, their relations with
the elastic stiffness moduli C;;, and the thickness
of the specimen are summarized in Table I.

TABLE I. Elastic modes, elastic stiffness moduli, and specimen lengths. 2

Specimen
length (cm)
Mode at 296 K Velocity pv?
d, llitoo) 0.79374 v, Cyy
4, llo10] 0.79374 vy Cyy
d; Il oo1) 0.884 28 vs Cy3
ds |l [001] 0.88428 vy Cy
éllfo10]
ds Il [001)] 0.88428 vs Css
el [100)
ds Il 1100] 0.79374 ve Ces
e | fo10]
d,L(10) 0.67623 vq Cr=3(Cyy+ Cyy+2Cg)
dsL(110) 0.67623 vg Cs=4(Cy = Cyy)
&1[001)
d,L(101) 0.73782 vy Ca=+Clt+ Cyyn’+ Cs5
+{[Cy? = Cygn® + Css(n? =1
+41202(C 5+ Cys)?}172)
dpL(011) 0.73782 V1o Cor=+(Coym? +Cy3n®+Cyy
+{[Copam? = Cy3n*+Cyy(n® = m?) ]
+4m? n*(Cyy + C)*}17?)
dsL(101) 0.737 82 vy Cos=+(Cyyl*+Cy3n® + Cyg
L
éL[10] _ {[Culz— C33n2+ Cos(n2=1%)]
+4122%(C 3+ Cs5)*}1/?)
dsL(ot1) 0.73782 V1 C4s=1(Coym? +Cyyn*+Cyy
2.1 [100]

—{[Com® - C33n* +C yy(n* = m")}*

+4m?n?(Cy + Gy )*}?)

3§, is the wave vector of the longitudinal propagations. s is the wave vector of the shear
propagations. & is the particle vibration vector of the shear waves. (l,m,n) are the direction
cosines of d with respect to the [100], [010], and [001] axes in the crystal.
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The specimen was oriented by Laue back reflec-
tion to within 0.5° of the desired orientation. The
required pair of polished surfaces were parallel
to better than + 5X107% cm.

B. Ultrasonic experiments

The acoustic velocities were determined using
the ultrasonic pulse superposition method.?*** The
pulse repetition frequency was adjusted and re-
corded. The required n =0 condition was checked
by using standard time markers exhibited with the
video echo patterns displayed on a dual-trace
oscilloscope, and by the method of tuning and de-
tuning of the carrier frequencies as described by
McSkimin.? A transit time change of a few parts
in 107¢ can be detected.

The attenuation of acoustic waves for some
modes have been measured near 7y using the
pulse and echoes method. The amplitudes of the
first two echoes displayed on the oscilloscope
were measured. The absolute and relative accu-
racies of the attenuation were about 2 and 0.5
dB/cm, respectively.

C. Transducers and bonding

Coaxially gold plated X and AC cut quartz trans-
ducers of fundamental frequency 30 MHz, ; in. in
diameter were used to generate longitudinal and
shear modes, respectively. Dow Corning vacuum
grease (No. 907V), Apiezon N grease and Dow
Corning 705 fluid were used for the bond be-
tween the specimen and the transducer. For sev-
eral modes, two kinds of bonds were necessary
for studying the entire temperature range.

D. Low-temperature cryostat and specimen holder

The specimen was clamped to the end of a taper-
ed copper plug. The plug fits in a chamber of a
copper block which carries a heater wire. The rf
signal wire and one of the copper-Constantan
thermocouples are fed through holes in the plug to
the transducer and specimen seat. Another ther-
mocouple is imbedded in the block. The specimen
assembly was lowered to the bottom of a stainless
steel tube which has a long vacuum jacket. The
tube was immersed in liquid nitrogen in a glass
Dewar. The temperature was lowered to 65 K by
pumping on the liquid nitrogen. Below 77.6 K, each
data point was taken at a constant T achieved by
controlling the pumping pressure on the liquid ni-
trogen and adjusting the power delivered to the
heater. The relative accuracy of the temperature
measurements was better than 0.02 K. Above
77.6 K, the measurements were done by slowly
warming up the crystal at a rate less than 0.3
K/min.

E. Calculation of elastic moduli

Above Ty, NiF, is tetragonal and has six elastic
stiffness moduli, C,),C,;, Cy3,Cs3,Cyy, and Cyq. Be-
low Ty, the magnetostriction lowers the crystal
symmetry to orthorhombic and three more moduli,
C,;, Css, and C,; emerge. The relations among the
acoustic velosities and Cy;’s are tabulated in Table
1‘15

When solving the quadratic equations for C,; or
C,;, there are two possible roots for each. The
correct choice was determined from Born’s cri-
terion of lattice stability'® which requires that
Cy (i =1=8),C,,Cy5 - CZ,, and the determinent
| Ci; Il G,5 =1,2,3) be positive. In calculating the
moduli, the x-ray lattice constant data of Haefner
et al.® have been used to correct for changes in
thickness and density with temperature.

F. Accuracy of measurements

The uncertainty in the measured velocities a-
rises from several factors: (i) the non-reproduc-
ibility of the electronic measuring system; (ii)
the changes in the quality, the coupling, and the
thickness of the bonding; (iii) misorientations and
impurities in the specimen; (iv) errors in the
thickness, orientation, and the temperature de-
terminations; (v) nonparallelism of surfaces; and
(vi) other anharmonic and dissipative effects in the
specimen. The uncertainty is estimated to be less
than 0.2%.

IV. EXPERIMENTAL RESULTS

The directly measured elastic stiffness moduli
at seven temperatures are summarized in Table
II. Their T dependence in the range 65< T<300 K
in a zero magnetic field is plotted in Figs. 2_—5.
Their detailed behavior in a magnetic field H a-
round 7Ty is plotted in Figs. 6-9. The absolute
accuracy for these moduli is better than 0.3%. The
relative accuracy is much better.

The modulus C,, obtained from C, and G, and the
moduli C,; and C,; obtained from Cq and Cgs are
also given in Table II. They are plotted in Fig. 10.
The absolute accuracy of these is better than 0.8%.

The temperature derivatives listed in Table II
were determined from the slopes of the smoothed
curves at 300 K.

There is no amibiguity in the data above Tj.
However, some explanation is needed for the data
below Ty. As shown in the figures, there is very
sharp “cutoff” anomaly in each of the modes C,,,
Css> Cr, G5, and Gy below T,. At Ty, the acoustic
velocity decreases very rapidly and the attenuation
approaches infinity so that there is practically no



4860

ADAM YU WU

TABLE II. Directly measured and derived adiabatic elastic stiffness moduli of NiF, as a

function of temperature (relative values). 2

Elastic

stiffness Temperature (K) ( ax

moduli 300 250 200 150 100 74 67 ar / sox
Cu 14.50(+0.02) 14.59 14.68 14.75 14.82 14.85 14.87 -0.18
Cp
Cy3 22.08(x0.02) 22.23 22,38 22.49 22.52 22.35 22.39 —-0.33
Cu 4.652(+0.01)  4.665 4.675 4.681 4.679 4.675 4.671 —0.03
Css 4.675
Ces 9.94(+0.01) 10.06 10.17 10.27 10.36 10.40 —0.24
c, 22.69(+0.02)  22.92 23.16 23.37 23.54 23.62 —-0.47
Cg 1.722(+0.002) 1.704 1.676 1.652 1.629 1.624 1.623 0.05
Ca 19.99(+0.02)  20.12 20.24 20.33 20.38 20.30 20.31 -0.26
Ci 20.30
Cas 4.410(+0.004) 4.427 4.442 4452 4.452 4.437 4.445 -0.28
Cas
Cp 11.04(x0.04)  11.17 11.32 11.45 11.55 11.61  --- -0.28
Cis 9.08(+0.03) 9.45 9.23 9.36 9.36  9.36 —-0.16
Cy

3 Moduli are in units of 10'! dyn/em?, their absolute accuracies are given at 300 K. The
temperature derivatives of these moduli at 300 K are in units of 10° dyn/cm? K. Data at
67 K were measured in a magnetic field along the a direction.

signal observable a few degrees below Ty down to
65 K. To show this phenomenon, the attenuation
for several modes is plotted in Fig. 11. The cut-
off anomaly in acoustic velocity and the attenuation
for each mode could be removed by applying a
magnetic field along certain definite directions.
For instance, a magnetic field of 4 kOe along the

a direction eliminates the anomaly in C,,, s, and
Cqs, but not in G and C;. For Gy and G, the
anomaly can be removed by the same field along
the [110] direction. These moduli restored by the
magnetic field connect smoothly with their values
above Ty. They can be regarded as the “intrinsic”
moduli. In a weaker field, however, the anomali
usually persisted. We may call these the “effec-
tive” moduli because in this case only the effective
result from the strong magnetoelastic coupling in
the specimen is observed, which will be discussed
in Sec. V.

The “intrinsic” moduli in any one run showed no
hysteresis as the temperature was lowered from
77.6 to 65 K and then increased from 65 to 77.6 K.
But occasionally, the quality of the signal became
poor or even vanished below 7,. The data present-
ed in the figures are data for which the quality of
the signal never deteriorated. The relative accu-
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racy of the intrinsic moduli below 7} is a few parts
in 10. For the effective moduli measured in small
or zero field, the relative accuracy was less be-
cause of the rapid change of the velocities with
temperature.

Three independent sets of measurements were
taken for C,, above T, for wave propagation along
the [001], [100], and [110] directions with particle
vibration along the [100], [001], and [001] direc-
tions, respectively. They all agree within the
quoted accuracies. Below 7y, the first two results
also agree with each other. Only one set of data is
presented in Figs. 3 and 7. As shown, there is a
0.09% difference in C,5 and C,, at 65 K due to the
magnetoelastic coupling effect. Internal consis-
tency of the moduli was also checked for all the
other modes. They all agree within the quoted
accuracies.

The elastic Debye temperature 6, (elastic) was
determined to be 433+ 6 K at room temperature,
using the formula given by Betts et al."”
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FIG. 7. Behavior of the elastic stiffness moduli C,4,
Cgs, and Cgg in a magnetic field around Ty. @ repre-
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V. DISCUSSION
A. Theoretical elastic moduli

The elastic stiffness moduli can be determined
from the force constants of the crystal.

Matossi has assigned seven force constants to
rutile.'® Referring to Fig. 1, four bond stretching
force constants are &, (between the ion 2 and 5 or
similar equivalent pairs), k, (between ions 2 and 3,
etc.), k' (between ions 3 and 4, etc.), and k" (be-
tween ions 3 and 5, etc.), and three bond bending
force constants are d, (for ions 5, 2, and 6 to bend
in the horizontal ¢ plane), d, (for ions 5, 2, and 6
to bend in the vertical plane, etc.), and d, (actmg
among ions 2, 4, and 2’, etc.) These seven force
constants can be explicitly expressed in terms of
eighteen zone-center normal vibration frequencies.
Using the Raman frequencies to determine these
force constants, assuming d,=d,, ¥’ =k”, and in-
troducing one more force constant k2 for the near-
est-neighbor cation-cation interaction along the
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FIG. 8. Behavior of the elastic stiffness moduli C,
and C; in a magnetic field around Ty. @ represents
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¢ direction, Pandey'® was able to calculate the
elastic stiffness moduli of rutile. The moduli of
rutile’® and MnF,* calculated by his method, were
found to agree well with experiments.

Applying Pandey’s method to NiF, and adopting
the reported Raman frequencies, *! which are
w,(A,¢)=410 cm™, w,(B,,)="T0 cm™}, w,(B,,) = 536
cm™!, and wy(E,)=305 cm™', the force constants
were determined as, in units of 10° dyn/cm, k,
=1.095 (the average value of the two k’s determin-
ed from w, and w,), k,=0.557 (determined from
wg), k' =k"=0.166 (determined from w,), and k
=0.351 (assigned). From these force constants,
the moduli of NiF, were calculated. As we can see
from the Table III (a), the calculated values for
Cy,, Ci3, Cyp, and G4 are in fair agreement with the
experiments, but they are 43% too high for C,, and
29% too low for C,,. The discrepancies arise from
the following. In Pandey’s method, only the ex-
ternal strains are used for calculating the moduli,
the internal strains are neglected. It has been
shown by Striefler and Barsch?? however that in-
ternal strains can contribute as much as 25% to
the value of C,, in certain rutile-type crystals. If
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FIG. 9. Behavior of the elastic stiffness moduli Cg,
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temperature. @ represents data points in zero field.
O represents data points in a magnetic field of 4 kOe.

all seven force constants originally proposed by
Matossi can be determined and used in the calcu-
lation, then the results might turn out more satis-
factory. We note here that the Cauchy relations,
C,,=C¢, C13=C,,, are the result of central forces

K (dB/cm)

l
i 72

Temperature (K)

FIG. 11. Acoustic attenuation for several elastic
modes below Ty. The mode numbers are given in
Table I.
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TABLE III. Comparison of the experimental and theoretical elastic stiffness moduli of

NiF,. Moduli are in units of 10!! dyn/cm?.

Modulus Cu Css Cu Ces Cyy Cis
Experiment 14.50 22.08 4.65 9.94 11.0 9.09
Theory 2 15.75 22.08 6.63 9.13 9.13 6.63
% diff. +9% 0 +43% -8% —17% -27%
Theory ® 12.12 15.65 4.45 8.53 8.83 6.21
% diff. -16 % -29% -4% -14% -20% -32%

2 Predicted by using Pandey’s method (see text).

b predicted by Striefler and Barsch (Ref. 22).

models without considering the internal strains.

From the ir and the Raman frequencies, Striefler
and Barsch® have determined the moduli of NiF;,.
Their results are listed in Table III (b) for compar-
ison. As can be seen, their values are all too
small, especially for C;; and C,;. It has been point-
ed out by Traylor ef al.® in connection with neu-
tron dispersion experiments on rutile, that a shell
model can predict dispersion curves in rutile bet-
ter than rigid ion models. Neutron experiments
and more theoretical work on NiF, are needed to
explain the present observations.

B. Temperature dependence (T>T,,)

The temperature dependence of the elastic stiff-
ness moduli for T> Ty are presented in Figs. 2-5
and 10. Although ©,>300 K at room temperature,
it is evident that each of the elastic moduli, except
Cs, decreases as the temperature is increased at
300 K as is expected for Tz ©p from anharmonic
lattice theories.?

The softening (decreasing) in g amounts to 5.5%
from 300 K down to 7. A few tens of degrees
above 7Ty, there is a weak precursor which arrests
its softening and, at and below T, with a magnetic
field present, there is tendency that the softening
in the intrinsic Cg becomes totally arrested (see
Fig. 8). If Cs is linearly extrapolated from between
300 and 90 K to T=0 K, the extrapolated value at
0 K would be smaller than the value near T,. This
is unusual behavior. However, this would not hap-
pen if there is a concave downward curvature at
some 7>300 K. Judging from the observed G
softening behavior in rutile, ** which has a 6, of
780 K and thermal expansion anomaly near 100 K
and in MnF,, *° for which ©,=370 K and which has
a magnetic phase transition at 66.5 K, we suggest
that the G softening behavior in NiF, is the result
of both the lattice instability (Born’s criterion’)
and the magnetic and/or structural phase transi-
tion at 7y. Furthermore, since there is evidence
that the diamagnetic ZnF,, which has no known
phase transition below 300 K and an estimated ©,

near 380 K, exhibits a softening in g with pres-
sure at room temperature® similar to that observ-
ed in NiF,,"® we suggest that the softening of Cg in
NiF, is mainly related to the lattice instability.
Since the C; mode induces e,, and e¢,, strains, any
phase transition induced by this G5 softening may
lower the crystal to a possible orthorhombic struc-
ture.

From Pandey’s method to calculate Cg, it is
found that C; is determined by the force constant
k” which in term is determined by the Raman B,,
frequency. This prediction was verified in MnF,.
The measured B,, frequency in Mn¥F, decreases
with temperature, 2 which implies that the force
constant, and thus Cg, should decrease with tem-
perature. This is exactly what has been observ-
ed.? Similarly, our observation of a decreasing
Cs in NiF, predicts a decrease of the B,, frequency
by about 2.2% as T is lowered from 300 K to 7.
Unfortunately, Hutchings et al.?! do not report the
temperature dependence of the B,, frequency in
details.

C. Critical region

As shown in Figs. 6-10, C;3;, Cq, and Cgs (in the
case of Cg, a suitable magnetic field is required
to locate the minimum) show typical inverted A-
type dips at 73.22+ 0.05 K. In C,,, however, no
local minimum at 7 was observed. The C,, curve
goes smoothly through 7, with a rather broad max-
imum above 7,. One common feature of the above
modes is the existence of long precursors of at
least 100 deg above the phase transition (in the
case of C,,, the precursor may also be related to
the lattice instability). The strength of these dips
is also large. For instance, the dip in C,, from its
normal behavior assuming no phase transition is
at least 2%. It was also observed that the attenua-
tion maxima in mode G;;, Cq,, and Cqys are located
at Ty. For C;; mode, the anomalous attenuation
peak around 7 is about 1 dB/cm.

In contrast, C,,, Gy, and C; show no precursor
and no A-type minimum near 7j.
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It is clear that C,; is the only pure elastic mode
which exhibits critical behavior near 7. From
current theories developed for critical phenomena,
the acoustic velocity change Av due to the coupling
between the spin fluctuations and the acoustic wave
in the critical region of ferromagnets or antiferro-
magnets has the form?*’

Avce™t

where € =| T - T, | /Ty is the reduced temperature
parameter, ¢ is the critical exponent. Although no
such theory exists for weak ferromagnetic substan-
ces, an attempt was made to use the same formula
to find the exponent for the velocity change in v,.
Using as background a simple linear extrapolation
of the velocity from high temperature, the anoma-
lous part of the velocity Ay can be extracted. We
found that ¢ _above Ty is 0.068+ 0.002 for 2.3x107*
<€<1.8X107% and {_ below Ty is 0.034+ 0.003 for
2.4X107%<€<2.2X1072. A similar situation was
also observed in antiferromagnetic MnF, or
FeF,,*? in that ¢, is greater than {. and both are
smaller than the theoretical value.®* However,
when a magnetic field is turned on along the a di-
rection, the dip becomes rounded and smeared
(see Fig. 6), in which case, critical exponents can-
not be found with certainty.

Since all the other pure shear modes such as C,,,
Css» and Cg do not show any A-type singularity at
Ty, we conclude that in the paramagnetic phase
above 7y, the spin-phonon coupling mechanism is
mainly volume magnetostrictive instead of linear
magnetostrictive.®> Furthermore, the volume mag-
netostrictive interaction in the paramagnetic phase
is highly anisotropic because only the C;; mode ex-
hibits a singularity but two other pure longitudinal
modes, C,, and C;, do not. From this behavior and
using the formula derived by Kawasaki and Ikushi-
ma, ¥ it is easy to conclude that | 8d,/a | > [aJ,/ac |
in NiF, above Ty, where J, is the nearest-neighbor
exchange interaction and a and ¢ are the lattice
constants.

D. Elastic behavior below T,

Ciy Gy Cp, and Cg exhibit drastic cutoff anomaly
in zero magnetic field be'ow 7. As shown in Figs.
6-8, the anomalies inC,,, G,,, and Cg canbe elimi-
nated in amagnetic field of 4 kOe applied along the
a direction, or in C,, and C; along the [110] direc-
tion. Their behaviors in a magnetic field rotating
in the a-b plane are shown qualitatively in Fig. 12
(b). All these behaviors can be explained by the
magnetoelastic coupling effects.

By constructing a thermodynamic free energy
containing magnetic, magnetoelastic, and elastic
energy terms (neglecting the domain wall energies)
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FIG. 12. (a) Behavior of C;; and C,, in magnetic fields
applied along the a direction. (b) Schematic behaviors
of several elastic modes in a magnetic field rotating in
the a-b plane. Each in fixed temperature below T .

of the form
- - 1
F=M-H* +EK“-a§af +ZB‘,a,a,e” +§ZCm,ef, ,
(1)

where M is the weak moment, H* the effective
magnetic field, «; the direction cosine for the
crystal ¢ axis, K;; the anisotropic energy, B; the
magnetoelastic coupling constant, and ¢;; the
strain, it can be shown that the drop in the modu-
lus C,, and Cg follow essentially a cos®26/F(g)de-
pendence, in C,, and C, essentially a sin®2 8/F(9)
dependence, and in C, (or C,,) essentially a cos_z_G
/F(6) dependence, where F(6)=2K,, cos46 +M- H*,
in agreement with our experimental observations
qualitatively.

Below 7y in zero magnetic field, C,, also exhib-
its an anomaly. In fact, the C,, obtained from G
increases and the C,, obtained from C, decreases
as the temperature is lowered below 7,. The plot
in Fig. 10 shows only the average of these two
values, which decreases. This interesting behav-
ior is explained as follows: The change of C,, at
constant H relative to its intrinsic value can be
written3®

ACIZ =A[ (S?a - 12833)/“ S{i “] ’

where ¢,j=1,2,3. By neglecting the small S, and
AS;;and using the compliances S;,;’s®! calculated
from the C;;’s,we estimated that C,, increases if

| AS,,/AS,,1>0.94 or decreases if <0.94. This
means that the stresses of the acoustic waves can
develop some domain wall motions in the specimen
such that the apparent compliances S, and -S,
become larger and more positive. But the magni-
tude of AS,, and AS,, may be different depending on
the actual situation in the specimen. In the pres-
ent observations, the condition =0.94 or <0.94
stated above may hold for G or C; mode, respec-
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tively, at fA=0.

C,; is the average of the two C,;’s obtained from
Cyr and G . Its decreasing or increasing charac-
ter below Ty is somewhat masked by the scattered
data. Since Cq and Cggare quasimodes only, they
can couple to other pure modes. The A-type dips
observed in these two modes are mainly the result
of the coupling to the C;; mode, and the sharp cut-
off anomaly observed at zero field inCgyg is mainly
the result of the domain effect. This cutoff anoma-
ly can be eliminated by applying a 4-kOe field a-
long the a direction, as shown in Fig. 9. The do-
mains in the crystal are randomly distributed in
zero magnetic field. This can be seen from Fig.
7: When H=0, the values C,, and C,, become equal
and lie between those of C,; (€ || 2) and C,, € | b).

From the above discussion, we suggest that the
strong magnetoelastic coupling observed in
G, (Css drops at least 7% in Hi=4 kOe along the a
direction) induces a possible shear instability in
the crystal. The domains can be reorientated by
a shear e, distortion and the twinlike domains
are possible domain patterns in NiF,. The bounda-
ry between twins can either be a Néel wall or a
simple twin boundary parallel to the ¢ axis. From
symmetry consideration, the wall may preferably
be parallel to the (110) plane. Of course, the do-
main patterns proposed by Moriya’ in which do-
mains are in forms of thin plates with the Bloch
walls perpendicular to the ¢ axis should not totally

be excluded. The actual situation in NiF, may be
a mixture of both possibilities which need further
investigation.3?

In principle, all the magnetoelastic coupling
constants can be obtained by measuring the elastic
moduli and the magnetostriction constants. The
only measured magnetostriction constant is A,
reported by Haefner ef al.° By neglecting the mag-
netostriction along the ¢ axis, it can be shown
from Eq. (1) that A,,, and one of the magnetoelas-
tic coupling constant B,, are related as

A 100® %Bu/cu -Cp).

Since it is expected that the intrinsic Gg=3(C,,

- C,,) does not change much below 65 K, using its
value at 65 K and the reported A o, value, we esti-
mated B,,~ 8.5X 107 erg/cm® at 20.4 K.
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