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Brillouin scattering measurements in NaN; providing information on the soft acoustic modes near
the trigonal-to-monoclinic phase-transition temperature 7T, are reported. The soft-mode velocity in
the high-temperature trigonal phase extrapolated to zero at 18°C, 2°C below T,. The elastic stiff-
ness for the soft modes varied linearly with temperatures both above and below T, with a ratio of
slopes of —2.2+0.1. No line broadening in the region of the transition was observed. Sufficient
measurements were made to determine all the elastic constants in the more symmetric high-
temperature phase. In this phase the stiffness of the soft modes is proportional to the factor
CesCas-C3i. Our measurements showed that Cy, decreased while Cg and C,4 increased, all at
unusual rates, as the temperature approached T,. It is concluded that the phase transition is ferro-
elastic (most likely proper ferroelastic) rather than an order-disorder transition.

I. INTRODUCTION

Sodium azide, NaNj, undergoes a structural phase tran-
sition at about 20°C from a high-temperature, a high-
symmetry trigonal 8 phase with space group R3m (D3y),
to a low-temperature, low-symmetry, monoclinic a phase,
with space group C2/m (C3,). This phase transition has
been studied extensively by using x-ray diffraction,' >
specific-heat measurements,®’ Raman scattering,?~!! nu-
clear magnetic resonance,'!* electron paramagnetic reso-
nance,'*~'7 and neutron diffraction.'®!® The pressure
dependence of the transition temperature,’®?! T, and an
anomaly in thermal expansion®! of the bulk crystal near
T, were also studied. The observed discontinuities were
so small?? that in early studies’ it was regarded as a
second-order transition even though it was expected to be
first order from Landau’s theory of phase tran-
sitions.?324

Since none of the elastic properties of NaN; were
known prior to our recent observations of the acoustic
soft modes in this crystal,?’ the dynamics of the phase
transition for NaN; were not clear. Originally an order-
disorder model> was suggested. This model invoking
large displacements is the opposite limit of the ferroelastic
(displacive) model where small displacements are respon-
sible.?6 Many subsequent experimental results seemed to
be in favor of the ferroelastic model.»?’ It has been pro-
posed that a rotational-translational coupling?’ produces
the mode softening and subsequently the phase transition.
The proposed mode-coupling mechanism?*?° is in the
same spirit as a model used to explain strongly
temperature-dependent elastic properties of rubber.’® The
coupling between a lateral elastic mode of polymer chains
(translational mode) and transverse vibrations of the mol-
ecules in the chains (rotational modes) is responsible for
the unusual elasticity of rubber. Chihara et al.’! used a
similar mode-coupling concept in explaining a tempera-
ture dependence of the nuclear quadrupole resonance fre-
quencies near the second-order phase-transition tempera-
ture in P,Cl;y. This model has been used by many work-
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ers in describing the phase transition of NaN3 and similar
crystals.>?

In this paper the experimental results of the elastic
properties of NaN; observed with Brillouin scattering are
described. Included are the details of the acoustic soft
mode observations, the measured values of all the elastic
constants, C;;,C33,C4,C13,C14,Ce6 [=(C1; —C13)/2],
and the temperature dependences of the elastic constants

FIG. 1. An N;~ ion and six nearest-neighbor Na™* ions in -
NaN3.
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essential to understanding the dynamics of this phase
transition.

The present results support that this phase transition is
a simple proper ferroelastic transition.® The transition is
driven by the softening of acoustic modes propagating
alogx“g a few discrete directions (one dimensional soften-
ing™).

II. THE SOFT MODES IN NaN;

In the trigonal (rhombohedral) B phase (Fig. 1), an
azide ion N3, which is a linear array, is surrounded by
two Na* tetrahedrons. A body diagonal of Na*t rhom-
bohedron is defined as a ¢ axis. A positive b direction is
chosen in such a way that it is in a mirror plane contain-
ing the ¢ axis and pointing toward Na*. Then the a axis
is defined so that the a, b, and ¢ axis form a right-hand
rectangular coordinate.>* This convention is described by
Cady.’® The N3~ array is along the c axis on an average
in the B phase. Below T.,” its average direction tilts in
the b-c plane so that the ends of the array move away
from one of the corners of each Na* triangle, and the tri-

(Cyu+Cp)/2 C3 0 0 0 0
Cus Cs/2 0 0 0 0

0 0 Cq Cia O O

A'=C%= 0 0 Cu Cu O O
0 0 0 0 Cu Cu

0 0 0 0 Cu Ce

with the free energy, G'=C'S'S’/2=A’'S'/2. Soft modes
are associated with small eigenvalues of C'. Inspection of
the C' matrix, Eq. (3), shows that the eigenvalues are dou-
bly degenerate and a pair of eigenvalues will go to zero as
the determinant of the lower 2 X 2 blocks goes to zero. As
these eigenvalues approach zero there will be soft modes
with the stiffness of the eigenvalues and a strain made up
of a combination of the two strain eigenvectors. The soft
modes which satisfy these conditions are described in Fig.
2 and its caption. In the experiments to be described, we
concentrated on measuring the soft-mode propagating in
the b-c plane at a small angle to the c axis.

III. THE EXPERIMENTAL ARRANGEMENTS

The crystals of NaN; were grown by slow diffusion of
methanol into a saturated methanol-water solution at con-
stant temperature (precipitation infusion method).*® The
crystals grown are thin platelets, 0.2—0.5-mm thick with
0.1—2-cm? faces. The crystal habits are shown in Fig. 3.
An attempt to polish!"#42 the crystals to produce ade-
quate faces for the Brillouin scattering experiments was
not successful. A subtle damage of the crystals’ may be
responsible. The faces of the grown crystals were slightly
pitted. The edges were relatively clean, however. Some
blemishes and occlusions were visible. Natural crystal
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angles shear in the b-c plane.
The elastic stiffness tensor, C, for the trigonal phase of
NaNj can be written as follows:*®

Ch Cp Ci Cy4 O O
Co Cy Cp —Cy 0 O
Csi Ci Gy O 0 0
C=lcy —Cu 0 Cu o0 of O
0 0 0 0 Cyu Cyuy
0 0 0 0 Cu Ce

The elastic free-energy (Gibbs) G is given by the tensor
product,

G=AS/2, (2)

where S is the reduced strain tensor and A is the stress
tensor CS.

The characteristics of the soft modes can be seen by
transforming the matrices and writing as>

S1+8,
21728,
5,—S,
TE
S
S

faces and natural or cleaved edges were used for all the
measurements.

The experimental arrangements are shown in Fig. 4.
The sample held by etched thin Be-Cu fingers to mini-
mize the stress was enclosed in a copper sample holder
with three windows and immersed in an index-matching
liquid, acetone.*?

FIG. 2. Predicted propagation vectors g and displacement
vector U for a pair of soft modes of NaNj at the transition tem-
perature, where C4Ces—C24—0 and tan6— —Cy/Cys. Both
modes of the pair have the same strain. The crystal has three-
fold symmetry around the c axis. The other two pairs of soft
modes can be found by rotating the pair shown by +120° around
the c axis.
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FIG. 3. Crystal habit for NaN; with the axes indicated. The
signs are based on Cady’s convention (Ref. 36).
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FIG. 4. A schematic of the experimental arrangement. L,
L,, L3, and L, are the focusing and collecting lenses. M, M,,
and M are mirrors. BS and PM are a beam splitter and a pho-
tomultiplier tube, respectively. PA is a polarization analyzer
(Glan-Thompson prism). For 180° scattering measurement, M,
BS, and L; were moved to the positions, M), BS’,and L],
respectively, and M, was installed.

NaNj is an optically uniaxial crystal with indices of re-
fraction ny=1.368 and n, =1.720.* The index of refrac-
tion of acetone is 1.359 at 20°C. The large birefringence
made determining the ray directions of the incident and
scattered light difficult when extraordinary rays were in-
volved. In our measurements ordinary rays were used as
much as possible. Also, when using extraordinary rays,
the geometry was chosen to minimize the corrections re-
quired. Most of the measurements were made using a 90°
scattering configuration. As a check on the angular
corrections some measurements were made in a back
scattering configuration.

The Brillouin frequency shift of the sample was cali-
brated against that of acetone. The temperature of the
sample was measured with a thin, 130-um diam, Fe-
constantan thermocouple soldered to the sample holding
finger. The thermocouple was calibrated against a certi-
fied thermometer.*> The temperature difference between
the sample and the thermocouple was checked by using
another thin thermocouple embedded in a plastic dummy
sample in place of the sample. The sample temperature
measurement was accurate to +0.1°C. The local heat-
ing*® was estimated as less than 0.1°.

A 10—30 mW beam obtained from a single-mode
coherent Ar ion laser, INNOVA 90, operating at 514.5
nm was used. When the highly temperature-dependent
soft modes were studied, the laser-beam power was re-
duced. No dependence of the spectra on laser-beam power
was observed. An adequate signal was still available since
the scattering intensity increased as the reciprocal of the
frequency-shift squared. Near the transition temperature
the Brillouin scattering was much larger than all other
scattering in the sample and was easily visible. The scat-
tered light was collected with a macro lens, L,.*

The alignment of the laser beam within the sample
could be monitored using the eyepiece (EP) by moving the
mirror on a motorized stage from M; to M3. Usually a
filter, F, was used to remove the scattered laser radiation
so that the trajectory of the beam in both the acetone and
the crystal could be observed due to their fluorescence.
The orientation of the sample relative to the laser beam
was adjusted to within one degree by observing the crystal
faces through the eyepiece.

The scattered radiation was spectrally analyzed using a
microprocessor-controlled Burleigh RC 110 multipass
Fabry-Perot interferometer operated in the five-pass
mode. The drift in the parallelism and the spacing of the
interferometer mirrors was corrected every 10 to 30 s.*®
After the alignment the microprocessor switched its func-
tion to a multichannel analyzer (MA) mode collecting the
photon counts by sweeping the mirror spacing. The num-
ber of the MA channels and the dwell time on each chan-
nel were adjusted so as to collect the data most efficiently.
The accumulated data was displayed on an xy recorder or
stored in a tape recorder®® for future manipulation.

A cooled RCA model C31034 photomultiplier with a
GaAs photocathode with a background count rate of four
photoelectrons per second was used in the photon count-
ing mode. When studying the strong scattering from soft
acoustic modes near the transition temperature the count
rate was converted to a voltage with a frequency-to-
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voltage converter (F— V in Fig. 4) and displayed on an xy
recorder. The spectral characteristics of the laser were
monitored by displaying the transmission of a scanned
spherical Fabry-Perot interferometer*® on an oscilloscope
(mode monitor, Fig. 4).

Only clear crystals with well-defined faces were chosen
as samples. However, many of these did not have well-
defined Brillouin spectra and some showed the double
spectra characteristic of twinning. Also, there was usually
variability in the observed spectra for a given crystal as it
was translated across the laser beam. Only regions of the
crystals where the Brillouin spectrum had sharp lines with
a minimum of broadband scattering and the center line in-
tensity, mainly caused by the scattering from the crystal
imperfections, was small, were used for our measure-
ments. The quality of the spectra obtained with a given
crystal deteriorated appreciably in a few hours when they
were immersed in acetone. The cause of this deterioration
was not determined.

IV. BRILLOUIN SPECTRA

Figures 5 and 6 show examples of the observed Bril-
louin spectra. The data accumulation time was 15 min.
The modes are labeled by their predominant character, L
for the longitudinal mode and T; and T, for the trans-
verse modes. A weak line due to the out-of-focus scatter-
ing from the acetone mode is also visible. The frequency
shifts were calibrated using the Brillouin spectrum of
acetone with the sample moved out of the laser beam us-
ing an accumulation time of 2 min. The point where the
spectra fold over (5)FSR (free spectral range), one-half
the free spectral range, is indicated. The scattering
geometry is indicated in the diagrams in the figures. In
both cases the laser beam was polarized as an ordinary
ray. A polarization analyzer, PA in Fig. 4, was removed
during these runs. In Fig. 5, phonon momentum, g, was
along the a axis. As are shown in Fig. 6, the momentum
contributing to the L and the T line, q, and that respon-

945 1594 12Fsr M7

=20.16
FIG. 5. Brillouin spectra from phonons propagating along
the a axis. A longitudinal line, L, and one of the transverse-
longitudinal line, T, are shown besides a weak acetone off-
focus line. The directions of the incident, i, and the scattered, s,
ray with respect to the crystal orientation are indicated at the
top right.

TOSHIMOTO KUSHIDA AND R. W. TERHUNE 34

'
I
'
'
[

Top View

Acetone

|
1802 \|967 GHz

(=1/2 FSR)

FIG. 6. Brillouin spectra of NaN; from the phonons propa-
gating along 45° from the ¢ axis in the b-c plane. The three
Brillouin spectra of NaN,;, T, L,, and L,, are observed. A
weak acetone off focus line is also shown. The incident beam is
an ordinary ray. The phonon propagation direction,  observed
by the ordinary scattered ray is different from G’ observed by
an extraordinary scattered ray.

sible for the depolarized T, line, G, had different direc-
tions in the b-c plane.

The alignment of the crystal used to study the phonon
scattering in the b-c¢ plane which includes the soft modes
near the ¢ axis direction is shown in Fig. 7. This
geometry was used for most of soft-mode studies, since
the ambiguity in the birefringent correction was minimal.
The scattering was observed with a 90° external angle.
The sample holder was constructed so that the sample
could be rotated around an axis perpendicular to the in-
cident laser beam and the optic axis of the collecting lens
L, in Fig. 4. The crystal was mounted with its axis along
this rotation axis. The crystals were aligned using the

i
-,

-b q

FIG. 7. The scattering geometry for observing the phonon
scattering in the b-c¢ plane which includes the soft mode near
the c axis direction. The incident beam, i, was an ordinary ray,
whereas only a scattered extraordinary ray, s’, was observed by
filtering out the polarized ray with a polarization analyzer (PA
in Fig. 4).
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eyepiece, EP, and the lens, L,, as a microscope observing
the edges defined by the intersection of the crystal faces.

The determination of the origin of the rotation angle,
defined as the angle where the a-b plane is parallel to the
incident beam, turned out not to be trivial. The alignment
using a most obvious method, i.e., to use the retroreflec-
tion of the crystal face, was not practical, since the re-
flected light was spread over a large angle with uneven
brightness due to the pitting of the surface. The next ob-
vious alignment method using a telescope is to align the
a-b plane parallel to the observing direction, where this
direction has been adjusted parallel to the beam. This
method was also not satisfactory due to the shallow depth
of focus in the present telescope arrangement. Another
obvious method is to shine the laser beam to the a-b plane
near the grazing angle and try to find the angle where the
beam is exactly in the a-b plane. The accuracy achieved
was only several degrees due to the roughness of the a-b
face. The precise alignment was obtained by using well-
defined edges of the crystal rather than the surface as fol-
lows: a small mirror was installed temporarily below the
crystal. Both the incident beam and the edges of the crys-
tal were observed in the eyepiece through this look-up
mirror. The sample was rotated until both were parallel.
The mirror was removed after the alignment.

Figure 8 shows the observed angular dependence of the
frequency of the lowest-frequency transverse mode. Near
T, the frequency was a minimum for phonons propa-
gating at —10.7° from the ¢ axis. The laser was polarized
as an ordinary ray and the scattered light as an extraordi-
nary ray. Since the two rays have different indices the
momentum transferred to the phonons did not bisect the
external incident and scattering directions. The calculated
angle’*~%° between the phonon propagation direction and
the c axis rather than the rotation angle of the crystal has
been plotted. The correction near the minimum was ap-
proximately 0.5°. The linewidth was sharpest and the

T=24.4°C
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FIG. 8. The Brillouin shift from the low-frequency mode as
a function of angle for the scattering phonon direction. The
phonon propagation vector, q, is in the b-c plane. The angle is
measured from the c axis.

peak intensity strongest near the minimum. This could be
explained if the lines were inhomogeneously broadened
due to small angle variations in the c axis direction within
the crystal as noticed by Schmidt.!®

Figure 9 shows the spectra of the low-frequency mode
observed as a function of temperature with 6, of —10.7°
The sharp dependence of frequency on temperature is ap-
parent. The intensity of the scattering was large enough
that the photon count rate was recorded directly on an xy
recorder using a frequency-to-voltage converter as shown
in Fig. 4. The sample container was sealed with an In O-
ring to prevent boiling of the acetone as the temperature
was raised. The sample holder was insulated with a vacu-
um jacket and the temperature was controlled using an
electric heater or dry-ice-cooled nitrogen gas flow.

Studies of the spectra of the soft modes were also made
at a lower temperature through 7, by reducing the tem-
perature at rates near 0.2°C per min (Fig. 10). At the
transition temperature, 7,, a marked increase in the elas-

28.8
21.0 M
I 1 1 l 1 1 l
-3 o) 3
GHz

FIG. 9. Observed soft-mode Brillouin spectra as a function
of temperature. The direction of the participating soft-mode is
off by —10.7° from the c axis in the b-c plane. The count rate
of the scattered photons was converted to a voltage and record-
ed on an x-y recorder without signal accumulation.
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FIG. 10. Elastic stiffness for the soft acoustic mode in NaN;
as a function of temperature. The square of the observed Bril-
louin shift is also shown. The propagation direction of the soft
mode is indicated at the top.

tic scattering peak occurred over times of the order of half
a minute. This increase is believed to be due to the forma-
tion of multiple domains of the lower symmetry phase
with different orientations.”® When the sample was
viewed through the eyepiece, the brightness of the sample
was not uniform suggesting that the density of domain
walls was related to sample imperfections. Regions with
reduced elastic scattering were chosen to make our mea-
surements on the Brillouin scattering below 7.

V. ANALYSIS AND ELASTIC CONSTANTS
MEASUREMENTS

Considering acoustic wave propagation in a direction
q, one obtains the following equation (Christoffel equa-
tion),””%® for the eigenelastic stiffness C, corresponding to
each of three modes.

An—=C  Ap A1z
Az Ap—C Ay =0, (4)
A Ay Ayu—C
where

Aij=1Cyi1;+m 2C2i2j+”2C3i3j+lm(cli2j+c2i1j)
+In(Cyy35+ Cyi15) +mn(Cy35+ Cyyy) .

Here Cjj; are components of the elastic stiffness tensor,
and /, m, and n are the direction cosines for . The velo-
city of each acoustic wave, Vp, is related to the eigen
stiffness, C; by,

pVs=C, , (5)

where p is the density of the crystal. The equation for Ay,
Eq. (4), can be written in terms of the reduced elastic stiff-
ness tensor components C,, (p,q =1,2,...,6) by replac-
ing the first two indices of Cjj; with p and the last two
with q.

For q§ along the a axis one obtains

Cc,—C, 0 0
O C66—CS C14 =0 . (6)
0 Ciu Cu—C

One obtains for q in the b-c plane

)\.1 1— Cs 0 0
0 Ap—C; Ay |=0, M
0 Ay Ap—G

with
A1 =Cg5in*0+ Cy4c08%0+ 2C 4sinf cosb ,
Ag3= —C148in%0 4 (Cyy + C,3)sinb cosh ,
Ayy=C,;sin%0+ Cyycos20—2C 48inf cosb ,
A33=C4sin?@ + C33c0s%0 .

Here 60 is the angle measured from the ¢ axis.
An uncoupled mode in Eq. (7), A;;—C;=0, becomes
one of the soft modes*® when 6 is chosen so as to mini-

mize C,.
The minimum in C;, C,q, occurs for =86, given by?*>’
tan(290)=——2C14/(C66——C44) , (8)
with

ELASTIC STIFFNESS (dyne/cm?)

9080 60  -40 -20 ¢
ANGLE (deg) %o

FIG. 11. Elastic stiffness as a function of the propagation
direction of the phonons. The dots are the measured values.
The curves were calculated using Eq. (4) with the derived elastic
constants shown in Table I. The elastic constants associated
with “pure” modes, C,;, Ci3, Cy, and C“=(%)(C“—Cu), are
indicated.
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TABLE 1. The elastic constants and their temperature dependence of NaNj;. 6, is one of the soft-
mode directions as measured from the ¢ axis in the b-c plane. Another soft mode is along the a axis

direction.

C11=32.410.8, C4=0.45+0.02°
C33=75.51£0.6, Ce=10.5£0.2"
C;3=17.6%3.5, C14,=2.0£0.1*

dCe/dT = —0.015+0.014°
dC4/dT = —0.0078+0.003"
dCy/dT= + 0.005+0.0005°

dInCes/dT = —0.0014°
dInC,,/dT = —0.0038°
dInCy /dT= + 0.0110°
dll‘lCn /dT = —0.0001°¢

Gp=—10.7°£0.8
2% 10'° dyn/cm?, 25°C.
% 10'° dyn/cm?/deg.
cdeg~".
but asymmetric in the b-c¢ plane. The C; values for q in
Cy0=Cas(CesCas—C24) /(C3, +C2,) . 9) y P ; d

When C;, is small, Egs. (8) and (9) reduce to

tan00= _C44/C14 y (8"
and
C,0=(CsCas—C34)/(Ces+Cas) . 9"

The values for C;;, Cg, C33, and Cyy were determined
from the spectra observed with the acoustic modes propa-
gating along the following directions:*>% C,;,q|[3;
Ces,q||b; and C33 and Cuy; G|[€. The value of Cyy was
determined from the 6 dependence of C; for the uncou-
pled mode in Eq. (7). Finally, from the measurements
with 6= +45°, C,; was obtained by the stiffness obtained
by diagonalizing the lower block in Eq. (7),%

2Cs=(C11 +C33)/2+C44$C14
+{[(C11—=C33)/2FC P +(Cay +C13FC1)*} 2.

The elastic constants thus obtained are shown in Table
I. Using these Cj;’s, the C; curves were calculated for g
in the b-c plane and in the a-c plane (Fig. 11). The curves
are symmetric in the a-c plane with respect to the c axis,

]

the a-b plane are virtually angular independent.?*

The temperature dependence of some of the stiffness
constants are also shown in Table I. An anomalous ther-
moelasticity in Cyy, Cgg, and Cy, is believed to be respon-
sible for the mode softening.®! The temperature depen-
dence of these stiffness constants were obtained as fol-
lows: From Eq. (7) dC,/dT of the uncoupled mode is
given for small angle 6 ( < 10°) as

dC,/dT =dC,/dT +20(dC,,/dT)+6* term .  (10)

The values dC;/dT derived from the observed tempera-
ture dependence of the Brillouin shift squared in Fig. 12
are plotted as a function of 6 in Fig. 13. Because of rela-
tively large experimental errors, the 6° term in Eq. (10)
was neglected. The slope of the straight line and the in-
tercept at 0=0 give 2dC,4/dT and dC,,/dT, respective-
ly. dCes/dT was measured from the mode for q | |€. The
results are shown in Table I. For a comparison,
dInC); /dT was also measured from the mode for G ||a.

The expected anomaly in the thermoelasticity is noted
for Cy, Cy4, and Cgs. Cyy softens by a large amount
(dInCy4/dT=1.1%/deg), but C¢s and C,, somewhat
harden with decreasing temperature.’>% The fractional
change in these elastic constants are much larger than that
of C,;. The temperature dependence of the soft mode for
small C;g is from Eq. (9),

d(C4yCes—C34)/dT =CyyCes(dInCyy /AT +dInCyg /dT) — C34(2dInC 4 /dT) .

Near T,, dInCy/dT (~001) and —2dInC,,/dT
(~0.008) contribute approximately the same amount to
the mode softening while the term dInCg/dT can be
neglected.

It has been shown®%* that a pair of complementary
soft modes exist near the ferroelastic transition; the
second of the pair is the one where § and 1, particle
velocity, are interchanged in the first one. The second
mode was found in this sample for g |[a,2>% whose elas-
tic stiffness,

Gy =(7){Cs+Cas—[(Ces—Cas)*+4C141' 7},

asymptotically becomes the same value as that of the first
soft mode, Eq. (9'), as CyCes—C1,.

V1. DISCUSSION

Since Pringle and Noakes? proposed the order-disorder
model, a great deal of controversy persisted as to the na-
ture of the phase transition in NaN3.2”%? This model be-



5798

(BRILLOUIN SHIFT)? (GHz2)

T(°C)

FIG. 12. The temperature dependence of the (Brillouin shift)’
from the low-frequency mode as a function of angle, 6, from the
¢ axis in the b-c plane.

came gradually disfavored, because of a very small specif-
ic heat anomaly at 1, (Ref. 6) and absence of anomaly in
the nuclear spin-lattice relaxation time, T, near T,."
There is no indication of Arrhenius type temperature
dependence in the T'; data normally observed when there
is a molecular reorientation.

Another model for the distortive structure phase transi-
tion was proposed.>!3 A displacive (ferroelastic) model is
an opposite limiting case to the order-disorder one.?%%¢
Meanwhile, the absence of the soft-mode observation usu-

X 107

& 8

| 1 | | 1 o
-10 -8 -6 -4 -2 (o}
6 (deq)
FIG. 13. The temperature dependence of the elastic stiffness

as a function of angle measured from the c axis in the b-c plane
derived from the curves shown in Fig. 11.
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ally associated with this model troubled many workers.®’
A somewhat vague intermediate model called “dynamic
order-disorder” picture was suggested.!>!° An erroneous
prediction that NaNj; has no soft acoustic mode®”%® might
have added an additional confusion.

In Landau’s (Gibbs) free-energy expansion in terms of
an order parameter Q23,

G =Go+(1/2)a(T —T,)Q?
+()Q3+($)eQ*+. .., (1

where a(>0), b(>0), and c(>0) are constants. If Q is
proportional to a spontaneous strain responsible to the
phase transition, it can be shown that the slope ratio,
(dC,/dT),/(dC,/dT)g is —2, if b is small.® Such a
transition is termed a proper ferroelastic transition in
which a(T —T,) and —2a(T —T,) are the elastic stiff-
ness of the soft mode for high- and low-temperature
phase, respectively. And the soft-mode strain would be an
order parameter for the transition. The same conclusion
would be reached in a material such as NaN; where a
two-component order parameter is involved.”” However,
the soft-mode strain in the high-symmetry phase of NaNj;
cannot be used as a primary order parameter for the phase
transition. The symmetry of the changes which takes
place at the phase transition does not match the symmetry
of the strains associated with the soft modes.** For this to
be true the soft modes would have to travel along the ¢
axis. Nevertheless the observed ratio —2.2+0.1 for the
NaNj transition would seem to support the use of the
above transition model.”!"?

Schwabl and coworkers®*”>74 showed that in the proper
ferroelastic transitions, if the acoustic modes soften in cer-
tain discrete directions, Landau’s theory based on a
mean-field concept is valid, and the critical behavior is
classical. This is consistent with the present observations
where the width of the Brillouin lines is temperature in-
dependent and no deviation from classical critical ex-
ponents for the sound velocity was observed near T..

Landau’s analysis indicates that a third-order term in
the free-energy expansion in terms of the order parameter
is allowed for the NaNj transition. The presence of such
a term would make the transition a first-order transi-
tion.” Yet most of the experiments indicate the transition
being almost completely continuous.>®1%* Some evi-
dences of the discontinuity were found recently. Midori-
kawa et al.?! observed a small discontinuity in thermal
expansion and also noticed a distinct phase front under a
polarization microscope. Aghdaee and Rae’ observed a
small discontinuity in a strain component e;; at 7T,.
Hirotsu et al.” noticed a very small thermal hysteresis
(0.03°) in their specific-heat measurements near 7T,. They
declined to claim this as evidence of the first-order nature
of the transition, however. It is striking"6 to notice that
NaN; displays discontinuities of similar to or even smaller
than that of the materials whose third-order terms in the
free-energy expansion vanish due to symmetry relations.”’

The observed residue of the elastic stiffness at T,
2.2 10® dyncm ™2, seems to be slightly dependent on the
quality of the crystals. The residue is not limited by the
misalignments of the crystals, however. The Brillouin



shitt is not sensitive to the misalignment of less than one
degree as long as they are aligned close to the minimum
shift direction (Fig. 8). The observed distinct discontinui-
ty in the stiffness at T, is not necessarily associated with
the first-order nature of the transition. A small discon-
tinuity in the compressibility is expected even for a per-
fect second order phase transition.”®

It can be said that the small discontinuity in the stiff-
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ness and its residue at 7, are not inconsistent with the
very weak first-order nature of this phase transition.
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