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On the phase transition in N-isopropylcarbazole

R. Nowak® and E. R. Bernstein

Department of Chemistry, Condensed Matter Sciences Laboratory, Colorado State University, Fort Collins,

Colorado 80523
(Received 27 May 1986; accepted 29 July 1986)

The elastic properties of N-isopropylcarbazole (NIPC), a pyroelectric molecular crystal, are
investigated by Brillouin scattering. The full elastic constant tensor is determined at 295 K and
the temperature dependences of the elastic constants are given. The major experimental finding
reported is the anomaly of the LA g-axis mode governed by the ¢,, elastic constant. This mode
exhibits a pronounced downward bending on both sides of the nonferroic, first order phase
transition at ~ 137 K. Symmetry allowed linear-quadratic and biquadratic couplings between
the Brillouin zone boundary one-dimensional order parameter and the zone center strain
introduced into the Landau free energy do not account for the observed anomaly. The
transition is characterized in terms of a strong dispersion of the ¢,, elastic constant and a large
dynamical critical behavior. By combining the c,, elastic constant data and the Brillouin
scattering LA g-axis mode half-width data through a Landau-Khalatnikov process, one can
extract a relaxation time satisfying a mean-field dependence characteristic of critical slowing

down of the order parameter.

I. INTRODUCTION

N-isopropylcarbazole (NIPC) is a pyroelectric molecu-
lar crystal exhibiting strong tribo-' and pyroluminescent®>
properties associated with the polar structure of the crystal.
A structural phase transition in NIPC at ~ 137 K, taking
place between the C2! (Iba2) high temperature structure
and the C3, (Pbc2,) low temperature structure, has been
reported in the literature.** Dilatometric,* pyroelectric,>*
and specific heat® measurements reveal the first order char-
acter of this transition. The enthalpy of the transition is
found tobe AHT = 125 cal mol ™!, a value higher than most
displacive’ or even order—disorder® phase transitions in mo-
lecular crystals. Calorimetric measurements® reveal an addi-
tional anomaly of the specific heat around 185 K, indicating
the possible existence of another (non-first-order) phase
transition.

Very little is known about the mechanism of the NIPC
phase transition at 137 K. From the symmetry point of view,
NIPC is a rare example of a molecular crystal exhibiting a
phase transition without any point symmetry breaking; only
the translational symmetry changes at the transition (the
volume of the primitive unit cell doubles in the low tempera-
ture phase). Chloranil>'® is another well known example of
such a nonferroic!’ phase transition among organic solids.

A group theoretical analysis of the transition in NIPC
suggests that the transition takes place at the Brillouin zone
boundary’ and that the order parameter transforms accord-
ing to a one-dimensional representation of the group of the
wave vector (only one vector of the star of the wave vector is
involved in the transition). Bilinear coupling of the order
parameter to macroscopic quantities at the zone center (e.g.,
strains) is thus forbidden by symmetry. The lowest order
coupling permitted by symmetry is then a third order non-
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linear interaction. Although this kind of transition does not
involve new macroscopic tensor components below the
phase transition, anomalies of the elastic constants may arise
due to the higher order couplings, as is the case for chlor-
anil.'?

The molecular mechanism of the phase transition in
NIPC is not completely clear. Recent crystallographic data®
have shown large librational motion of the NIPC molecules
at room temperature. In particular, libration around the mo-
lecular axis of largest moment of inertia exhibits surprisingly
large amplitude (7.1°), at least twice the amplitude of the
two other principal axis librations. The amplitudes of the
librations become almost equal and significantly smaller in
the low temperature phase and only small rotation-transla-
tion shifts of the molecules occur at the transition. The car-
bazol group of the molecule itself is planar in both phases.
The only significant change in molecular geometry at the
phase transition is a rotation of the isopropyl group around
the C-N bond by an angle of 14° and 10° for layers I and 11,
respectively.’ These results show that the phase transition in
NIPC does not affect the molecular conformation in an es-
sential way: the phase transition may be considered as an
order—disorder or rotation-translation coupling type transi-
tion. Rotation~translation coupling, as well as “freezing” of
the orientational motion of molecules in the low temperature
phase, has been previously reported to characterize phase
transitions in such molecular crystals as s-triazine,'* ben-
zil,"® and chloranil. '

As was already mentioned, the NIPC crystal is pyro-
electric, and thus also piezoelectric, in both phases. The mo-
lecular dipole moments are directed along the C-N bonds of
the molecules which are oriented about the direction of the
twofold ¢ axis; the spontaneous polarization of the crystal is,
therefore, parallel to this axis. Due to the piezoelectric cou-
pling, dielectric and elastic anomalies cannot be separated,
in general. Therefore, some of the observed elastic constants
must be corrected by'*

© 1986 American Institute of Physics
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Cop = Cap — €rap/€x
in which ¢, is a bare elastic constant, e, .4 is a piezoelectric
constant, and €, is a bare dielectric constant. Since the
anomalous part of the dielectric constant of NIPC is much
smaller than its normal part,* the main effect of the piezoe-
lectric coupling is to shift the absolute values of the elastic
constants. If this coupling is ignored, one can separate inter-
actions between the order parameter and strains from inter-
actions between the order parameter and polarizations.

In this report we present a complete study of Brillouin
scattering in NIPC at 1 atm pressure between 295 and ~ 100
K. The elastic constant tensor is determined and the tem-
perature dependences of the elastic constants are given. The
observed anomaly of the g-axis longitudinal acoustic phonon
associated with the e, strain is discussed on the basis of Lan-
dau mean-field theory and interpreted in terms of a Debye
relaxation—dispersion of the elastic constant.

{l. EXPERIMENTAL PROCEDURES

Single, transparent crystal boules of NIPC (~5 cm® in
volume), exhibiting a [100] perfect cleavage plane and
[010] nonperfect one, are grown from the melt using a
Bridgman technique.'® Oriented crystals are cleaved with a
razor blade and/or cut with a wire saw into parallelepiped
shaped samples ~4 X4 X 3 mm. The saw-cut faces are pol-
ished on a tissue soaked with ethyl acetate. In order to reduce
surface scattering and prevent sample sublimation during
experiments, crystal faces are coated with a thin layer of
silicon oil prior to the experiment.

Right angle scattering experiments are performed using
three different kinds of samples characterized by different
orientations: (1) faces perpendicular to the three crystallo-
graphic axis—this orientation allows for measurements of
phonons in the directions [110], [101], and [011]; (2) faces
oriented 45° with respect to the crystallographic axes in the
ab plane—phonons in the directions [ 100] and [010] can be
measured in this orientation; and (3) faces oriented 45° with
respect to the crystallographic axes in the ac plane—either
[100] or [001] phonons can be obtained.

The Brillouin scattering apparatus, including measur-
ing techniques and temperature control, used in these ex-
periments has been described previously.'>!* A Spectra
Physics model 165 argon ion laser, operating at 5145 A (200
mW) in a single cavity mode is used for the scattering
source. Spectra are obtained with a Burleigh Fabry-Perot
interferometer system in triple-pass operation with a stan-
dard finesse of 45 to 50. To analyze the spectra and to record
the temperature dependences of the acoustic phonons, free
spectral ranges between 15 to 30 GHz are chosen. Typically,
50 or 100 accumulations of a 1 s duration scan are stored and
averaged in a multichannel analyzer and computer.

IN. RESULTS

The velocity of sound v in an optically anisotropic crys-
tal can be calculated by!'®

27v

wp = (n? +n?—2nn, cos 6,)'? (1)

(4]
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in which n;,n, are the refractive indices for incident and scat-
tered light, respectively, A, is the incident light wavelength
in vacuum, and 8, is the scattering angle (90° for right angle
scattering). Thus, knowing the frequency shift (@) and the
polarizations of the incident and scattered light from the
experiment, one can easily calculate the sound velocity, pro-
viding refractive indices of the crystal are known.

The refractive indices of NIPC are measured at 5145 A
by a prism minimum deviation method. The accuracy of this
method in our case is only slightly better than 5%; the error
is mostly due to the poorly determined geometry of the
prisms and the quality of their surfaces. The values of the
refractive indices are subsequently verified and adjusted by
comparing their ratios to the ratios of the Brillouin shifts
measured along the principal axes in backscattering geome-
try for different polarizations. Refractive indices obtained in
this way and used for calculations of sound velocities are ,

= 1.846, n, = 1.648, n, = 1.664. Elastic constants of NIPC
are calculated using the density p = 1.15X 10° kg~ taken
from x-ray data.’

A. Determination of the elastic constants at room
temperature

Elastic constant tensor and piezoelectric constant ten-
sor for both orthorhombic phases of NIPC are given by
ey €2 ¢ O 0 07
i 00
€13 €3 €33 0 0 0

0 0 0 ¢ 0 O
0 0 0 0 ¢s O
[0 0 0 0 0 ¢l

o

and

0 0 0 0 5 O

0 0 0 e, 0 0]

(63, e €33 O 0 o

respectively. The equation of motion for the piezoelectric
crystal is of the form

(Cju —p°8y )1 =0 (2)
in which
Copt = kaz + (€pym, ) (equm, ) 3)

€ m;m,
are the elastic constant coefficients modified by the piezoe-
lectric coupling, and the m’s are the direction cosines. The
solutions of the equations of motion corresponding to the
phonons observed in our experiments are shown in Table I.
Additional terms of the form of Eq. (3) in the Table describe
the change of the velocity of those phonons which couple to
the electric field via piezoelectric coupling. As already men-
tioned in the Introduction, the dielectric properties of NIPC
do not show a large anomaly at the phase transition.* As a
result, interactions between the order parameter and strains
can be, in principle, separated from interactions between the
order parameter and polarizations. Thus, only the shifts of

absolute values of the elastic constants will be considered in

the determination of the elastic constant tensor and its tem-
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TABLE I Solutions of the equation of motion for NIPC. Only modes observed in the experiments are included

in the table. [See Egs. (2) and (3) in the text.]

Phonon
direction  Polarization X, =pv?
L [100} X, =Cy
[100] T[010] X, =Cq
T[001] X; = Css + &*15/€,;
L [010] X;=Cp
[010] T[100] Xs =Cgs
[o01} L [001] Xs=Cy + €%33/€5
T[100] X;=Css
gL [110] Xs = 1/4{C\y + Cy + 2C56 + [(C1; — C)? + 4(Cy; + C6)*1'?}
[110] qT [110] Xo=1/4{C, + Cp, + 2Css — [(Cy; — C2)* + 4(C, + Ce6)?1"?}
r[oot] Xio=1/2[Cys + Css + (15 + €:4)*/ (€, + €2)]
(t01]* gL [101] X1 = 1/4{Cy; + G35+ 2C55+ [(Cy — C33)> + 4(Cy5 + C55)°]'?}
qT [101] X2 = 1/4{Cy; + C33 4+ 2C55 — [(Cy, — C33)> + 4(Cy5 + C55)*1'7}
[o11]* qL [011] X3 = /4Gy 4 Cy3 + 2C44 + [(Cyy — Ci3)* + 4(Cyy + Cy4)?1'2}
gT[011] X = 1/4{Cpy+ C33 + 2C,, — [(Cyy — C33)? 4+ 4(Cy3 + Cog)?)%}

# Piezoelectric coefficients are omitted in these two instances because they complicate the expressions consider-

ably and do not significantly alter the form of the expression as given.

perature dependence. Values of these shifts cannot, however,
be calculated from Eq. (3) due to lack of experimental data.

On the other hand, the change of the acoustic mode
velocity due to the piezoelectric coupling can be estimated'’
from the electromechanical coupling coefficients k; : specifi-
cally, ¢*f = ¢/(1 — k?). Preliminary measurements'> have
shown that k,; =0.15, k5, = 0.18, k,, = 0.11: k35 and ks
could not be measured due to weak piezoelectric signals.
Employing these values of the electromechanical coupling
coefficients, the largest change in the sound velocity caused
by piezoelectric coupling is estimated to be 1.6%. Thus, the
experimentally observed elastic constants ¢ differ from bare
elastic constants by less than ~3%. The piezoelectric cou-
pling will not be included in the ensuing discussion, as it is of
little importance to the elastic anomalies.

The values of the elastic constants of NIPC are calculat-
ed using the appropriate relations from Table L. ¢;, ¢5,, €33,
¢ss, and ¢ are obtained directly from X, X, X, X; and X,
X,, and X, respectively, with an accuracy of ~2%. As we
are not able to detect the transverse mode governed by thec,,
elastic constant directly, its value is determined from the
velocity of the TA phonon propagating in the [110] direc-
tion using relation X,,. The off-diagonal elements of the elas-
tic tensor c,,, ¢,3, and c¢,; are calculated from the relations
X — Xo» X,y — X5, and X5 — X, respectively. Their val-
ues are determined with a relatively large error (~30%)
due to the combination of the elastic constants in the em-

TABLE I1. Room-temperature ¢lastic constants of NIPC determined using
relations displayed in Table I. The units are 10° Nm~2,

C'l 1 C22 C33 CM C55 C66 Cl 2 Cl 3 C23

1003 7.1 808 356 1.14 3.13 5.1 34 5.6

ployed equations, as well as to the relatively small values of
the off-diagonal elements. The room temperature set of elas-
tic constants found in the above manner is given in Table II.

Angular sound velocity diagrams can be calculated
from the values of the elastic constants given in Table II.
These diagrams, given in Fig. 1, reflect the anisotropic na-
ture of the crystal structure. The ¢,, elastic constant which
governs the velocity of the [100] LA phonon is relatively
large, whereas the molecular interactions in this direction,
which is perpendicular to the cleavage plane, are expected to
be weak.

B. Temperature dependences of the elastic constants

The temperature dependences of the six diagonal elastic
constants are shown in Figs. 2—4. The ¢,,, ¢4, and c;; elastic
constants exhibit the step-like changes expected for a first
order phase transition. Only a small effect is seen for the
temperature dependence of c¢;;. An interesting anomaly
around the phase transition at 137 K is found for the ¢,
elastic constant, which involves the e, strain in the crystal
and governs the propagation of the LA phonon is the [ 100]
direction. Figure 5 shows the temperature development of
the {100] LA-mode spectrum; the other mode seen in this
figure is the [ 100] TA mode governed by the ¢s; elastic con-
stant. The Brillouin peak corresponding to the [100] LA
phonon in the spectrum exhibits considerable broadening at
the phase transition. The latter phenomenon typically indi-
cates a higher sound attenuation at the phase transition, pos-
sibly due to the critical fluctuations. The temperature depen-
dences of the half-width of this Brillouin peak and its
intensity are shown in Fig. 6.

The anomalous temperature dependence of the ¢,, elas-
tic constant shown in Fig. 2 may be fit using a phenomenolo-
gical power law equation of the form

J. Chem. Phys., Vol. 85, No. 12, 15 December 1986
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FIG. 1. Polar plots of the sound velocity of different acoustic modes in the
ab (a), ac (b), and bc (c) planes of NIPC obtained using the nine indepen-
dent elastic constants listed in Table II. The lines are calculated using the
general solutions of the equation of motion, Eq. (2). Particular solutions in
the directions of the crystallographic axes and diagonals are given by rela-
tions from Table I. The units are 10° m s,

cu(N=c, —aT —be~"* (4)

in which the linear temperature term accounts for the behav-
ior of the elastic constant in the absence of a phase transition
and the last term represents the form of the critical anomaly.
InEq. (4) e= (T — T/T,) ore= (T, — T /T,) for thehigh
and low temperature phases, respectively. The values of
the parameters which give the solid lines in Fig. 2 are
¢, =1511%x10° Nm™% a=15x10"2 Nm~2K™},
b=0.35X10° Nm~?%, T, = 135.5 K, and p = 0.67 for the

high temperature phase, and ¢, =17.19X10° Nm™2,

a=15 X107 Nm~ 2K~ 5=2.05%x10° Nm72
T, = 140.8 K, and p = 0.26 for the low temperature phase.

Temperature dependences of the c,,, ¢,5, and c,; elastic
constants cannot be obtained directly; however, they may be
estimated from the temperature dependences of the modes
propagating along the diagonal directions [110], [101], and
[011] (see Table II). The temperature behavior of these
modes is given in Fig. 7. Calculating the temperature depen-
dences of c,,, ¢y3, and ¢,; according to the previously de-
scribed procedure employed in the determination of their
room temperature values, one finds that the off-diagonal
elastic constants do not show any particular anomalous be-
havior at the phase transition. In other words, the tempera-
ture dependences of the diagonal elastic constants, ¢, , in par-
ticular, fully account for the anomalies shown in Fig. 7. The
temperature dependences of the ¢ and consequently c,,
elastic constants cannot be determined in the low tempera-
ture phase due to cracking of the sample at the phase transi-
tion. In fact, several samples are used to obtain most of the
temperature dependences shown in this paper.

Elastic constant anomalies which could confirm the ex-
istence of another phase transition at ~ 185 K, suggested on
the basis of calorimetric measurements,® are not observed.
Nonetheless, a change in slope of the temperature depen-
dence of ¢, is found near 185 K.

IV. DISCUSSION

The present Brillouin scattering study reveals the soft-
ening of the [ 100] LA mode governed by the ¢, elastic con-
stant, both above and below the phase transition at 137 K.
Simultaneously a ~200% increase of the attenuation (half-
width) of this phonon occurs at the transition. To explain
these experimental findings, the Landau mean-field theory
and dispersion-relaxation processes will be considered.

A. Landau free energy

Consider the group-theoretical analysis of the C32!
—C3, phase transition in NIPC. In the Brillouin zone of the
high temperature structure (I'y), five symmetry lines pos-
sess the C,, point symmetry, appropriate to the considered
transition;'® however, only three points of this symmetry k5

= (27/a, 0.0), k, = (0, 27/b, 0), and k, = (0.0, 27/¢),
all located at the Brillouin zone boundary, give doubling of
the primitive unit cell volume at the transition. Thus, the
transition takes place at the Brillouin zone boundary. As the
star of the wave vector has only one arm and is nondegener-
ate, the order parameter (e.g., optical phonon) driving the
transition belongs to a one-dimensional irreducible repre-
sentation at the zone boundary.

Employing standard group theoretical methods,'® the
Landau free energy may be expressed in terms of the order
parameter (77) as

G, = (1/2)A(T)n* + (1/8)By* + (1/6)Dy’ + -
&)
in which A(T) = a(T — T,) stands for harmonic restoring
forces of the optical mode. The elastic part of the energy is

Gel - (1/2)2aﬂcaﬂeaeﬁ (6)

J. Chem. Phys., Vol. 85, No. 12, 15 December 1986
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in which only the term G,; = (1/2)c¢, e} will be considered
because only the ¢, elastic constant exhibits anomalous be-
havior in NIPC.

As the bilinear coupling between the zone boundary or-
der parameter and the zone center strains is symmetry for-
bidden, the lowest order couplings which may be considered
are a third order nonlinear interaction and a biquadratic
coupling. Thus, the free energy interaction term is represent-
ed by

G.n = — (1/2)(Keyy® + Lein*). (7
The total Landau free energy is then of the form
G = (1/2)A(T)n* + (1/4)By* + (1/6)Dy®
+ (1/2)¢c,,88 — (1/2)Kep* — (1/2)Lé 9> . (8)
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FIG. 3. Temperature dependences of the ¢,, and ¢, elastic constants: (O)
and ( X ) represent different experimental runs.
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The solution of the Hamiltonian including only the
third order nonlinear coupling is already known in the litera-
ture for the phase transitions in terbium molybdate®® and
chloranil.'® The theory predicts a continuous downward dis-
placement of the elastic constant below the transition,

125 K

I~ M L

20 GHz
1

FIG. 5. The temperature development of the NIPC Brillouin spectrum due
to [ 100] phonons. The free spectral range is 21.8 GHz. The longitudial and
transverse modes, labeled L and T, respectively, correspond to the Rayleigh
peak marked R. The spectra are taken in right angle scattering (8 = 90°) in
triple-pass.
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mental runs. The lower points represent the temperature dependence of the
Brillouin intensity of the same Brillouin feature taken as the area under-
neath the peak.

whereas above the transition the elastic constant is unaffect-
ed by the coupling.?® In the case of NIPC the solution has the
form

L (T>Ty)

ST K? %)
X (r«r
"o rapp L <To)

in which # represents the equilibrium value of the order pa-
rameter in the low-temperature phase.

The equilibrium values of the order parameter # and
strain é,, including both linear-quadratic and biquadratic
interactions as in Eq. (7), are obtained by setting the gener-
alized forces equal to zero

ael n a"] e,
yielding
2
A(T) +<B-—°—K——_—2—)1,~2
cn — Ly
LK?
+{D——————)i*=0 11
( , —Lﬁ’)Z) (h
and
(e}, —L#*)e, — (1/2)Ki#* =0. (12)

Equation (12) has been used to eliminate e, from Eq. (11).
In order to ensure that the transition is of the first order
(which is appropriate for NIPC), [B — K?/(c{, — L#?)]
must be negative.

B. The ¢y, elastic anomaly

Within the framework of the Landau theory, an effec-
tive elastic constant is calculated by a set of equations®!

_a_(_;=0; .a_g_zXl =Cy4€, -
n de,

Using the prescription of Egs. (13) and (8) gives

(13)
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FIG. 7. Temperature dependence of the effective elastic constants corre-
sponding to [110] (a), [101] (b), and [011] (c) acoustic phonons speci-
fied in Table I. (O) and ( X ) correspond to different experimental runs.
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3—$=[A(T)—Ke,—Lef]n+B173+D"75=0 (14)
and
3G
. = (en—Lye — (/K7 =X, . (15)
1

In the high symmetry (high temperature) phase the strain
and the order parameter possess only fluctuations, hence in
Egs. (14) and (15) 7 = 6% and e, = Se,. Employing the
standard procedure, the c¢,; elastic constant becomes

for T>T,

in which ¢?, is the background elastic constant which linear-
ly increases with decreasing temperature.

In the low symmetry (low temperature) phase % and e,
possess spontaneous values 77 and &, given by Egs. (11) and
(12). The order parameter and strain can then be described
by small fluctuations §7 and 8e, around the equilibrium val-
ues 77 and é,, and thus,

n =17+ oy,
Equations (14) and (15) can be written to linear order in
fluctuations as

[A(T) + 3B7 + SD7* — Ke, — L& |6y

_ 0
€1 =10y

e, =@, +de,.

— (K7 + 2Le,7)be;, =0, (16)
(), — L7*)be, — (K7 + 2Le,a)dn = X, . (17)
From this set of equations the elastic constant is found to be
. K7+ 2Le,7)?
en=chy —Lp* - (-277+ ,.417]) - =
A(T) + 3By* + 5D#* — Ke, — Lé;
(18)
Using Eq. (14) in the above expression, one finds
o K +2Lé))?
e =c} —Lij*— (K +2Le)) 19
11 11 7 2B + 4D7? (9

in which # and é, are the equilibrium values given by Egs.
(11) and (12). The above thermodynamic treatment which
includes linear-quadratic and biquadratic coupling terms in
the free energy [Eq. (8)] gives only discontinuous down-
ward displacement of the elastic constant below the transi-
tion. Thus, higher order interactions do not explain the ex-
perimentally observed “softening” of ¢;; shown in Fig. 2.
These anharmonic terms further seem to be of little impor-
tance even close to the transition at which point critical fluc-
tuations in 7 become large. These calculations indicate that
the explanation of the critical behavior of the ¢, elastic con-
stant should be sought elsewhere; in particular, the dynam-
ics of the system must be considered.

C. Other mechanisms

Asmentioned above, the linear-quadratic and biquadra-
tic couplings between the order parameter and the zone cen-
ter elastic modes do not affect the elastic properties within
the Landau theory in the high temperature phase. The situa-
tion in the crystal is more complicated for the case of NIPC
and other mechanisms which can at least in part contribute
to the observed anomaly of the [ 100] LA phonon should be
mentioned. Among these are (1) anharmonic k-dependent

interactions between the [ 100] LA mode and fluctuations of
the order parameter, (2) a soft zone center optical mode
which couples to the acoustic mode, (3) a mean field Lan-
dau-Khalatnikov contribution, and (4) dispersion of the
elastic constant.

Anharmonic coupling to critical fluctuations of the or-
der parameter (7°) may lead to a rounding of the discontin-
uity in ¢,, for 7> T, and generate an additional contribution
in the low temperature phase.'®*° This mechanism accounts
partially for the critical behavior in chloranil'’, terbium mo-
lybdate,”® and ABO, perovskites.?? The coupling of a soft
optical mode at the Brillouin zone center to the mode caus-
ing the transition at the zone boundary is also a possibility.
Coupling between strains and temperature dependent Ra-
man-optical modes provides a satisfactory explanation for
the elastic behavior in s-triazine'? and the dependence of the
¢TA mode in chloranil.'® A mean field Landau-Khalatni-
kov?*? contribution associated with the dispersion of the elas-
tic constant can contribute to the elastic behavior in the low
temperature phase as a rounding and restoring of the elastic
constant. This mechanism is known to account partially for
the behavior in layered perovskite compounds.?*

Although the above mentioned mechanisms can all con-
tribute to the anomaly of the ¢,, elastic constant, especially
in the vicinity of the phase transition, they cannot entirely
account for the observed behavior. Thus we find them possi-
ble but not likely. As will be argued in the next section, the
most reasonable explanation of the behavior of the [ 100] LA
phonon in NIPC is based on a dispersion-relaxation mecha-
nism.

D. Dispersion of the elastic constant and dynamical
mechanisms

One possible explanation of the critical behavior of ¢ is
that the elastic constant exhibits a frequency dependent re-
laxation which undergoes critical slowing down in the vicini-
ty of the phase transition (7= 137 + 40 K). We propose a
semiquantitative interpretation of the phase transition in
NIPC based on this assumption. Since no ultrasonic or neu-
tron scattering data are available for NIPC, the detailed
mechanistic dynamics cannot be treated in much detail.
Measurements of the [100] LA-mode velocity by a piezoe-
lectric “resonance-antiresonance” method®'® give a value
of 2150 m s~! at room temperature. The velocity is almost
30% lower than the velocity obtained by Brillouin scattering
(2953 ms™'). In the former method the velocity is mea-
sured at the frequency of a standing acoustic wave (~90
kHz), whereas in Brillouin scattering the velocity is mea-
sured at a frequency of ~12 GHz. The difference in the
sound velocities measured by these methods is definitely out-
side the contribution from usual dispersion effects, typically
less than 3%, and certainly much larger than the experimen-
tal errors. [ A small difference (of the order of 1% ) can be
associated with these two experimental techniques due to the
conditions of the experiment: adiabatic for Brillouin scatter-
ing and isothermal for the resonance-antiresonance meth-
od.] Moreover, the temperature dependence of the sound
velocity obtained by both methods given in Fig. 8 shows a
slight suppression of the critical behavior in Brillouin scat-
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FIG. 8. Temperature dependences of the sound velocity of the [100] LA
mode obtained by Brillouin scattering (crosses) at a frequency 12 GHz and
resonance—-antiresonance method (circles) at a frequency 90 kHz. The
scales are slightly shifted with respect to one another for easy comparison.

tering. In order to confirm the difference in the sound veloc-
ities at room temperature, we have additionally performed
ultrasonic pulse-echo experiments at a frequency of 10 MHz.
The velocity of the [100] LA mode at 10 MHz is 2250
ms™.

The above experimental findings clearly suggest that
dispersion/relaxation and its critical behavior at the phase
transition are important for the elastic properties of NIPC.
Moreover, the change of the attenuation at the transition
indicates that some dynamical re}axation process is involved
in this behavior. One possible mechanism for such a relaxa-
tion effect would be a dipolar orientational-relaxation pro-
cess. From the standpoint of a “ferroelectric” phase transi-
tion, the anomaly in NIPC could be represented as an order—
disorder transition of the permanent dipole moments of the
individual molecules. This mechanism remains in agreement
with the gradual freezing of the librational motions of mole-
cules observed in the x-ray measurements’ and with the tem-
perature dependence of the spontaneous polarization.*

The most straightforward way to treat the frequency
dependence in the high temperature phase is to assume a
Debye relaxator form for the elastic constant:

(@) =c¢p () — A‘—'n(T;, To)_7
o

[1+ (07)?] —aT, (20)

in which 7= 7,(T — To/T,) ~". A good fit of the experi-
mental results in Fig. 2 to this equation may be obtained
with parameters: ¢;;(0) =15.11X10° Nm™2% Ac,
=0.61x10° Nm~2, T,=135.5 K, p=1.01, v=0.44,
(wry)*=1,anda=15X10"2Nm~ 2K~

In the low temperature phase a restoring of the ¢, elas-
tic constant is expected as temperature decreases from T,
The increase in ¢, can be expressed in a manner similar to
the critical softening of Eq. (20),

T,— T\~
c (w)=c’(oo)—Ac’( 0 T) /
11 11 11 TO

[l + (@r)?] —aT

(21)
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inwhich7' =75 (T, — T /T,)" . The parameters which give
a good fit of Eq. (21) to the observed behavior in the low
temperature phase are ¢}, (00 ) = 17.19X 10° Nm~2, Ac},
=396x10"° Nm~?, T,=140.8 K, p' =0.43, (w7})?
=1,v=027anda=15x10"2Nm— 2K~ If one ex-
pands Eqgs. (20) and (21) in a power series in (T — T,)/T,
and (T, — T)/T,, respectively, Eq. (4), previously used for
fitting the data, obtains. The fits of Eqs. (20) and (21) to the
data are not completely unique because of the number of
available parameters. Consequently, a, Ty, ¢,; (0 ), and ¢},
(o) are chosen to correspond to the appropriate values ob-
tained by fitting the phenomenological Eq. (4) to the data.
Moreover, since for Brillouin scattering typically 7qw~1
near the transition, rqw==1 in the above procedure. None-
theless, the values of Ac,,, p, and v are not completely deter-
mined and similar quality fits can be obtained for small
( + 20%) variations of all three parameter values.

As shown in the case of barium sodium niobate,?*° the
relaxation time may be obtained by combining the tempera-
ture dependence of ¢,, (Fig. 2) and the increase of the mode
attenuation (displayed in Fig. 6) with a Debye form for the
dispersion. Employing the theory of a complex elasticity
with a single relaxation time,'? one may write the elastic
constant as

Ac
e (@) =c¢ — = 22
11 11(00) l—a)‘r(T) (22)
Separating Eq. (22) into real and imaginary parts yields
Ac
Voo =Rec;, =c¢ T — 23
Plhoo) 1 n(eo) 1+ [0r(D)]? (23)
and
2
F“(T) =l'\°° + AC“T(T) q (24)

1+ [or(T)]? 20p
By combining these two equations one obtains a very simple
expression for the relaxation time
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FIG. 9. Temperature dependence of the inverse relaxation time associated
with the ¢, elastic constant. Solid lines are the least squares fits to Eqs. (24)
and (26) in the high and low temperature phase, respectively.
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r(n-Tr_, 2mp
enlo) —e (1) ¢
Equation (25) is valid even if the relaxation time and cou-
pling are wave vector dependent, since it involves data from
a single frequency @ and wave vector g. Figure 9 shows the
inverse of the relaxation time as a function of temperature.
The line in the high temperature phase is of the form

T_T,
1]

The fit to this equation gives 7, = 1.16 X107 '* s and
7, = 1.08 X 107" 5. In the low temperature phase

(T) = (25)

T (Tq) = '+ (). (26)

T, —

T
7 Y (Tg) = 7+ () (27)

with values of the coefficients 7} =2.4X 107" s and 73
= 1.07Xx 107 '% 5. The above temperature dependences of
the relaxation times satisfy the prediction of a mean field
critical slowing of the order parameter fluctuations in the
vacinity of T,

V. CONCLUSIONS

The elastic properties of NIPC in the temperature range
90-295 K have been investigated by Brillouin scattering. In
particular, the nonferroic, first order phase transition at
~137 K has been examined. Our findings can be summar-
ized as follows:

(1) The ¢,, elastic constant associated with the [100]
LA phonon exhibits an anomaly extending ~40 K above
and below the phase transition at 137 K. The anomaly has
the form of a softening of the ¢, elastic constant; ¢, fallstoa
minimum value in the transition region. The half-width at
half-maximum of the [100] LA phonon also possesses
anomalous broadening around the transition temperature.

(2) The ¢,,, ¢44, €55, and most likely also ¢4 elastic con-
stants exhibit a step-like anomaly at ~ 137 K characteristic
of a first order transition. Practically no anomalous behavior
is observed for the ¢, elastic constant. Only weak anomalies
for the ¢,,, ¢,3, and c,; elastic constants are found.

(3) Sound velocity diagrams in the three crystallo-
graphic planes are calculated at room temperature using the
values of the elastic constants determined in our experi-
ments.

In order to explain the anomalous behavior of the c,;
elastic constant two possibilities are considered: (1) an
elaboration of the Landau theory with the inclusion of the
linear-quadratic and biquadratic couplings between the zone
boundary order parameter and zone center elastic strain;
and (2) dispersion of the elastic constant combined with a
temperature dependent relaxation process.

The c,; anomaly cannot be understood within the
framework of the Landau theory which can only account for
the downward discontinuous change of ¢, at the transition.
The anomaly can be understood by assuming dispersion of
the elastic constant, possibly due to some relaxation process.
This dynamical approach is justified by experimental find-

ings: a large difference in the velocity of the [100] LA
phonon measured by experimental techniques employing
different frequency domains; and suppression of the critical
behavior at high frequencies ( ~ 12 GHz). In the framework
of this latter approach the experimental data are reproduced
using a power law equation including a term due to the as-
sumed Debye relaxation behavior. The temperature depend-
ence of the relaxation time is calculated by combining the
temperature dependences of the elastic constant and attenu-
ation. This behavior is found to satisfy the mean field de-
pendence characteristic of critical slowing down.
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