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Light scattering study of the phase transition in sym -

triazine?

A. Yoshihara, C. L. Pan, E. R. Bernstein, and J. C. Raich

Department of Physics and Chemistry, Colorado State University, Fort Collins, Colorado 80523

(Received 13 October 1981; accepted 30 November 1981)

The ferroelastic phase transition in sym-triazine C;N;H; has been investigated by means of Brillouin
scattering and correlation spectroscopy. Soft TA modes are observed by Brillouin scattering but a well-
defined central peak could not be found. Near the transition in the high temperature phase a 50% increase in
Rayleigh intensity is found. No correlation function was observed in the time domain between 1 and 107° s.
These results are discussed by a Landau mean field theory and dynamical rotation—translation coupling

theory.

I. INTRODUCTION

Sym -triazine (C;N;H,) is a ferroelastic molecular
crystal which has been extensively investigated using a
variety of experimental techniques.!™" The crystal ex-
hibits a temperature/pressure -induced structural phase
transition. The high-temperature (low-pressure) aver -
aged structure is D},(R3¢) and the low -temperature
(high-pressure) one is C5,(C2/c). A threefold symmetry
axis is lost at the transition temperature (~ 198 K), but
the size of the unit cell, which contains two molecules,
is unchanged. Therefore, the phase transition takes
place at the Brillouin zone center (the lattice translation
symmetry does not change) and the order parameter is
some physical quantity which is transformed according
to the E, irreducible representation of Dy,. Basis func-
tions for this irreducible representation are rotations
(R,, R,) and strains (e,,e5) and (e, (¢4 —e,) =€), Al-
though soft Raman and/or soft acoustic modes can be
expected from symmetry arguments, no soft E,-Raman
mode has been observed. Some internal and optical lat-
tice modes do split below the transition temperature,
however, Brillouin scattering and acoustic measure-
ments have not been previously reported,

Recently, a neutron inelastic scattering experiment’
has revealed soft acoustic phonon modes [001],, and
[100];, around the Brillouin zone center. The elastic
constant which is responsible for these soft TA phonons
is ¢4, and the phase transition is confirmed as generated
by the c,, instability.

Raich and Bernstein® developed a Landau mean field
description of this phase transition, The theory pre-
dicts a first order transition due to cubic invariants in
the free energy expansion and generates the experi-
mentally established c¢,, instability. In addition, the
theory quantitatively accounts for the temperature de-
pendence of the ¢; strain and optical phonon mode split-
ting. This theory has also been successfully applied to
a similar ferroelectric-ferroelastic transition in benzil.’

Raich ef al.'® extended the mean field theory, using
Green’s function techniques, to include dynamics of the
phase transition and were able to explain the dynamical
structure factor observed in the neutron inelastic scat-
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tering experiment. Their discussion is essentially sim-
ilar to that presented for “spin—phonon coupled” sys-
tems such as the ammonium halides!! and “translation-
rotation coupled” systems such as alkali cyanides. '

The theory of spin-phonon coupled systems predicts
two extreme cases depending on the spin relaxation time
and the phonon frequency: the “slow relaxation” case,
in which a central peak buf no soft phonon is expected
(NH,Br)*3; and the “fast relaxation” case, in which a
soft phonon but no central peak near the zone center is
expected (KCN).! The neutron inelastic scattering ex-
periment7 suggests the fast relaxation case for triazine,
as soft acoustic modes but no central peak are observed.

Brillouin scattering is a powerful technique for the
investigation of the dynamics of structural phase transi-
tions and has been applied to many types of systems,!®
Especially for feroelastic crystals undergoing phase
transitions, soft acoustic modes and central peaks can
be directly observable in the light scattering spectrum,
This is the first report of soft acoustic modes in sym -
triazine observed by the light scattering technique. The
results will be discussed employing the theories devel -
oped by Raich et al.%°

Il. EXPERIMENTAL

Sym -triazine has a high vapor pressure and sublimes
readily at room temperature, Accordingly, crystals
must be grown and handled in sealed tubes. Details of
our sample purification and handling methods have been
previously reported.!® The slow sublimation method was
applied to grow single crystals in sealed tubes whose
dimensions are about 7X7x25 mm?®,

Although the obtained crystals are of high optical
quality (an intensity ratio of I;/Iz~5 to 10 was obtained
for those samples without any index matching liquid)
they are randomly oriented with respect to the glass
cell, For the study of phase transitions by Brillouin
scattering, well-oriented samples are necessary if the
experimentally observed elastic modes are to corre-
spond to fundamental elastic constant expressions of
known and simple form. After a large number of at-
tempts, a sample with the expected unique soft mode
behavior was obtained and characterized.

The orientation of this crystal was examined by the
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back Laue x-ray method and by polarizing microscope
techniques. Unfortunately, the Laue method did not
show any pattern, most likely due to the 2 mm of Pyrex
the beams had to transverse. By observing birefrin-
gence expected for sym-triazine, only the threefold

axis (chosen as the ¢ axis) could be determined. The
unique axis of this particular crystal is slightly tilted
(~5°) from the long crystal axis in the sample cell. Op-
tical methods could not determine the other two axes.

After location and orientation determination of a good
part of this crystal, the sample was extensively investi-
gated and taken through the phase transitions in three
separate experiments., Although visible damage is not
observed in the sample, the intensity ratio I3/l in-
creased after each run.

Brillouin scattering apparatus including cryogenic and
temperature control has been discussed previously.®
For this experiment, a calibrated copper-constantan
thermocouple is placed on the glass sample cell inside
the copper cell to improve temperature measurement,
The thermocouple voltage is read by a digital multi-
meter with 1 pV resolution, Temperature of the copper
cell is controlled by a proportional controller with a
calibrated diode sensor; temperature fluctuation at the
sample is less than +1 pV (20,03 °C) for a data ac-
cumulation time of 30 min,

T2
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FIG. 1. Brillouin spectra of sym-triazine at 197.2 K (T,+0.1
K). T, denotes the main soft transverse acoustic mode asso-
ciated with ¢y, T, the other soft transverse mode associated
with cge and L the longitudinal mode: (a) unpolarized (Hy +Vy);
(b) polarized Hy. The scattering plane in the @b plane,

3219

BRILLOUIN SHIFT, GHz
o
T

1 1 i
" 200 225 250 275
TEMPERATURE, K
FIG. 2. Temperature dependence of the quasilongitudinal

phonon frequency. Same orientation as in Fig. 1.

The free spectral range of the Fabry-Perot inter-
ferometer is set to 10 GHz for the soft mode study and
37.5 GHz for peak assignment. The accumulated Bril ~
louin spectra are stored in the memory of a multichan~
nel analyzer and are then transferred to a computer for
further calculations, Polarization relations for the
Brillouin spectra are examined at room temperature and
just above the transition temperature (7,+0.1 K).

Correlation spectroscopy, using a computer con-
trolled real time correlator which covers the time do-
main between 1.0 and 107 s, is simultaneously done
with the Brillouin spectroscopy. The details of this
combined correlation-Brillouin light scattering appara-
tus will be presented at a later time.

Ill. RESULTS

Brillouin spectra obtained at T,+0.1 K are shown in
Fig. 1. Figure 1(a) shows unpolarized Hy + Vi and
Fig. 1(b) shows polarized Hy spectra. The soft phonon
is completely depolarized, the LA phonon is polarized,
and another TA phonon is almost completely depolarized,

Just below the transition temperature 7,=197,1 K,
the Rayleigh intengity suddenly increases and masks
the phonon peaks. This is due to domain scattering
associated with the first-order nature of this phase tran-
sition; accordingly, only the high temperature phase
could be systematically investigated.

The LA-phonon frequency monotonically increases as
temperature approaches the transition temperature as
shown in Fig. 2. In contrast to the LA phonon, two TA

J. Chem. Phys., Vol. 76, No. 6, 156 March 1982



3220

phonons decrease in frequency with decreasing temper -~
ature in the high temperature phase, The higher fre-
quency phonon decreases in frequency about 15% between
room temperature and the transition temperature, On
the other hand, the lower frequency TA phonon, the ex-
pected soft mode, decreases in frequency over this tem-
perature range by over 60% as shown in Fig. 3.

After the second run, the crystal was rotated 90° in
the scattering plane (almost the ¢b plane) and cooled
again., A soft mode was also observed even in this
orientation and its frequency was slightly higher
(=~ 2%-3%) than that of the former geometry; this dif-
ference is, however, very close to the experimental
error for the soft mode frequency (=~ +2%).

Half-widths of these acoustic phonons are almost the
same as the instrumental width (~ 200 MHz) through the
examined temperature range and no anomalous line -
width behavior is observed.

As the precise values of the refractive indices are un-
known at present, we can only calculate normalized
elastic constants assuming that the refractive indices
can be regarded as temperature independent constants.
Both of the transverse elastic constants were normalized
at 295 K, If the constants are fitted to the theoretical
prediction®
T,

Ty’

in which T,=-759 K, the obtained parameters are
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FIG. 3. Temperature dependence of the soft modes T, and T,.
Data are plotted for three separate runs, the last of which (+)
is for the 90° rotated geometry, in the ab plane.
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FIG. 4. Temperature dependences of normalized elastic con-
stants are shown for the first run. Normalization temperature
is 295 K.

T -180 T-17

Cr, =9,16 T and CT2=3.80 T80

The excellent agreement between theory and experiment
is depicted in Fig. 4.

Rayleigh intensity and the intensity ratio of the Ray-
leigh component and the soft mode were measured for
the initial run, These results are shown in Fig. 5.
Rayleigh intensity gradually increases as temperature
approaches the transition point while the Rayleigh/
Brillouin ratio decreases. Therefore, the soft mode
intensity increases much faster than the Rayleigh inten-
sity does near the transition temperature, For the sec-
ond run, these features became less pronounced due to
internal fractures introduced at the phase transition,

Correlation spectroscopy was also tried simultaneous-
ly with the Brillouin measurements. No correlation
function is observed in the time domain between 1 and
107% s even near the transition temperature.

IV. DISCUSSION

The neutron scattering experiment’ reveals soft TA
phonons whose softening extends considerably into the
Brillouin zone. The soft modes are well defined (under-
damped) even near the transition temperature and no
“central component” was observed in the response func-
tion, This gives important information on the dynamics
of the phase transition, as discussed in detail below.

The presentation will be divided into two sections.
The first will deal with the Landau mean field theory of

J. Chem. Phys., Vol. 76, No. 6, 15 March 1982
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the soft mode behavior in the high-temperature phase as
the transition is approached. The second section will
present a general discussion of the dynamical aspects
of the phase transition induced through rotation—transi-
tion coupling and fluctuations.

A. Soft mode behavior

For the Landau mean field treatment of the phase
transition® the order parameter has been taken as a
doubly degenerate molecular rotation (R,, R,) belonging
to the E, irreducible representation of D4, There are,
of course, other sets of basis functions for this repre-

F=3ay(T -To)R2+RY) +1b(R3 ~3RER,) + $c(RE+R2P + 3

1c¢d+ct,
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sentation; strains (e, e;), (es,e:=€; ~¢,), and higher-
order rotations (R, R,, R2 - R2). Because of the expectedbi-
linear coupling between these physical quantities, the
choice of order parameter is not unique, The discussion
below follows the published theoretical description. As
a consequence of cubic invariants of the order param-
eter in the free energy, theory predicts a first-order
transition for sym -triazine and a firsi-order transition
is observed experimentally. Below, attention will be
focused on elastic anomalies in the high temperature
phase.

The free energy for sym -triazine is given by®

0 0
C11=Cyz

7 (e2+ef)

1
(e;+ep)?+3cSel+ 5l (el +ed) + 3

R:E_R?

2 _p2
+ dlese,—e eg) +Ale R, —esR,) +Bleg Ry +eqRy) + C(eqR,R,-es—’——-y->+D<esR,R),+e7 M’-) oo, (1)

At the phase transition (below T,), the crystal develops
three domains, “triple twinning,” corresponding to mo-
lecular orientations as follows:

Domain I:

(Ry’ eS’ 27) ’

Domain II:
V3 V3 V3
(" iR, + _Z'Ru - %es+“2‘e4, '%‘31*"2_66 ,

and
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FIG. 5. Rayleigh intensity vs temperature (solid circles) and

the intensity ratio Iz/I5 (open circles) vs temperature for sym-
triazine.
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f

Domain III:

5 R, —ze5- 50y, —zen—p—e
One can concentrate on domain I without loss of general-
ity and the free energy then becomes
F = 3ao(T =To)RE+5bR3 + $cRY+chyel + el €3
+clyeseq—AesRy+BegR,+5Ces R —3DeqRE+ -+ .
(2)
in which cds = (c3; —c%).
Forces conjugate to R, e;, and e, can be defined in the
the usual way as
t=(oF/8R,)=ao(T ~To)R, ~ Ae;+Be;+CesR,~DesR, ,
X;=(3F /des)=cyes+clyeq —AR,+ 3CRE
X,=(3F/deq) =clse, +clyes +BR, - DRE | (3)

For an unclamped crystal (£=0), the effective elastic
constants in the high temperature phase (R, =0) can be
calculated from their definitions

aX. T-T A®
C44=(j325—5) =chy T—T; v Th=Tot 2o 4)
and
8X7> o T-T, 2
=t} = =T .
Ceg (867 Ces T-T,’ T, 0+——u—a0c66
Both constants have a common expression
T-T
C’"=C°T—Tz , T3>Ty. (5)

Within the framework of the Landau mean field
theory, fluctuation effetts expressed by the cubic terms
like e5 R% and e, R% in Eq. (2) are not taken into consid-
eration. Such fluctuations can also contribute to the
elastic anomalies as reported by Yoshihara et al.® for
the ferroelectric ~ferroelastic phase transition in ben-
zil, Equation (4), however, fully accounts for the ex-
perimental results for the sym -triazine soft mode as-
suming that the base transition temperature 7'; is given
by the theoretical estimate —759 K and T,=180 K and
T,=17 K,

J. Chem. Phys,, Vol. 76, No. 8, 15 March 1982
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As the scattering plane for these results lies almost
in the crystal b plane, we can assume that the phonons
observed propagate in the ab plane. Effects of the
elastic constants related to the ¢ axis can be {reated,

€1,€08% 0 +cee8in% 0 ilcyy +eyp)8IN 20

pw?(W)=q?| ey +cp)8In26 ¢y Sin® 0 +cq5co8? 0

Cy4COS 28 - ¢4 8in 26

in which (v) represents the displacement vector of the
acoustic phonons, In the dynamical matrix, elastic con-
stant ¢,, gives the coupling between in-plane and out-of-
plane motions and usually has a smaller value than the
other components.® One can thereby neglect c,, in Eq.
(6) as a first approximation. The eigenvalues can then
be readily obtained

Dwf FCy qz
and

2
pwi = gz—{(c“ +Ce) 2 ({11 +cge)? = (¢} +c36) sin® 20

—4cy, Coglcos® 6 +8in* 8) + +(cyy +0,)? sin? 20112},
(7

Rearranging terms inside the square root, one obtains
pw? =ci14° and pw? =ceeq® .

Under these assumptions, the phonon frequencies are
independent of propagation direction in the ab plane.
For the sample rotated 90° from its initial orientation
in the gb plane, observed phonon frequencies are very
close to the values obtained in the initial orientation
(Fig. 3). This result seems to support these approxi-
mations (i.e,, ¢y, is small),

An inequality e; > e, —e, =eq holds for the spon-~
taneous values as shown in Fig, 3 of Ref. 8. Equation
(3) gives relations between spontaneous values of the
strains and order parameters

A B
(e5), ~ -o— (R,) and (eq), ~—7 (R,) .
Cay Ces

Thus, the rotation-translation coupling constant A is
much larger than the constant B and the c,4 softening
is more pronounced than the cgq softening, as shown in
Fig. 4.

Assigning the w; mode to the 7, mode, the w. mode
to the T, mode, and the w, mode to the L mode, the
Landau mean field theory gives a consistent interpreta-
tion of the present Brillouin scattering results,

B. Dynamics and fluctuations

Molecular rotations play an important role in phase
transitions in molecular solids through rotation—trans-
lation coupling, Traditionally, large amplitude rota-
tion has been treated by introducing “pseudospin” as a
stochastic variable,!' This approach is quite success~
ful in describing the statics and dynamics of phase
transitions in the ammonium halides, !* for example.
On the other hand, a librational phonon or libron model

—cy48in2 8
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therefore, by perturbation theory, as the observed
temperature dependences are strong. Then the equa-
tions of motion for the acoustic phonons can be written
in compact form as

Cy14 €08 26

W, (6)
Cys

r
gives a good description of small amplitude rotation.
Unfortunately, most real (molecular) crystals cannot be
definitely classified as one or the other of these ex-
treme cases.

Michel and Naudts'? have developed a different ap-
proach to this problem introducing “symmetry adopted
functions” as rotational variables; they have success-
fully explained the ferroelastic phase transition in KCN
which is triggered by rotational motion of the CN" ion, !*

Recently Raich ef al.'® extended the mean field theory

of sym ~triazine to discuss dynamic properties near the
phase transitions using an equations of motion approach.
The Hamiltonian consists of three parts

=3T+3eR 5™ T (8)

in which 37 is the translational Hamiltonian expressed
in acoustic phonon modes,

3
5T = %Z.: > PUHP(~1) + FWQUNQ(~kF) ,  (9)
=1

and 3¢ ¥ is the rotational part including rotational kinetic
energy

k= g Y Y L)L (~k)+V.

k¥ osx,y

(10)

In Eq. (10) =1, =1, is the moment of inertia of the
sym -triazine molecules in the molecular plane and V
is the rotational potential. Only crystal field potential
terms which have trigonal symmetry will be considered
in this case. They are expressed by tesseral functions

05}

The last term in Eq. (8) contains rotation-translation
coupling and has the general form

3
RFT =)D Z” 2E Q) s Ly(~K) .
L

¥ i1 L,

V=VN(ag Sz0+au0 S40+qag Sama) -

(12)

Details of the allowed coupling constants needed to cal-
culate phonon ~phonon correlation functions which can be
directly observed by neutron and light scattering ex-
periments are found in Ref, 10, As a consequence of the
Hamiltonian (Eq. (8)) and commutation relations, the
equations of motion lead to a chain of equations for the
Green’s functions.!” Truncating this series in the man-
ner of mean field theory, one arrives at a system of

equations which can be written in a matrix form as,
DG=A, (13)

in which D is the dynamical matrix for the Green’s
functions, G is the Green’s function matrix, and A is

J. Chem, Phys,, Vol. 76, No. 6, 16 March 1982
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a diagonal matrix whose elements are +1 depending on
the components.

In the high-temperature approximation £7' > fiw, corre-
lation functions are given by a general formula

on(@) == ZL 5, tm[(D),,] . (19)

These correlation functions are just a generalization of
those obtained by Yamada et al.!! for ammonium halides
and Michel and Naudts'® for alkali cyanides for propa-
gating rotational modeg. Choosing suitable values for
parameters in Eq. (14), the results of these authors can
be reproduced,

For small amplitude librations, observed by Raman
scattering around 60 cm™ in sym-~triazine, the tesseral
functions for L =2 can be expanded in rotational coordi-
nates R, and R, as follows'®:

520~ 1 '%(Ri+ Rs)’ A: ’

‘521~Ry ’
E
S2-1” —Rx s €’
Sy~ R: -RZ,
and E

2V R R,

With this substitution the Hamiltonian then reduces to a
“rotation-translation-~gpin” coupled system, “Spin”
variables are related to fluctuations in exeited phonon
numbers in the doubly degenerate rotational state and
are of quadratic or higher form in R, and R,, Using
this approach Raich ef ql.'® have been able to obtain a
good numerical fit to the observed neutron scattering
response function,

For the “spin~phonon” system one can identify two
limits:

(1) Fast relaxation~relaxation times for the spin var-
iables are much shorter than the phonon oscillation
period. In this instance, the phonon frequency softens
but no central peak enhancement obtains. KCN is close
to this limit, *

(2) Slow relaxation-spin relaxation time is much lon-
ger than the phonon oscillation period. Critical slowing
down of the relaxation time obtains and a well defined
central peak grows without a soft phonon response.

This is the case for NH,Br. %

In the present experiment, a well defined (under
damped) soft mode phonon is observed bat no central
peak response appears (Figs. 4 and 5). Therefore, we
can interpret the sym-~triazine transition as a fast re-

laxation case in the terminology of spin—phonon systems,

Nonetheless, an increasing of the Rayleigh intensity
is observed near the transition temperature. There are
two possible explanations for this result:

(1) The transition is actually an example of an inter-
mediate case but close to the fast relaxation extreme,
or (2) critical fluetuations oceur in the high temperature
phase. These two possibilities are now explored.

3223

The phonon freguencies obtained in the neutron scat-
tering study are much higher than those found in the
Brillouin scattering (wy, > wy), due to large differences
in observed phonon wave vectors. The condition for
fast relaxation is given by wr « 1, in which 7 is the re-
laxation time. Even if one assumes an intermediate
case response for the neutron experiment, a fast re-
laxation response is obtained for the Brillouin experi-
ment; i.e.,

wpT < wyT~1. (15)

This result tends to eliminate the first possibility above
for the Brillouin scattering experiment, Therefore, the
phase transition of sym -triazine falls in the fast relaxa-
tion limit.

Thereby, within the framework of a dynamical mean
field treatment, no central peak can be expected. How-
ever, if the mean field results are taken as a base only,
and if deviations from the mean field theory are sup-
posed, the Rayleigh intensity results may be rationalized,

The present results on the elastic constants, however,
show no clear deviations from the mean field results
even for temperatures quite near the phase transition
temperature for which the Rayleigh intensity is found to
increase. If critical fluctuations exist around the tran-
sition temperature which contribute to the Rayleigh in-
tensity anomaly but not the elastic constant anomalies,
their frequencies must be lower than the soft-phonon
frequency by analogy with the slow-relaxation limit,
Such fluctuations could arise through higher-order {an-
harmonic) couplings of the independent ¢ 4(e,, e5) and
cesles, €4) instabilities. Based on correlation data,
these fluctuation frequencies must be outside the range
110 107¢ s,

V. CONCLUSIONS

We have investigated the ferroelastic phase transi-
tion in sym -triazine around 197 K by Brillouin scatter-
ing and correlation spectroscopy. Our observations are
summarized as follows:

(1) A soft mode whose squared frequency satisfies a
mean field result given by

T -180

@ =3 1759

was characterized. This ¢y, instability is considered as
the physical origin of the phase transition.

(2) No well defined central peak could be observed
in the Brillouin spectra, but a 50% increase of the Ray-
leigh intensity was observed near the transition tem-
perature in the high temperature phase,

(3) A second independent, temperature dependent TA
phonon was observed which also satisfies mean field
behavior

T-117

1y2 o r0y2
((03) (CUS) T+750 °

This mode is interpreted as a result of a Cgg instability
not directly “related to” or *driven by” the ¢,y “main”
instability,

J. Chem. Phys,, Val. 76, No. 6, 156 March 1982
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(4) The LA phonon does not show any anomaly even
near the transition temperature.

(5) Correlations in the Rayleigh scattering were not
observed at any temperature (T = T,) between roughly
10 and 1 s.

These results are interpreted by a Landau mean field
theory and a dynamical theory. Both approaches give
a consistent explanation for the static and dynamic
Brillouin and neutron scattering data., Based on the
dynamical theory, the phase transition in symw -triazine
can be regarded as an example of the fast-relaxation
case which is characterized by a soft-mode phonon re -
sponse without a central peak,

Finally, the possibility of critical fluctuations was
examined using the Rayleigh intensity and correlation
results. These data suggest that the only possibility
for fluctuation effects near the transition temperature
is for fluctuation frequencies smaller than 1 Hz or be-
tween 10 MHz and 1 GHz,
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