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On the phase transition in benzil8
) 

A. Yoshihara, W. D. Wilber, E. R. Bernstein, and J. C. Raich 

Departments of Physics and Chemistry, Colorado State University, Fort Collins, Colorado 80523 
(Received 7 July 1981; accepted 28 October 1981) 

The phase transition in crystalline benzil [{C6HsCOhJ at 84 K is investigated through Brillouin scattering. The 
major experimental findings are two transverse acoustic phonon modes exhibiting softening near the phase 
transition, a longitudinal acoustic mode that is temperature sensitive, and the ratio of the Rayleigh peak 
intensity to the soft mode intensity behaves anomalously. These results are discussed using a theory developed 
for an elastic phase transition in sym-triazine (C3N3H3)' It is found that bilinear-coupling terms involving 
strains and the order parameter can explain transverse mode behavior but not that of the longitudinal 
acoustic mode. 

I. INTRODUCTION 

Benzil (CSHSCO)2 is a molecular crystal which has a 
crystallographic phase transition at - 84 K. Since the 
discovery of this phase transition through birefringence 
studies,l many experimental techniques have been em­
ployed to investigate this system. The phase transition 
has been characterized using EPR spectroscopy,2 x-ray 
diffraction,3 specific heat measurements, 4 infrared 
spectroscopy,5 Raman scattering,6 and Brillouin scat­
tering. 1 The high temperature phase has been deter­
mined to possess a trigonal structure D~(P3121) with 3 
molecules/unit cell. The structure of the low tempera­
ture phase is assigned as C2. 8 The benzil molecule has 
a permanent dipole moment of 3.58 D.9 The crystal 
contains planar arrays of benzil molecules, the twofOld 
axes of which coincide with the twofold axes of these ar­
rays, with each succeeding plane related to the one be­
low it by a threefold screw axis. 10 The dipole moments 
of a given layer are all aligned in the same direction in 
the plane of the layer. The aligned dipole moments are 
related to those in other layers by the threefold screw 
axis and no spontaneous polarization appears in the high 
temperature phase. In the low temperature phase the 
threefold symmetry axis is lost and a spontaneous po­
larization results. Benzil, however, is different from 
most ferroelectrics in that the spontaneous polarization 
(P.) cannot be reversed by an external electric field: 
in a given domain, p. and -p. are not equivalent. 
Therefore, benzil is considered an example of a pyro­
electric. 

A Raman scattering study6 characterized a soft E 
mode which splits in the low temperature phase. The 
dielectric constant Ed shows a weak Curie-Weiss-like 
anomaly near T c [<1E.(Tc )/E(300 K)-O. 5%J. Spontaneous 
polarizationS (- 0.1 fJ. C/cm2) appears along the am axis 
(twofold axis) below the transition temperature. 

Although the dielectric anomaly is weak, recent 
Brillouin scattering results reveal two soft transverse 
acoustic phonons which propagate along the a and c ax­
es. The transverse mode along the a axis displays a 
faster softening than the c-axis mode. These phonons 
belong to the E irreducible representation of D3 • The 
elastic constant Cu which is obtained from the frequency 

a) Supported in part by a grant from AFOSR. 

shift of a longitudinal phonon propagating along the a 
axis also shows some softening in the neighborhood of 
the transition temperature. Anisotropies in "slowness" 
(v· l; v = sound velocity) are also predicted in both the 
a-c and b-c planes. Softening in the a-b plane is, how­
ever, fairly uniform. 

The above experimental results suggest that the order 
parameter for this phase transition is some physical 
quantity which belongs to the E irreducible representa­
tion of Ds' This representation contains as basis func­
tions polarizations (Px , p y ), strains (e4' es), (es, e7 ooe l 

- ez), and molecular rotations (Rx, R y)' Observed anom­
alies in dielectric and elastic properties are conse­
quences of bilinear coupling between some microscopic 
order parameter and such macroscopiC quantities as 
strains and polarizations. 

The transition is expected to be first order based on 
the Landau condition for third-order invariants [E]3 in 
the free energy expansion. Although theory predicts a 
first-order transition, experiments reveal only a weakly 
first-order transition at T = To; the latent heat4 associ­
ated with the transition is quite small (Ml- 44 J mor l

) 

and the hystereSiS is smaller than 0.1 K3,6 

Recently, Raich and Bernsteinll have developed a de­
scription of the ferroelastic phase transition in sY/Il­
triazine (Tc - 200 K). The phase transition is induced 
by a doubly degenerate order parameter which belongs 
to the Eg irreducible representation of D3d • The low 
temperature phase, in this case, has C2h symmetry. 
The elastic constant C44 is predicted to soften at this 
phase tranSition, in agreement with recent inelastiC 
neutron scattering experiments. 12 

As benzil is piezoelectric, even in the high tempera­
ture phase dielectric and elastic anomalies cannot be 
separated, in general. The observed elastic constants 
must be described byl3 

in which c?j is a bare elastic constant, 0ijk is a piezo­
elastic constant, and Ek is a bare dielectric constant. 
The dielectric constant can be decomposed to a sum of 
two terms: Ek = E~ + <1Ek in which E~ is the normal part 
and <1E. represents the anomalous part of the dielectric 
constant. For benzil, Eg» 6Ek for all temperatures. 
Therefore, the main effect of the piezoelectric property 
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of benzil is to shift the absolute values of the elastic 
constants. Ignoring this piezoelectric coupling effect, 
interactions between order parameters and strains can 
be separated from interactions between order parame­
ters and polarizations. Moreover, since elastic con­
stant matrices for Ds and DSd are the same, the elastic 
anomalies in benzil can be treated in this regime by the 
theoretical model developed for sym -triazine. 11 

In this report, new Brillouin scattering data for pho­
nons propagating along the a and c axes will be pre­
sented. We became aware of the previous Brillouin re­
sults' only after our experiments were nearing comple­
tion. Our results are in substantial agreement with 
those of Ref. 7 but extend the data for the longitudinal 
modes, in particular. The observed temperature be­
havior is discussed on the basis of a Landau mean field 
theory worked out for triazine, which undergoes a sim­
ilar transition, on the basis of group theory. Deviations 
from the Landau theory are noted and discussed qualita­
tively in terms of different mechanisms. 

II. EXPERIMENTAL 

Single crystals of benzil were grown from xylene so­
lutions by slow cooling or slow evaporation. Solutions 
are prepared by successive and repeated recrystalliza­
tions and filterings of benzil and xylene. Large single 
transparent, pale yellow crystals (- 2x 5x 1 cmS ) of ex­
cellent optical quality are readily grown. Crystal axes 
are determined by examining the crystal with a polariz­
ing microscope and observing the crystal's external 
features. 6,14 Since the crystal is brittle, samples for 
90 0 scattering in the a -c plane were carefully cut and 
then polished using lens paper and xylene solvent to ob­
tain cubic samples about 5 mm on a side. In order to 
measure anisotropy of frequency shifts in the a-c 
plane, several cylindrically shaped samples were pre­
pared (- 8 mm diam x 10 mm). To reduce surface 
scattering, samples were coated with a thin layer of 
parafin oil. This procedure drastically reduced the 
Rayleigh intensity (-1/10). 

The experimental setup is such that Brillouin scatter­
ing and correlation spectroscopy can be simultaneously 
observed by splitting the scattered light. Details of the 
correlation spectroscopy apparatus and results will be 
presented at a later time. Brillouin spectra were ob­
tained using a piezoelectrically scanned triple pass 
Fabry-Perot interferometer followed by an RCA 
C31034A-02 photomultiplier tube thermoelectrically 
cooled for a dark count of -10 cps. The output of the 
tube is detected by photon counting electronics and a 
data acquisition and stabilization system (Burleigh 
DAS-1). Spectra are stored in a Nicolet 1074 multi­
channel analyzer and displayed on a Hewlett-Packard 
98458 computer or an x-y recorder. Free spectral 
ranges of 28.68 and 10.0 GHz are typical. A finesse of 
- 50 to 60 could be maintained for the duration of the 
experiment (-1 to 2 days). 

The laser employed is a Spectra Physics Model 165 
argon ion laser. Typical power at the sample was 
-100 mWat 5145 A. An intracavity etalon provided 

o 10 
FREQUENCY SHIFT (GHz) 

FIG. 1. Brillouin spectra of phonons propagating along the 
a axis near the transition temperature in the high tempera­
ture phase: (A) Tc+1.5 K. (B) Te+O.5 K. (C) - Te. in which 
Ie: 81. 5 K for this particular heavily recycled sample. Bril­
louin peaks corresponding to a Rayleigh peak which 1s denoted 
by "R" are labeled "T" and "L" with vertical line markers. 

single mode output, which is monitored with a spherical 
Fabry-Perot interferometer used as a spectrum anal­
yzer. Samples are affixed to a copper block, using 
G. E. 7031 varnish, and then placed in a copper scatter­
ing cell wrapped with heater wire. A closed cycle re­
frigerator (Cn 21) is used to obtain temperatures as 
low as 40 K. Temperature is controlled with a propor­
tional controller with a diode sensor to within ±0.1 K. 
Sample temperature is measured with another diode 
through the controller. Transition temperature for 
each sample is found to be 83.5 K ± 0.5 K. Experimental 
errors are estimated as follows: crystal orientation 
(phonon propagation direction) is ± 2 0, . Brillouin shift 
measurements are ±O. 5% for L modes and ± 1% for T 
modes, half width of transitions is ± 5%, and intenSity 
measurements are ± 15%. 

III. RESULTS 

Typical temperature dependent phonon frequencies 
near the tranSition temperature are shown in Fig. 1 for 
phonons propagating along the a axis. Although no 
physical damage was visible in the sample after several 
cycles through the transition temperature, softening of 
the transverse modes became less pronounced and the 
transition temperature decreased (as can be seen in 
Fig. 1). The longitudinal phonon evidences rapid 
changes in the region near Te. The other transverse 
phonon is masked by the soft mode in the region dis­
played in Fig. 1. Results for the a- and c-axis phonons 
in the high temperature phase correspond closely to the 
previous Br.i11ouin scattering results'; note however, 
that the frequencies reported here are slightly (- 3%) 
higher. Temperature dependence for the longitudinal 
a -axis phonon frequency and its half width at half maxi­
mum are given in Fig. 2. The frequency shift of L. 
with temperature shows a x-type anomaly in addition to 
a discontinuity at Te , and its half width increases con-
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FIG. 2. Temperature dependence of the frequency shift and 
HWHM of the LA phonon along the a axis (La> and the frequency 
shift of the LA phonon along the c axis (Lc). Slight differences 
can be seen for different samples. The lines are drawn to help 
view the overall trends. 

siderably near the transition temperature. The longi­
tudinal c-axis phonon evidences no anomaly in frequency 
shift or half width; it displays a monotonic variation 
with temperature. These data are also presented in 
Fig. 2. 

Two transverse modes propagating along the a axis 
are observed, as is to be expected for a trigonal struc­
ture. 15 The less intense of the two shows a weak tem­
perature dependence. Along the c axis only one trans­
verse mode is found; it is doubly degenerate and soft. 

Results for the transverse soft modes are summarizer 
in Fig. 3. The a-axis phonon is always of lower fre­
quency than the c-axis phonon; the a-axis mode shows a 
small jump at Tc and has a small ($ 1 K) transition 
temperature hysteresis. These facts suggest that the 
phase transition is of first order. Measurements have 
been repeated using different samples cut from the 
same crystal boule, and a weak sample dependence has 
been observed in the soft mode behavior near the tran­
sition temperature (see Fig. 3). For a given sample, 
however, good reproducibility was observed. The slight 
sample dependent frequency data can probably be 
ascribed to defects which create variation in the local 
stress distribution in the samples. 

The ratio of the soft mode intensity to Rayleigh peak 
intensity along the a axis was also measured and is sum­
marized in Fig. 3. Initial increase of this ratio is due 
to soft mode behavior, Le., I s a:(pv2rl15 and v-D. The 
ratio has a maximum at - Tc + 1 K, however, suggesting, 
in addition, a rapid increase in Rayleigh intensity in the 
high temperature phase close to the transition temper­
ature. 

Sound velocity v can be caluclated for an optically 
anisotropic crystal16 by 

in which nj, ns are refractive indices for incident and 
scattered light, respectively, ,\ is the wave length of 
incident light in vacuum, and Os is the scattering angle 
(90 0 in these experiments). For the situation at hand, 
,\ = 5145 A, na = 1. 679, and nc = 1. 693 at 5145 A and room 
temperature. 7 Elastic constants can be calculated from 

in which p is the crystal density (p = 1. 256 g/cm3 at 
T =300 K).10 As interest resides in the anomalous be­
havior of the elastic constants near the phase transition 
temperature and not their absolute value, temperature 
dependences of these other (n, p, etc.) constants for 
benzil can be neglected. 

Elastic constants for the two soft modes have been 
calculated and results near the transition are shown in 
Fig. 4. Within +10K of the transition temperature, a 
linear dependence approximately holds for the elastic 
constants as a function of temperature. Thus, 

c""cO(T-To); 

for the c-axis mode 

and for the a-axis mode 

c""1.7x107 N/m 2 deg (To=72±1 K). 

Elastic constants for the longitudinal phonon along the 
a axis were also calculated near the transition temper­
ature and the results are depicted in Fig. 5. Anisotro­
py of phonon frequencies in the a-c plane was measured 
and the room temperature results are given in Fig. 6. 
These results are close to those calculated previously. 7 

Finally, there is a weak (10%-15%) anomaly in C66' 
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FIG. 3. Temperature dependence of the two transverse (a and 
c axis) soft mode frequencies (T a and T J and the ratio of the 
soft mode intensity along the a axis to Rayleigh peak intensity. 
Two results are given for the a axis mode obtained with two 
different samples. Measurements on one of these have been 
taken twice. Is/IR and Ta data are for the same crystal and 
run. Note that the difference in transition temperature for Tc 
and Ta is due to variation in transition temperature with dif­
ferent samples <!ATc ! $1 Kfor all samples studied). 
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FIG. 4. Temperature dependence of the elastic constants ob­
tained from results shown in Fig. 3. The elastic constants are 

(A) c44 and (B) ~ I(c66+C44) -/(C66 - C44)2 +4C~4 J 

for Tc and Ta. respectively. Full line is calculated by Eq. (21) 
given in the text. c44 softening causes both temperature de­
pendences. 

The observed C66 begins to deviate from that predicted 
by the high temperature slope at -120 K; c66 (300 K) 
-3x 109 N/m2

, c6d83.5 K) -4 x 109 N/m 2
, and the 

projected value of C 66 is close to 4. 8x 109 N/m 2 • This 
softening of C66 renders it roughly temperature indepen­
dent near the transition region. 

IV. DISCUSSION 

Elastic constant matrices for both phases are given 
in Table I; notation of Ref. 7 has been followed. Cor­
respondence between elastic constants in the high and 
low temperature phases is given in Table n. Trans-
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FIG. 5. Temperature dependence of the elastic constant clI 

near the transition temperature. The full line was calculated 
by Eq. (21) given in the text. 
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FIG. 6. Anisotropy of Brillouin shifts in the a-c plane at 
room temperature. A doubly degenerated pure transverse 
mode propagating along the c axis splits into two quasitrans­
verse modes. These two modes do not cross in the a-c plane. 
Previous slowness results given in Ref. 7 can be compared by 
taking the inverse of the present values. 

verse phonon frequencies along the c and a axes are 
given as 

w~ =cuq2, c axis, 

and 

(1) 

2 _ 1 {( ) [ ( )2 4 2 ]l/Z} Z . WT-I C66 +CU ± C66-CU + C14 q ,a runs • (2) 

The data reveal that w~ = C44q2 behaves as a soft mode. 
Assuming C44 has the strongest temperature dependence, 
the lower frequency for the a axis can be approximated 
near the transition temperature for the case C66 » C44 

as follows: 

(3) 

TABLE I. Elastic constant matrices for benzil. 

Trigonal phase (Dil 

ClI cl2 Co cl4 0 0 

cl2 cll cl 3 -c14 0 0 

cI3 cl 3 c 33 0 0 0 

c14 - c14 0 c44 0 0 

0 0 0 0 c44 -c14 

0 0 0 0 -c14 c 66 

Monoclinic phase (C2) 

clI cI2 c l3 c14 0 0 

cl2 c 22 c 23 c 24 0 0 

CIS C23 C33 c 34 0 0 

c14 c 24 c34 c44 0 0 

0 0 0 0 C55 c56 

0 0 0 0 c 56 c66 

J. Chern. Phys., Vol. 76, No.4, 15 February 1982 
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TABLE II. Correspondence between the elastic constants in the high symmetry and low sym­
metry phases and the apprOximate polarization designations of their corresponding acoustic 
phonon modes. 

Cjj (L) Cu (L) 

C33 (L) 

C44 (T) 

C44 (T) 

~ [(C33+c4J + J (C33 - cU)2 +4~1 (QL) 

C55 (T) 

~ [(C33+C44) -l(c33-C44)2+4c~ )(QT) 

~ [(C55 +css> ±J (cS5 - cSs>2 +4cfs l(QT) 

The form of Eq. (3) gives To-To+(e~JC66CO) in Cu 
= cO(T - To) and thus this mode can be expected to soften 
faster than cHq2 alone. In this manner, the two soft 
transverse modes can share a common origin of insta­
bility (the elastic constant C44)' Moreover, the lowest 
phonon frequency propagating along the b axis can be 
approximated near the transition as 

(4) 

Therefore, the b-axis transverse mode behaves much 
like the a-axis mode and the softening of this branch has 
not been extensively investigated. Since Cll> C66 =~ (ell 

- cu), the a-axis mode softens faster than the others. 

As we have pointed out in the Introduction, benzil is 
piezoelectric even in the high temperature phase and 
thus the dielectric and elastic properties cannot be rig­
orously separated. Following the theory of piezoelec­
tricity,13 the free energy of a crystal may be expanded 
in terms of effective dielectric and elastic constants as 

(5) 

in which XO =dielectric susceptibility, CO =elastic con­
stant, a = piezoelectric constant, P = electric polariza­
tion, and e =strain. Using Eq. (5), the external elec­
tric field E and the external stress X can be calculated 
from 

and 

8F P 
E = - = -,r -ae 

8P X 

X = 8F = CO e - aP • 
8e 

(6) 

(7) 

Effective dielectric constants and elastic constants are 

then given by 

and 

BE 1 1 a2 

- =- =,--::n-
BP X X c 

(8) 

(9) 

As discussed earlier, benzil has only a weak dielec­
tric anomaly, even near the transition temperature. 
Nonetheless, it must be pointed out that experimentally 
X and c, and not XO and co, are observed for piezoelec­
trics in the free crystal. It is suggested by the previous 
discussion, however, that the dielectric contribution to 
the elastic anomalies can be neglected for benzil. For 
small dielectric contributions, this neglect results 
only in a shift of absolute values. In the ensuing dis­
cussion only the elastic portion of the benz il phase be­
havior will be treated. This approximation is equiva­
lent to extending the space group of benzil (Ds) into a 
higher group like D3a by adding an inversion center. 

Haich and Bernstein have previously presented a Lan­
dau mean field theory of the phase transition in tri­
azine. 11 Triazine has a crystal structure space group 
of D~d (R3c) symmetry and a temperature (pressure) 
induced phase transition due to a C44 elastic constant in­
stability.17 Under the above approximations this theory 
can be extended to cover benzil; as D3 becomes D3d , the 
E irreducible representation of D3 becomes equivalent 
to Eg (second rank tensor basis functions) and E. (vector 
basis functions) of irredUCible representations of Dsa' 
As in the case of triazine, we introduce doubly degener­
ate order parameters (Q1' Q2) as suggested by recent 
Haman6 and infrared5 spectroscopic results. These or­
der parameters can be considered to be phonon ampli­
tudes. The free energy is given asU,iS 

F =Fo + ~ (Q~ +Qi) + ~Ql (Q~ - 3Q~>+ ~ (Q~ +Q~)2 + ~(C~l ;C~2) (el +e2)2 + ~ c~3e~ d· c~4(e~ +e~) + ~ c~e(e; +e~) 

+c~4(e4e7 - e5ee) +A(e4Ql- e5Q2) +B(e7Ql +eeQ;) + C [e4(Q~; Q~) - e5Q1Q2 ] +D[ e7(Qt; Q~) +e6Q1Q2] + • ", (10) 

Three equivalent domains are predicted: 

J .. Chem. Phys., Vol. 76, No.4, 15 February 1982 
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Domain I: 

Domain II: 

(-~ Q1 + ~f3Q2 

Domain III: 

(-~Ql-~{3Q2' -~e4-~{3es' -~e7-t{3e6)' 

Considering domain I alone, the free energy can be more 
simply described as 

This approach yields temperature dependent effective 
elastic constants by expanding them in powers of the 
strain es (our e.) near the phase transition tempera­
ture. As we are interested not only in soft mode behav­
ior but also discontinuities at To, another method19 will 
be employed. Both phases can be treated simultaneous­
ly by introducing spontaneous values and fluctuations 
around these values for Ql' el> and e4' Three equa­
tions are thereby generated: 

(aF /aQl) = (a + bQl +CQnQl + (A +CQl)e4 + (B +DQl)e1 

=8 1 , (12) 

(aF/ael) =C11e1 + (B +~ DQ1)Ql =X1 , 

(aF/ee!) =c~4e4 + (A +~ CQI)Q1 =X4 , 

(13) 

(14) 

in which 0 1 is an external field conjugate to the order 
parameter Q1 and XI (i = 1, 4) are external stresses. 
Replacing variables 11; with 11/ + ijj CiI; is the fluctuating 
value of 1)1) in Eqs. (12)-(14), the lowest order terms 
determine a set of equations which generate spontane-
0us values of the variables and have exactly the same 
form as Eqs. (12)-(14) with zero spontaneous values of 
the external fields. Linearized relations between fluc­
tuations and fields can then be employed to generate 
susceptibilities 

(a'+ 2bQ1 +3cQVQ1 + (A +CQl)e4 + (B +DQ1)el = 81 , 

C~lel + (B +DQI)Ql =X1 , 

c~4e4 + (A + CQl)QI = X 4 , 

(15) 

in which a' =a+Ce4+Del" There are, of course, higher 
order terms in fluctuations which can make contribu­
tions to Eq. (15) even in the high temperature phase. 
Landau theory neglects such contributions, some of 
which will be discussed below. 

Effective elastic constants can be obtained from Eq. 
(15) and are defined as follows: 

For the L mode with 01 =e4 =0 and Xl *0 , 

aXI 0 (B +DQl)2 
c - - -c (16) 

11 - a~l - 11 - a' +2bQI +3cQ~ 

For the T mode with &1 =el =0 and x4*0, 

_~_ 0 (A+CQI)2 
C44 - ae, - c44 - a' +2bQI +3cQ: (17) 

The above constraints used to derive the elastic con­
stants insure that (ae4/ael) = (ael/ae4) =0 for these lin-

earized equations. Treating XI and X4 like g I is inap­
propriate in this instance because two strain variables 
are required. 

In the high temperature phase, Q l =el =e4::0 and the 
above two expressions can be simplified considerably 

a B2 
Cll ::cll - a ' 

a A2 
C44=C44- a ' 

(18) 

(19) 

Using Eq. (3), effective a-axis elastic constants for the 
high temperature phase are 

(20) 

These three equations can be put into the following form: 

_ a T - T2 
coff -c T - T1 (21) 

With data shown in Figs. 4 and 5, parameters appearing 
in Eq. (21) are determined for longitudinal and trans­
verse modes as 

(22) 

(23) 

In these two equations, it has been assumed that tem­
perature dependence of CO within the narrow temperature 
range around T c can be neglected. These equations are 
also plotted in Figs. 4 and 5. Numerical estimates of 
constants appearing in the free energy expression Eq. 
(10) can be calculated using Eqs. (20) and (23) 

and 

A2 
- =3. 98x lOla (N/m2 deg) , 
ao 

The last result can be directly compared to experimen­
tal results given in Refs. 7 and 20 

{C44- ~)-0.IX1010 (N/m2) at T=300 K . 
\ C66 

The agreement between our calculated estimate and the 
experimental value is certainly reasonable conSidering 
our estimate is obtained near the tranSition tempera­
ture and that (C~4 - (C~4)2/cg6] has a weak temperature 
dependence. 

An additional comparison can be made for To with the 
value obtained by setting the Raman frequency for the 
E mode in the high temperature phase equal to a2F/aQ~ 
= eZF/aQ~ = a =ao (T - To). A rough fit of the Raman data 
yields T o~ 5 K. For this case, a best fit for both 
modes yields T 2T ,=72. 5±0. 5 K and c~ = 1. 53 (±O. 03) 
x 109 (N/m2

); and TZL = 18 ± 2 K and ci =' 1. 78 (± 0.05) 
x 1010 (N/m2 ). Neither of these fits is particularly 
good; however, again the transverse modes are much 
better than the longitudinal one. 

J. Chern. Phys., Vol. 76, No.4, 15 February 1982 
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Thus, the transverse elastic anomalies observed for 
benzil can be explained by a Landau theory with bilinear 
strain-order parameter coupling terms. Since the 
phase transition is first order due to cubic invariants in 
the free energy expansion, the elastic constants may 
well, in general, evidence discontinuities at the transi­
tion temperature. The small step observed in the trans­
verse mode frequency along the a axis can therefore be 
understood (Fig. 3). 

However, the a-axis longitudinal phonon anomaly can­
not be explained with only bilinear coupling with the or­
der parameter. The numerically fitted result given by 
Eq. (22) yields a factor of 2 larger To than that obtained 
from the CT results of Eq. (23). The theoretical treat­
ment presented thus far demands that TIT = TlL = To [of 
Eq. (10)] because only bilinear mean field coupling 
terms have been considered. Higher order terms, in­
cluding fluctuations, however, contribute to the phenom­
enological form of Eq. (21). This gives a value of TI 
for the a-axis longitudinal mode much greater than To. 
Moreover, the discontinuity observed in the longitudinal 
a-axis mode at the transition temperature (Fig. 5) is 
probably too large to be accounted for in the above men­
tioned manner. Therefore, the experimental results 
and theoretical analysis suggest the existence of non­
mean field contributions to the a-axis elastic softening. 

The a-axis longitudinal mode discontinuity is similar 
to that observed in improper ferroelectrics like 
Gdz(M04)s2I and (NH4)2S04.22 Such anomalies may be 
understood through higher order coupling terms between 
the order parameters and strains as given in Eq. (10) 

by ~ DeIQ~, etc. Terms of this nature are referred to 
as electrostriction and anomalies associated with these 
higher order couplings have been considered previous­
ly.2s Following Rehwald, 24 the elastic anomaly due to 
this interaction is found to be 

1 D2 21-1 2 1-1 21-1 2 
Acll =k

B
T""4(4QI (QI )+(QI QI)' (24) 

The first term in Eq. (24) vanishes in the high tempera­
ture phase and is already included in Eq. (16). For a 
second-order transition (I Q112) - - Qt and this term al­
ways gives a step to lower elastic constant values at Te. 
Thus, for benzil this term will contribute to the sharp 
decrease in Cll at the transition point and will also be 
responsible for a weak temperature dependence below 
the transition temperature. The second term in Eq. 
(24) survives even in the high temperature phase and 
contributes to general mode softening, depending on the 
order parameter susceptibilitiy and the speCific heat 
due to order parameter fluctuations. 24 Therefore, the 
elastic anomaly in the longitudinal mode near the transi­
tion temperature can consist of two terms 

o (B+DQI)Z 1 d <1- 121- 12) (25) 
Cll =Cll - a' +2bQI +3cQ~ - kBT""4 QI QI . 

This may be written as 

o (B +DQI)2 IT - To I-P± 
Cll=CU- a'+2bQI+3cQ~ -A± ----:r;- , (26) 

in which the ± signs refer to the high and low tempera­
ture phases, respectively. 

This expression can account for the Cu (soft La mode) 
behavior in a qualitative fashion. In the high tempera­
ture phase, Eq. (21) should be replaced in the data an­
alysis, therefore, with 

Numerical fitting using Eq. (27) with To =37.2 K and a 
temperature dependent C~I has been repeated with little 
success. In order to get a reasonable fit, To must ap­
proach 80 K in Eq. (27). More will be presented on 
this issue shortly. 

As a further application of the Landau mean field the­
ory to the benzil phase tranSition, phonon frequency 
anisotropy in the a-c plane at room temperature was 
calculated using the full dynamical matr ix. Results are 
shown in Fig. 7 and should be compared with Fig. 6. 

Ultrasonic experiments at room temperature20 give 
lower sound velocity values (by about 3%-5%) than those 
obtained from Brillouin scattering. 7,25 The difference 
in these velocities is outside the contribution from dis­
persion effects, which are expected to be of the order 
of less than 1%. This suggests the possibility that some 
relaxation process is involved with the dynamical behav­
ior of benzil. From the standpoint of a ferroelectric 
phase transition, the anomaly at 84 K in benzil can be 
regarded as an order-disorder transition of the perma­
nent dipole moments of the individual molecules. One 
possible mechanism for such a relaxation effect would 
be a dipolar orientation-relaxation process. Thereby, 
the anomaly in the intensity ratio of Brillouin soft mode 
scattering to Rayleigh scattering shown in Fig. 3 might 
be explained by a critical slowing down of some (dipolar) 
relaxation time. This relaxation time is consistent with 
the generalized Lyddane-Sachs-Teller relaxation26 

given by 

(28) 

in which T T is the (critical) transverse relaxation time 
and TL is the (usually assumed noncritical) longitudinal 
relaxation time. In order that the observed small di­
electric anomaly be maintained by this equation, 

wL-wT-(T-To) 

and 
TL -TT-(T-To)-l 

Thus, ultrasonic and dielectric dispersion measure­
ments near the transition point will yield important dy­
namical information for the benzil phase transition. 
Clearly, the concept of some relaxation process affect­
ing the frequency dispersion is consistent with the ex­
isting benzil data. 

Finally, previous x-ray results on benzil at 74 K3 
and their proposed incorporation into a theory of the 
benzil phase transitionS should be discussed. Toledano 
has developed a theory for the benzil phase transition 
based on the observed doubling of translational symme­
try in the (0001) plane of the hexagonal unit cell. Cell 
doubling was accounted for by introducing zone boundary 
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FIG. 7. Theoretical calculations of the Brillouin shift anisot­
ropy for benzil at room temperature: (A) (ae plane), (B) (be 
plane), and (e) (ab plane). 

order parameters at the M point in the hexagonal Bril­
louin zone. The star associated with this representa­
tion of the translation group has three components and 
thus the order parameter is three dimensional. These 
order parameters couple to the E zone center order 
parameters introduced in the above discussion. This 

theory assumes that the zone center instability triggers 
the zone boundary instability through anharmonic inter­
action given by 

F lnt = o[Ql(2d -?:~ - d) +Qz.,r3(?:~ - d)] , (29) 

in which (Qi' Qz) are again the zone center E order pa­
rameters and (?:i' ?:z, &3) describe the zone boundary in­
stability. As a consequence, three phases are predicted: 

Phase I: trigonal high temperature phase (Q =?: =0); 

Phase II: monoclinic C2 with same translation sym­
metry as phase I (Qi *0, ?: =O); 

Phase III: monoclinic C2 with different translational 
symmetry from phase I (Qi *0, 1:i *0). 

Conditions have been presented for a phase I - phase III 
transition without the appearance of phase II. The free 
energy associated with the coupling between zone boun­
dary order parameters and strains is given by 

F t- e =l[{3e5(?:~ - fs) +e4(2d -1:~ - d)] +m[{3es(d - ?:~) 

+e7(2d - d - d)] +n( (el +ez)(d +?:~ + d)] + .... 
(30) 

As is easily seen, the postulated zone boundary order 
parameter contributions to the free energy are of the 
same form as those arising from higher order fluctua­
tions of the zone center couplings (compare Eqs. (24)­
(27)]. Therefore, elastic anomalies expected from this 
mechanism are of exactly the same form as given by 
Eq. (24). As mentioned before, in order to obtain a 
numerical fit for the a-axis longitudinal mode, a more 
complicated expression than that given in Eq. (26) is 
required. Such a new equation might have the form of 
Eq. (26) with the added term 

which expresses a possible zone boundary mode fluctua­
tion contribution to the softening of Cll' Clearly such a 
total equation has too many parameters to be fit mean­
ingfully to the present experimental results. Unfortu­
nately, elastic measurements cannot separate two su­
perimposed anomalies due to these two electrostrictive­
type interactions. 

Presently only one experiment3 has suggested that the 
translational symmetry is broken at the transitioIi point. 
This x-ray study reports temperature dependence of the 
zone center order parameter only. In addition, Brillouin 
data taken to 35 K evidence no further anomalous be­
havior in any of the acoustic phonon modes, even though 
x-ray and infrared studies show an additional discontin­
uity at -55 K. Clearly, more preCise structural stud­
ies and measurements of Bragg point intensities corre­
sponding to zone boundary pOints (the M point in particu­
lar) would be of considerable importance and interest. 

V. CONCLUSION 

The structural phase transition in benzil at 83.5 K has 
been investigated using Brillouin scattering from pho­
nons propagating along the a and C axes. Our observa­
tions are summarized as follows: 
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(1) Two transverse modes propagating along the a and 
c axes behave as soft modes. The related elastic con­
stants are H (c66 +C4') -[(C6S - C44)2 +4d.J and cu, 
respectively. 

(2) A longitudinal phonon propagating along the a axis 
is temperature sensitive near the transition point; a'\­
type anomaly is observed for this mode. 

(3) A longitudinal phonon propagating along the c axis 
shows no anomaly around the transition temperature as 
predicted by the triazine Landau theory. 

(4) The ratio of the soft mode intensity to Rayleigh 
peak intensity along the a axis was examined. It was 
found that this ratio has a maximum at To + 1 K, which 
indicates a rapid increasing in the Rayleigh intensity in 
the high temperature phase. 

(5) Anisotropy of phonon frequencies in the a-c plane 
was determined at room temperature. 

These results are analyzed by a mean field Landau 
theory. Observed elastic constant temperature depen­
dences could be fitted by a relation of the form 

c = cO(T - Tz)/(T - T 1 ) • 

Along the a axis in the high temperature phase c~ 
=0.107X1010N/m2, Ta"'74.4 K, and T 1 =To=37.2 K 
and c~ = 1. 58 X 1010 N/m2

, T2 = 73.4 K, and Tl = 72.6 K. 

Bilinear coupling constants appearing in the theory 
could be estimated from the data. To discuss the "-­
type anomaly in ell> an electrostrictive-type interac­
tion was introduced. This term also contributes to the 
elastic softening in the high temperature phase. The 
effect of a Brillouin zone boundary instability on the 
elastic constants was examined and it was found to give 
contributions similar to those for the electrostrictive 
interactions from zone center order parameters. A 
quantitative decomposition of these two contributions 
must await a more complete and more accurate data set. 

Anisotropy in phonon frequencies was calculated 
based on the triazine theory27 and good agreement be­
tween theoretical and experimental results obtained. 

Finally, a possibility of some (dipolar) relaxation 
process was explored to explain sound velocity disper­
sion, Rayleigh intensity, and the dielectric anomaly in 
benzil. Rayleigh correlation measurements are now in 
progress to obtain more information on this relaxation 
phenomenon. 
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