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Benzil, which crystallizes at T=368 K in the trigonal space group P3,21 (D%), undergoes
a solid-to-solid phase transition at T, =84 K with monoclinic C2 (C3) symmetry below T.;
the primitive unit cell below T, shows a fourfold expansion. Raman spectra associated with
modes in which benzil molecules execute rigid translatory and rotatory (librational)
oscillations—the external modes—show the consequences of the lowered symmetry and the
unit-cell enlargement below T,.. The doubly degenerate zone-center E modes in the high-
temperature phase show splittings, one of which manifests a pronounced softening and a
discontinuity in its frequency at T, characteristic of a first-order transition. The zone-
boundary external modes associated with the M points of the Brillouin zone for T > T,
transform into Raman-active zone-center phonons below T,.. The Raman spectra at T < T,
show a large number of new lines which can be attributed to these zone-boundary M modes;
one of these is a second soft mode related to the unit-cell enlargement. The experimental re-
sults are discussed in terms of a model in which the M-point instability is triggered by the
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Solid-to-solid phase transition in crystalline benzil: A Raman scattering study

one at the zone center.

I. INTRODUCTION

The organic compound benzil, CsH;COCOCHs,
crystallizes at 368 K with a space group D% (P3,21)
or its enantiomorph D§ (P3,21).! At the tempera-
ture 7,=84 K it undergoes a solid-to-solid phase
transition to a low-temperature form having C%
(C2) space-group symmetry.>® This fascinating or-
ganic crystal has been aptly labeled* as “organic
quartz,” it being isomorphous with a quartz, Te, Se,
etc. in the temperature range 368 > T > 84 K. Ra-
man,*~® Brillouin,”!° and infrared spectroscopy!!
have been applied to the study of the zone-center op-
tical and acoustic phonons of this crystal. In the
trigonal phase, benzil crystal consists of three mole-
cules arranged in a spiral fashion along the threefold
axis in a manner identical to the three Te atoms in
crystalline Te. We note that the benzil molecule
consists of two C¢Hs—C=O units coupled by a
carbon—carbon bond, such molecules in turn being
bonded to others by weak van der Waals intermolec-
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ular forces. The earlier studies of Solin and Ram-
das,’ Claus et al.,* and Stenman® identified the Ra-
man lines characteristic of the coupled intramolecu-
lar vibrations (“internal modes”) and the coupled in-
termolecular vibrations and rotations (“external
modes™) in the trigonal phase. Sapriel et al.” and
Moore et al.® addressed themselves specifically to
the manifestations of the 7,=84 K solid-to-solid
phase transition in the Raman spectrum. Vacher
et al.' investigated this phase transition as it re-
veals itself in the Brillouin spectrum and hence in
the elastic compliance constants.

It is clearly of interest to establish the nature of
the solid-to-solid phase transition at T,=84 K.
Esherick and Kohler? made the striking observation
that below the transition temperature uniaxial benzil
becomes biaxial. On the basis of conoscopic in-
terference figures they noted that the optic axial an-
gle 2V between the optic axes observed in the low-
temperature phase dropped from 24° to 0° at the
transition temperature; below 84 K, 2V increased
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linearly with decreasing temperature. Though the
discontinuity in 2V as a function of temperature
suggested a first-order transition, the complete re-
versibility of the onset or disappearance of the
birefringence and a vanishingly small latent heat led
them to believe that the phase transition might be
second order in character. Dworkin and Fuchs!'? re-
ported a very sharp peak at T'=284.07 K in the heat
capacity; the earlier failure to observe a measurable
latent heat was attributed by these authors to a lack
of adequate temperature resolution. They concluded
that the 84-K phase transition is “nearer first order
than second order.”

Raman scattering has proved to be very fruitful in
providing a microscopic insight into the nature of
phase transitions.!> With this motivation, the
present authors have carried out a detailed study of
the temperature dependence of the Raman-active
low-frequency external modes in benzil. While the
work reported in this paper'*!® was in progress,
Sapriel et al.” reported the temperature dependence
of the lowest-frequency doubly degenerate E mode
in the trigonal phase with a room-temperature posi-
tion of 16 cm™!; as the temperature was lowered
this line “softened” nonlinearly and, below T, split
into two lines. No discontinuity in frequency was
apparent in their work. This behavior is consistent
with a second-order phase transition from trigonal
to monoclinic symmetry. Complementary optical
measurements of the crystal below 7, revealed a
multidomain structure having three domains differ-
ing from one another by a 120° rotation about the
original threefold axis. Each domain contained an
extinction direction coincident with one of the three
twofold axes of the trigonal phase. These results are
also consistent with a monoclinic symmetry. How-
ever, the x-ray diffraction studies of Odou et al.?
were interpreted as indicating a triclinic symmetry
below T,. The observed soft mode—the 16-cm~! E
mode referred to above—is a zone-center mode
which typically induces a phase transition preserv-
ing the number of atoms per unit cell.'® On the oth-
er hand, the x-ray studies showed a fourfold increase
in the unit cell whereas the Raman study of Sapriel

et al.” showed no evidence of the enlargement of the
unit cell. In a recent publication!” one of us resolved
some of the inconsistencies by reinterpreting the x-
ray data and developed a phenomenological model
for the phase transition at 7,. We have made a
careful comprehensive study of the low-frequency
Raman spectrum over a large temperature range in-
cluding T,. The purpose of this paper is to present
our results which clearly show the consequences of
the monoclinic symmetry and the unit-cell enlarge-
ment below T,; we are able to interpret them in a
self-consistent manner in the light of the
phenomenological theory developed in Ref. 17.

II. THEORETICAL CONSIDERATIONS

As is well known, the first-order Raman spectrum
of a crystal is restricted to long-wavelength optical
excitations with wave vectors (q) small compared to
the dimensions of the Brillouin zone, i.e., to the
zone-center optical phonons. The corresponding
normal coordinates form the bases for the irreduci-
ble representations of the point-group symmetry of
the crystal.'®!® 1In this paper our focus is on the
external vibrations of the benzil molecules since we
expect the phase transition at T, to affect them in
an especially marked manner. In the external vibra-
tions the benzil molecules vibrate as units—either in
“rigid” translations against one another or in rotato-
ry (librational) motions about the bonds between
them.

A. T>T,

At temperatures above 7, and below its melting
point, the point-group symmetry of benzil is Dy and
the zone-center external optical modes are distribut-
ed among the irreducible representations as
24,434, +5E (Ref. 5); A, A,, and E are the total-
ly symmetric, the antisymmetric, and the doubly de-
generate irreducible representations of Dj, respec-
tively.2’ The optical modes belonging to 4, are Ra-
man active and infrared inactive; 4, modes are Ra-
man inactive and infrared active, and E modes are
active in both (Table I). As a result of the long-

TABLE 1. Zone-center external optical modes in benzil.

Point Mode
group symmetry Translatory Rotatory Raman Infrared
D (T>T,) A, 1 1 active inactive
A, 1 inactive active
E 3 active active
C, (T<T,) A 16 17 active active
B 17 19 active active
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range polarization field associated with them, the
frequencies of the 4, modes may show a variation
from w(LO) to «(TO) as q changes in direction
from parallel to the optic axis (c¢) to perpendicular
to it. For a similar reason, E modes could split into
®(LO) and w(TO) for qlc whereas only w(TO) cor-
responds to g |c.

B. T<T.

A reinterpretation'” of the x-ray data of Odou
et al.’ has shown that benzil has the monoclinic
space group C % below T, preserving one of the three
C, axes present above T,. In addition, the two
primitive translations in the basal plane of the high-
temperature phase doubled below T, in turn result-
ing in a fourfold expansion of the primitive unit cell.
Figure 1 shows the relative orientation of the lattice
vectors in the two phases. We note that as a result
of the fourfold expansion of the unit cell at the
phase transition, the primitive unit cell contains 12
benzil molecules. Thus a total of 36 —3 translatory
and 36 rotatory zone-center external vibrations are
expected below T.

Since only two of the 12 molecules in the unit cell
of benzil for T < T, retain the C,-site symmetry it
can be shown that there will be 164 + 17B translato-
ry and 174 + 19B rotatory external vibrations (Table
I). Of these, 34 + 3B translatory and 44 + 5B rota-
tory modes have their origin in the zone-center
external modes of the high-temperature D; phase;
here we have used A{—A4, A,—B, and E—~A +B,
the correlations between the irreducible representa-

N2

FIG. 1. Relative orientation of the lattice vectors of
the triclinic (2;, b, ¢,) and monoclinic (Z,,, b, ¢,,) unit
cell of the low-temperature phase of benzil (See Ref. 17).
Angles shown correspond to those at 7=280 K. Note that
the direction €, is perpendicular to Km, Also shown are
the threefold and a twofold axis of the trigonal phase.

TABLE II. Correlation between phonon symmetry in
the high-temperature (D;) and the low-temperature (C,)
phases of benzil.

D3 C2

24,434, +5E (g~0) 74 + 8B (g =0)
8T (k3)+10T; (k 3 264 +28B (g =0)

A, A

A, B

E A+B
T (K 24 +B
r, (k3 A +2B

tions of the high-temperature D; and the low-
temperature C, phases, respectively (Table II). The
remaining 134 + 14B translatory and 134 + 14B ro-
tatory modes in the C, phase must be attributed to
the fourfold expansion of the unit cell during the
phase transition. In the high-temperature D; phase,
these additional modes correspond to the zone-
boundary phonons with q vectors equal to the k
vectors of the M points of the hexagonal Brillouin
zone of the trigonal lattice. Figure 2 shows the
reciprocal-lattice vectors g, and g, associated with
the lattice vectors @, and @, in the basal plane of the
tngonal lattlce The three distinct M points located

- &1, 782 and ( g,+g2) form the three arms
of the star of the M point, K} u- The doubhng of the
translational perlodlclty along @; and @, observed by
Odou et al.’ results in the halving of the Brillouin
zone in the basal plane. The M points, initially on
the boundary of the Brillouin zone for T'>T,, are
folded back to the center of the Brillouin zone for
T <T,; thus the zone-boundary phonons corre-

FIG. 2. First Brillouin zone (solid line) of the trigonal
phase of benzil. Dotted line illustrates the folding of this
zone as a result of a doubling of the lattice parameters
along @, and @,. Note that this zone folding causes the M
points to coincide with the center of the Brillouin zone (I’
point).
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sponding to EM become zone-center phonons and
manifest themselves in the first-order Raman spec-
trum, modes belonging to both 4 and B symmetry of
C, being Raman active.

The symmetry properties of the normal modes of
benzil belonging to the star of M are determined by
the irreducible representation of the space group

4 (P3;21). One can show that the zone-boundary
phonons belonging to K} um are distributed among the
two three-dimensional irreducible representatlons of
the M point, T (k%) and T, (K%), as
8T, (K%)+10T, (k%). Further, in the C, phase,
they become zone-center phonons according to the
correlations T’y (k M)—»?A +B and T, (k M)
—A +2B.?> Thus, below T,, we have 264 +28B
zone-center optical phonons originating from the M
points of the Brillouin zone of the high-temperature
phase (Table II). These correspond precisely to the
sum of the 134 4 14B translatory and 134 + 14B ro-
tatory modes already deduced above. Figure 3 gives
a pictorial representation of the relationship between
the modes in the D; and C, phases consistent with
the unit-cell enlargement in the C, phase. The po-
larizability tensors of the Raman-active modes are
also shown in the diagram.

C. Phase-transition theory

According to the Landau theory of continuous
phase transitions,” the high-symmetry phase be-
comes unstable at the transition temperature T, with
respect to the so-called order parameter 7. The or-
der parameter transforms according to an irreduci-
ble representation (k*) of the space group of the
high-symmetry phase, where k* is a star of K vec-
tors in the first Brillouin zone.?* The change in
translational symmetry which occurs at the transi-
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I' Point T' Point M Point

FIG. 3. Group-theoretical analysis of the phase transi-
tion in benzil. Lines indicate the correlation of the modes
in the trigonal phase above T, with those of the monoclin-
ic phase below T,. Solid lines indicate those modes which
are expected to show strong Raman activity. Also shown
are the polarizability tensors of the Raman-active modes.

tion is directly related to K*2 Owing to the gradu-
al nature of the phase transition and the small value
of n near T, the free energy of the system can be
expanded in a power series in 7. When the order
parameter corresponds to the eigenvector of a nor-
mal mode of the crystal lattice, the frequency of this
normal mode tends to zero (i.e., softens) as T ap-
proaches T, from above and below.!*!¢ This corre-
sponds to a “freezing in” of the normal-mode dis-
placements in the structure of the high-symmetry
phase. Hence the structure of the low-temperature
phase is determined by the superposition of the
structure of the high-temperature phase and the
eigenvector of the “soft” mode.’® Therefore, the
symmetry change and the soft mode are related to
the same irreducible representation I (k*. Al
though the Landau theory assumes a continuous
second-order phase transition, it can also be applied
to weakly first-order transitions.!®

The case of benzil is somewhat complicated for it
to be handled by the simple Landau theory, howev-
er; an optic mode of E symmetry, related to g =0, is
observed to soften in the trigonal phase, while the
change in the translational symmetry resulting in
the fourfold expans1on of the unit cell corresponds
to an instability at K} u- Thus the changes in the
crystal that occur at the transition are not related to
the same star of k vectors and a different type of
mechanism needs to be investigated. Holakovsky?’
has suggested that an instability with respect to one
order parameter {{;} can be triggered by an instabil-
ity with respect to another order parameter {7;}. In
general, {7;} and {§;} can have different symmetry
characteristics. The phenomenological model in
Ref. 17 explored this idea for the mechanism of the
phase transition in benzil. The primary order
parameter 7 is related to the atomic displacements
of the soft optic E mode and has two components
{nx,n,}. The secondary order parameter §, associ-
ated with the three-armed star of the M point of the
hexagonal Brillouin zone, has three components
{£1,62,631 and belongs to the irreducible representa-
tion T', (K%). Symmetry considerations as applied
to the model yield a coupling of the form —8&(7n¢?)
between the two order parameters, where 8 is the
coupling constant. For a first-order phase transi-
tion, the instability relative to 7 is also first order.
Further, if the above coupling is sufficiently strong,
the instability with respect to 7 will in turn trigger
an instability with respect to § and at T, result in
the onset of the spontaneous values 775 and g for 5
and &, respectively. In this manner the E (g =0) soft
mode inducing the phase transition can trigger an
additional T, (kj;) soft mode.

As shown in Fig. 3, the soft E mode is expected to
split into one 4 mode and one B mode at the phase
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FIG. 4. Predicted temperature dependence of the
squared frequencies of the soft modes of benzil: (a) the
soft optic E mode associated with the symmetry change,
and (b) the soft I'; mode related to the enlargement of the
unit cell (See Ref. 17).

transition. Similarly, the triggered soft I', mode
will split into one 4 mode and two B modes. The
temperature dependence of the square of the fre-
quencies associated with these two soft modes has
been predicted by the phenomenological model'” and
is shown in Fig. 4. Above T, the square of the fre-
quency of the soft E mode varies linearly with tem-
perature and extrapolates to zero frequency at T =0
K. At T,, the frequency of the B component is ex-
pected to jump discontinuously whereas that of the
A component is continuous. In addition, the two

modes are predicted to cross at ~50 K. As men-
tioned previously, the soft I'; mode is Raman inac-
tive in the upper phase. However, at T,, its two B
components undergo discontinuous changes, as in
the case of the soft E mode. Below T,, all three
components arising from the I'; mode are expected
to be strongly temperature dependent, with the
squared frequencies being proportional to the square
of the spontaneous value of the triggered parameter

&

As shown earlier in this section, the monoclinic
phase of benzil has potentially 69 Raman-active
zone-center external modes. As can be seen in Fig.
3, 12 of them, 74 +5B, are related to the Raman-
active A, and E modes of the trigonal phase. The
remaining 57 modes are associated with _the
Raman-inactive 4, (g =0), I'; (k}), and T, (k /)
modes. As shown in the Appendix, these modes can
acquire Raman activity at the phase transition via
an activation process involving an anharmonic cou-
pling to the Raman-active modes.

The relative strengths of the various lattice modes
which become Raman active below T, can be de-
duced on the basis of the Raman activity determined
by the lowest-order coupling terms allowed by sym-
metry. In the case of benzil, we have considered the
coupling of the previously Raman-inactive 4,, [y,
and ', modes with the Raman-active 4,- or E-
symmetry modes. The forms of the lowest-order
coupling terms are displayed in Table III. The Ra-
man activity of an 4, mode, for example, can only
occur via a coupling to an E mode. To lowest order,
this coupling is of degree 4 and is likely to be weak.
The I'; modes, on the other hand, become Raman
active by coupling to either 4; or E modes. The
lowest-order coupling with the E modes is of order 3
whereas that with the 4; modes is of order 4. The
Raman activity of the I'; modes also is derived from
their coupling to A4; or E modes, the lowest-order

TABLE III. Lowest-order coupling between the Raman-inactive and the Raman-active

modes of benzil.

Degree Symmetry of
Inactive mode Active mode Activating coupling of activated mode
and component and component term coupling below T,
Ay Ay .
Ay, E:{nx,7,} N2y (3% —73) 4 B
[1:{€1,62,63) Ay M(816283 4828153+ 835152) 4 A
E:{nx,my} 3(86262— 38307 3 B
+(28161—8:26:—E6:383)m,
I:{61,62,63} Ay 7]1@%42—4’5-2%5)2 3 A
E:{nx,my} 7x(2861—52—63) 3 B

+77y(§%—§§)




27 SOLID-TO-SOLID PHASE TRANSITION IN CRYSTALLINE. .. 7681

coupling being 3 in either case. From the details of
the coupling scheme shown in Table III, below T,
we expect to see one A and one B component for
each I'y and I', mode. The second 4 (B) component
of the I'; (I";) mode has higher-order coupling terms
and hence, in comparison, is expected to be weaker.
By using the coupling terms given in Table III
and the group-theoretical results given in Fig. 3, the
number and symmetry of the Raman-active modes
of benzil expected as the temperature is lowered
below T, can be deduced; they are shown in Table
IV. Above the transition temperature there are
seven Raman-active modes (24, and 5E). Below T,
as many as 69 Raman-active modes are expected.
However, some of these modes are only weakly cou-
pled to the modes which are Raman active above T,
and hence are not likely to be observed. Owing to
the vanishingly small latent heat’ and the small
spontaneous value of the order parameter 7 at
T,,>!" little change in the Raman spectra is expect-
ed at the phase-transition temperature, with two ex-
ceptions: (1) the anomalous behavior and splitting
of the soft E mode of the trigonal phase, and (2) the
appeareance of one A-symmetry and one B-
symmetry component of the triggered soft I'; mode.
Thus just below the transition temperature only
eight modes of 4 symmetry and six modes of B
symmetry are expected to appear in the Raman
spectrum. Note that the splitting of the E modes is
expected to be weak at this temperature. As the
temperature decreases, the splitting of the E modes
will increase and the modes corresponding to the
coupling terms of degree 3 will become observable.
As a result, one additional 4 and B component for
each of the remaining nine I', modes as well as the
B component of the eight I'j modes will appear in
the Raman spectrum. Thus the Raman spectrum
for T < T, can exhibit as many as 17 4 and 23 B
lines (see Table IV). At still lower temperatures,

modes associated with fourth-order coupling terms
involving the B components of 4, modes and one 4
component of each of the '} modes may become ob-
servable. In principle, for T << T, the modes corre-
sponding to the higher-order coupling terms (degree
>5) can become observable giving a total of 33 A4
modes and 36 B modes. However, these modes are
expected to remain weak, even at liquid-helium tem-
peratures, and hence will probably not be observed.

III. EXPERIMENTAL PROCEDURE

The Raman spectrometer consisted of an Art
laser and a scanning double monochromator; a ther-
moelectrically cooled photomultiplier together with
a phase-sensitive detection system constituted the
detection system. The details are given in Ref. 22.
All the Raman spectra were excited with the 5145-A
line of Ar* passed through a narrow-band filter of
~12-A bandwidth to eliminate any nonlasing plas-
ma lines. The spectra were recorded with a typical
incident power level of ~25 mW. A broad-band
polarization rotator was used to set the plane of po-
larization of the linearly polarized laser radiation
and a polaroid was employed to analyze the scat-
tered radiation. A variable-temperature stainless-
steel cryostat®® together with a temperature controll-
er” allowed measurements over the temperature
range 2—300 K.

The benzil crystals were grown by the Bridgman
method. The optic axis (Z) and the diad axis (X)
were identified with x rays; here X, Y, and Z form a
right-handed coordinate system and refer to the
room-temperature phase of D; symmetry. The optic
axis was also determined by locating the direction of
zero birefringence; an examination of a specimen be-
tween a pair of polaroids with collimated white light
showed a succession of bright colors as the analyzer
is rotated. From such observations, the ‘“handed-

TABLE IV. Temperature dependence of the Raman activity of the external modes of ben-

zil.

Number of phonon modes

Phonon- T<T, T<T, T «<T,
mode T>T, T<T, (c3) (C3) (€3)
symmetry (D% (c3) (degree 3) (degree 4) (degree >5)

A B A B A B A B
A, 2 2 2 2 2
A, 3 3
E 5 55 55 55 55
T, 8 8 8 16 8
I, 11 10 10 10 10 10 20
Total 7 8 6 17 23 25 26 33 36
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ness” of a specimen could be determined.’® We
found that the crystals used in this study are left
handed and are free from fractures, twinning,
domains, or inclusions. Samples from a boule were
cut with the desired orientation using a wire saw and
polished on lens paper dampened with xylene. Ben-
zil crystals are susceptible to thermal shocks and
care has to be exercised during sample preparation.
Typical sample dimensions are 11X 0.5 cm®.

From the polarizability tensors of the Raman-
active modes shown in Fig. 3 it can be seen that the
Y(ZZ)X scattering geometry’! isolates the 4, modes
in the trigonal and the 4 modes in the monoclinic
phase. The Raman spectrum in the Y (XY +XZ)X
geometry, on the other hand, allows the identifica-
tion of the E modes above T, and the B modes
below T,. In practice, one has to contend with the
birefringence and the optical activity in order to ob-
tain unambiguous polarization results. In the trigo-
nal phase one can avoid these disturbing factors by

restricting the incident and the scattered directions

to the plane normal to the optic axis (Z); the above
scattering geometries were selected on this basis.
However, in the monoclinic-biaxial phase only the X
axis of the trigonal phase remains as a principal axis
of the triaxial ellipsoid representing the indicatrix.
Thus in the above right-angle scattering geometries,
either the incident or the scattered polarization
could allow the A modes to appear in the

MOORE, TEKIPPE, RAMDAS, AND TOLEDANO
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Y(XY +XZ)X geometry and the B modes in the
Y(ZZ)X geometry; the presence of domains in the
monoclinic phase can introduce additional compli-
cations in the polarization studies. These effects
were minimized by observing the scattered radiation
along X while confining the incident radiation to Y.
Experimentally, the “leakages” of the forbidden line
in the scattering geometries were found to be
minimal.

IV. EXPERIMENTAL RESULTS
AND DISCUSSION

Figure 5 shows the room-temperature Raman
spectrum of benzil spanning both the internal and
external modes. By far, the larger number of lines
occur in the range 100—3300 cm ™! and they can be
attributed to the internal modes.>® The external
modes*”?? have shifts less than 100 cm~! and are
shown to the left of the vertical dashed line at 100
cm™!; note that the intensity scale for the external
modes is ~ 30 times larger than that for the internal
modes. In the remainder of this section our focus is
on the external modes.

Figure 6 shows the room-temperature Raman
spectrum of benzil in the (0—100)-cm™' range
recorded in the X (YX +YZ)Y and the X(ZZ)Y po-
larization configurations. The stray-light rejection
of the spectrometer and the good optical quality of

al
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FIG. 5. Room-temperature Raman spectra of benzil showing both the internal and external modes of (a) 4,

symmetry and (b) E symmetry.
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FIG. 6. Room-temperature Raman spectra of benzil
showing the external modes of E symmetry (upper trace)
and A, symmetry (lower trace). Upper trace has been
shifted upwards for clarity.

the crystals enabled observation of Raman lines with
shifts as small as 3 cm~!. The spectra were record-
ed with a spectral slit width of ~1.5 cm~!. Thus
the halfwidths of the Raman lines are very close to
their natural halfwidths. The Raman lines are la-
beled in the order of increasing frequency, with the
line number followed by a lower-case letter designat-
ing its symmetry. For example, 4e identifies the
fourth mode of E symmetry. The line assignments

TABLE V. Frequencies of Raman-active external phonons at room temperature in cm™".

of the modes in the trigonal phase are based on the
Raman spectra recorded just above T, whereas the
spectra recorded at T =16 K were used to identify
the modes in the monoclinic phase. The positions of
the external modes for T > T, are listed in Table V;
they are in good agreement with those reported by
Claus e al.* and Sapriel et al.” The backscattering
geometry employed by Sapriel et al. revealed a very
small LO-TO splitting of the E modes. We also
note that a variety of scattering geometries has been
used in the three sets of data in Table V and there is
very little evidence of frequency variation traceable
to crystal anisotropy. All of the studies contain
three instead of two A, lines predicted by group
theory for T>T,. Claus et al.* attribute the extra
A, line at 29.1 cm ™! to a difference mode.

We now consider the effects of lowering the tem-
perature to and below T,. We recall at T =T, the
crystal symmetry changes from D3 to C, and the
volume of the primitive cell increases by a factor of
4. In Fig. 7 we show the Y (XY +XZ)X spectrum in
which the E modes for T > T, and the B modes for
T < T, are allowed. As the temperature approaches
T, from above, the intensity of the lowest E mode
having a frequency of 15.8 cm™! at room tempera-
ture increases dramatically; its frequency, on the
other hand, decreases. This striking behavior is
characteristic of a soft mode which induces a phase
transition. Consistent with the arguments concern-
ing intensities presented in Sec. II, we do not observe
any drastic changes in the Raman spectrum close to
T, except for the emergence of a new line (2b) on

1

Raman shifts (cm~!)

Symmetry - Present
Line species study?® Sapriel et al.® Claus et al.¢
le TO 15.1
E LO 15.8 153 16
la, A, 29.1 28.8 30
2a, A 37.6 37.6 39
2e TO 37.9
E LO 38.0 18.8 39
TO
d
3e E LO
TO 57.0
4e E LO 58.1 5738 58
3a, A, 69.7 68.8 69
TO 82.5
Se E LO 80.8 825 78

’4, modes: X(ZZ)Y, Y(ZZ)X; E modes: X(YX+YZ)Y,Y(XY+XZ)X.
®4, modes: Y(XX)Y,Y(ZZ)Y,X(YY)X,X(ZZ)X; E(TO) modes: Y(XX)Y; E(LO) modes:

Y(XZ)Y,X (YY) XX (YZ)X.

‘A, modes: X(ZZ)Y; E modes: X(YX)Y,X(ZX)Y.
9Line 3e, at ~50 cm ™, is seen only below 150 K.
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T T T
BENZIL
b Y(XY+XZ)X gy

L L 1

(0] 20 40 GIO 80 ICl)O
RAMAN SHIFT (cmi')

FIG. 7. Raman spectra exhibited by benzil at selected
temperatures above and below T, (dashed line). Scatter-
ing geometry used allows E modes above T, and B modes
below T..

the shoulder of the B component of the soft E mode
(1b). We interpret this new line as the stronger B
component of the soft ['; mode. On lowering the
temperature further, additional Raman lines mani-
fest themselves and at 16 K a total of 19 Raman-
active B modes are observed. This is in good agree-
ment with the 23 B modes expected in the polarized
Raman spectra exhibiting modes activated by cou-
pling terms up to degree 3, and provides an excellent
confirmation of the cell multiplication associated
with the phase change. The two soft-mode com-
ponents 1b and 2b are clearly singled out by the tem-
perature dependence of their frequencies; as the tem-
perature decreases they become less intense and shift
to higher frequencies. This contrasts with the gen-
eral increase in intensity exhibited by the other
external modes.

The Raman spectra showing the A, and A4 lines
are shown in Fig. 8 where the scattering geometry
Y(ZZ)X allows them to appear. The intensity of
line 1a; at 29.1 cm ™! decreases with decreasing tem-
perature already in the trigonal phase; it is on the
basis of this behavior that Claus et al.* attributed it
to a difference mode. The other two 4; modes at
37.6 cm~! (2a,) and 69.7 cm ™! (3a,) increase in in-
tensity with decreasing temperature. As can be seen

in the figure, a small amount of le and 5e appears as
leakage in the spectra recorded above 84 K. Since
they are present in the spectra well above 84 K, their
appearance is not related to the phase transition. As
expected, no significant changes in the spectra are
observed as the crystal undergoes the phase transi-
tion except for the increase in the intensity of the
lowest-frequency mode labeled la. This feature
clearly cannot be attributed to leakage of the B com-
ponent of the soft E mode since, as pointed out ear-
lier, the intensity of the B component continually
decreases upon cooling below 7,. On the other
hand, line la steadily increases in intensity as the
temperature decreases; we interpret it as the 4 com-
ponent of the soft E mode. The intensity of the 4
component of the soft I', mode is expected to be
weak at T, and gradually strengthen as the tempera-
ture decreases. As seen in Fig. 8, the line labeled 3a
exhibits this behavior and is identified as the 4 com-
ponent of the soft I', mode. A detailed discussion
of the temperature dependence of the components of
the soft modes will be given presently. By 46 K
more lines begin to emerge in the spectra and at 16
K a total of 17 Raman-active 4 modes are observed.
This result also agrees very well with the number of

T T T T

BENZIL

Y(ZZ)Xx 8a

46 K

1 1 1 1 ! 1

(o] 20 410 610 80 I(i)O
RAMAN SHIFT (cm™)

1

FIG. 8. Raman spectra exhibited by benzil at selected
temperatures above and below T, (dashed line). Scatter-
ing geometry used allows 4; modes above T, and A
modes below 7.
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A modes in the Raman spectra originating from
coupling terms of degree 3 as shown in Table IIL
The line labeled 8a is thought to actually consist of
two accidentally degenerate 4 modes; a full discus-
sion of this point will be given later.

The frequencies of the Raman-active external
modes observed in the present study are plotted as a
function of temperature in Figs. 9 and 10. The non-
linear behavior of the 4 and B components of the
two soft modes is quite noticeable. Several other
modes, located at higher frequencies, also exhibit
significant nonlinear behavior near T ; for example,
line 16a moves from 83.4 at T, to 90.1 cm ™! at 16
K. Three additional A-symmetry modes, Sa, 6a,
and 13a, as well as one B-symmetry mode, 9b, also
show similar behavior below T,. It appears that
these modes, like the soft modes, have atomic
motions with eigenvectors which are related to the
structural change.

As pointed out earlier, the identification of the
soft modes is facilitated by their anomalous
behavior near the phase transition. The frequencies
of the soft modes measured in the present study are
plotted as a function of temperature in Fig. 11. The
frequency of the soft E mode of the trigonal phase
decreases markedly from 15.8 cm™! at room tem-
perature to ~8 cm™! at 84 K. The square of the
frequency has a linear behavior in this temperature

I00ggr— T T
ob, T | BENZIL
IYbF'——O—l;“| Y(XY+XZ)X
16b ' . se

80 ” el A
e

601 1ib, - o

40}-7,

RAMAN SHIFT (cm™)
2 o
. & o
® L
w
1 1 N

2015

Il N L
T, 100 140

TEMPERATURE (K)

FIG. 9. Temperature dependence of the Raman shifts
of the external modes of benzil above and below T,
(dashed line). Scattering geometry used allows E modes
above T, and B modes below 7.

100

T Y T T T T T

17T0e—e—o—

T
|
| BENZIL

16a .
f_‘_""\.\.\‘w‘ Y(ZZ)X
150, o ¢ o o
|

80 _l4°o—o—o—_..
13a I

1200—0—o—so

60 Flloe—e—e—o o o o —

SON
aof I .

RAMAN SHIFT ( cm™
o

20 ;‘SR\\

L L 1 . il L
0 20 60 1. 100 140

TEMPERATURE(K)

FIG. 10. Temperature dependence of the Raman shifts
of the external modes of benzil above and below T,
(dashed line). The scattering geometry used allows 4,
modes above T, and 4 modes below T.

range. These results agree very well with the obser-
vations of Sapriel et al.” Below T, =84 K, the com-
ponents of the soft modes exhibit a pronounced non-
linear temperature behavior. The A and B com-
ponents (lines la and 1b) of the soft E mode are
nearly degenerate throughout most of the low-

30 ' . : ‘ . .
; BENZIL
- | o Y(XY+XZ)X
E 30 \ & Y(ZZ)X
— 204 |
- \
I |
» T I
Z I le
< | —
3 o} R -
@
[
| | |
|
| 1 | L "
~80 -30 0 40 80

T-Tc (K)
FIG. 11. Temperature dependence of the Raman shifts
of the soft modes of benzil above and below T, (dashed
line). For the scattering geometries used, O indicates E

modes above T, and B modes below 7,.. 4 modes below
T, are denoted by A.
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temperature region and harden from ~8 to ~13
cm~! upon cooling to 16 K. These data also show a
possible discontinuity of ~1 cm™! in the frequency
of the B component (1) and a merging of the fre-
quencies of the 4 and B components at 56 K. Al-
though these effects were predicted in Ref. 17, the
resolution in this particular measurement does not
allow a more definitive analysis; study of the discon-
tinuity is given later. The frequencies of the 4 and
B components (lines 3a and 2b) of the soft ', mode
exhibit a stronger temperature dependence than
those of the soft E mode. At 16 K, the frequencies
of the A and B components are 21.3 and 18.6 cm !,
respectively. As the temperature approaches T,
from below, the two modes merge at ~66 K and
soften considerably to ~8 cm~! at T,. The larger
frequency change exhibited by the A component is
consistent with the predictions of the model pro-
posed in Ref. 17. As expected from the intensity
considerations given earlier, the second B com-
ponent of the soft I'; mode was not observed.
Estimates of the integrated intensities of the soft
modes are plotted as a function of temperature in
Fig. 12. As noted previously in Fig. 7, the intensity
of the soft E mode increases dramatically as the
transition temperature is approached from above.
Below T, the intensity of the B component (line 1b)
of the soft E mode is also quite large but quickly de-
creases upon further cooling. Similar behavior is
observed for the corresponding 4 component (line
la) below T, but the effects of the Y(ZZ)X scatter-
ing geometry force the intensity towards zero upon

approaching 7, from below. Note that, due to the
small leakage of the E mode in these measurements,
the intensity of the A component does not appear to
go to zero at T,. Quite similar behavior, although
not as pronounced, is also exhibited by the 4 and B
components of the soft I', mode. The smaller inten-
sities observed for these components are consistent
with the triggering mechanism assumed in Ref. 17.

As discussed previously, the results in Fig. 11 sug-
gest a small discontinuity in the frequency shift of
the B component (1b) of the soft E mode at the
phase transition. A detailed study was made of the
very intense soft £ mode above T, to verify this re-
sult. The temperature of the sample was accurately
monitored by embedding a calibrated thermocouple
directly in the crystal. The measured frequency
shift as a function of temperature is shown in Fig.
13. A discontinuous change in the Raman shift on
the order of 1 cm™! was observed over a very nar-
row temperature range around 7,. Although the
crystal orientation used in these detailed measure-
ments and its biaxial nature below T, did not allow
us to fully isolate the 4 and B components of the
soft E modes, we are confident that the line exhibit-
ing the discontinuity in Fig. 13 has predominantly B
symmetry. It is interesting to note that small hys-
teresis effects were also observed as the temperature
was cycled back and forth through T,. Both of
these observations are consistent with the (weakly)
first-order nature of the phase transition and the
predictions in Ref. 17.

Tentative identifications of many of the modes

INTENSITY (arb. units)

T T I i
BENZIL

o,m =Y(XY‘Q‘XZ)X
0,0 =Y(ZZ)X

Te 100 140

TEMPERATURE (K )

FIG. 12. Temperature dependence of the intensities of the soft modes of benzil above and below T, (dashed line). Dark-
ened symbols (@ and M) denote B modes below T, and open symbols (O and 00) denote 4 modes below T..
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T T T T T T T T

BENZIL

RAMAN SHIFT (em™!)

T-Te ( K)
FIG. 13. Temperature dependence of the Raman shift
of the B component of the soft E mode in the vicinity of
the solid-to-solid phase transition in benzil.

observed in the present study are given in Table VI.
The corresponding frequencies are those measured
at 16 K. The five B components associated with the
five E modes are labeled 1b, 9b, 10b, 13b, and 16b.
As seen in Figs. 7 and 9, these components are
found to be continuous with the five E modes of the
" upper phase. Lines la and 1b are associated with
the soft E mode. On the basis of their frequency
and intensity characteristics, the modes labeled 3a
and 2b are identified as the 4 and B components,
respectively, of the soft I', mode. The 4 modes la-
beled 6a, 8a, and 13a are associated with the three

A modes of the upper phase since no discontinuities
in their frequencies or intensities were observed at
T, (see Figs. 8 and 10). The lines 9a and 16a are
also seen to merge continuously with the two E
modes located at 50.4 and 82.5 cm~! (at T,), respec-
tively. Since the 2a; and the 2e lines located ~38
cm~! at room temperature are observed to remain
nearly degenerate for all temperatures above 84 K, it
is likely that the A component of this E mode is de-
generate with that of the 4; mode for temperatures
less than 84 K. Line 8a is thus believed to consist of
two 4 modes that are accidentally degenerate. This
conjecture is supported by the Raman activity exhib-
ited by this line in both X(YZ)Y and X(ZZ)Y
scattering geometries. Line 11a is believed to be as-
sociated with the E mode located at 64.5 cm ™! at 84
K since it appears just below T, and has a compar-
able frequency. Owing to the effects of the Y(ZZ)X
scattering geometry, the intensities of the 4 com-
ponents of the E modes are weak near T, and the
above assignments were confirmed by recording
similar spectra in a X (YZ)Y scattering geometry.

In our study we have identified the parentage of
15 out of the 36 lines observed in the monoclinic
phase. All the Raman-active modes above T, have
counterparts below T,. According to the predictions
summarized in Table IV, the remaining unassigned
modes of the monoclinic phase originate from the
Raman-inactive I'; (k };) and ', (k };) modes of the
trigonal phase.

The preceding discussions have shown that the re-

TABLE VI. Identification of Raman-active external phonon modes below 84 K.

Y(ZZ)X: A modes

Y(XY+XZ)X: B modes

Frequency (16 K) Parent Frequency (16 K) Parent

Line (cm™}) mode Line (cm™}) mode

la 13.0 le (soft) 16 12.9 le (soft)
2a 18.6 ? 2b 18.4 I, (soft)
3a 21.6 I, (soft) 3b 21.5 ?

4a 22.6 ? 4b 26.0 ?

Sa 26.2 ? 5b 31.2 ?

6a 31.5 la,; 6b 353 ?

Ta 38.0 ? 7b 38.3 ?

8a 44.1 2a,+2e 8b 43.7 ?

9a 49.7 3e 9b 49.4 2e
10a 53.5 ? 10b 53.1 3e
11a 60.2 4e 116 58.9 ?
12a 68.0 ? 12b 63.2 ?
13a 75.8 3a, 136 65.1 4e
14a 78.7 ? 14b 68.3° ?
15a 82.6 ? 15b 74.8 ?

16a 90.1 Se 16b 82.8 Se
17a 95.6 ? 17b 89.9 ?

18b 92.1 ?

196 96.3 ?
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sults of the present Raman scattering study are com-
pletely consistent with the predictions of the
phenomenological model proposed in Ref. 17. How-
ever, as mentioned earlier, benzil is biaxial below T,
and exhibits a multidomain structure. The different
orientations of the domains and the optical activity
associated with the two optic axes can lead to imper-
fect polarization results. Some indication of this
breakdown was pointed out earlier in the polarized
Y(ZZ)X spectra shown in Fig. 8. Upon examina-
tion of the frequencies listed in Table VI, it is clear
that there is a near coincidence in the frequency
shifts of several 4 and B components. It is possible,
if the leakage is significant, that the observed 4 and
B components may not all be independent phonon
modes, but rather, are due to fewer modes that are
seen in both polarizations. It is difficult to establish
unequivocally from the present data which lines, if
any, are due to leakage. This difficulty is com-
pounded by the fact that one expects as many as 40
(174 4-23B) independent external modes below T,
each having a typical instrumental halfwidth of ~3
cm ™!, distributed over the frequency range from 15
to 90 cm™!. As a result, it is possible to have con-
siderable overlapping of the modes. In the most ex-
treme case, if it is assumed that the only additional
Raman-active modes observed below T, are the
well-established soft modes, then the total number
of independent Raman-active modes would only be
15:

34 (A,)+54 (E)+5B (E)+A (I'))+B (Iy) .

(The symbol enclosed in the parenthesis indicates
the symmetry of the parent mode above 7,.) Within
the resolution limits of the present measurements,
the spectra presented earlier in Figs. 7 and 8 allow
the identification of a minimum of 22 independent
modes at 16 K. Thus it is clear that, even in the
worst case, at least seven additional components as-
sociated with the I'; and I', modes of the upper
phase arise from the fourfold expansion of the prim-
itive unit cell at the phase transition.

V. CONCLUDING REMARKS

Raman scattering techniques provide an excellent
means to study structural phase transitions in solids.
The high degree of resolution allows for an accurate
determination of the frequency, linewidth, and in-
tensity changes that occur near the transition tem-
perature. The data presented here amply demon-
strate this capability and allow the results of the
present Raman scattering study of the phase transi-
tion in benzil to be compared with the theoretical
predictions of the phenomenological model in Ref.
17. The two soft optic modes predicted by this dual

order-parameter model were indeed observed: (1) a
doubly degenerate E-symmetry mode (g =0) of the
trigonal phase which is related to the primary order
parameter {7;}, and (2) a mode of T, (k },) symme-
try which is Raman inactive above T, and is related
to the secondary order parameter {£;}. The former
induces the D}—C3 symmetry change while the
latter is associated with the fourfold expansion of
the primitive unit cell. This expansion of the unit
cell gives rise to many new Raman-active modes
below T, which have been observed for the first
time in the present study. The Raman spectra below
T, show that the new modes emerge in two
stages—the appearance of the two components of
the soft mode of T, (k };) symmetry close to T, is
followed by the occurrence of many new lines well
below T,. If the leakage of the forbidden lines in a
given polarization configuration can be confidently
neglected, then the number and symmetry of the
modes observed below T, are in excellent agreement
with those predicted on the basis of Raman activity
conferred on them at the phase transition through
anharmonic coupling with Raman-active modes.

Attempts to verify the predicted crossing of the 4
and B components of the soft E mode below T, were
inconclusive. However, detailed measurements of
the soft E mode revealed a discontinuous jump of
~1 cm™! in its frequency and verifies the first-
order nature of the phase transition. Terauchi
et al.® have studied with x rays the temperature
dependence of the angles between the optic axis and
the twofold axes in the basal plane; the changes in
these angles show an unmistakable first-order transi-
tion at T, and give yet another confirmation of the
first-order nature of the phase transition. Their re-
sults also show clear evidence of the cell
enlargement below T, the appearance at T, of the
(%%6) reflection and increase in its intensity with
decreasing temperature, and diffuse x-ray scatter-
ing around (5 76) above T,. All these features con-
stitute further support to the importance of the
zone-boundary  instability invoked in  the
phenomenological model.
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APPENDIX: THE ONSET OF RAMAN
ACTIVITY AT A PHASE TRANSITION

Raman-inactive modes can become Raman active
by coupling to normal modes which are already Ra-
man active. Since the inactive mode is also a nor-
mal mode of vibration above the transition tempera-
ture, it can only couple to the other normal modes
via an anharmonic interaction. Consider the case of
such a coupling between a Raman-active mode with
displacement 7 and a Raman-inactive mode with
displacement {. Above the transition temperature
the potential energy can be written as

U=~moin+3moi+ne?, (A1)

where the last term represents the anharmonic cou-
pling between the two modes with a coupling con-
stant 8. Suppose that below the transition tempera-
ture T, both n and § take on the spontaneous values
7, and &, respectively, which minimize the poten-
tial energy. The atoms of the crystal will then vi-
brate about these new equilibrium positions with
displacements x and z, and the potential energy
below T, can be written as

U(T <T.)=5m0}(ns+x)+ 7m0, +2)?
+8(ny+x)E+2)* . (A2)

Since U (7y,6) is a minimum for T < T,, Eq. (A2)
reduces to

U(T < Tc)=%mlw%x2+%m2w%zz+26§sxz+ s
(A3)

Hence, to lowest order, the components x and z be-
come linearly coupled and the new normal modes of
the crystal for T < T, are linear combinations of the
old ones for T'>T,. The new normal modes are
found by writing the potential energy as a sum of
two squares. By assuming that the coupling is small

and that %m 01> %mzwg, the potential energy
below T, can be written as
U(T <T,)=53MQX>+ T M,Q3Z%+ - - - |

(A4)

where

48%¢}

Ml Q%:m 1(0%‘{‘ 2 : 2

miw;—m,w;

4522

M Q5 =my0;— —_Té'—7 ’

mywy—m,w;

and

268

Z=z m 1(1)% —m 2&)%

Above the transition temperature, the mode charac-
terized by 7 is Raman active while the mode associ-
ated with & is not. Below T, the coordinates of the
new normal modes are X and Z. For weak coupling,
X remains approximately equivalent to x and, hence,
is still Raman active. At the same time, Z also has
a small Raman-active x component. Consequently,
this mode is also Raman active below T, and its Ra-
man strength is proportional to the square of the
coupling constant, i.e., I ~8°C%. Since the spontane-
ous value of §; vanishes above T,, the Raman
strength of this mode must also vanish at the
phase-transition temperature. We note that there
are some restrictions on the type of anharmonic cou-
pling terms which give rise to the Raman activity.
For example, if the Raman-inactive degree of free-
dom does not acquire a spontaneous value below T,
it must appear linearly in the anharmonic term.
Such considerations allow the use of symmetry to
sort out the anharmonic terms effective in the in-
duced Raman activity.>
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