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Mode Anharmonicity in Molecular Crystals Studied by Piezomodulated Raman Spectroscopy
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(Received 23 March 1987)

Piezomodulated Raman scattering is used to determine the extent of anharmonicity, the phonon-

phonon coupling, and the presence of modes involved in the phase transition of 1,2,4,5-tetrabromoben-
zene. The experiments support earlier theoretical predictions and demonstrate that piezomodulated Ra-
man spectroscopy is an important new approach to the experimental study of lattice dynamics.

PACS numbers: 63.20.Ry, 63.20.Hp, 64.70.Kb, 78.30.Jw

Lattice anharmonicity, while extensively investigated
for crystals displaying significant long-range interactions
such as ionics, has only recently been examined for
molecular crystals. These systems have been largely ig-
nored although they effectively allow study of the contri-
bution of short-range interactions to the anharmonicity.
They are of additional interest because they provide
favorable opportunities for investigation of the coupling
of internal and external modes. From the standpoint of
intermolecular interactions, the molecular crystal has
provided the most widely used parametrizations for in-
termolecular potentials, and has yielded the most varied
models for the resulting interactions. While the role of
anharmonicity is of consequence to all of these concerns,
it remains a most difficult property to probe quantitative-
ly. Of course, the importance of anharmonicity is not
limited to molecular crystals, but is of concern for a11 lat-
tices.

Anharmonicity is manifested by shifts of phonon fre-
quencies from harmonic values and the finite lifetime of
phonon states. Neither is easy to assess, especially for
the lattice modes of molecular crystals. Determination
of the frequency shifts requires overtone and combina-
tion bands which appear most infrequently in molecular
crystals. Bandwidth measurements allow study of the
lifetimes, although complications involving band shapes
are often inhibiting.

Recently, a theoretical basis has been established for
studying the anharmonicity of crystals by piezomodulat-
ed Raman spectroscopy. ' The essential idea is that the
periodic stress applied to a crystal enhances phonon-
phonon coupling which is mediated by the acoustic pho-
nons associated with the essentially static (on the time
scale of the interactions) strain field. The spectra ob-
tained represent the difference between responses at the
extremes of compression and extension of the crysta1. It
is necessary to formulate a renormalized Hamiltonian,
which is obtained by considering only modes at the
center of the Brillouin zone and partitioning them as

Q(O.j)=Qj"+Qj.
where Qj" is the elastic displacement of the molecules for
a given strain e,p, and Qj represents the vibrations about

this instantaneous equilibrium position. The effective
Hamiltonian for the unit cell of volume t. of the de-
formed lattice becomes

1H =Hp+ —v g C~p&se, pe„s
aPy

1+ Z ~oi ~jj '+ Z & p jj 'e p QjQj '

jj' aP

where Ho is the Hamiltonian for the undeformed lattice,
C,p~q is the effective elastic constant, and the coupling
between the optical phonons due to strain is given by

The term on the second line represents the anhar-
monicity.

Definition of the electronic susceptibility in terms of
the renormalized coordinates and representation of the
Raman intensity by the correlation of the susceptibility
lead to an expression for the intensity of the inelastically
scattered light affected by the strain. For the one-
phonon oscillator approximation with an associated sus-
ceptibility X, the intensity is

j5I (to) = —e.p Im Ig(to) y.pg(co) ].

Thus, the crucial result of the analysis is that the
strength of the response, which is essentially proportional
to the stress derivative of the normal Raman spectrum,
will depend on the amount of coupling between the
modes which is induced by the strain. An ideally har-
monic mode will give no piezomodulation signal since the
coupling constant, p,p, would be zero. At this juncture
the discussion is general, and the expression for the sus-
ceptibility is governed by the type of lattice which is be-
ing investigated.

Further, the measurement can be used to determine
the anisotropy of the recently proposed stress Gruneisen
parameter. This is of particular usefulness since, for
molecular crystals, knowledge of the stress Gruneisen pa-
rameters permits extraction of information on both the
harmonic and anharmonic contributions to the inter-
molecular potential.

Because both the strain and the phonon coordinate
may serve as order parameters in phase transitions,
piezomodulated Raman spectroscopy should serve as an
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eA'ective probe of systems which undergo phase transi-
tions. A preliminary study on anthracene crystals has
shown that the response of the piezomodulated Raman
spectrum in the lattice-mode region is consistent with the
suggestion of the existence of a triclinic intergrowth
phase. However, piezomodulated Raman spectroscopy
has not yet been shown to present an unambiguous
response as predicted by the theory. The potential im-
portance of piezomodulated Raman spectroscopy to the
study of lattice dynamics has prompted this investigation
of the P phase of 1,2,4,5-tetrabromobenzene (TBB).
Study of a molecular crystal is desirable because of the
clear separation of the internal and external modes. The
former can be expected to be approximately harmonic
and to provide a useful test of the predictions.

At atmospheric pressure, TBB exhibits a structural
phase transition at T, =319.7 K, where the low-
temperature P phase transforms to the y phase which
persists until the melting point. Both phases are mono-
clinic p2~/a, with the two molecules in the unit cells lo-
cated at inversion centers. The unit-cell parameters and
spatial dispositions of the molecules closely resemble
each other for the two phases. The transition appears to
be displacive and is destructive. Current values for
bromine atom-atom potentials in the literature have
proven unreliable for a useful Iattice dynamical calcula-
tion thereby preventing a microscopic analysis of the
modes involved in the phase transition.

The Raman spectra in the lattice-mode region of the
two phases diAer significantly from each other. ' The
22-cm band in the P phase decreases in intensity with
temperature, decreasing to zero at T„ the wave-number
shift of this band from 300 K to T, is less than 1 cm
In the y phase a new band is seen at 28 cm '. Such be-
havior suggests that these modes, although apparently
not soft modes at q =0, are strongly anharmonic.

Modes which are identified with the molecular vibra-
tions are expected to be relatively harmonic since they
are substantially remote from the lattice modes. In TBB
the Raman-active internal modes show a gap of 80 cm
from the external modes. In addition, the infrared spec-
tra for TBB indicate that internal modes above 1000
cm ' are insensitive to lattice deformation. " The
piezomodulated Raman spectra are reported here for the
22-cm ' lattice mode and the 1122-cm ' molecular
mode.

The TBB was obtained from Aldrich Chemical and
purified by vacuum sublimation and recrystallization.
Single crystals grown from chloroform were mounted in
an anvil arrangement between a lead zirconate titanate
(PZT) piezoceramic bar and a steel plate. The periodic
stress was obtained by driving the PZT bar with a peak
voltage of 750 V at 200 Hz. The uniaxial stress direc-
tion, denoted by [110]*,was normal to (110), and per-
pendicular to the c axis of the crystal. The resulting
strain of 0.001 was determined from the displacement of
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FIG. 1. Raman (dashed line) and piezomodulated Raman
(solid line) spectra of the 22-cm ' lattice and 1122-cm ' in-
tramolecular modes in TBB at 300 K. All spectra are plotted
on the same relative intensity scale in arbitrary units.

the PZT bar since the crystal is extremely compliant.
The optical signal was synchronously detected with use
of a lock-in amplifier. Temperature was controlled by
blowing air warmed to the desired temperature which
was monitored near the crystal. The temperature varied
by less than half a degree.

The scattered light from the 5145-A Ar+-laser excit-
ing line was gathered in the 90 scattering geometry,
and was dispersed by a Spex model 1400 double mono-
chromator. The incident light was directed along the
crystal c axis with polarization along the b axis. The
scattered light collected normal to the (110) face was
polarized along c' for the lattice modes, and c" for the
molecular modes, where c' and c" are the principal
directions on (110).

Single-crystal Raman spectra were obtained at 300 K
with frequencies in agreement with those reported ear-
lier. ' The piezomodulated Raman spectrum was mea-
sured for the 22-cm ' mode of the P phase and is shown
in Fig. 1. To clarify further the nature of the piezomod-
ulation response, the spectrum of an internal mode at
1122 cm ' was also obtained at 300 K. This is also
shown in Fig. 1. Although the Raman line for the
molecular-ring breathing mode at 1122 cm ' is itself
only 10% of the intensity of the lattice mode, its piezo-
modulation response (essentially at the level of the noise)
is, in contrast, 250 times smaller than that of the 22-
cm mode. While not studied in detail, piezomodulat-
ed responses were obtained for other lattice modes, but
they were significantly smaller than those observed for
the 22-cm ' mode which is apparently much more in-
volved with the phase transition. These observations
support the theoretical analysis which predicts that the
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strong signals should arise from the more anharmonic
modes.

Further evidence of the sensitivity of the piezomodu-
lated Raman spectroscopy to anharmonicity is found by
obtaining the modulated spectra in the region of the 22-
cm ' band for several temperatures. These are shown
in Fig. 2. At 300 K only a single, derivativelike band is
observed. However, at 308 K another band is seen to de-
velop near 28 cm ', even though there is no equivalent
structure observed in the direct Raman spectrum. At
approximately 310 K this new band is observed in the
direct Raman spectrum, which is associated with a
significantly increased response in the piezomodulated
Raman spectrum. When the temperature is increased to
313 K the intensity of the 22-cm band is greatly di-
minished, as is its piezomodulated response, and the 28-
cm ' mode is now dominant in both spectra. Above T,
the 22-cm ' band has disappeared.

Additional information is conveyed by the sense of the
piezomodulated signal. Since the differential response is
between the extensive minus compressive states of the
crystal, the piezomodulation spectrum of the 22-cm
band sho~s that the mode shifts to higher energy for
compressive stress along f110]*. This is consistent with
the results of hydrostatic-pressure studies on molecular
crystals. Because of the uniaxial nature of the experi-

ment, however, this may not always be expected. The
piezomodulation experiment therefore provides new ave-
nues for investigation of the microscopics of the lattice
potential.

The data permit calculation of the coupling constant
defined above. A theoretical fit to the Raman line at 22
cm ' with an expression developed previously' yields a
value for the coupling parameter, IIII„ol*, of 2625 ~ 875
cm . For the strain suAered by the crystal, this
represents a correction of only 1% to the harmonic
response (third term of the Hamiltonian above) for this
mode. The frequency shift arising from the strain is
0.09 0.03 cm ', which is consistent with that expected
from calculation of the stress Gruneisen parameters for
molecular crystals. ' The experimental accuracy is limit-
ed by the perfection of the samples and represents no
limitation of the technique.

The lack of known elastic constants for TBB prevents
further analysis of the data to obtain the stress
Gruneisen parameters. However, there is no reason these
could not be obtained for crystals with known compli-
ances.

These results clearly support the prediction of the
theory and demonstrate that piezomodulated Raman
spectroscopy is an eff'ective new approach to the study of
anharmonicity. The strength of the piezomodulation
response for the modes most afIected by the phase transi-
tion indicates that piezomodulated Raman spectroscopy
can be a useful way of locating soft modes without the
necessity of observing the spectra for all of the phases in-
volved. In addition, the measurement of the coupling
permits study of the anharmonicity. Frequency shifts in
the elastic regime may be determined with an accuracy
which may not be achievable by any other means.
Determination of these properties by other methods can
be onerous, because of the small size and fragility of the
samples which can be destroyed under conditions re-
quired for the measurements.

Piezomodulated Raman spectroscopy is demonstrated
to be an effective new probe for the study of lattice dy-
namics. The experiment is not a priori limited to molec-
ular crystals, although their greater compressibilities en-
sure large responses. The ability to probe the anharmon-
icity of the lattice potential, as well as its anisotropy, also
recommends piezomodulated Raman spectroscopy for
the study of intermolecular forces.

One of us (K.M.W.) acknowledges receipt of a Na-
tional Science Foundation Graduate Fellowship.
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FIG. 2. Raman (dashed line) and piezomodulated Raman
(solid line) spectra for the 22-cm ' tnode at temperatures ap-
proaching the structural phase transition temperature. The
left and right intensity scales in arbitrary units are related by a
constant factor.
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