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Anisotropic anharmonicity of lattice and molecular vibrations of 1,2,4,5-
tetrabromobenzene determined by piezomodulated Raman
spectroscopy

K. M. White® and C. J. Eckhardt®
Department of Chemistry, University of Nebraska-Lincoln, Lincoln, Nebraska 68588-0304

(Received 7 April 1995; accepted 23 May 1995

Strain-induced coupling constants for the anharmonicity of Raman-active lattice and certain
molecular modes of vibration in 1,2,4,5-tetrabromobenzdi®&B) crystals have been determined
using piezomodulated Raman spectroscopy. These constants, which are directly related to the first
anharmonic term in the potential energy expansion for lattice dynamical calculations, are a
quantitative measurement of the modal anharmonicities in the TBB molecular crystal. Application
of uniaxial stress in the experiments permits the anisotropy of the anharmonicity to be determined
as well as its magnitude. The TBB lattice modes are significantly coupled by the induced strains and
the effects of coupling were observed to be dependent on the direction and symmetry of the strains.
The molecular modes investigated were, by comparison, less coupled by the acoustic phonons and
generally exhibited less anharmonic response with increasing frequend@9® American
Institute of Physics.

I. INTRODUCTION perimental methods, including measurements of Raman

linewidths and frequency shifts as a function of temperature

The study of intermolecular potential energy in molecu- d 68 1 th st £ th h .
lar crystals is vital to an understanding of this class of soligs@N? Pressure. - However, the anistropy of thé anharmonic

The benefits of such research in the crystalline state ar(éryStal potential has not been investigated extensively for
manifold, since along with the influence they exert on crystafnolecular crystals. . "
packing, intermolecular interactions contribute to the me-  1he theoreticdl and experimenta** development of
chanical, optical, electrical, and thermal properties of solidsPiezomodulated RamaiPR) spectroscopy has demonstrated
Investigations of the potential energy of molecular crys-that this technique directly probes anharmonicity of vibra-
tals by both theoretical and experimental means comprise diPnal modes in crystals. Specifically, PR spectroscopy
active area of solid state reseafcRerhaps the most effec- probes the acoustic phonon mediated coupling of optical
tive current approach for calculation of the lattice energy hasnodes and measures the corresponding strain-induced cou-
involved the use of the parametrized Buckingham orpling parameters. While the usefulness of such measure-
Lennard-Jones potentidlsThese calculations have often ments in understanding solids has been prop&s#tt cou-
complemented experimental studies that have focused on thging parameters are still largely unknown, particularly for
lattice dynamics that are governed by the potential energymolecular crystals. A significant advantage of PR spectros-
Lattice vibrational energies of a number of molecular CryS'Copy over Raman measurements on strained molecular Crys_
tals have been measured by Raman spectroscopy and in Sg¥fs is that the experiment makes use of a small uniaxial
eral cases the symmetries of the modes have been assigngfless rather than a large hydrostatic one. This enables the

A comparison of calculated and observed results shows th%riastic regime of the crystal to be probed and allows the

W.h”e the crystgl potentials derlyed have' successfu!ly P'€xtraction of directional information regarding the crystal

dicted frequencies and symmetries of lattice modes in SomSOtential energy

systems, they are quite madequat_e in others. It has been demonstrated that PR spectroscopy displays a
The need to improve the functions and models used for

the potential energies of molecular crystals is evident. Onéensnwlty to structure that is not available in more tradi-

important aspect that is experimentally accessible is the aﬂ'—onal measurements. A PR study of 1,245

harmonic contribution to the potential which is normally ne- ttrabromobenzene reported that the motions of the mol-
glected when applying the harmonic approximation in stud-ecules involved in the vibrational modes of the crystal could
ies of lattice dynamicd* Anharmonicity is manifested by Pe determined by observing how the frequencies of the
shifts of phonon frequencies from harmonic values and bynodes change under stresses applied to the crystal in differ-
the finite lifetime of phonon states. It is also responsible forent directions! A recent study of phenothiazine further es-
thermal expansion and stability of a crystal undergoing dablished the efficacy of PR spectroscopy by providing an
phase transition and plays an important role in thermal andinderstanding of the complicated phase transition behavior
electrical conductivity. This coupling between vibrational of that systent?
modes in molecular crystals has been studied by various ex- Previously, a detailed study of the displacive phase tran-
sition in 1,2,4,5-tetrabromobenzefiEBB) by Raman spec-
dpresent address: 3M Company, St. Paul, Minnesota 55144-1000. troscopy has been report€tAithough this work permitted
Author to whom correspondence should be addressed. the assignment of observed modes, it did not unambiguously
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identify the soft modes nor the associated anharmonicities. In  The second and third terms of E@) represent the con-
this paper, the study of strain-induced coupling in the latticeributions to the crystal energy arising from the presence of
dynamics of TBB by means of piezomodulated Raman specstrains and vibrations, respectively, in the lattice. With the
troscopy is reported. By obtaining an unambiguous PR reexception of the effects of internal strain included in the
sponse in a molecular crystal, an interpretation based on theffective elastic constart,z,;, these two terms only in-
theory of Luty and Eckhardtis used to quantify the anhar- volve harmonic interactions in the crystal as evidenced by
monic character of the various vibrational modes through th¢heir resemblance to Hooke’s law. On the other hand, the last
derivation of their respective coupling parameters. term in Eq.(1) arises from strain-induced coupling between
TBB was chosen for this study for a number of reasonsvibrational modes in the crystal. The contribution of this
First, TBB exhibits high compressibility. Thus, strains thatterm to the energy of the lattice depends not only on the
are sufficiently large for detection of PR signals can be easilyamount and type of strain in the crystal, but also on the
produced in the crystalline samples. Second, because it hasagnitude of the coupling constarb,g j; - Cowley*? has
been shown that a distinct separation between the externdemonstrated the relationship betwegp; ;- and the first
and internal modes in TBB exist8,a determination of the anharmonic term in the potential energy expansion employed
extent of strain-induced coupling exhibited by its lattice vi- in the vibrational analysis of a crystal. The determination of
brations can be compared to that for its intramolecularé,g ;- for a particular mode based on its PR spectrum will
modes. This provides a useful test of the concept that matherefore not only provide a measure of anharmonicity for
lecular vibrations, being less coupled to the crystal latticethat mode, but the directional dependence of the response
are more harmonic than the lower frequency lattice modescan also reveal information about the anisotropy of the lattice
Finally, the TBB crystal is also known to undergo a structuralpotential energy.
phase transition just above room temperatdré’ As a re- The value ofé,g ;- is manifested by the shift in vibra-
sult, identification of highly anharmonic lattice modes via PRtional mode frequencies in the strained crystal, as derived
spectroscopy may be expected to help identify those vibrafrom the associated term
tions that play the most significant roles in the mechanism of

1
the phase change. 2
p Y > 2 wo5jj'+zﬁ bap.jir€ap| QiQjr
i “«
of Eqg. (1). However, given the size of the strains used in the
Il. THEORETICAL BACKGROUND experiments, these frequency shifts are quite small and there-

fore must be determined indirectly by measuring the inten-

A foundation for the study of anharmonicity in crystals sgty difference between Raman bands for the extended and
using piezomodulated Raman spectroscopy has been estab- :
lished in the theoretical work of Luty and EckhafdThe acompressed crystal as a function of frequency. Consequently,

basic idea is that a periodic stress apolied to a crvstal enthe data analysis requires that an expression for the intensity
P . PPl a cry of the PR signal be formulated as a strain derivative of the
hances phonon—phonon coupling that is mediated by th

. . . . Y MR aman response which shows a dependen .
acoustic phonons associated with the essentially static P b COL

. i . . X Definition of the complex electronic susceptibility in
the t|me.scale of the mteracho)ngram cre.ate(.j by the PIEZ0" torms of the renormalized coordinates and representation of
modulation. The presence of this coupling in the lattice re-

X : S the Raman intensity by correlation of the susceptibility leads
sults in frequency shifts of the vibrational modes when theto an expression for the band shape of the inelastically scat-

crystal is under stress. The magnitude of the shifts is deperl'ered light affected by the strain. For the one-phonon oscil-
dent on the strain and the extent of strain-induced couplin tor approximation with an associated susceptibilitythe

exhibited by th_e various modes. The PR spectra obtaine and shape of the PR signal corresponding to induced strain
represent the difference between Raman responses at the ex

. . is given by?®
tremes of extension and compression of the crystal and aré*? 9 y
thus a measure of anharmonicity in the crystal vibrations. ax"(w)
The derivation of this theor i i ———Ae,z=—Ae,5 IMX%() papx’(w)] 2
y requires the formulation of Je ap ap X apX
a renormalized Hamiltonian that describes the energy of a
strained lattice. For a lattice with unit cell volumethat for sufficiently small strains. Herg, is the complex suscep-

experiences straig, z, the effective Hamiltonian is tibility when strain is absent. The imaginary part of the sus-
ceptibility, x”, describes the corresponding Raman band
T= g+ EU > Coapys€apys shape. For the PR experimente for any specified strain is
2" apys defined as

1 —e. —
t5 2| e 51‘1’*% bap,iir€ap|QiQj, (D) A€ Can™ Coom ®

1 which is the difference between the strains produced during
where .7, is the Hamiltonian for the undeformed lattice, the extensive and compressive portions of the stress cycle.
Cagpys Is the effective elastic constar®; and wg; represent  Convention dictaté§ that e.,>0 and €comp<0 for the
the normal coordinate and fundamental frequency of vibrastrains parallel to the respectively applied stresses. The cru-
tional modej, respectively, and the coupling between thecial result of the analysis is that the strength of the response

optical phonons due to strain is given By, j; . will depend on the amount of coupling between the modes
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(5) is identical to the strain derivative in E(4), assuming

FIG. 1. Hypothetical piezomodulated Raman respofssdid line) corre- from the one phonon oscillator approximation of Luty and

sponding to a mode with a Raman resonafttashed lingat w,. The dotted
lines represent Raman bands for this mode at the extrema of the applieﬁCkhard? that

tensile and compressive stresses. 2 _ 2
Wey— wot ¢aﬁeext (6)

and

which is induced by the strain. An ideally harmonic mode wgomp= wi+ ®ap’ Ccomp= wi+ Dap (—Cex), (7
will give no piezomodulated Raman signal since the cou
pling constantg,s, would be zero.

Evaluation of¢, is accomplished through a curve fit-
ting procedure detailed elsewhérerrom Eq.(2), the corre-

‘where wg is the frequency of the mode in an unstressed
crystal. If ¢,5<0, thenw,,; can be denoted as_, which
is less thanwg, and w¢omp denoted aso , , which is greater

sponding expression for the piezomodulated Raman response wo-
is given by
. EXPERIMENT
Al(w)= (@) Ae TBB obtained from Aldrich Chemical was purified by
d€up “p vacuum sublimation and recrystallized from chloroform

26 ﬂAwy(wS— 0?) yielding single crystgls in the room temperature beta phase.
—Ae,, > 33, (4) The crystals, which have space group symmetry
[(wg— %) = 0y] P2,/a(®C,;,), are columnar along with form {110 (Fig.

, ) i . 2). The crystal habit and optical properties of the beta phase
wherey is the full width at half height of the corresponding ave been described previouddy.

Raman band and is a factor that accounts for its intensity, The TBB crystal was mounted between a stationary
I. The coupling constant for a given vibrational mode is de-giainjess steel bar and a lead zirconate titafAET) piezo-
termined by first fitting the experimental Raman band to 0b+aramic bar which was clamped at the opposite end. The
tain wq, v, andA and then inserting these values into E4).

: X = ; sample was fixed in the anvil using a rapid-setting epoxy
to fit the PR curve and obtaine,s - ¢.4. Dividing this  (peycon 5-Minutg. The crystal was oriented for application
expression by the strain will produce.the.deswed constgnbf uniaxial stress in either the110]* or [001] direction,
¢ap- Under the one phonon approximation, the effectiveyhere[110)* is defined to be normal to thel10) crystal
¢ thus obtained for a given lattice mode is a measure of alface The entire assembly was mounted in a 90° scattering
coupling to that mode mediated by strap,. geometry. Application of a sinusoidal voltag®00 H2

In light of the above theoretical discussion, the PR re-5cross the PZT causes alternate longitudinal contractions and
sponse can be described by expansions, thereby applying tensile and compressive

_ stresses to the crystal.
Al (w)_l“’ext(w)_l“’comp(w)’ ®) Since the TBB crystal was found to be extremely com-

where I“’ext and Iwcomp represent the Raman response of apreSS|bIe compared to the PZT, the change in length of the

T . unclamped portion of the PZTAL p,7) was assumed to be
vibrational mode whose resonance frequency shifte®d@  ihe same as that for a free PZT bar,
when the crystal is under tensile stress angm, when it is
under compressive stregsee Fig. L It can be shown by
lengthy but straightforward algebra that for small strains, Eq.

\%
ALpzr=d3; T) LpzT, ®
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TABLE I. Polarization and stress configurations used in the piezomodulated Raman spectra of TBB.

Designated
scattering Stress Incident beam Incident beam Scattered light Scattered light
geometry direction direction polarization direction polarization
A [110* c b Normal to(110) ct
B [110* c a* Normal to(110) ct
C [110* c b Normal to(110) cls
D [oo1] Normal to(110) ct Normal to(110) ct
E [001] Normal to(110) ct® Normal to(110) cl®

whereds; is the piezoelectric coefficient that relates the volt-respect to frequency of its corresponding Raman band, with
ageV applied across a PZT having a thicknést® its in-  the band going positive and then negative as one scans the
duced strain. Thus, the strain induced in the crystal along thband from low to high energy. For purposes of discussion,
stress direction can be calculated as this type of PR band shape will be referred to as a“positive”
exa=Alalll 9 Pand .
xtal™ 2 ixtal T xtal The other bands observed in the Raman spectrum for the
where, owing to the experimental configuratioAlpzr A configuration also have corresponding structure in the PR
=—lyq- In this manner, the strains induced in the TBB spectrum. However, the PR bands of these lattice vibrations
crystals were found to be on the order of 0.001 for both theare relatively weak compared to their Raman bands. In addi-
[110]* and[001] stress configurations. tion, the PR band of these lattice modes are inverted. Such
Since the intensity of the piezomodulated Raman rebands will be termed “negative” bands. Their appearance
sponse for a given vibrational mode depends in part on its
Raman intensity, a Raman spectrum was measured before
each PR spectrum using the same scattering geometry. Con-
sequently, relative intensities obtained from the two types of N

spectra could be used for data analysis. The five different 1.0 | @7 o™

polarization and stress configurations employed in the vari-

ous experiments are listed in Table | and each is designated .:

with a letter for reference throughout the paper. : 1 o.00

Polarized PR spectra of TBB were measured in the lat- R ‘

tice mode region from 8 to 60 crl for stress applied along N

the [110]* or [001] directions. Additional spectra that em- ,

ployed only the[110]* stress were recorded for various in- A 1010

tramolecular vibrations. Measurements were obtained with b4 AR AR -

the 5145 A line of an argon ion laser operating at 55 mW. > ‘ ©1 002 o

The incident beam was chopped during Raman measure- "2‘ S

ments. For both Raman and PR spectra, modulation of the o .: g

scattered light intensity was detected using synchronous g o5l 1 0.00 5

lock-in amplification. Data points were recorded at 0.5 ¢m = it 5

intervals with a bandpass of 1.4 cf Instrumentation used £ [y

to analyze and detect the scattered light is described B o -0.02 5

elsewheré®1® 0.0 Lt g
1.0 F 0.06

IV. RESULTS

A. Lattice modes

1. [110]* stress 0.5 - 0.00

Piezomodulated Raman spectra of TBB that employed a
[110]* stress are shown in Fig. 3 along with their corre-
sponding Raman spectra. The Raman and PR intensity scales ~0.06

shown in a given graph indicate the actual relative intensities
obtained for the two types of spectra.

The Raman spectrum obtained for tAescattering ge-
ometry contains bands assighétb the By lattice vibrations
at 215, 43, and 47.5 cm as well as the 155 cmt Ay F E e odes n the bera phase of T88 for sress
mode. Of these r_nOdeS’ the one at 21.5 Liis seen to have applied alongllo]*. Scattering geometries employgd wéagA, (b) B, and
the strongest piezomodulated Raman response. Its bang c Relative intensities for each Raman and PR pair of spectra are indi-
shape is similar in appearance to the first derivative withcated.

0.0
0 10 20 30 40 50 60

Frequency (cm™)
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indicates that the lattice vibrations in TBB with which they
correspond respond differently to a given applied stress than 1.0 b
do those vibrations associated with a “positive” band.

Another interesting aspect of the PR spectrum for con-
figuration A is the symmetry(or lack of it) of each band
about the lineAl (w)=0. The band at 21.5 cnt is seen to 05 |
be neatly symmetric and the band at 15.5 ¢mwhich is
riding on the positive shoulder of the 21.5 chband, also
appears to exhibit nearly equal positive and negative excur-
sions. However, the bands observed just above 40'ame
quite asymmetric. Indeed, while both bands are definitely
negative, the PR response for the 47.5 ¢mode appears to
be lacking the positive-going portion of its band.

The negative band is observed more clearly in the PR
spectrum for théB scattering geometry. In this configuration,
the 15.5 and 41.5 ciit A, lattice mode¥' are most promi-
nent in the Raman spectrum, although bands at 21.5 and
47.5 cm ! are also observed. The PR spectrum shows a sig- 0.0
nificant negative type response for the 15.5 ¢rfattice vi- "0 10 20 30 40 50 60
bration. However, the ratio of its intensity to that of its Ra- Frequency (cm™)
man band is still smaller than the ratio obtained for the PR
and Raman bands of the 21.5 EhmOde' FIG. 4. Room temperature Ramédashed lingand piezomodulated Raman

A negative band is also observed in tBePR spectrum  (solid line) spectra of lattice modes in the beta phase of TBB for stress
near 41.5 cm’. A comparison of theA and B PR spectra  applied along[001]. Scattering geometries employed wegg D and (b)
reveals that this band occurs at lower energy than the simE- Relative intensities for each Raman and PR pair of spectra are indicated.
larly shaped band discussed previously which corresponded
to the 43 cm* mode. The weak, negative-going lobe seen in
the B PR spectrum just to the higher energy side of the 41.8he largest PR responses. The reason for this will be consid-
cm 1 structure is located at the same frequency as the bargred in greater detail in the Discussion.
observed in the\ spectrum which also only showed a nega-  This sensitivity to crystal quality also had an apparent
tive excursion. Both apparently arise from the 47.5"¢m effect on the PR band shape observed around 42" gmthe

lattice vibration. Asymmetry of the PR bands in tBespec- C scattering geometry. I€ PR spectra measured from two
trum is also noticeable. different crystals, the band near 42 chwas negative in one
In the C scattering geometry, both tif, andB, lattice spectrum, but positive in the other. This “change of phase”
modes in TBB exhibit significant intensities in the RamanWwas observed in more than one crystal but only for this par-
spectrum. Moreover, this is the only spectrum of the thredicular band in this specific scattering geometry.
considered thus far in which the 39 ¢, lattice modé® is
clearly resolved. In the piezomodulated Raman spectrum
this mode gives rise to a positive PR band along with the stil- [001] stress
dominant 21.5 cm'® By lattice vibration. The piezomodulated Raman spectra obtained for stresses
The remaining structure in the PR spectrum is consis- applied along the axis of the crystal are found in Fig. 4.
tent with that obtained in thA& andB configurations. In the These spectra employed D and E scattering geometries
region above 40 cit, the bands are neatly identical in both and their corresponding Raman spectra are also shown in the
frequency and shape to those observed inAhscattering figure.
geometry where the 43 and 47.5 chbands were detected In the D scattering geometry, thé, lattice modes at
in the Raman spectrum. However, since in BeRaman  15.5, 39, and 41.5 cnt dominate the Raman spectrum with
spectrum it is not possible to resolve the 415&mg mode  a weak appearance of the 21.5‘c1rTBg band. Examination
from the 43 cm? By mode, it is difficult to determine to of the D PR spectrum reveals a dramatic change in the
what extent the 41.5 cit mode contributes to the PR inten- phases of the lattice mode PR bands from those obtained
sity in this energy region for th€ experimental configura- when the[110]* stress was applied. For each of the lattice
tion. vibrations observed in the direct Raman spectrum, the sense
The PR spectral frequencies and band shapes observeflits corresponding PR band has reversed; bands that were
for the A, B, and C scattering geometries were not only positive in the[110]* stress experiments are found to be
consistent from geometry to geometry, but were also repronegative in thg001] stress spectra, and vice versa. Recog-
ducible for different crystal samples. The magnitude of thenizing that the positive excursion of the 39 ¢hPR negative
PR responses, however, were found to be extremely sensitiv&and is buried under the positive portion of the 41.5 ¢m
to the quality of the crystal. As a result, the PR relativepositive band, the PR bands in tBespectrum are also ob-
intensities varied somewhat from crystal to crystal. The PRserved to be quite symmetric about zero on the ordinate
spectra shown in Fig. 3 were taken from crystals producingcale.

-0.03

0.03

Raman Intensity
o
o
Aq1susqu] ueuwreyozald

05| 0-00

-0.03
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FIG. 5. Room temperature Ramédashed ling and piezomodulated Ramdsolid line) spectra of molecular modes in the beta phase of TBB for stress
applied alond 110J*. The scattering geometry employed wasRelative intensities for each Raman and PR pair of spectra are indicated.

The Raman spectrum in tHe scattering geometry con- ascribed to a Fermi resonance interaction with the 667'cm
tains bands for the 21.5, 43, and 47.5‘(9ng modes along fundamentaf’ is also observed in the Raman spectrum.
with a very intense band for the 15.5 Ci‘nAg lattice vibra- In the piezomodulated Raman spectrum for the 643—-677
tion. Once again, each of these modes gives rise to structumn ! interval, it can be seen that the PR response has dimin-
in the PR spectrum and the phases of all of the PR bands arghed to the point that it is only just observable above the
reversed from the results observed in fh&0]* stress spec- level of the noise. Nevertheless, some unusual features can
tra. Nearly equal excursions about zero are also seen in easthill be distinguished. The most striking is the similarity of
of the bands. This result is especially noteworthy for thethe PR band shape in the region near 667 tio a second
band above 40 cit, since in this region the bands were derivative shape in contrast to the expected first derivative
found to be quite asymmetric in th&10]* stress spectra. response. Also notable is the structure in the PR spectrum
(see arrowthat has its origin in the weak 670 c¢rhshoulder
seen in the Raman spectrum. The PR response near 657
cm ! has a more complicated band shape.

A number of the intramolecular vibrational modes in  The last intramolecular vibrational energy interval to be
TBB were also studied using piezomodulated Raman speastudied in TBB using piezomodulated Raman spectroscopy
troscopy. Determination of symmetry assignments for thesgpanned 1105-1160 ¢rh The Raman and PR spectra are
Raman active modes was made and will be publishedound in Fig. 5d). In the Raman spectrum, the 1122 tm
elsewheré? The majority of modes examined hag sym-  a, fundamental and the overtone at 1145 cnmave been
metry, generally resulting in higher scattering intensities thakssigned to the strongest peaks recorded in this energy inter-
aided the detection of their PR signals. Each of the PR spearal and additional, weak structure that is not yet assigned is
tra were measured using tlscattering geometry with the observed near 1135 and 1150 ¢mThe PR spectrum does
stress applied alondl10[*. not provide any interpretable structure for these modes since

The Raman and PR spectra of the 125 ¢ray molecu-  the response is at the level of the noise.
lar vibration are displayed in Fig.(&. An isolated, positive
band having a nearly symmetric line shape is observed in ths
PR spectrum.

The Raman spectrum in the 200—240 ¢nenergy re- The analysis of the piezomodulated Raman spectra of
gion plotted in Fig. §) contains bands at 203, 208, and 220hoth the lattice and molecular vibrational modes in TBB fo-
cm ! assigned ad,y, bsg, anday intramolecular modes, cuses on several different features of the measured bands.
respectively. In addition, a broad, featureless shoulder of urifhe band shapes, the phases of the derivativelike bands, and
known origin is observed on the high energy side of the 22Qhe intensities of the bands relative to their corresponding
cm ! band. In the corresponding PR spectrum, each of th®aman intensities must all be considered as each of these
fundamental vibrational modes is found to give rise to posifeatures provides important information about coupling of
tive, derivativelike bands. The high energy shoulder also haghe vibrational modes and how it is manifested in the poten-
corresponding structure in the PR spectrum, bl}.: it involvesial energy of the crystal.
only a positive excursion in the region of 230 ¢

yIn Fpig. 5c) the Raman and PRgspectra of TBB from 643 A. Shape and phase of the PR band
to 677 cm * are shown together. The intramolecular funda-  The band shape of the piezomodulated Raman signal is
mental vibrations displaying Raman activity in this energysimilar, but not equivalent to the frequency derivative of the
region include the 667 cnt ag mode and the 670 chit  Raman band itself. To emphasize the point that PR spectra
b,y mode which is assigned to the very weak shoulder on thare not simply frequency derivatives of direct Raman spec-
high energy side of the 667 crh peak. The combination tra, the PR spectrum from Fig(t9 has been replotted in Fig.
band at 657 cm!, having a comparatively large intensity 6 along with the calculated first-frequency derivative of its

B. Molecular modes

. DISCUSSION
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FIG. 7. Calculateda) first and(b) second derivativessolid line) of the

measured Raman ban(ashed ling corresponding to molecular modes in
FIG. 6. Comparison of the PR spectrugsolid line) and the calculated TBB between 647 and 677 crh (c) The PR spectrum measured from TBB
frequency derivativedashed ling of the Raman spectrum shown in Fig. in this frequency range.
3(b). Scaling is arbitrary.

type bands of opposite phase that overlap to give appearance

corresponding experimental Raman spectrum. The amplitudef a second derivative type spectrum. The interactions here
of the derivative curve has been arbitrarily adjusted for purare obviously complicated and may stem from the Fermi
poses of comparison. Two significant differences are obresonance that is attributed to this band. Such an assignment
served. First, the phases of the bands in the PR spectra amaplies that intensity from the nearby combination band as
not always positive, as is the case for every band in thavell as the 667 cm' fundamental is involved in the scatter-
calculated frequency derivative. Second, the intensities of thing response at this frequenty.
PR bands relative to each otheithin the spectrum are not The use of uniaxial stresses in the PR experiments al-
the same as those seen in the frequency derivative. Both édws information to be gained from the phases of the ob-
these features, which are discussed in subsequent sectiosgrved bands. Stresses were applied such that a positive band
indicate that information in addition to the higher resolutioncorresponds to a mode in which a compressive stress in-
typically obtained in frequency-modulated Raman spectrareases the vibrational frequency and a tensile stress de-
can be gained from the piezomodulated Raman spectra. creases it. Conversely, a mode giving rise to a negative band

For the most part, the PR spectra of TBB found in Figs.undergoes a decrease in frequency under compressive stress
3-5 exhibit derivativelike band shapes of the type predictecnd an increase under tensile stress. Hence, as can be seen
by theory. They display both positive and negative excurfrom the PR spectra in Figs. 3 and 4, the 21.5 and 39cm
sions and are nearly symmetrical about the zero respondattice modes increase in frequency under compressive stress
line. It has been noted, however, that the PR bands in thim the [110]* direction and decrease for compressive stress
lattice mode region between 40 and 50 ¢nshowed a sig- along [001]. The remaining Raman-active lattice modes at
nificant departure from symmetry about the zero respons#5.5, 41.5, 43.0, and 47.5 crhshow the opposite behavior.
line when the stress was applied algag0]*. The reason for The phase relationships of the PR experiment have al-
this is not fully understood, although the close proximity of ready been shown to provide direct evidence for the deter-
four of the lattice vibrations of TBB in this energy range may mination of molecular motions described by eigenvectors of
be part of the answer. Strong coupling among these modaie Raman active lattice vibrations in TBBThus, the 21.5
may lead to some effects not accounted for in the currenand 39.0 crn® modes are thd, and Ay lattice vibrations
piezomodulated Raman theory or by the approximations emhaving molecular librational motions that are principally in-
ployed. plane, while the other four modes make up the #yp-B,

Another PR band displaying an unexpected response igttice vibration pairs with molecular librational motions that
that belonging to the 667 cm intramolecular vibration are predominantly out-of-plane.
which involves a totally symmetric, in-plane ring deforma- Turning now to the intramolecular vibrations in TBB,
tion and bromine stretcff. One of the measured PR spectrathe phases of PR bands for the modes at 125, 203, 208, and
is shown in Fig. 7 along with the calculated first and second®20 cm! indicate that their frequencies increase under a
frequency derivatives of the experimental Raman band. Theompressive stress alof@10]*. Except for the 203 cim'
resemblance of the PR band to a second derivative shapensode, all of these modes have been assigned as in-plane
quite remarkable but may be fortuitous. Nevertheless, theibrations?® Thus, consistent with the model used in Ref. 11,
band shape definitely does not possess a first derivativelikine increase of the in-plane intermolecular forces due to the
shape. It is possible that it derives from two first derivativecompressive stress is observed to raise the vibrational ener-
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TABLE II. Coupling constants of vibrational modes observed in TBB by piezomodulated Raman spectfoscopy.

Mode Scattering Dap ‘75_5;5‘ |A wgl
(cm™b Symmetry Crystal geometry (10° cm™?) wy (cm™b
[110]* stress, €s,ms0.0011
15.5 Ag | A 0.4 1.7 0.02
B 0.57 2.4 0.029
C 0.45 1.9 0.023
1l B 0.18 0.8 0.009
C 0.34 1.4 0.028
21.5 By | A —-3.4 7.4 0.12
B -3.2 6.9 0.12
C —-2.8 6.1 0.10
1l A -1.7 3.7 0.062
B -2.0 4.3 0.072
C -21 45 0.1%
39.0 Aq | C -1.7 1.1 0.034
41.5 Ag | B 1.4 0.8 0.026
43.0 By | A 2.3 1.2 0.041
C 0.9 0.5 0.015
47.5 By | A 2.3 1.0 0.037
B 1.4 0.6 0.022
C 1.7 0.8 0.028
125 ay | C —-2.6 0.16 0.016
220 ay | C =11 0.23 0.040
667 ay | C 11 0.03 0.013
[001] stress, €3ms=0.0008
15.5 Ag 1l D —0.63 2.6 0.023
E —0.56 2.3 0.021
21.5 By 1l D 2.4 5.2 0.064
E 1.9 4.1 0.049
39.0 Aq 1l D 2.7 1.8 0.040
415 Ag 1l D -4.0 2.3 0.055
43.0 By 1l E —-4.4 2.4 0.058
47.5 B 1l E —-3.8 1.7 0.045

g

%,z is the effective coupling constant, is the mode frequency, and oyl is the change in mode frequency
at the peak of the stress cycle.
Peg rme=0.0016.

gies of the modes. The unexpected band shape and the ahe PR experiments were either perpendicular or parallel to
sence of signal for the PR bands corresponding to the 66the ¢ axis in TBB(see Fig. 2. With values for the strains,
and 1122 cm* fundamentals, respectively, precludes a de-effective coupling constant$, and ¢ can be extracted for
termination of the effects of thel10]* stress on their mode each of the vibrational modes measured in the PR spectra of
frequenCieS. Nevertheless, it indicates that relative to thq’BB The values derived for the effective Coup”ng constants
other modes, these must be associated with significantlyre understood to include contributions from any accompa-

more harmonic behavior. nying, undetermined strains corresponding to each of the ap-
plied stresses.
B. Anisotropic anharmonic coupling constants The curve-fitting procedure described in Sec. Il was used

As previously discussed, the intensity of the PR band of® calculate effective coupling constants from the experimen-

a given Raman-active vibration relative to its Raman intenlal data. These constants determined from the lattice modes

sity is a measure of the anharmonicity exhibited by theobserved in the PR spectra of TBB have been tabulated in

mode. Curve-fitting procedures can be used to obtain théable Il. They are shown according to stress direction, scat-
strain-induced coupling constang,s, pertaining to each terin_g configuration_, ar_ld crystal sample.Anegative_ value f_or
vibrational mode in a crystal subjected to a particular stres2 given constant indicates that the corresponding lattice
Since compressive and tensile strains along the directions @#fode increases in frequency under compressive stress.

the stresses applied in the experiments may be calculated The accuracy of the values for the effective coupling
using Eqs(8) and(9), strainseg andes, which correspond to  constants, based on the limitations of the curve-fitting tech-
the [110* and [001] stresse$? respectively, can be deter- nique and the calculations of the strains is between 10% and
mined. By considering symmetry, the subscripts on the20% except for the values obtained for the modes between
strains may be condensed by employing the well-knowm0 and 50 cm® under a/110]* stress. The strong overlap in
Voigt matrix notationt® For convenience, the matrices are this region of the spectrum and the resultant unusual PR
defined in thea" bc axial system since the stresses applied inband shapes made it difficult to produce good calculated fits
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to the data. Therefore, these effective coupling constant8ons is approximately the same for both stress directions.
were estimated by an approximate fit of the peak-to-peak’his assessment, however, is less certain for the modes

distance in the PR bands for the modes. above 40 cm® where curve fits for thg110]* stress are not
In addition to the coupling constant, the magnitude ofzg reliable.

the frequency shift at the peak of the stress cyldeyg|, is

_ [ The agreement of the coupling constant values obtained
shown in Table Il for each mode. From the definitions

for a given lattice mode and stress direction is quite good
(10) when considering data from different scattering geometries
for the same crystal sample. Values for the 15.5 and 21.5
and cm ! modes obtained from different crystdsamples | and
IIl) were found to vary more widely. The averaged values
o_=wg—|Awg|, (11)  from the two different samples generally had about 30% er-
ror in precision. The reason for this probably lies in the sen-
sitivity of the experiment to crystal quality. Any defect in a
crystal, such as cracks, dislocations, or vacancies, will
|Awo|=|Ae, - ¢ pllbwg 12 weaken the strains inglgced by an applied stress beca_use the
crystal will have additional degrees of freedom available
for small strains. The stress-induced frequency shifts for théthrough the breakdown of translational symmetry and crys-
vibrations in the TBB crystal are on the order of 0.1Cnor  tal integrity) by which it can accommodate the lower strain
less, which is consistent with the values expected from calenergy. Therefore, the crystal samples that exhibit the largest
culation of the stress Gneisen parameters for molecular PR responses for a given stress most likely give results more
crystals??® This is an important aspect of the piezomodu-yepresentative of a perfect lattice, since the data indicate they
lated Raman experiment. The measurement of small freg e the greater strains. This means piezomodulated Raman

quency sh|st such as this would be extremely d|ff|cuilt n asgectroscopy also lends itself as a tool in the study of crystal
static experiment, whereas the modulated stress applied here _ . . ) i . .

X ) guality, particularly in the detection of microscopic defects.
allows for a much more accurate differential measurement:

Moreover, since such small strains are induced in the crystal, Eﬁe,c“"e coupling constan_ts for the .|ntrarnolecular
the experiments are performed in the elastic regime unddpedes in TBB at 125 and 220 cthare also given in Table
effective pressures of only 10—100 bars. Previous Ramal- Constants for the 203 and 208 cfhmodes were not
experiments in molecular crystals employing hydrostaticdetermined due to their low Raman and PR signals. As ex-
stresses have applied pressures on the order of kilobars prected, a comparison of the,sl/w§ fractions of the 125
order to observe frequency changes in the vibrational modesnd 220 cm! modes to those of obtained for the lattice

In answer to a question raised in the theoretical work ofmodes reveals that the molecular vibrations are significantly
Luty and Eckhard?,it should be noted that the extrema of |ess anharmonic. The assumption that the molecular modes
the PR bands are not locatedaat andw . . Rather, itisthe i TBB can be discussed by treating the crystal as an ori-
width of the Raman bandy, that tends to dictate their fre- gnteq gas appears to be reasonable since separation of the

quency positions. It. can be seen from the valueAao| iqternal and external vibrations is possible. The PR data in-
obtained for the various modes that, due to the bandpass . . .
icate the in-plane bromine stretch mode at 220 trim

the monochromator, it would be impossible to observe a P . . . .

band in TBB if its extrema were separated by on|A@|. _BB IS more anhz{rTonlc than the m_—plane b_romme bend
In order to use the derived coupling constants to discus¥iPration at 125 cm=. In support of this, the width of the

the extent of anharmonicity of the vibrational modes in TBB,220 cm * band is seen to be more than five times greater

they should also be expressed as a fraction of the quadratiban the 125 cm' Raman bandwidth.

mode frequency. A low energy vibration will be perturbed by A coupling constant for the totally symmetric, in-plane

coupling of a specified strength to a much greater event tharing deformation and bromine stretch at 667 ¢roould only

a high energy vibratioit and its associated potential energy be estimated from the peak-to-peak intensities of its PR band

surface will be more anharmonic. Equati¢h2) demon- pecause of its unusual band shape. This mode and the ring

strates that for a given coupling constant and strain, this alsgreathing 1122 cmt vibration, which exhibited essentially

means the lower energy modes will undergo the larger fre;y pr response, are found to undergo even less strain-

quency shifts. Consequently, these fractions have been iri‘ﬁduced PR coupling than the lower frequency molecular

cluded in Table Il as well. o :
. . _ modes. Hence, the extent of anharmonicity in the intramo-
It is readily seen from Table Il that the 21.5 Ci"nt L . . .
lecular vibrations is not only less than in the lattice modes,

lattice vibration in TBB exhibits by far the greatest amount o i
of strain-induced coupling with other modes. By displayingbUt also decreases with increasing energy of the molecular

such behavior, it is a good candidate as the anharmonic modB0de, as predicted by theory. The vibrational modes arising
most involved in the structural phase transition mechanisni’om covalently bonded forces are not perturbed by intermo-
for TBB. The 15.5 cmt A4 mode is the next most anhar- lecular interactions to the same extent as the lattice modes

monic vibration, with the remaining lattice modes only which derive their restoring forces from van der Waals inter-
somewhat less so. The coupling observed in the lattice vibraactions.

0, =wst|Awg

and using Eqs(3), (6), and (7) the formula for|Awg| is
found to be
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