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The magnitudes of the observed factor group splitting are 20 and 36 cm™!
for Ca(OH), and Mg(OH),, respectively. This large magnitude of split-
ting could not be explained by Davydov's theory [69] of molecular exci-
tons based on dipole-dipole interactions [70]. Furthermore, it was
pointed out that the dipole-dipole interaction would lead to a value of
splitting which is opposite in sign to the experimental value [71]. It was
shown by Ghosh [71] that the quadrupole-quadrupole interaction together
with the dipole-dipole interaction can explain the observed splitting. The
value of the quadrupole moment derivative is in agreement with the
ab initio value [72, 73].

This feature is common to a few other molecular crystals [73, 74].

C. Metal Dichalcogenides

Among the metal dichalcogenides, MoS, occupies a central place.
Its importance arises because of the simplicity of its structure and
spectra and at the same time its great potential use in material science.
Recently, the low temperature properties of TaS,, TaSe,, and NbSe,
received large attention because of the discovery of the charge density
wave properties of these crystals. We present below a discussion of the
vibrational spectra of these crystals, particularly with reference to
their CDW states in greater detail. Other crystals are reviewed sepa-
rately.

1. Octahedral Structures

Charge Density Wave States. 1T-TaS,, 1T-TaSe,. Very recently,
vibrational spectra of 1T-TaS, and 1T-TaSe, in commensurate and
incommensurate CDW states have been investigated thoroughly [75, 76]-
The far-IR reflection spectra of 1T-TaS, in the Incommensurate and
quasicommensurate phases were shown to be featureless. The reflec-
tivity decreases with lowering frequency and it also decreases by 4% on
entering the quasicommensurate phase and by 15% on entering the com-
mensurate phase. A number of peaks develop in the commensurate
phase at 100 K and 15° incidence. The vibrational modes are found be-
tween 50 and 400 cm™~!. In the case of 1T-TaSe,, the response from
single reflection measurements is so weak that it is difficult to separate
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the peaks from the background. For this purpose Karecki and Clayman
[76] used a dual-cavity technique. In this method a light beam enters a
sample-lined cavity through a small hole and makes a number of reflec-
tions before reaching the detector [77]. An identical polished brass
cavity was used as a reference. The ratio of intensity transmitted
through a cavity lined with 1T-TaSe, to that transmitted through the
reference cavity was measured at 4.2, 100, and 295 K. The spectrum
at 295 K does not exhibit any sharp feature. There is no strong temper-
ature dependence of frequencies in the commensurate phase. At 100 K
a small dip in the reflectivity develops just above the estimated TO fre-
quency of each mode at room temperature. This may arise from strong
interaction between free carriers and phonons via collective modes of
the CDW's themselves. These dips become very pronounced at 4.2 K,
and the observed spectra show as many as 10 sharp peaks. The peaks
could not be identified below 50 cm™!. The existence of so many normal
modes for the commensurate phase is clear from the fact the super-
unit cell contains a larger number of atoms. The acoustic and optic
phonon branches (g # 0) of the undistorted unit cell is now folded back to
= 0 of the Brillouin zone of the super cell. A smaller Brillouin zone
results from the strong CDW distortion of the lattice. A complete group
theoretical analysis of these g = 0 modes has not been possible because
the space group of the super cell is not known. A table (Table 13) of the
observed frequencies of 1T-TaS, and 1T-TaSe, and their ratios can be
used to obtain a preliminary knowledge of the atoms involved in these
modes. This is based on the fact that the two crystals have identical
structures. Thus the high frequency mode ratio is close to the square
root of the Se-S mass ratio. Hence the Ta atom is almost at rest for
these modes.

Raman scattering studies on 1T-TaS, have been reported by Duffey,
Kirby, and Coleman [78]. They studied the low temperature commen-
surate CDW state and observed 12 Raman active modes in the 50-140
em™! region and 16 Raman active modes in the 220-400 cm™ region.
Since they did not analyze the scattered light, all the Raman active
modes were observed. The noticeable feature of this measurement is
that the Raman peaks in the low frequency region are more intense than
those in the high frequency region. They attribute this feature to strong
coupling of the phononlike excitations to the crystalline lattice via
Coulomb interactions. Hence the CDW states have some distinct roles
in the dynamics in addition to the formation of a superlattice.

In the absence of group theoretical analysis, it is difficult to make
an exact correlation of the Raman and IR data. However, a comparison
of the observed Raman and IR data at low frequency, 50-140 cm™?
(Table 12), shows that for each strong far-IR band there is one Raman
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TABLE 12

Observed Far Infrared and Raman Frequencies (cm=!)
in the Commensurate Charge Density Wave State
of 1T-TaS, and 1T-TaSe,

1T-Ta8, 1T-TaSe,
Raman2 IRb Raman® IRD
56 54 - 45
62 68 - 60
72 78 72 81
80 83
100 104 99 98
115 107 -
129
204 - 135
241 153
256 165
261
286 182
292
306 197
355 225
?Ref. 78.
bRefs. 75 and 76.
®Ref. 79.

band within 5 em~!. There is no sharp band in the far-IR corresponding
to the 80 cm™! strong Raman peak of 1T-TaS, which has been attributed
to the coupled CDW phonon excitations as discussed above. A number of
pairs of Raman and IR active bands lead to the presence of mutual
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exclusion rules which would suggest that the unitcell has a center of in-
version. Infact, in a super cell having 13 molecular formula units, the
highest symmetry possible is that of Cy. This would lead to 57 Raman
active modes. Although so many modes were not observed, one should
consider the fact that there could be a number of accidental degeneraciea
when so many modes are packed together in a narrow frequency region
in both the Raman and IR spectra. It is clear that all the arguments
given above are rather tentative, yet the amount of data obtained from
spectroscopic studies would be of great help in elucidating the space
group of the commensurate CDW phase.

Temperature-dependent Raman spectra of the CDW state in 1T~
TaSe, have been reported [79]. The Raman spectra were measured at
2, 77, 300, 365, 410, 450, and 480 K using an argon-ion laser. Three
modes at 72, 83, and 99 cm™! were found. Again, in this case it is not
possible to make correlation between the Raman and IR data (Table 12).

VSe, and TiSe,. Besides TaS, and TaSe,, charge density wave
atates have also been studied in octahedral erystals like VSe, [80] and
TiSe, [81). Smith, Tsang, and Shafer obtained the first evidence of
CDW formation in 1T-VSe,. At room temperature they observed one
Raman peak at 206 cm™! while at 9 K they observed five sharp Raman
lines which could be attributed to superlattice formation. 1T-TiSe,
exhibits CCDW formation at T = 200 K, below which a superlattice of
2a, X 3¢y is formed [81]. There is no evidence of ICDW formation.
Above T there are only two Raman lines at 134 (Eg) and 195 (Aq) em™L
Normal incidence reflectivity spectrum shows a single E;; mode a
137 cm~!. The measurement at 53 K yields a few lines in addition to
those found in the normal phase. A superlattice 2a, X 3c, has 24 atoms
per unit cell. If the space group is Dggq*, the 72 normal modes would be
5A1g + TAgg + 12Eg + 5A1y + TAgy *+ 12Ey. Only a few of them could be
observed. A recent IR measurement by Woo and Brown [82] onTiy ,Sey
shows a new absorption band at 3500 cm™ which may be interpreted as
an excitation across the CDW gap. These measurements are evidence
of a superlattice formation with the dimension 2a, X 3¢, .

Recently, Raman spectra of Ag-intercalated TiS, have been reported
[83]. In Ag,, 3TiSy at an ambient temperature of 4.2 K, five normal
modes were found. Three of these modes at 207, 277 and 311 cm™~! were
attributed to the formation of a superlattice with a,' = \/3a,, where a,
is the basal plane lattice parameter of TiS,. The other modes at 239
and 347 cm~' correspond to their counterparts in the high temperature
(300 K) normal lattice. The superlattice formation was also confirmed
by electron diffraction measurement [83]. The Ag atoms are ordered
at interlayer interstices.
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Dichalcogenides of Hafnium, Zirconium, Tin, and Germanium.
The other members of the dichalcogenide family having Cdl, -type octa-
hedral lattice, which have received attention of spectroscopists, are
HfS,, HfSe,, SnS,, SnSe,, ZrS,, ZrSe,, and ZrTe,. The Raman spec-
tra of most of these crystals were first reported by Smith et al. [84].
Lucoveky et al. [85] also measured the Raman spectra of HfS,, HfSe,,
ZrS,, and ZrSe, together with other crystals having the same structure.
Group theoretical analysis leads to the modes Alg + Ag, + + Ey.
Hence two Raman active modes Al and E;, were measured. The ob-
served results conform to that of a typica layerlike lattice and do not
exhibit any peculiar feature. These results have already been discussed
by Wieting and Verble [9]. In the case of SnS, and SnSe,, Smith, Meek,
and Liang [86] have recently reported Raman scattering results on dif-
ferent polytypes. SnS, has two polytypes 2H and 4H which crystallize
with D3d"' and wa‘ symmetries, respectively. Recorded Raman spec-
tra for 2H- and 4H-SnS, exhibit splitting very similar to that of Pbl,
discussed in Section IV-A-1. The crystal structure of SnSe, shows the
presence of a polytype with three layers per unit cell. However, there
is no mode active both in Raman and IR, hence the polytype should have
a center of inversion. Thus it is concluded that the polytype is 6H with
a Dgq factor group and not 6Ha with a Cgy, factor group.

2. Trigonal Structures

Charge Density Wave States. Similar to 1T-TaSe,, charge density
wave states have also been studied in the trigonal prismatic crystals
2H-TaSe,. The crystals possess different structures in the normal
phase. 1T-polytypes have a CdI, -type lattice with one molecule per
unit cell, while 2H-polytypes have a MoS,-type structure with two molec-
ular formula units per unit cell. The Raman spectra of 2H-TaSe, have
been studied by Tsang et al. [79] and Smith, Tsang, and Shafer [80].

The measurements of CCDW phase Raman spectra of 1T-TaSe, and 2H-
TaSe, [79) show that the temperature dependence of frequencies follows
that of the order parameter which is determined from independent meas-
urements. A similar temperature dependence of the observed Raman
frequencies of the two polytypes shows that the driving mechanism for
CDW instability is the same in both cases.

MoS, -Type Crystals. As mentioned earlier, MoS, has received
the largest attention of layer dynamicists. The first detailed measure-
ments were made by Verble and Wieting [87] and Wieting and Verble [8]
which were succeeded by a number of other experiments [85, 88-94].
The first-order spectra of MoS, published till 1976 have been reviewed
[9]. The second-order features observed by Chen and Wang [90] on MoS,
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deserve to be mentioned. Chen and Wang [90] measured the second-
order Raman spectra of MoS, and recorded the intensity for both s and
p-polarizations. In addition to the first-order modes, they observed
difference modes, overtones, and second-order optical modes. The in-
tensities of all the second-order modes were much lower than those of
the first-order fundamentals. A similar measurement on NbSe, by
Wang and Chen [95] showed that second-order Raman bands have nearly
the same intensity as the fundamentals. This shows that the Raman
tensor and force field of 2H-NbSe, is different from that of 2H-MoS,.
Mead and Irwin [96] measured the long wavelength optical phonons
in WSe, by first-order Raman scattering. They observed modes at
253 (Ag), 250 (Egp), 178 (E1g), and 25 (Egg) cm™. The behavior is
very similar to tha% of MoS,. El‘lzua interlayer interaction seems to be
weaker.

D. Binary Compounds

1. ITI-VI Compounds

GaS and GaSe. The major interest in this group of compounds has
centered around GaS, GaSe, InS, and InSe. Because of earlier contro-
versies regarding the polytype classification of GaSe, there were some
doubts regarding the spectral assignments. This ambiguity is now re-
solved since the most abundant form is now known to be of the e-type.
Infrared, Raman, and neutron scattering studies have been carried out
for both €- and y-polytypes of GaSe and g-GaS [97-110]. Most of these
results have been reviewed in detail by Wieting and Verble [9]. How-
ever, GaSe and GaS continue to be crystals of great importance to
spectroscopists, and more recent studies include Davydov splitting,
two phonon absorption studies, and theoretical attempts fo extract in-
formation about the intra- and interlayer forces. Recently the polari-
zation-dependent optical transmission spectra of e-GaSe were measured
at room temperature in the frequency region 180-600 em™ [111]. The
observed peaks were interpreted as two-phonon combination modes
consisting of both zone-center and zone-boundary phonons. The phonon
frequencies at zone boundaries (M point) could be deduced from these
two-phonon modes which are active in the infrared. A similar experi-
ment on GaS was also reported earlier [112]. These are indirect meas-
urements of zone boundary phonons by optical methods, which can
normally be obtained from neutron inelastic scattering measurements.
Considering the simplicity of the experimental techniques, such indirect
methods are often useful.
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InS and InSe. Very recently Kuroda and Nishina [25, 113-116] pub-
lished a series of resonance Raman scattering measurements on the
semiconducting layer compound InSe which predominantly crystallizes
in the y-polytype with the Cgy factor group (Table 1). The mechanism
of resonance Raman scattering involves an interaction of vibrational
and electronic transitions. When the incident frequency of the laser
beam approaches the energy of the A-exciton, the Raman scattering
efficiency increases rapidly. An A-exciton is formed by an electron of
the lowest conduction band and a hole of the A-valence band. They ob-
served near resonance spectra with 5145 and 4880 A lines of the Ar-
ion laser at 300 and 77 K, respectively. They found new lines due to
single and multimodes of LO phonons. Resonance Raman experiments
performed on polar optical phonons in y-InSe show that the two-phonon
scattering spectrum spreads over the frequency range of 50 cm™ with
an extremely asymmetric lineshape [113]). This result is explained in
terms of 2LO and LO + TO scatterings. The unusual lineshape shows
directional dispersion. Further studies of Raman scattering efficiencies
by Kuroda and Nishina [114] show anisotropic behavior with respect to
the direction of propagation. This arises from the anisotropy of the
translational effective mass of the exciton. From an analysis of the
exciton-photon scattering proceas, they obtained the effective masses
of electrons and holes. Another resonant Raman scattering measure-
ment of InSe [116] for the in-plane (E modes) phonons at 1.8 and 77 K
showed a weak resonance enhancement and could be explained in terms
of the two-exciton process where the A and C excitons simultaneously
serve as the resonance intermediate states [116]. This phenomenon is
peculiar to layered materials. In the case of out-of-plane (A, mode)
phonons the enhancement is strong and can be explained by a one-
exciton process. They also propose a selection rule whereby the A,
modes can induce only intraband scattering and the E modes can induce
only interband scatterings. Kuroda, Munakata, and Nishina [115] per-
formed polarization-dependent resonance Raman scattering by LO
phonons and determined the interband optical selection rule. They used
a laser beam resonating with the A-exciton edge in y-InSe. Raman
scattering appeared from the crystal surface cut normal to the basal
plane only in the E; Il Eg 1 C configuration and not in the Ej Il Eg Il C one.
Since the interaction Hamiltonian is diagonal with respect to polariza-
tion of the initial and final exciton states, the dipolar transition to
create an A-exciton is allowed only for E 1L C and forbidden for E I C.
The observed Raman tensor for the E-mode LO phonon is contrary to
what is expected from the Cgy point symmetry of this crystal. This
indicates that the Raman scattering by LO phonons is dominated by
Fréhlich interaction [117] of LO phonons with excitons. The interaction
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Hamiltonian involves a term g+ Q, where g is the wave vector of the
phonon in the lowest order and Q is the normal coordinate of the phonon.
Since q is parallel to g for an L.O phonon, q g‘ is nonzero and is invari-
ant under any symmetry operation.

A Raman scattering experiment by the same group [26] exhibits
pressure-induced layer-to-nonlayer transformation of InSe crystal
which is consistent with their X-ray studies [118].

Recently Gasanly and co-workers performed Raman and IR studies
of InS and InSe crystals [119-121]. As discussed earlier, InS is not,
strictly speaking, a layer crystal. Yet the Raman spectrum of InS has
a doublet nature typical for layer crystals. The normal modes at ¢ = 0
for InS with the Dy}, factor group are 4Ag + 4B1g + 2Bgg + 2Bgo + 24y
+ 2By + 4Bgy, *+ 4Bg,. GaTe crystallizes with tﬁe Cap, factor group and
has three layers per crystal unit cell [122]. The normal modes are
12Ag + 6Bg + 6A + 12B,;. Raman and IR spectra of GaTe crystals were
also reported by many authors [123-126]. Infrared reflectivity measure-
ments of GaTe revealed LO-TO splitting [122]. All the recent measure-
ments have been summarized in Ref. 122. A preasure—dependent Raman
scattering measurement [126] of InS exhibits a Dzh Z.D h" structural
phase transition.

2. IV-VI Compounds

The recent interest on IV-VI layer compounds is mainly on SnS,
SnSe, GeS, and GeSe. IR and Raman spectra have been reported by

TABLE 13

Vibrational Frequencies (em-') and Davydov Splitting
in SnS and SnSe?

B B B

Ag Blu 3g 2u 2g Bau

SnS 218 222 164 145 290 220

192 178 160 188

95 99 85 69

SnSe 151 150 108 96
130 123
71 80

3Ref. 130.
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Haas and Corbey [127], Chamberlain, Sirbegovic, and Nikolic [128],
Nikolic et al. [129], and Chandrasekhar et al. [130]. The layer factor
group for these crystals is Cy,, (DG 32) while the crystal factor group
is Dyp. The normal modes for the layer are 4A, + 2B, + 4B, + 2B,.
A recording of the Raman and IR spectra [130] on SnS and SnSe shows
Davydov splitting in these crystals. These results, reproduced in
Table 13, show that the splitting is small except in the case of the
BZg'BSu pair. In this case the assignment of the Raman modes is not
completely unambiguous. It may be mentioned that the vibrational fre-
quencies reported in Ref. 130 do not agree with those in Ref. 129.
Raman and IR spectra of GeSe have been studied by Chandrasekhar
and Zwick [131] and Siapkas, Kyriakos, and Economou [132]. The vibra-
tional spectra of GeS have also been studied by Raman [133] and IR [134]
methods. Pressure-dependent Raman spectra of GeS and GeSe have
been reported by Chandrasekhar, Humphreys, and Cardona [135].

E. Orpiment Structures

Very thorough experimental work on layer dynamics has been car-
ried out by Zallen, Slade, and Ward [7] on the low symmetry crystals
As,S, and As,Se; which have a very complicated Raman and IR spectrum
because of a large number (20) of atoms within a crystal unit cell [7,
136, 137]}. They consistently advocated the use of the diperiodic group
in analysis of the layer symmetry modes. In fact, this is really useful
for a crystal with low symmetry and, in this respect, orpiment struc-
tures have distinct properties compared to other layer structures. The
factor group analysis of the diperiodic group of layer and the triperiodic
group of the crystal (Section III-B-2) exhibits the identity of layer and
includes Davydov splitting of intralayer modes.

Zallen, Slade, and Ward [7] carried out far-IR reflectivity and
transmission measurements and Raman scattering to obtain polariton
dispersion curves, dielectric dispersion properties, LO-TO splitting,
and Davydov splitting. From the dielectric dispersion analysis they
obtained the phonon and interband contribution to the dielectric con-
stant. These contributions are nearly the same for the two crystals.
They also studied the polariton or coupled photon-phonon dispersion
curves, showing the dependence of frequency on the real and imagi-
nary parts of the complex propagation vector q = q, + iq,. The
difference between the q = 0 and q — « intercepts of these curves
for zero damping gives the LO-TO splitting. The measured TO frequen-
cies and the LO-TO splitting obtained from the polariton dispersion
curves are presented in Table 14.
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TABLE 14

TO Frequencies and LO-TO Splitting (cm™)
of As,S, and As,Se,?

As,S, As,Se,
TO LO-TO TO  LO-TO

ElIC 383 3 248 2
354 9 217 15
311 13 132 4
198 7 105 3
159 7 94 3
140 8

Ella 375 3 249 0
345 4 224 14
299 28 201 8
181 4 132 2

106 2
8Ref. 7.

The combined Raman and IR studies on the same specimen of single
crystals have resulted in an unequivocal assignment of the Ag—Bu pairs
and the resultant Davydov splitting. The frequencies of A, -B, pairs
obtained from a splitting of A;~-symmetry layer vibrations are collected
in Table 15. The splitting, in some cases, is as large as 6 cm~'. They
also derived a scaling relation ¥(As,Se;)/¥(As,S;) which is surprisingly
constant for all the modes. Hence the frequencies are dominated more
by masses than by the vibrational eigenvectors.

The vibrational spectra of As,S, were also investigated later by
Zallen [138], Treacy and Taylor [139], DeFonzo and Tave [140], Razetti
and Lottici [141], and Besson, Cernagora, and Zallen [142].

The recent study of the effect of hydrostatic pressure on the optical
absorption edge and the Raman scattering spectrum of the crystalline
orpiment As,S; by Besson, Cernagora, and Zallen [142] reveals inter-
esting information about the layer dynamics. When the pressure is zero,
the spectrum is dominated by the diperiodic layer symmetry. The inter-
layer gap is large and the coupling is small. Hence, in the limit of weak
coupling, the vibrational modes in different layers of the 3-dimensional
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crystal unit do not interact strongly, which results in a set of nearly
degenerate modes. The eigenvectors corresponding to different frequen-
cies of the same degenerate mode still depend on the crystal symmetry,
although the observed spectrum cannot distinguish them. When pressure
is applied on the crystal, it first acts on the weak interlayer gap, so
that the layers come closer and the effect of coupling of different layers
is felt more strongly. This cross-talking of layers increases with an
increase of pressure and at 100 kbar the spectrum is mostly dominated
by the crystal symmetry. A remarkable effect of the high pressure is
that the two rigid layer modes at 25 and 36 cm™! are both increased to
about 60 cm™ at 80 kbar. The doubling of frequency means that the
interlayer force is increased four times. Another noticeable effect is
that the two frequencies approach each other; this shows a decrease in
bonding anisotropy. The compressional and shear modes have nearly
the same frequencies because the existence of isolated layer is in ques-
tion and the idea of defining the compressional and shear modes should
be done away with.

The other effect of high pressure would be increased Davydov split-
ting. In a crystal with a center of symmetry this can be studied only by
combined Raman and IR methods. Hence the pressure-dependent Raman
study alone does not reveal this information. However, the Raman study
of intralayer bond-stretching modes shows that a set of nearly degen-
erate frequencies around 360 cm~! at P = 0 is split apart at higher

TABLE 15

Davydov Splitting A;-B, (layer symmetry A,)
of As,S, and As,Se,?

As,S, As,Se,
= ~(B

(a) (a)-B,) (a) (A)-(B)
382 -1 273 5
355 1 248 0
311 0 216 -1
204 6 132

154 -5 104 -1
136 -4 90 -4

ARef. 7.
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TABLE 16

Pressure Dependence of Raman Active Modes
in the 360 cm~! Region of As,S,?

P=0P P=28kbar® P=45kbar® P =61 kbar®

357.5 352 349 348.5
360 361 363 366.5
362 366.5 370 376
8Ref. 142.
b

T = 15 K, the 362 cm~! line at P = 0 is not the same
as the 376 cm™ line at 61 kbar [142].

°T = 300 K.

pressure (Table 16). Since the modes are all Raman active, they are
not Davydov components. At high pressure the effect of crystalline envi-
ronment is strong and there is more mixing of the like symmetry modes
to form a resultant normal mode. This will force the energy levels
apart, and the result is enhanced separation. The P = 0 measurements
were carried out at low temperature, hence the splitting obtained in
such case is produced by line narrowing while the magnitude of splitting
remains constant. The high pressure data were taken at high tempera-
ture, hence there is no line narrowing effect. The observed splitting is
because of increased splitting at higher pressure. Similarly, at 25 kbar
two like symmetry modes at 145 cm=! repel each other and the cross-
over is forbidden by the same crystal symmetry. Thus two frequencies
of the same symmetry which approach each other at high pressure can-
not cross.

F. Ternary Compounds

Very recently, vibrational spectra of a few ternary compounds,
T1GaTe,, TlInTe,, TlInSe,, T1GaS,, T1GaSe,, and T1lInS,, have been
reported [143-149]. Among these crystals T1GaTe,, TlInTe, and
TlinSe, crystallize in a tetragonal cell with D,y '® space group. The
primitive cell contains two formula units. In spite of having high sym-
metry of the factor group Dy, the crystal structure is very compli-
cated and group theoretical analysis predicts the symmetry modes:
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T = Ajg + 2Ag, + Byg + 2By, + 3Eg + By + BAy, + 4E,, [148]. The
observed IR and Raman spectra conform to the symmetry mode analysis.
Normal coordinates, effective ionic charges, and force constants have
been determined from the IR spectra [148]. There is some controversy
regarding the crystal structure of T1GaS, -type crystals T1GaS,, T1GaSe,,
and T1InS, [149]. The earlier studies [150-153] predicted the space
group to be either C,? or Czh However. the later works [154, 155]
show that the space group is Cg* or Cyp®. The space group Cg* would
lead to a crystal unit cell with two layers, each containing eight formula
units. This would lead to a very large number of optically active modes.
The observed result does not agree with this. In the case of the C2hﬁ
space group, the predicted number of normal modes is also large com-
pared to the observation. Hence the observed Raman [143] and IR [149]
spectra of these crystals could not be unambiguously assigned to the
symmetry mode. It appears that more systematic investigations are
necessary.

V. LAYER DYNAMICS CALCULATIONS

The layer dynamics calculations are mainly aimed at translating
the observed vibrational frequencies into a set of parameters that can
define a reliable potential function for intra- and interlayer interactions.
Theoretical interests on layer crystals are mostly confined to high sym-
metry crystals. The main reason behind this is the complexity of low
symmetry layer crystals (e.g., orpiment) and the fact that most of the
familiar layer crystals have high symmetry. Excepting orpiment and a
few ternary compounds, all the layer crystals discussed in this article
are such that each atomic sheet contributes only one atom to the unit
cell (layer or crystal). Since the atoms in different unit cells move in
phase at q = 0, the dynamics of atoms at q =0 can be represented by
the dynamics of the complete atomic sheet to which it belongs. In such
a case, normal mode eigenvectors can be directly determined by
symmetry.

If k forms an N-dimensional basis set containing unit vectors all
oriented in directions perpendicular to the layers and g is an N-dimen-
sional column vector, the elements of which are displacements perpen-
dicular to the layers, then the displacement for modes perpendicular
to the layers will be k * z ; N is the number of atomic sheets per unit
cell. These modes are called compressional modes in which the atomic
sheets move rigidly against each other. Similarly if i forms a 2N-
dimensional basis set defined by unit vectors oriented in two mutually
perpendicular directions along the plane of the layer and w is a 2N-



312 GHOSH

dimensional column vector, the elements of which are the displacements
along the plane of the layer in directions specified by the components of i,
then i-w denote shear displacements. These modes correspond to rigid
sliding of the planes over each other. In case of mass-weighted cartesian
coordinates Z and W, the displacement will be K+ Z and I+ W, where K
and ] are the mass-weighted basis sets for the compressional and shear
modes, respectively. The potential function can be defined in terms of
internal coordinates

N i 2N
= L Ay ed 0= ) Bw, @)
as
g O . 221”:'
2V = r f. r + r % % 8 (6)
et T

In terms of mass-weighted Cartesian coordinates, we get

2V=EZLz+ EWMW )
1,1 11j i,3=1 > 5 B |
where
[ o]
fo= 3 Alen Ay ®
i Ty Nmymg
and
)
M. = E Bkitkl 2j ©
Ty Nmgmy

In principle, the two matrices L and M may be separately diagonalized
to obtain the eigenfrequencies. The diagonalization procedure corre-
sponds to setting up a new basis vector, the elements of which are linear
combinations of the elements of the old basis vectors Z and W for the
compressional and shear modes, respectively. Instead of using this
brute force diagonalization technique, one can exploit the symmetry

and use projection operator technique [13] such that one defines
symmetry-adapted basis sets
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yC = KR and v = JT (10a)

where R and T are the projection operators for the compressional and
shear motions. In case of shear vibrations, the transformation to
symmetry-adapted basis vectors will combine only those vectors which
are oriented in one particular direction in the plane of the layer. The
corresponding symmetry coordinates may be defined as

=Rz and $£-Tw (10b)

SC¢ is N-dimensional and represents N nondegenerate modes perpendicu-
lar to the plane of the layer including the acoustic one; $% is 2N-dimen-
sional and accommodates N pairs of degenerate vibrations in the two
mutually perpendicular directions in the plane of the layers including

one palr of degenerate acoustic modes. The potential energy now becomes

_ e.. e.0 8., 8.8
2V =) 8 F, B+ e ¥,8 (11
1,] i,j
where
c
Fij B sz BkiLkEREj (12)
and
8 —
Fij - k,zz TkiMk!TEj (13)

The symmetrized force constant matrices Fijc and Fljs are block diag-
onalized.

The above choice of internal coordinates and potential function
(Egs. 5 and 6) utilizes force constants 3 and f€ for the motion of
atomic planes parallel or perpendicular to the layers. This choice has
some advantages and disadvantages. In the case of high symmetry crys-
tals containing one atom of each atomic sheet in a unit cell, the projec-
tion operators R and T are identical (T contains two identical blocks
defining the pair of degenerate coordinates). Thus there is a one-to-one
correspondence between a nondegenerate compressional and a degen-
erate shear motion [156]. If we limit the force field parameters to the
same number of nearest neighbors for both motions, the symmetrized
force field matrices FC and F® are similar. This will lead to a set of
analogous equations for both compressional and shear motion frequen-
cies which will differ only in the numerical values of the respective
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force constants. This type of method has been used by Wieting [157] for
MoS, and GaSe, Ghosh [52] for CdCl,-type crystals, Lucazeau [158] for
GaS, Anderson and Todoeschuck [53] for FeCl, and CoCl,, and Sears,
Klein, and Morrison [47] for Pbl,. Recently, it has been pointed out
[159, 160] that the factor group analysis carried out for q = 0 (zone
center) may be extended to q = 7/C (zone boundary), where the two
neighboring unit cells move out-of-phase. Hence the treatment is equiv-
alent to using a supercell containing two unit cells so that the zone-
boundary modes of a unit cell collapse to the zone center of the super-
cell which has a smaller Brillouin zone. This has the advantage that
the zone boundary modes include the interlayer forces in addition to the
intralayer ones. This is particularly useful for crystal polytypes having
a single layer per unit cell where the zone-center frequencies are inde-
pendent of interlayer forces. In the above treatment both the zone-
center and zone-boundary frequencies can be expressed analytically.
These expressions have been derived for two families of layer crystals
which have XAX- or XAAX-type layers [160]. It is apparent from our
earlier discussions that almost all the high symmetry layer crystals
for which experimental data are known belong to one of these two cate-
gories. These expressions are very general and do not depend on the
stacking difference or crystal space group. The model of compression-
shear type forces is, of course, obtained by sacrificing the knowledge
of atomic distribution within a sheet, e.g., it does not recognize the
difference between the atomic distribution in atomic planes of MoS, and
Pbl, crystals. This is a disadvantage for the compression-shear force
constant model which does not contain any knowledge of atom-atom band
forces. Furthermore, it has been recently pointed out by Altshul,
Bashenov, and Baumann [161] that this type of model is not rotationally
invariant. Nevertheless, '"the simplicity of the model makes it attrac-
tive to use," as stated by Sears, Klein, and Morrison [47)].

The first lattice dynamics calculation for layer crystals was carried
out by Bromley [162] with a central force model for MoS,. Wakabayashi,
Smith, and Nicklow [91] calculated the phonon dispersion curve of MoS,
by using a valence force field for strong covalent interaction and an
axially symmetric force field for weak interlayer interaction. With the
help of seven adjustable parameters they could match the dispersion
curve obtained from their neutron inelastic scattering measurement.
Their results showed discrepancies for large wave vectors which could
not be removed by using a shell model with polarizable Mo. Jandl,
Brebner, and Powell [109] analyzed their neutron scattering data on
GaSe by means of a simple axially symmetric Borr-von Karman force
constant model. Zallen and Slade [46] utilized a 3-parameter valence
force field model to obtain the stiffness of the lead-iodine covalent bond
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and the iodine-iodine interlayer bond in PbI,. They could reproduce the
Davydov splitting in 4H-PbI,. Lucovsky and White [39] have shown that
a central force model can account for the observed anisotropy of Raman
modes in PbI,, but cannot explain the IR modes. They also used a
valence force field model including noncentral three-body interactions,
but this model cannot explain the large splitting of the IR modes. Van
der Valk and Haas [163] have shown that the large anisotropy of the
optical modes in PbI, is due to long-range dipolar interactions. Re-
cently, Maiti and Ghosh [164] have proposed a simple atom-atom force
constant model where factor group analysis is carried out for the nor-
mal modes and the frequencies are expressed in terms of the force con-
stants and geometric parameters. This model is rotationally invariant.
It has also been extended to the two-layer unit cell of 2H-MoS, [165].
In order to take account of distant neighbor interactions, one has to
define analytic potential functions for these interactions. For this pur-
pose, one must take care of the equilibrium conditions of the lattice
such that the macroscopic crystal must be invariant with respect to the
rigid body translation and rotation. These conditions, derived by Boyer
and Hardy [166], have been used by Ghosh and Maiti [167] to explain the
vibrational data of 2H-MoS, by means of an exp-6 potential function for
interlayer interaction.

The lattice dynamics of comparatively more ionic crystals of CdCl,
or CdI, structures have been studied by the shell model by Pasternak
[168], Frey and Zeyher [169], and Benedek and Frey [50]. Pasternak
[168] used a static-displacement shell model introduced by Cran and
Sangster [170]. He fitted the acoustic dispersion curves of FeCl, meas-
ured by Yelon, Scherm, and Vettier [171] and also used the optical fre-
quencies of MnCl, and CoCl, by Lockwood [58]. Frey and Zeyher [169]
used an extended shell model for PbI, including both static and dynam-
ically induced electronic dipoles. They demonstrated the importance of
static dipoles at the iodine ions on the observed spectroscopic features.
Benedek and Frey [50] have performed a detailed extended shell model
calculation for dichlorides and dibromides of V, Mn, Fe, Co, and Ni.
The results are in agreement with available neutron scattering data.

VI. SUMMARY

We have attempted to highlight the dynamical properties of layer
crystals, particularly from the point of view of their layerlike nature.
The very weak nature of interlayer forces apportions a special property
to these crystals. The methods of factor group analysis, widely used
for molecular crystals, can be easily extended to both the individual
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layer and the crystals. The layer crystals, having relatively simple
crystal structures, can be classified on the basis of their symmetry
properties. Group theoretical analysis for almost all known examples
of layer crystals have been included in this review. In addition to the
fact that these results can be easily applied to simple polytypes, they
can also be extended to higher polytypes and relatively complicated
examples.

In the section on experimental observations we have summarized
the recent studies on vibrational spectra of layer crystals. Special
emphasis has been laid on the charge density wave states originating
from the formation of supercells, two-phonon processes, etc. Many of
these studies are the products of "the renaissance period" in the history
of spectroscopy engineered by the discovery of laser. The vast amount
of data collected in the literature and their attempted interpretations
show that many things still remain to be understood. One has to wait
until more and more data are obtained from other types of experiments
on the structure of supercells. Theoretical works on these crystals are
also of an elementary type, chiefly motivated to provide interpretation
of experimental data.

In this article we have included pure crystals. However, a large
number of mixed crystals like AXy ¥, or AX; Y, have also been
studied to obtain information about the host-guest interactions, stacking
faults, defects, etc. [101, 172]. A large number of intercalation com-
pounds have also been studied. The most important of these are the
intercalated chalcogenide compounds which form superconductors at
high temperatures [173]. Very recently Raman and IR investigations
have been reported on intercalated pristine compounds [174]. Results
of all these studies would add a new dimension to the physics of layer
crystals. These studies are outside the scope of the present work.

In summary, we conclude that the experimental data on vibrational
spectroscopy have always supplemented the crystallographic data ob-
tained by X-ray or neutron scattering techniques. The combination of
these two types of studies has led to the discovery of new phases of
crystals as well as having paved the way for understanding the nature
of atom-atom interactions in crystals.
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