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The resonance Raman spectra of 2H-WSr single crystals are investigated in detail in the region of low-energy indirect transi- 
tions including two direct transitions characterized by A and B exciton peaks. The spectra reveal the activities of first-order 
resonance Raman signals as well as of second-order Raman (SOR) processes due to coupling phonons with a non-zero momen- 
tum. In addition, the longitudinal acoustic (IA) dispersion curves in the (000, (DO) and ({CO) directions were determined 
using coherent inelastic neutron scattering (INS) techniques: It is concluded that the more intense SOR band at 352 cm-’ is due 
to the 2 X LA (K) overtone, while other SOR peaks can be assigned to combinations of sum or difference bands involving phonons 
at the K point coupled to the IA(K) mode. Consequently, we have made use of all these data to fix some unknown parameters in 
complete valence force field lattice dynamics calculations which reproduce satisfactorily the essential features of the Raman and 
INS results. Also, values of some elastic constants (C, ,, C,,, C,) are estimated and compared with literature data. In agreement 
with recent band-structure calculations, it is thus definitively concluded that the direct gap nature of the A and B excitons in 2H- 
WSr is responsible for the enhanced intensity of firstorder F-point phonons (A,,), whereas the K-point phonons, which contrib- 
ute to the indirect gap absorption edge, are enhanced in the two-phonon resonance Raman spectra: Distinct and simultaneous 
first- and second-order resonance Raman scattering mechanisms are thus taking place in this material. 

1. Introduction 

The layered (2D) transition metal dichalcogen- 
ides MX2 are rather attractive systems because they 
present many unusual physical and chemical prop- 
erties which are not commonly encountered in three- 
dimensional materials. In particular, molybdenum 
and tungsten disulphides and diselenides form a class 
of semiconducting 2D compounds with a trigonal 
prismatic coordination of the metal ions in their most 
common ZH-polytype (fig. 1); their hexagonal unit 
cell (P6Jmmc) consists of two chalcogenide-metal- 
chalcogenide sandwich layers linked by relatively 
weak van der Waals interactions [ 21. 

* A preliminary short version of this work was presented at a 
recent conference [ 11. 

’ Author to whom correspondence should be addressed. 

k 

Fig. I. The structure of bonding within a layer in 2H-WSr and 
definitions of the intralayer internal coordinates. 

The structural and electronic properties of these 
compounds have been reviewed extensively by Wil- 
son and Yoffe [ 3 1. For instance, it is well established 
that 2H-MO& and ZH-WSI are indirect gap semi- 
conductors but present also direct low energy transi- 
tions (in the 1.9-2.5 eV range) polarized in the layer 
planes and characterized by an A-B excitonic pair 
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[ 41. However, up to now the location in the Brillouin 

zone (at r, A, M or K points . ..) and the nature of 
the transitions, to which A and B excitons belong, 

have been debatable and it must be recalled that band- 
structure calculations have already been performed 

on MO!!&, MoSez and WSe, compounds but have not 

yet been published for the related WS2 compound. 
Nevertheless, following Wilson and Yoffe [ 3 1, many 

authors have attributed in these materials the A-B 
exciton pair to transitions split by spin-orbit cou- 

pling, as suggested by the dependence of the split- 

tings on the masses of the constituent elements; how- 

ever, in some calculated band structures the smallest 

direct gap was situated at r [ 5-7 ] whereas other cal- 

culations yielded a direct gap at K [ 8- 12 1. To sum- 
marize, at least two quite distinct electronic schemes 

can still be proposed (fig. 2): In a first model (fig. 

2a) the A and B peaks are due to d-+d type transi- 
tions at the centre of the Brillouin zone (r ) from the 

filled dz2 metal orbitals to a pair of d+_,,2, d, states 
split by spin-orbit coupling; in a second model (fig. 

2b), quite recently developed by Coehoorn et al. 
[ 11,12 ] using the augmented spherical wave method 

and photoelectron spectroscopic results, the A and B 

excitons should now correspond to the smallest di- 
rect gaps at K (the zone edge point in the (CCO) di- 

rection) and to transitions from d++, d, states to 
dZ2 type states split by interlayer interactions and 

spin-orbit coupling. It must be pointed out that in 
both models the A and B excitons correspond to (x, 
y) polarized transitions as expected [ 3,4] and that 

Ef,v) 

(b) 

D3h 
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jy *I /I3 I *I 113 

Fig. 2. Electronic schemes for the A and B excitonic transitions 
proposed in the literature at r (a) and K (b) and symmetry as- 
signments of the various levels (see text). 

the top of the valence band is localized on the 
l-4 (B,,) level whereas the bottom of the conduction 
band is along the line T of the hexagonal Brillouin 
zone, halfway between the r and K points; in addi- 
tion, only the more recent calculations [ 11,121 have 
shown that the r,- state is not a nonbonding metal d 
state but rather is an antibonding state, between metal 
dZZ and non-metal pZ orbitals, a result which explains 
the high stability of these compounds against photo- 
corrosion in electrochemical cells [ 131. 

Under these conditions one may expect different 
resonance Raman processes when using laser excita- 
tions encompassing these electronic transitions since 
direct type transitions (near r or K) seem to be su- 
perimposed to an indirect gap absorption and var- 
ious electron-phonon coupling mechanisms could 
take place [ 14,15 1. Indeed, previous Raman studies 
of 2H-MoS, and WS2 [ 16-201 have demonstrated 
the activity of second-order Raman (SOR) pro- 
cesses involving phonons with non-zero momentum; 
using the inelastic neutron scattering (INS) data 
along the (COO) direction reported by Wakabayashi 
et al. [21], these SOR effects were recently inter- 
preted for 2H-MO!!& as due to multiphonon bands 
involving the longitudinal acoustic LA mode at the 
M point but for 2H-WSz speculative similar assign- 
ments were only proposed since INS data were 
lacking. 

We have thus focussed our attention mainly on the 
2H-WS2 compound and investigated in detail the 
resonance Raman spectra of single crystals using var- 
ious exciting laser lines covering the whole absorp- 
tion-edge region and encompassing the A and B tran- 
sitions; some Raman spectra were also recorded using 
various incident laser powers and at different tem- 
peratures. In addition, we have determined by coher- 
ent INS techniques the longitudinal acoustic LA in- 
terlayer mode dispersion curves mainly in the (COO) 
and ((CO) directions, concentrating on the Brillouin 
zone edge points at M and K, respectively; in effect, 
it seems crucial to establish the assignment of the LA 
coupling phonon (at M or K) which is enhanced on 
the SOR spectra. Consequently, we have readily as- 
signed most multiphonon SOR peaks and made use 
of all these data to perform complete lattice dynam- 
ics calculations which reproduce the whole disper- 
sion curves. 

This paper is thus organized as follows: in section 
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3.1, we shall present and discuss the various reso- 
nance Raman spectra of 2H-WSz single crystals in- 
cluding the intensity Raman excitation profiles ob- 
tained for the three more intense bands. In section 
3.2, the LA dispersion curves determined by INS 
measurements will be discussed in order to propose 
confident assignments of the SOR peaks and to get a 
better insight into the electron-phonon coupling 
mechanisms; values of some elastic constants will be 
estimated and compared with literature data. Fi- 
nally, in section 3.3, the results of complete lattice 
dynamics calculations will be presented in order to 
check if one can consistently reproduce the essential 
features of all experiments. 

2. Experimental part 

Single crystals of 2H-WS2 were prepared by means 
of chemical transport methods according published 
procedures [ 2,13 1. Raman scattering measurements 
were performed using ten different exciting lines (in 
the 676.4-457.9 nm range) of Spectra-Physics Kr+ 
and Ar+ cw lasers and using the T800 (Coderg) or Z 
24 (Dilor) triple monochromator instruments with 
standard photon counting techniques; the slits were 
adjusted for a spectral band pass of roughly -3-4 
cm- ‘. The experiments were carried out on the near- 
backscattering geometry and by spinning the laser 
light on cleaved or as grown (00 1) surfaces of the 
sample at 300 K. The relative Raman intensities were 
estimated by use of the 465 cm-’ band of KClO, as 
an external standard. Raman spectra (A,,= 5 14.5 nm) 
at various temperatures ( 173-343 K) were also re- 
corded on the OMARS 89 instrument (Dilor) 
equipped with a microscope objective ( 100x ) in 
conjunction with a Chaixmeca microthermometry 
apparatus. 

The INS dispersion curves were determined on the 
triple axis IN8 instrument at the I.L.L. (Grenoble, 
France) using a N 2 mm thick rectangular large sin- 
gle crystal with a surface area of about 30x 10 mm2. 
The mosaic spread of the sample about the a*- and 
c*-axes was checked on various reflection lines and 
found to be approximately N 1-2” (fwhm) which is 
acceptable for standard phonon measurements. The 
crystal was mounted so that the p-axis was always in 
the scattering plane. Both monochromator and ana- 

lyser were either pyrolitic graphite (PG 002) or cop- 
per crystals (Cu 111) and the corresponding energy 
of neutrons incident on the sample was either 14.7 or 
34.8 meV. During the allocated beam time we have 
mainly determined the phonon LA dispersion 
branches along the I; (COO) and T ((CO) lines for var- 
ious reduced ) q I values, namely equal to 0.04,0.05, 
0.10, 0.20, 0.25,0.30,0.33,0.40 and 0.50 in the for- 
mer case and to 0.05, 0.10,0.20,0.25,0.30 and 0.33 
in the latter one. Along these directions, some addi- 
tional TA phonons were investigated only for low I q I 
values since a progressive loss of intensity of the 
phonon groups accross the zone prevented comple- 
tion of these TA branches with a good accuracy. Fi- 
nally, TA and LA phonon energies were also deter- 
mined at the zone boundary A point (00 1). Most of 
the measurements were carried out in the constant 
wavevector mode of operation but some LA modes 
at near the zone centre were determined in the con- 
stant energy mode. The shape of the sample com- 
bined with the small scattering cross sections render 
the measurements difficult and time-consuming to 
obtain good statistics. Therefore, we have often used 
variable neutron energy ranges and counting times 
and we have repeated experiments around the 
strongest Bragg spots, namely (002), ( 100) (006), 
(1 lo), (008) and (200), in agreement with the the- 
oretically calculated neutron scattering structures 
factors; the uncertainties in the wavenumbers are thus 
in general N 5- 10%. 

3. Results and discussion 

3.1. Resonance Raman results 

The 2H-polytype WS2 crystallizes in the non-sym- 
morphic D&, space group (Z= 2); it has 18 modes of 
lattice vibrations at the centre of the hexagonal Bril- 
louin zone: 

Ivib =A,g + W32,) +E,, +=2, +2A2, 

+(B,u)+2E,,+(E2u). 

Only four modes A,,, E,, E:, and Es, are Raman ac- 
tive and have Raman tensors as follows: 
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; 

Els( c C)? (_c -‘); 

E,.(d d ), (” -d ). 
In back-scattering experiments on a surface per- 

pendicular to the c-axis the E,, phonon is forbidden 

whereas Al, and EZg ones are allowed. Also, the Es, 
phonon (the “rigid-layer” mode) is expected in the 

very low frequency region [ 16,17 1. Some typical po- 

larized Raman spectra ( loo-450 cm- ’ ) of 2H-WSz 

at 300 K using a variety of exciting radiations are 

shown in fig. 3. In agreement with previous studies 

[ 17-201 these spectra display two bands due to zone 

- I 

568.2 nm 

itIt3 2 530.9nm 

IO LOO 300 200 10 

centre active modes at 421 cm-’ (A,,) and 356 cm-’ 
(E:,) and numerous asymmetric multiphonon bands 
(noted “s” in fig. 3) whose intensities are drastically 
laser energy dependent. In particular, it is remark- 
able that the strongest SOR band at 352 cm- ’ is more 
intense than the E:, mode when in exact resonance 
with the A exciton (&,=647.1 nm) and than both 
the E:, and Al, modes when using a laser energy in 
the vicinity of the B excitonic transition (&,= 530.9 
nm). Then, most of these SOR signals nearly disap- 
pear using higher laser energies in the vicinity of the 
C-type electronic band (&=465.8 nm). Therefore, 
we have obtained the Raman excitation profiles of 
the three modes at 421, 356 and 352 cm-’ when 
comparing their relative Raman intensities with that 
of the 465 cm- ’ band of the ClO; anion (fig. 4). 
These profiles are corrected for the instrumental re- 
sponse but not for the absorption and reflection coef- 
ficients of the sample: For the A,, and E:, modes they 
are in good agreement with those previously pub- 
lished by Sekine et al. [ 18 ] ; the Raman profile of the 
SOR peak is reported for the first time. It is thus 

Wavenum bcrs/cm” 

Fig. 3. Polarized Raman spectra ( 100-450 cm-‘) of ZH-WSI at 300 K using various exciting lines. * denotes the 465 cm-’ band of 
KClO, used as external standard, “s” indicates second-order Raman signal, -+ 11 + shows the instrumental resolution. 
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Fig. 4. Comparison of the absorption-edge transmission spec- 
trum of 2H-WS2 with the Raman excitation profiles of the bands 
at 421 cm-’ (A,,), 356 cm-’ (E&) and 352 cm-’ (2xI-A); ar- 
rows indicate the energies of the laser exciting radiations. 

clearly evidenced that the intensity profile of the first- 
order A,, phonon at 421 cm-’ gives rise to well-de- 
fined maxima near the A (2.0 eV) and B (2.40 eV) 
transition energies whereas the profile for the E$ type 
mode decreases markedly; then, these first-order sig- 
nals are enhanced using higher laser energies corre- 
sponding to the direct band-to-band C transition at 
N 2.7 eV (fig. 4). In contrast, the intensity profile of 
the SOR signal at 352 cm- ’ decreases significantly as 
the laser energy increases even though it exhibits 
weaker maxima near the A and B transitions. We thus 
conclude that this two-phonon nature signal, what- 
ever its assignment and its momentum or position in 
the Brillouin zone, must be projected into the totally 
symmetric representation at r and it corresponds to 
an overtone or combination band of phonons with 
non-zero momenta ( + q) which contribute to the in- 
direct gap absorption edge; indeed, the two-phonon 

Raman scattering spectra are more enhanced at the 
lower laser energies. So, in agreement with Cardona 
et al. [ 141, the above results show that this effect may 
occur for certain phonons, namely those whose I q I 
equals that of the resonant excitations and may lead 
to SOR signals due to two phonons of equal and op- 
posite momentum; some examples of such a scatter- 
ing have already been reported [ 14,15 1. 

In order to ascertain the nature of the resonance 
Raman processes and of the SOR signals, we have also 
recorded some Raman spectra on the one hand with 
increasing laser power and on the other hand over a 
wide temperature range. In the former case we have 
used the 647.1 nm laser line with a power ranging 
from 10 to 60 mW on the front surface of the sample 
imbedded in KC104 and contained in a sample holder 
rotating at N 2000 rpm in order to avoid any local 
heating. Linear intensity variations as a function of 
the laser power were always observed for the lirst-or- 
derbandsat465cm-’ (ClO,) and421 cm-’ (A,,) 
as well as for the SOR band at 352 cm- I. This allows 
us to definitively rule out the existence of complex 
multiphoton processes leading to transitions origi- 
nating from vibrationally or electronically excited 
states [ 22 1. In the latter case, we have used the 5 14.5 
nm laser line ( N 15 mW) and a micro-Raman instru- 
ment equipped with a multichannel detector in order 
to compare simultaneously the intensity variations of 
the bands at 421 cm-’ (A,,) and 352 cm-’ (SOR) 
as a function of the temperature over the 343-l 73 K 
range (fig. 5 ) . On theoretical grounds, a one-phonon 
process may be distinguished from a two-phonon 
process as the temperature dependence for the first is 
( 1 + n ) and for the second ( 1 + PZ)~; the intensity of 
the second band is thus expected to decrease more 
significantly as the temperature decreases. Obviously 
such a process is not effective since, neglecting the 
very weak linewidth and frequency variations, the 
SOR band at 352 cm-’ is weaker than the first-order 
signal at 343 and 273 K, has nearly the same intensity 
at 223 K and becomes the more intense band at 173 
K (fig. 5); it is also noteworthy that the first-order 
component at 356 cm-’ (a shoulder) is no longer de- 
tected at low temperature. 

In agreement with the above discussed Raman 
spectra (fig. 3 ) , these results can in part be explained 
by the existence of a red-shift in the energy of the 
whole indirect gap absorption at low temperature [ 3 1. 
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Fig. 5. PolarizedRaman spectra (250-450 cm-‘) of 2H-WSz at 
various temperatures (343-l 73 K) using the 5 14.5 nm laser line. 

Therefore, as previously underlined by Stacy and 
Hodul [ 20 1, we hesitate to interpret the temperature 
dependences of these spectra as due to a large tem- 
perature dependence of the magnitude and energy of 
the resonant absorption bands [ 231. Such large 
changes in the optical properties with temperature 
complicate the analyses and it seems much better to 
argue on the basis of the band-shapes in SOR signals. 
Indeed the complete Raman spectrum (50-800 
cm-’ ) recorded at 173 K (fig. 6) shows that all the 
multiphonon bands are asymmetric with tails to the 
lower and higher frequency side for the combination 
bands that are sum and difference bands, respec- 
tively. This allows us to propose the tentative assign- 
ments reported in table 1, although at this stage of the 
discussion the assignment of the LA(K) coupling 
mode is not established (see below). Nevertheless, 
whatever the Brillouin zone edge position consid- 
ered, K or M, the dispersion curve of the LA mode 

versus momentum is expected to have an inverse 
parabolic shape and the electronic transitions of wave 
vector Kk 6 or M + 6 (for small 6) will couple to 
phonons of corresponding momentum. Under these 
conditions, the more intense SOR signal is assigned 
as twice the fundamental frequency of a LA mode and 
other new bands are combinations of sum (in the 
higher frequency region) and of difference (in the low 
frequency part) bands coupled to this LA mode. One 
can thus predict that the frequencies of the A,,(KI ), 
BZg(K2), E&(KS) andE,,(&) modesat theKpoint 
here considered are roughly equal to 409, 37 1, 348 
and 310 cm-‘, respectively. Another band of me- 
dium intensity at 524 cm- ’ and weaker signals at 297 
and 268 cm- ’ remain to be assigned and they could 
correspond either to other 2LA-type modes along T 
or more likely to higher-order difference bands be- 
tween the projection of the 2LA mode at r and an 
E& progression. Indeed, on going from 324 to 268 
cm-’ a regular spacing of 27-30 cm-’ is observed 
and the intensities decrease drastically; moreover, 
from symmetry arguments such vibrational cou- 
plings can be favoured. 

We thus conclude that the SOR spectra of 2H-WSz 
under resonance conditions are better understood, 
provided the assignment of the LA(K) coupling mode 
is confirmed by INS experiments. 

3.2. Inelastic neutron-scattering study 

As coherent inelastic neutron scattering data for 
2H-WSz are lacking and SOR effects in 2H-MO!!& 
were already explained involving the LA mode at the 
M point ( 16, 20), we have looked at the LA disper- 
sions curves in the (000, (COO) and (C(O) directions 
concentrating on zone edges at A, M and K, respec- 
tively. All the experimental points obtained for var- 
ious I q I values are reported in fig. 7. 

First of all, it is convenient to classify the various 
branches in terms of their group theoretical represen- 
tations. In the (OOC) direction there are four irreduc- 
ible representations A,, AZ, A5 and Aa; A, and AZ are 
nondegenerate and each of them contains three 
branches which are purely longitudinal (LA); As and 
A6 are doubly degenerate and contain six branches 
which are purely transverse (TA,, ) . There are also four 
irreducible representations in the (COO) directions, 
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Fig. 6. Complete Raman spectrum (50-850 cm-‘) of ZH-WSs at I73 K using the 514.5 nm laser lines and an optical multichannel 
instrument. 

Table 1 
Raman bandwavenumbers (cm-‘) and assignments for 2H-Wf& 
at 173 K &=514.5 nm) 

v/cm-’ int. Assignments 

1st order 2nd order higher-order (?) 
at r at K 

27.4 a) G, 
138 vw E&-A 
173 w E&-LA 
198 vw B&A 
233 m A&-A 
267 vw ZLA-3E& 
297 m 2LA-2E$ 
306 a) E 1; 
325 ms ZLA-E:, 
352 ms ZxLA(K) 
356 sh E& 
380 vw 2LA+2E:, 
416b’ w LA-+TA? 
421 S AI, 

482 w E,,+T-A 
523 m E&+LA 
544 mw Bs,+LA 
585 ms A,,+J-A 
703 w 4xEA(K) 
774 vw A,,+E:, 

“FromSekineetal. [l7]. 
b, Only observed with red exciting lines (676.4 and 647. I nm). 

X,, &, 2;s and &, all of which are non-degenerate, 
leading to 6C, +2X2+6&+ 4X4 type branches; ZZ 
and Z, are purely transverse modes with polarization 
vectors parallel to the basal plane (TA, ) whereas Z, 
and Zs are neither purely longitudinal nor purely 
transverse; although these latter modes are of mixed 

character, the acoustic modes may be regarded to be 
either mostly longitudinal LA(Zi ) or mostly trans- 
verse TAI (X3). Finally, for the T line in the ((CO) 
direction, there are also four irreducible representa- 
tions which give rise to 5Ti +4T2+4Ta + 5T4 type 
branches; non of these are purely longitudinal nor 
purely transverse but the acoustic modes may be re- 
garded to be mostly longitudinal LA(T,, T4) or 
mostly transverse TA I ( TJ ) . 

In such experiments in the (COO) direction for in- 
stance, it must be recalled that only the & and & 
type branches are detected and expected to be nearly 
degenerate in pairs, except for the very low frequency 
region ( v d 3 THz or 100 cm- 1 ) , whereas the & and 
C, modes with polarization vectors perpendicular to 
the scattering plane cannot be detected [ 2 11. 

An overall comparison of the INS data (fig. 7) re- 
veals a weak dispersion along the (000 direction and 
large frequency variations in the basal plane direc- 
tions. In particular, the frequency of a phonon along 
T with a wavevector less than 0.25 (in I4n/a ( unit) 
is almost identical to that of its counterpart along C; 
such a phonon dispersion isotropy in the layer planes 
is not at all surprising for 2D systems [ 2 1,24,25 1. 
Furthermore, as compared with INS results along E 
for 2H-MO& [ 211, one notes a drastic frequency 
lowering of the LA( C, ) curve due to a metal mass 
effect so that the zone edge frequency at the M point 
is equal to 142 cm-‘. This indicates that there are 
strong perturbations in the metal vibrational ampli- 
tudes on going from 2H-MO!!& to WSz. At the K point 
a quite similar result is obtained but more interest- 
ingly, the LA mode frequency increases up to 182 
cm-‘. Indeed, this last value may be a good candi- 
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Fig. 7. Dispersion curves of the acoustic and some optic modes in ZH-WS2 along (OOC), (COO) and (c4’0) directions as obtained from 
lattice dynamical calculations (see text) and comparisons with inelastic neutron scattering data (0: TA modes; A: LA modes), with 
first-order Raman data (0 ) and with Raman estimates at K from second-order Raman effects ( X ). 

date to account for the very intense SOR signal ob- 
served at 352 cm- ’ [ - 2 x LA(K) ] on the resonance 
Raman spectra. Under these conditions, most multi- 
phonon SOR peaks have been readily assigned to 
combination of sum or difference bands involving 
phonons at the K point coupled to the LA(K) mode, 
as previously discussed (table 1). So, we come to the 
conclusion that, instead of the LA (M,) phonon, it is 
the LA( K,) type phonon which is more likely to be 
involved into the electron-phonon coupling mecha- 
nisms and the various K-type phonons which con- 
tribute to the indirect gap absorption are enhanced 
in the two-phonon Raman scattering spectra [ 141. 
Surprisingly, such a I q I value for the low energy res- 
onant excitations corresponds to that proposed by 
Coehoom et al. [ 11,12 ] for the direct KJ-+ KS (A) and 
K, -+KS (B) excitonic transitions, even though only 
the phonons with 1 q( = 0 are generally enhanced in 
the two-phonon spectra as the resonance with direct 
gaps is approached. Nevertheless, it is noteworthy 
that, at a first order of perturbation, the LA ( K5 ) could 
also be involved in a vibronic coupling (K5@KS= 
K, + KS + KS ) leading perhaps to another source of 
resonance Raman enhancement; alternatively, the 
weak maxima observed on the Raman excitation 
profile of the 2LA(K) mode (fig. 4) could be also 

explained by some participation of indirect elec- 
tronic transitions in the A and B excitons. 

Finally, even though extensive INS measurements 
were not performed at very small momentum trans- 
fers, one notes very small initial slopes near the zone 
centre in the INS curves for the TAI modes in the 
(COO) and ((CO) directions as it is expected for an 
hexagonal structure. The initial slopes of these 
branches are also required by symmetry (rotational 
invariance) to be equal to that of the TA(A,) mode 
in the (000 direction. Therefore, the elastic con- 
stants C, 1, C,, and Cd4 are thus estimated and found 
equal to 158f 16,60?5 and 1652~10~ N/m*, re- 
spectively. As shown in table 2, these constants can 
nicely be compared with related values in other 2D 
chalcogenide compounds [ 25,261. It is noteworthy 
that the anisotropy of elastic properties is weak since 
the ratio of the longitudinal sound velocity parallel 
and perpendicular to the basal plane, 

UN/v* = (C,,/G)“* 9 

does not exceed 2.5 for the materials listed here. Ac- 
cording to Sandercock [ 27 1, this weak anisotropy in 
the sound velocity arises from the partial compensa- 
tion due to anisotropy in the lattice parameters and 
is in contrast with the strong anisotropic bonding (see 
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Elastic constants (in lo9 N/m*) in some 2D chalcogenides 

T&r ‘) TiSer b, 2H-NbSes =) ZH-TaSe* d, 2H-MO!!& =) ZH-WSI ‘) 2H-St& I) 

Cl1 120 -169 169 114 158? 16 146 
G3 54.6 39.0 50.9 53 46.6 60f5 27.2 
G4 17.9 14.3 21.2 17.4 25.0 16+2 8.3 

(C,,IG,) 112 1.75 1.82 1.78 1.93 1.62 2.31 

a) See [31]. “‘See [32]. C)See (331. d)See [28]. “See (211. “Thiswork. s)See [27]. 

below) since the bulk elastic properties depend both 
on the length and number density of the interatomic 
springs. 

3.3. Lattice dynamics calculations 

Table 3 
Values of the force constants ( x lo2 N/m) in 2H-MO!!& and 2H- 
WS, used in lattice dynamics calculations 

cts a) 2H-MO!& 2H-WSr 

Ref. [21] Ref. [28] this work this work 

Before drawing definitive conclusions, we have 
made use of all the above results to carry out com- 
plete valence force field calculations. As a matter of 
fact, such a theoretical approach may allow us to fix 
some unknown parameters and to check if one can 
consistently reproduce the essential features of the 
data, in particular the INS results. 

Considering that the intralayer bondings in these 
compounds are mainly covalent in character whereas 
the interlayer interactions are assumed to be of van 
der Waals type between the sulfur atoms of neighbor- 
ing layers, Wakabayashi et al. [ 2 1 ] for 2H-MoSz have 
first made use of a potential function including five 
valence force type parameters, K, I&, I&, I$ and 
K, (fig. 1) and of two axially symmetric type param- 
eters (Y,, (Y~ corresponding to central “radial” and 
“transverse” forces between the sulfur atoms (table 
3). In fact the (Ye and o2 parameters represent the 
compressional and shearing components of the force 
constants for each pair of interacting atoms; they are 
defined as 

d2V 
(y’ = dr2 r=R 

and a! =ldV 2 
rdr r=R’ 

where V is the interatomic potential and R is the 
equilibrium distance between sulfur atoms of neigh- 
boring layers. INS results in the (COO) and (000 di- 
rections were thus correctly fitted although the re- 
striction on the force constants imposed by the 
rotational invariance was not satisfied since the elas- 

1.3846 1.385 1.385 

-0.12 
-0.1722 -0.1722 -0.17 
0.1502 0.1502 0.045 
0.1892 0.1892 0.294 
0.1381 0.1381 0.138 
0.0311 0.0198 0.020 
0.0072 0.0258 0.026 

1.385 
0.17 

-0.12 
-0.17 

0.143 
0.180 
0.138 
0.030 
0.020 

‘) Intralayer internal coordinates are defined in fig. I and for in- 
terlayer force constants (a,, as) see discussion in the text. 

tic constant C, calculated from & and A6 (TA) 
curves was different almost by a factor of 2.0 [ 2 11. 
Then, Feldman [ 281 has proposed a dynamical ma- 
trix including only valence force field parameters in 
which the interlayer S-S interactions were consid- 
ered to be given directly by the first- and second- 
neighbor bond-stretching force constants; under these 
conditions the force constants are defined as follows: 

d2V 
ai= sir_ (i= L2) , 

where R, and R2 are the equilibrium distances be- 
tween the first- and second-neighbor sulfur atoms in 
the van der Waals gap. From an extensive study of 
different phenomenological lattice dynamical models 
for ZH-TaSe, and ZH-NbSe, compounds, Feldman 
concluded that in future comparison with experi- 
ment it should be kept in mind that, as in the case of 
MoS,, the short-range proposed models could be 
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somewhat inadequate with regard to optic-mode dis- 
persions along C [ 28 1. Indeed, later on Schiinfeld et 
al. [ 291 have shown that the calculated ratios of an- 
isotropic mean-square displacements between the two 
atom types were not in agreement with experimental 
findings; in addition, we have checked that the Feld- 
man’s model reproduces with a good agreement the 
experimental results at r but with a poor one along Z 
and T (table 4). Therefore, we have modified &and 
& values which could not be entirely determined at 
r, where only their sum (&+&) is meaningful 
[ 301, and included an additional parameter K, equal 
to -0.12 x lo2 Nm-’ corresponding to the near- 
neighbor MO-MO interactions in the layer planes (ta- 
ble 3). Under these conditions a satisfactory agree- 
ment between experimental and calculated frequen- 
cies is obtained whatever the r, A, M or K point 
considered (table 4 ) ; in particular, we have checked 
that LA dispersion curves are particularly well fitted 
whereas TA curves are overestimated. It must be 
pointed out that the calculated LA mode frequencies 
at M and K can be well compared (228 and 242 cm-‘, 
respectively) so that, in contrast with previous stud- 
ies [ 16,201, SOR signals in 2H-MoS2 could be inter- 
preted also as due to the LA(K) coupling phonon; 
the two-phonon resonance Raman effects in 2H- 
MoS2 could require an entirely new discussion. 

Similarly, we have carried out complete valence 
force field calculations for 2H-WS2 and included one 
additional parameter KS = 0.17 x 1 O2 Nm- ‘, which 
corresponds to a near-neighbor S-S central force 
constant, i.e. between intralayer sulfur atoms whose 
interatomic spacing is along the c-axis (fig. 1); this 
improves the quality of the fits mainly at the K point. 
Values of a, and a2 parameters were also adjusted to 
fit LA and TA frequencies at the A point and & and 
q parameters were slightly perturbed, as compared 
with the previously proposed quantities in 2H-MoS2 
[ 21,281, in order to improve the quality of the fits 
along the C and T lines (tables 4 and 5 ). As shown in 
fig. 7, we thus obtain a satisfactory agreement not only 
between the INS data and the calculated LA disper- 
sion curves, but also between the Raman estimates at 
K and the zone edge calculated phonon wavenum- 
bers (table 5). It is noteworthy that these calcula- 
tions confirm the strong metal-mass dependence of 
the LA mode frequencies which are now equal to 159 
cm-’ (M) and to 165 cm-’ (K) at the zone bound- 

aries. Simultaneously, the TA mode frequencies ap- 
pear not at all metal-mass dependent so that, as above 
mentioned for 2H-MoS,, the TA branches along C 
and T lines are again overestimated. This leads us to 
the quite unusual calculated results &>C, and 
T3 > T, at the zone edges [ 25 1; precise adjustements 
of the corresponding TA branches must await addi- 
tional INS measurements. 

Considering the approximations used, this simple 
model seems to reproduce the main features of the 
experimental results but there are still some discrep- 
ancies clearly outside of the experimental uncertain- 
ties for large values of the wavevector. According to 
Wakabayashi et al. [ 2 1 ] to improve the model it 
would be necessary to include the polarizability of 
sulfur and/or some additional cross terms in the po- 
tential function. Nevertheless, from these calcula- 
tions we confirm again that the observed two-phonon 
resonance Raman effects in 2H-WS2 can be ex- 
plained by SOR processes involving the LA mode at 
the K point of the Brillouin zone. 

4. Conclusion 

From Raman, resonance Raman, INS data and lat- 
tice dynamics calculations we conclude that SOR 
scattering by phonons with non-zero momentum in- 
volving mainly the LA (K,) type mode occurs in the 
layered group VIA 2H-WS2 compound when in res- 
onance with the low energy indirect gap absorptions 
even though two direct A and B excitonic-type tran- 
sitions are also known to exist in this region. This re- 
sult is in contrast with the generally accepted idea that 
strong SOR spectra are characteristic for metallic 2H- 
polytype group VA transition metal dichalcogenides 
and are not observed for the analogous group VIA 
semiconducting compounds [27]. Then under the 
assumption that the A and B excitons in 2H-WS2 
correspond to the smallest gaps at K [ 11,12 1, it ap- 
pears that these electronic transitions could be vi- 
bronically coupled to the LA ( KS ) type phonon, and 
we suggest that similar coupling mechanisms are 
probably effective in the related 2H-MoS2 
compound. 

Finally, it must be pointed out that from a reso- 
nance Raman study we have obtained information 
not only about the electronic band-structure but also 
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Table 4 
Results of complete lattice dynamics calculations for 2H-MoSr at I-, M, K and A points and comparison with various experimental data 

VCdC 

Feldman 

1281 

this work 

*..p 
INS 1211 

VCdC 

Feldman 

WI 

this work 

409 

(-475) 

(-56) 

287 

413.7 414.1 

482.6 483.0 
56.9 57.1 

301.1 301.0 

4W,+) 

B&v%+) 

B&v&+) 
&,(M,+) 

1 
BI,(&+) 
4(W+) 
B,#&+) 
A,(&+) 

397 

423 
174 

- 360 

- 350 

234 

387.3 400.5 

400.9 406 
216.0 172.9 

318.8 303.4 
345.9 338.7 

350.7 339.2 
327.1 339.0 
233.3 328.9 
236.3 228.4 

383 403.2 403.0 

34 35.1 35.3 
E2*u-5+) 

425 
174 (TA) 
- 397 

- 350 

234 (LA) 

- 360 

403.4 408.6 
216.0 172.9 
391.5 403.1 

349.5 340.9 
356.4 341.4 
255.4 228.4 
253.0 228.9 

328.2 340.2 
322.0 306.8 

477.3 477.8 
0 0 

403.6 403.9 

400.8 400.6 

A2”u-2-) 

B,.u-3-I BdMz-1 
Bzu(Mz-) 
Ba.W-) 

1 JLW2-) 
B,u(M,_) 
B,uW.-) 
MM,-) 

i 

384 

0 
E,“(r,-) 

0 0 

E,,C-) (-297) 295.9 295.7 

v..p 
SOR 

[16,201 

VdC 

Feldman 

[281 

this work 

Wb V,p 
INS [21] 

VcalC 

Feldman 

WI 

this work 

A’IW,) 

A;(k) 

E”w6) 

E’(k) 

410 383.2 

377.0 
234.4 

-296 342.2 

1 

368 345.5 
233 249.7 

1 

374.4 
234.4 
383.0 

345.5 
233 (LA) 249.7 

322.8 

400.8 

375.3 
187.5 
366.0 
331.9 
242.2 

Al, 

B 2; 

E ia 

E 2r 

(38) 

(-24) 

408.6 408.9 

480.2 480.6 
40.0 40.1 

298.5 298.3 
402.1 401.8 

24.7 24.8 

374.5 
187.5 
400.7 

331.9 
242.2 
305.7 

38 (LA) 

-24 (TA) 

480.2 480.6 
40.1 40.1 

408.6 408.9 

402.1 401.8 
24.7 24.8 

298.5 298.3 

A;(%) 

A;(K,) 

E’(h) 

E”(b) 

A2u 

B 1” 

E I” 

E 2” 

about the frequency values of several modes in the 
Brillouin zone. Such relevant data may be of great 
help in these low-dimensional compounds either to 
establish suitable lattice dynamical models or to get 
a better insight into the Raman spectra of some inter- 

calated derivatives since in their ordered phases it is 
sometimes observed new modes (which become Ra- 
man active in first order) due to zone folding mech- 
anisms [ 26,301. 
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Table 5 

Results of complete lattice dynamics calculations for 2H-WSz at r, M, K and A points and comparison with various experimental data 

421 434.4 

(436) 438.1 

(45) 48.5 

- 306 290.9 

A,W+) 

B&G+) 

406.9 

369.0 

173.0 

310.6 

321.3 

330.8 

356 352.8 

330.1 

EdrS+) 
160.6 

27.4 27.8 

158.6 

435 430.4 

0 
423.4 

349.5 

371.2 

0 

(420) 

173.0 

407.5 

331.4 

356 

Bsu(Ma- ) 
B,uW,-) 

- 142 (LA) 

B,,(Mv) 

B,U(Ma-) 

A.(M,-) 

332.8 

158.6 0 

285.7 

0 

El”(rS_) (306) 

160.6 

320.4 

312.8 

A;(k) 

A’,‘(&) 

E”w6) 

E’(k) 

409 403.6 
-371 346.6 

426.2 

437.2 

- 240 188.5 
310 337.3 
348 331.8 

(-37) 34.2 

288.1 

351.0 

(176) 165.1 f-19) 19.6 

346.6 437.2 

AI(k) 

A;(b) 

E’(k) 

188.5 

403.6 

331.8 

A Z” 

B 1” 

EI” 

-37 (LA) 34.2 

426.2 

351.0 

165.1 - 19 (TA) 19.6 

176 (LA) 

~(182) 

E”(h) 314.5 EZ. 288.1 

a) This work. 
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