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A valence-force-field model has been used to study the lattice dynamics of molybdenum disulfide sin-
gle molecular layers. A comparison between the room-temperature Raman spectra of aqueous suspen-
sions and the calculated phonon-dispersion curves for single layers of MoS, with trigonal prism and oc-
tahedral coordination indicates that MoS, single layers adopt a structure in which the Mo atoms are oc-
tahedrally coordinated, as opposed to bulk MoS, where the trigonal prism coordination is usually found.
Besides the zone-center modes, strong Raman peaks have been observed at 156, 226, and 333 cm~ . The
presence of these peaks is attributed to a zone-folding mechanism resulting from the formation of a
2a, X a, superlattice in the single layers of MoS,. The superlattice is, in turn, believed to correspond to
the basal-plane atomic arrangement of a distorted octahedral structure. Lattice-dynamics calculations
based on an octahedrally coordinated structure with a significant metal-metal interaction yield good
agreement with the observed frequencies. When the single molecular layers restack and the sulfur-sulfur
interaction between the layers is recovered, the layers convert back to the trigonal prismatic
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configuration of crystalline MoS,.

I. INTRODUCTION

Single molecular layers of molybdenum disulfide in
aqueous suspension have been obtained by exfoliating
lithium-intercalated MoS, powder.! X-ray diffraction
and preliminary Raman results indicated? that the MoS,
single layers underwent a structural phase transition from
the trigonal prism coordination of the bulk material to a
structure in which the molybdenum atoms are octahe-
drally coordinated. Moreover, evidence of a crystalline
lattice distortion that produced a 2a, superlattice was
also found in the x-ray diffraction patterns obtained from
the single layers. In order to gain further insight into the
structure of single-layer MoS,, a detailed Raman scatter-
ing study of the MoS, single molecular layers in aqueous
suspension has been performed. Raman spectroscopy is a
useful technique to study crystallographic phase transi-
tions because of its sensitivity to variations of the lattice
symmetry. In addition, thin films obtained by restacking
the single molecular layers on glass substrates were also
studied by this technique.

The lattice dynamics of bulk 2H-MoS, have been stud-
ied rather extensively both experimentally and theoreti-
cally. The experimental studies in bulk samples include
Raman scattering’ ™% and infrared®® experiments as well
as inelastic neutron scattering investigations.!” In an ear-
ly calculation, Bromley'! used a simple one-layer lattice
dynamics model that considered elastic nearest-neighbor
interactions in the Born—von Karman formalism.
Bromley’s method yielded analytical expressions that
were in good agreement with the experimental results for
the zone-center modes. Wieting and Verble!? used a
linear-chain model to analyze the effects of interlayer
coupling on the lattice dynamics of various transition-
metal dichalcogenides including 2H-MoS,. A more so-
phisticated lattice dynamics model was developed by
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Wakabayashi, Smith, and Nicklow!° to fit their neutron-
scattering data and thus obtain the phonon dispersion
curves of 2H-MoS,. Their approach combined an axially
symmetric model, to account for the weak Van der
Waals-type interlayer interaction, with a valence force
field model, which is suitable for describing the strong co-
valent nature of the interlayer interactions.

In this paper a valence force field model due to Waka-
bayashi, Smith, and Nicklow!? has been used to calculate
the phonon dispersion curves of single molecular layers
of MoS, for the case of trigonal prismatic coordination,
hereafter designated as 7-MoS,, and for single molecular
layers in which the Mo atoms are octahedrally coordinat-
ed, hereafter designated as ©-MoS,. For bulk crystals,
the standard notation (2H ) will be employed. The calcu-
lated frequencies of the zone-center (¢ =0) vibrations al-
low a direct comparison with the first-order Raman peaks
that are expected for the two different structures. In ad-
dition, the calculated phonon dispersion curves enable
one to predict additional phonons that would be observed
given the existence of a superlattice structure in the sin-
gle layers. The formation of a superlattice leads to a fold-
ing of normally Raman inactive zone-boundary modes
into the center of the zone.!* From a direct comparison
of the Raman spectra with the calculated dispersion
curves, we have found that our experimental results are
consistent with the formation of a superlattice in octahe-
drally coordinated single layers of MoS,, if a strong
metal-metal interaction is added to our model. This in
turn implies that the single layers have a distorted octa-
hedral structure.

II. EXPERIMENT

A detailed description of the method used for the
preparation of single molecular layers of MoS, has been
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published previously."!* Briefly, MoS, is intercalated
with lithium to form Li,MoS, with x = 1.0 and the inter-
calated samples are exfoliated by immersion in distilled
water. The MoS, layers are separated from the Li by-
products by rinsing in water and centrifuging three or
four times. An aqueous suspension of the MoS, layers is
obtained by adding water to the desired concentration.

Thin films of the restacked MoS, layers were produced
by a spreading technique'* which yielded films with
thicknesses varying between 35 and 200 nm. The films
were produced using freshly prepared suspensions and
were then allowed to stand in air over a period of a few
months and their properties monitored at different times
during this interval.

The Raman-scattering spectra were obtained by excit-
ing the samples with the 488.0- or 514.5-nm lines of an
argon-ion laser at room temperature. To minimize laser
heating effects, the beam was focused on the samples with
the aid of a cylindrical lens. Typical incident laser
powers were of the order of 10 W/cm?. The scattered
light was then collected in a near backscattering
configuration and concentrated at the entrance slit of a
computer-controlled triple spectrometer. An ITT Mep-
sicron imaging detector was used to analyze the signal
and the data were stored and processed in an IBM/PC
microcomputer.

The Raman spectra of the MoS, aqueous suspension
were obtained in a container-free fashion by drilling a ta-
pered 1.7-mm diameter pinhole in a copper plate and
filling this hole with the MoS, suspension, the suspension
being held in place by surface tension. The Raman spec-
tra of the single layers obtained in this way, were free
from spurious signals such as scattering from glass cover-
ing plates. A small amount of scattering from air was
present at frequencies below the present range of interest.
Raman spectra were also obtained from restacked films
on a glass substrate both with the films in air and mount-
ed in an evacuated Displex refrigerator.

III. RESULTS AND ANALYSIS

A. Group theory analysis

Figure 1 illustrates the trigonal prism (a) and octahe-
dral coordinations (b) for MoS,. The octahedral coordi-
nation can be obtained from the trigonal prism structure

FIG. 1. Schematic diagram of the structure of MoS, with (a)
trigonal prism and (b) octahedral coordination.
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by rotating one of the sulfur basal planes by 60° around
the ¢ axis. Clearly, these structures have different sym-
metry elements. The crystalline structure of 2H-MoS,
belongs to the D¢, (P6;/mmc) space group. Its unit cell
is composed of two Mo atoms occupying sites with
point-group symmetry D3, and four sulfur atoms in sites
with point-group symmetry Cs3,. A correlation of the site
symmetries with the factor group Dg, allows one to asso-
ciate the 18 normal modes of vibration at ¢ =0 with the
following irreducible representations:3

'=4,,8©24,,82B,,8B,,8E,,®2E,,82E,,QF,, ,

where A4,, and E;, correspond to translational acoustic
modes, and where 4 ,,, E,,, and E,, are Raman active.
The frequencies of the 2H-MoS, Raman modes deter-
mined experimentally are the following:®

a)(E%g)=32 cm™ co(Elg)=287 cm™ !
(1)
o(E})=383 cm™!, w(A4,,)=409 cm™!.

The low-frequency E gg mode corresponds to the inter-
layer interaction with rigid layer motion and the remain-
ing three modes correspond to intralayer vibration.®®

The frequencies of the intralayer vibrational modes in
2H-MoS, are expected to be essentially the same as those
of a single layer. Wieting and Verble>*!? pointed out
that in layered structures, such as MoS,, the weak inter-
layer interaction couples the intralayer vibrations in the
two layers of the unit cell. “In phase” coupling between
the layers gives rise to the infrared active modes and “out
of phase,” to the Raman active modes. The Raman and
the infrared modes in a given conjugate pair thus have
frequencies that are almost identical because of the rela-
tively small interlayer coupling. More generally, the
stacking sequence of the layers of MoS, will have almost
no effect on the frequencies of the observed modes, but
will change the symmetry and hence the selection rules
governing their optical activity.

The factor group describing the symmetry of a single
MoS, layer with trigonal prismatic coordination (7-MoS,)
is D;, with three atoms in the unit cell.!! There are thus
nine phonons at the zone center (I") and their symmetries
can be represented by the irreducible representations of
D,, as

I'=2479 A|®2E'®E" .

In this case, the acoustic modes are represented by
A3y ®E’, one A5 mode is infrared active, 4] and E" are
Raman active, and one E’' mode is both Raman and in-
frared active. A correlation with the D¢, point group al-
lows one to associate E’ with the 383-cm ! Raman mode
and 384-cm ' infrared mode of 2H-MoS,, E" with E,,
and A with 4.

The symmetry of the 17 structure is described by the
space group D3;(P3m1) with three atoms in the unit
cell.”> The factor group describing the symmetry of an
octahedral single layer (2-MoS,) is D3, with the metallic
atoms located in sites with symmetry D;; and the chal-
cogen atoms occupying sites with C;, symmetry. The
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correlation of site symmetries with the group D, yields
the following irreducible representations for the phonons
at the zone center:

I'=4,,824,,8E,82E, .

The acoustic modes are represented in this case by
A,,®E, while the remaining 4,, and E, modes are in-
frared active and only the 4,, and E;, modes are Raman
active. From a group-theoretical correlation, one finds
that the 4, and E, modes of 2-MoS, should have fre-
quencies almost equal to those of the 4, and E,, modes
of bulk 2H-MoS,. This assertion is confirmed by the
lattice-dynamics calculations described in the following
section.

B. MoS, single-layer phonon dispersion curves

A valence-force-field (VFF) model has been employed
to calculate the phonon dispersion curves of single molec-
ular layers of MoS, with trigonal prism and octahedral
coordinations. In the ideal structures considered here,
the height of the prisms is equal to the hexagonal lattice
parameter a,, which for bulk MoS, is 3.16 A, with the
metal atom situated at the center, Fig. 1. The Mo-S dis-
tance is equal to (Z)'/%a, for both structures. The
basal-plane projection of the Brillouin zone is a hexagon'!
(Fig. 2), whose orientation and dimensions are the same
for all of the 2H-MoS,, 7-MoS,, and 2-MoS, structures.

The lattice-dynamics calculation has been carried out
with the intralayer potential energy used by Waka-
bayashi, Smith, and Nicklow!® in modeling their neutron
data for 2H-MoS,. In terms of the force constants K,,
Ky, Ky, Ky, and Kﬁ, this potential energy is written as!®

U=1K,(Ar)*+1Ko(rog A0+ 1K ,(ro Ad)
+1K ,(ro AP +LKE Ar Ar', )

where r is the equilibrium Mo—S bond length and 7, 7',
0, ¢, and ¢ are defined in a manner identical to that of

--—2axa,

FIG. 2. Reciprocal space diagram illustrating the relation-

ship between the basal plane projection of the Brillouin zone of
2H-MoS, (solid lines) and the two-dimensional Brillouin zone of

a 2ay X a, superlattice.
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TABLE 1. Force constants used to calculate the phonon
dispersion curves for single molecular layers of MoS,, (10°
dyn/cm). The values shown were obtained from Ref. 10 and are
in units of 10° dyn/cm.

K, 1.3846
Ko 0.1502
K, 0.1381
K, 0.1892
K2 —0.1722

Ref. 10, and are shown in Fig. 1. Using the force-
constant values given in Table I (and two interlayer con-
stants which are not of interest here), Wakabayashi,
Smith, and Nicklow!? obtained good agreement with the
measured phonon dispersion curves of 2H-MoS,.

The phonon dispersion curves for both 7-MoS, and Q-
MoS, have been calculated using Eq. (2) and the force
constants given in Table I. In doing so, it is assumed that
Q-MoS, is obtained from 7-MoS, by a simple 60° rotation
of one of the sulfur planes and thus the equilibrium
values of r, ¢, and 6 are the same for both structures.
The angles ¥ and ¢’ (Fig. 1) are different, but as a first ap-
proximation, it is assumed that K, and K, are equal. It
has also been assumed that surface modes do not play an
important role in the lattice dynamics of MoS, single lay-
ers. This appears justified because of the inert nature of
the layer surfaces which is manifested by the weak bind-
ing energy between adjacent layers in bulk crystals.

The calculated phonon dispersion curves of an infinite
MoS, single layer along the [010] and [100] directions of
the hexagonal two-dimensional Brillouin zone are shown
for 7-MoS, in Fig. 3, and for Q2-MoS, in Fig. 4. Table II
lists the calculated frequencies of the vibrational modes
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FIG. 3. Calculated phonon dispersion curves along the [010]
and [100] directions of single molecular layers of MoS, with tri-
gonal prism (7-MoS,) coordination.
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FIG. 4. Calculated phonon dispersion curves along the [010]
and [100] directions of single molecular layers of MoS, with oc-
tahedral (Q2-MoS,) coordination. The small arrows indicate the
frequencies of the J;, J,, and J; features in the Raman spectra
of Fig. 5.

at " for both structures. The symmetry of each mode
has been assigned by considering the symmetry of the
dynamical matrix eigenvectors. By comparing the fre-
quencies given in Eq. (1) with those in Table II, it can be
noticed that the ¢ =0 intralayer modes of 7-MoS, have
almost the same frequency as those in 2H-MoS, and that
the frequencies of the Raman modes E, and 4, of Q-
MoS, should be nearly the same as those of the E,, and
4,, modes of 2H-MoS,. One important difference, how-
ever, is that the strong 383-cm ™! Raman peak6’8 of 2H-
MoS,, must be absent (Table II) in the case of octahedral-
ly coordinated MoS,, a result that is in agreement with
the symmetry considerations of the previous section.

C. Raman spectra of single layer suspensions

Figure 5(a) shows a typical room-temperature Raman
spectrum obtained from a freshly prepared MoS, single
layer aqueous suspension. It is clear from this figure that
there are two relatively strong features at 287 cm ™! and
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FIG. 5. Room-temperature Raman spectra of (a) a freshly
prepared MoS, single layer aqueous suspension, (b) a 12-day-old
suspension, and (c) a 1.5-month-old suspension.

408 cm~!. Furthermore, Fig. 5(a) does not contain any
evidence of a spectral peak near 383 cm™!. In spectra
obtained from 2H-MoS, the 383-cm™! is usually ob-
served®® to have an intensity that is more than an order
of magnitude greater than that of the E, mode at 287
cm ™! [cf. Fig. 6(c)] and one would expect a similar ratio
in spectra obtained from 7-MoS,. The presence of the
two peaks at 287 cm ! and 408 cm ™! in Fig. 5(a), in con-
junction with the absence of a peak at 383 cm™' thus
leads one directly to the conclusion that in freshly
prepared aqueous suspensions the single layers of MoS,
are octahedrally coordinated, in agreement with previous
results.? It is also clear from Table II that the peaks at
287 and 408 cm ! can be identified as the E, and 4,,
modes of 2-MoS,.

The additional peaks at 156 cm ™! (J;),226 cm™ ' (J,),
and 333 cm ™! (J5) which appear in the spectra of Fig. 5,
are not normally seen in the Raman spectrum of 2H-

TABLE II. Calculated frequencies of the vibrational modes at I' (¢ =0) for single molecular layers
of MoS, with undistorted trigonal prism and octahedral coordinations.

Trigonal prism Octahedral
(T-MOSz) (Q-MOSz)
Mode E" E’ A} Ay E, Ay, E, Ay,
Activity R R,IR R IR R R IR IR
Calculated
frequency 280 384 407 481 290 413 421 483

(cm™))
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FIG. 6. Room-temperature Raman spectra of (a) a fresh res-
tacked MoS, film, (b) a 2-month-old film, and (c) 2H-MoS,
powder before exfoliation.

MoS, crystals®® [Fig. 6(c)]l. The second-order Raman
spectrum of 2H-MoS, has been studied by Chen and
Wang.® They found two second-order peaks at 150 cm ™!
and 188 cm ™! in the low frequency ( <400 cm™!) portion
of the spectrum with an intensity that was about - of the
A, mode at 408 cm~'. The J,, J,, and J; peaks thus
have quite different frequencies and a much larger rela-
tive intensity than the two phonon features observed in
2H-MoS,. Furthermore, Chen and Huang6 also observed
that both of the second-order peaks at 150 and 188 cm ™!
were absent in spectra taken at 77 K. On the other hand,
the relative intensities of peaks J,, J,, and J; obtained
from fresh films at 80 K were essentially equal to those
observed in spectra obtained at room temperature [Fig.
6(a)]. We can thus conclude that J,, J,, and J; do not
arise from two-phonon scattering, and furthermore, at-
tempts to correlate these features with the Raman spectra
of possible contaminants such as water, hexene, LiOH, or
n-butyllithium were not successful.

The appearance of the additional peaks J,, J,, and J3,
however, can be explained in terms of the existence of a
superlattice, as suggested by the results of x-ray
diffraction studies.”? Because of wave-vector conserva-
tion, Raman spectra normally contain peaks correspond-
ing to zone-center modes only, but if a superlattice is
formed, the Brillouin zone is reduced and zone-boundary
points of the original system can be brought into coin-
cidence with I of the additional zone.!> Raman scatter-
ing events may then involve zone-edge phonons without
violating wave-vector conservation. The nature of the su-
perlattice determines the particular point of the
Brillouin-zone boundary that will be folded into the zone
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center and hence determines the phonons that will be ob-
served. X-ray diffraction patterns obtained from single
layers of MoS, were found to be consistent with the for-
mation of a 2a,Xa, or 2a, X 2a, superlattice of the hex-
agonal Mo lattice.’> More definitive evidence of a
2a,Xa, superlattice has been obtained recently from
scanning tunneling microscope images.!> For a 2a,Xa,
superlattice one would thus expect that the M point of
the original Brillouin zone should coincide with the I’
point of the reduced zone (Fig. 2) and that the J,, J,, and
J; peaks of Fig. 5 correspond to frequencies at the M
point of 2-MoS,.

The zone-boundary frequencies at the points M and K
are tabulated in Table III for 2-MoS, and the frequencies
of J,, J,, and J; are also listed for comparison purposes.
As is evident from this table (and from Figs. 3 and 4), the
M-point frequencies for 2-MoS, are in qualitative agree-
ment with the measured values, although the calculated
frequencies at the K points are in somewhat better
correspondence with experiment. To make this compar-
ison more meaningful, one must recognize that the force
constants should be modified to reflect the structural
differences (¥#y') between 7-MoS, and Q-MoS, and
those that might result from the formation of a superlat-
tice. If it is assumed that the Mo-S separation remains
constant'®!7 the formation of a superlattice would result
in changes in 6, ¥, and ¢ and hence K v Ko, and K,
should be altered. One finds however that variation of
these parameters does not result in any significant im-
provement of the agreement with the experimental fre-
quencies.

It is quite possible that the single layers of Q-MoS,
adopt a distorted octahedral structure'® similar to that of
WTe,. This possibility is suggested by the fact that the
basal plane projection of the WTe, structure corresponds
closely to a 2agXa, superlattice of an ideal two-
dimensional hexagonal lattice. Furthermore, distorted
structures such as WTe,, result from an enhanced metal-

TABLE III. Calculated frequencies at the M and K points of
the Brillouin zone for octahedrally coordinated 2-MoS, (undis-
torted) and m Q-MoS; (distorted). The experimental frequencies
of peaks J,, J,, and J; for single layer MoS, are also shown for
comparison.

Calculated (cm™})

Q-MoS, mQ-MoS,

M K M K
175 164 155 146
179 248 229 210
274 342 297 336
303 349 340 340
348 385 359 378
363 387 369 384
378 379

384 415
424

Experimental (cm™')

Ji J, J3
156 226 333
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metal interaction'”!® which leads to a semimetallic, rath-

er than semiconducting behavior. The latter aspect is
consistent with the observed differences between the opti-
cal absorption spectrum of 2H-MoS, and that of single
layer suspensions.'®

To explore this possibility we have incorporated an ad-
ditional force constant K,, in our model to represent the
Mo-Mo interaction. Feldman!® has shown previously
that the dominant effect resulting from the inclusion of
such a force constant is a flattening of the acoustic-
phonon branches. Using a value of K,,=—0.173 (10°)
dyn/cm we have obtained the phonon dispersion curves
shown in Fig. 7. (This structural variant will be designat-
ed mQ-MoS,.) The M-point frequencies are listed in
Table III under m Q-MoS, and it is clear that the agree-
ment with the measured frequencies for J,, J,, and J; is
much improved. This result thus indicates that the single
layers of MoS, adopt a distorted octahedral coordination.

D. Phonon density of states

It is possible that the lateral dimensions of some of the
MoS, single-layer crystallites are quite small, for exam-
ple, of the order of 100 A or less. It is known? 23 that as
the crystal size becomes smaller, the coherence or corre-
lation length for a phonon is reduced and the crystal
momentum selection rules for Raman scattering break
down. As a result phonons from an extended region of
the Brillouin zone can participate in first-order scatter-
ing. When the crystallite dimensions are decreased below
100 A the Raman lines become broadened?"?? if there is
significant dispersion near the zone center. As the crys-
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FIG. 7. Calculated phonon dispersion curves for single layers
of MoS, with octahedral coordination and a metal-metal in-
teraction (mQ-MoS,). The small arrows indicate the frequen-

cies of the J, J,, and J; features observed in the Raman spectra
of Fig. 5.
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tallite sizes become even smaller ( $20 A) scattering from
throughout the Brillouin zone becomes allowed?® %2 and
for an amorphous solid the spectrum essentially
represents the density of states. In the extreme limit of
very small crystallites consisting of a few atoms the con-
cept of a phonon density of states is no longer meaningful
and the Raman spectra should again yield narrow peaks
corresponding to the Raman active modes of the free
molecule.?*?> The frequencies of such modes have been
found to be similar to those of the bulk crystal. Experi-
mentally, Nemanich and Solin?® have previously studied
the effect of small crystallite size on the Raman spectra of
graphite and correlated extra peaks in their spectra with
features in the calculated phonon density of states.

For comparison with the Raman spectra obtained here
we have calculated the phonon density of states corre-
sponding to the dispersion curves of the m Q-MoS, struc-
ture. Phonon frequencies were calculated at 34842
points regularly distributed over L of the two-
dimensional Brillouin zone. The number of modes in a
given frequency interval (1 cm™!) were then simply
counted and the results are displayed in Fig. 8. Our cal-
culation was carried out using a very fine grid and thus
interpolation methods?’ were not considered necessary to
obtain a reasonably accurate picture of the density of
states.

From an examination of Fig. 8 it is evident that the J,,
J,, and J; peaks cannot be correlated with the pro-
nounced peaks in the calculated density of states. It thus
appears that the presence of J,, J,, and J; cannot be at-
tributed to a breakdown in the Raman selection rules,
again indicating that the M point of the Brillouin zone is
selected by the formation of a superlattice in the single
layers of (2-MoS,. The observed broadening and shape of
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FIG. 8. Calculated phonon density of states for m Q-MoS,.
The small arrows indicate the frequencies of the J,, J,, and J;
features observed in the Raman spectra of Fig. 5.
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the J,, J;, and 278-cm ™! peaks are then quite con-
sistent?!"?2 with the noticeable dispersion of the phonon
branches near these points if the crystallite size is as-
sumed to be about 50 A. The J, peak and the 4,, peak
at 408 cm ™! are on the other hand quite symmetric
which is consistent agreement with the flatness of the
dispersion curves near these frequencies.

E. Effects of aging

Raman spectra were also obtained from the MoS, sus-
pensions which had been allowed to age in a sealed con-
tainer for days and weeks after preparation. These spec-
tra differed significantly and systematically from those
obtained from the freshly prepared suspensions. For ex-
ample, Figs. 5(b) and 5(c) show the Raman spectra of a
12-day-old suspension and a 1.5-month-old suspension,
respectively. As is evident from these figures, the
superlattice-related peaks become weaker and the peak at
383 cm ™! reappears and becomes stronger as the suspen-
sion ages. This behavior can be explained by the tenden-
cy of the single layers to restack and transform back to
the more stable trigonal prism coordination of bulk
MoS,.

This transformation is more noticeable when the single
molecular layers are restacked on glass substrates to form
a thin film.!3 Figure 6 shows the Raman spectra of a
fresh restacked film (a), a 2-month-old film (b) and 2H-
MoS, powder (c). The similarity between the Raman
spectrum of the 1.5-month-old suspension, Fig. 5(c), and
the spectrum of the freshly prepared film, Fig. 6(a), sug-
gests that restacking of the layers, concurrent with water
removal, is the primary driving mechanism related to re-
storing the trigonal prism coordination. In the restacked
films, this conversion may be faster because of the ac-
celerated water evaporation that occurs when the films
are exposed to air. Notice that the Raman spectrum of
the 2-month-old restacked film, Fig. 6(b), is almost the
same as that of the original 2H-MoS, powder, Fig. 6(c).
In such films x-ray diffraction shows that the original
crystal spacing between the layers is recovered.? The
conversion back to the trigonal prism coordination is
likely related to a recovery of the sulfur-sulfur interaction
between the single molecular layers on the expulsion of
water.

From Figs. 5(b) and 5(c) it is also evident that the J,,
J,, and J; peaks persist, with significant intensity, in the
spectra obtained from the aged samples. This occurs
despite the fact that the coordination of the Mo atoms
appear to be changing to the 7-MoS, form, as evidenced
by the increasing intensity of the 383-cm ™! mode. These
observations suggest, most probably, that both the 7 and
Q) phases are present in the sample. The effects of aging
were simulated by thermally annealing some restacked
films at 300°C for one hour. There was no significant
difference between the Raman spectra of the annealed
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films and the spectra of films that were aged at room tem-
perature for 2 months.

IV. CONCLUSIONS

A valence-force-field model has been applied to a study
of the lattice dynamics of MoS, single molecular layers.
Symmetry considerations and a lattice-dynamical calcula-
tion both indicate that the strong 383-cm ! Raman mode
that is present in spectra obtained from crystalline 2H-
MoS, should also be Raman active in single-layer
trigonal-prism-coordinated 7-MoS, but inactive in
single-layer octahedrally coordinated -MoS,. The ab-
sence of this mode in our spectra thus indicates that the
single layers of MoS, are octahedrally coordinated as sug-
gested by x-ray diffraction experiments.? If the suspen-
sions of single layers of MoS, are allowed to age over
days and weeks the 383-cm ™! mode reappears and be-
comes stronger with age. It is postulated that this ap-
parent gradual transition to the 7-MoS, phase results
from a restacking of some of the layers within the suspen-
sion. This structural conversion appears to occur much
more rapidly in restacked films of single layers of MoS,,
presumably as a result of the much more rapid evapora-
tion of the water that surrounds the individual layers.

The Raman spectra obtained from single layers of
MoS, also contain strong features at 156 (J,), 226 (J,),
and 333 (J;) cm~! which are absent, in spectra ob-
tained>® from 2H-MoS,. The presence of these features
is attributed to a zone-folding mechanism which results
from the formation? of a superlattice in the basal planes
of the single layers of MoS,. If the layers are assumed to
possess a distorted octahedral structure,!’ similar to that
of WTe,, a 2a,Xa, basal plane superlattice would result
and the three peaks should arise from phonons at the M
point being folded into the center of the new Brillouin
zone. A lattice-dynamics model appropriate to a distort-
ed octahedral structure yielded values for M-point fre-
quencies of -MoS, which are in good agreement with
the observed frequencies of J;, J,, and J;. The line
shapes of the observed features are qualitatively con-
sistent?"?2 with the nature of the appropriate dispersion
curves and a crystallite basal plane dimension of about 50
A. We thus conclude that the single layers of MoS, pos-
sess a distorted octahedral structure. As the single
molecular layers restack with the expulsion of water and
the sulfur-sulfur intralayer interaction is recovered, their
structure converts back to the trigonal prismatic coordi-
nation of crystalline 2H-MoS,.
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