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Raman and resonance Raman investigation of MoS2 nanoparticles
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Raman and resonance Raman spectra of MoS2 nanoparticles, in the form of inorganic fullerenelike nano-
particles with diameters ranging from 200 to 2000 Å in size, and platelets ranging from 50 to 5000 Å in size,
are presented. Off resonance, the first-order Raman bands are broadened, but not significantly shifted, and no
additional bands are observed, indicating that the atomic structure is preserved, at least locally, in the nano-
particles. The broadening effect is assigned to phonon confinement by facet boundaries. In the resonance
Raman spectra of the nanoparticles, several additional first-order peaks are observed. The electron-phonon
coupling responsible for the strong-resonance conditions is identified through dynamic band calculations.
Using temperature-dependent resonance Raman measurements, we assign these peaks to zone-boundary
phonons activated by disorder and finite-size effects. By analyzing the position of the dispersive peak at 429
cm21 under resonance conditions, it was possible to probe the softening of modes propagating in thec-axis
direction.@S0163-1829~99!08827-X#
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INTRODUCTION

Nanocrystalline and microcrystalline semiconducto
have become an interesting topic of study since their opt
and electronic properties differ from those of their cor
sponding single crystals. While the atomic structure a
chemical bonds in the nanocrystals are similar to those of
single crystal, their unique properties originate from th
size. In the nanometer-size regime, the optical, electri
magnetic, chemical, and mechanical properties becom
function of nanoparticle size. These properties could thus
tuned by synthesizing size-selective particles.1,2 However,
controlling not only the size, but also the structure of a na
particle, would extend the tailoring capabilities and wou
generate additional unique properties. Carbon nanotu
have been, in particular, the subject of numerous s
structure-property relation studies.3

Following the discovery of C60, carbon nanotubes an
graphitic onionlike polyhedra, it was suggested that un
suitable conditions, other layered compounds would fo
similar closed structures. The semiconducting-layered c
pounds MoS2 and WS2 were the first inorganic fullerenelike
~IF! and nanotube structures obtained.4–8 Since IF-MS2 (M
5Mo; W! particles are chemically inert and stable at te
peratures up to 300 °C, they have shown promise for us
solid lubricants.9 Furthermore,MS2 nanotubes display inter
esting electronic and optical properties that make th
promising materials as probes for scanning probe mic
copy techniques. Therefore, these materials are attrac
systems to study in the context of ‘‘structure-property’’ re
tionships in nanomaterials.

In this paper, we present a Raman and resonance Ra
study of MoS2 nanoparticles in the form of fullerenelike~IF!
PRB 600163-1829/99/60~4!/2883~10!/$15.00
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and platelet~PL! samples and compare the results to those
MoS2 single crystals. Resonance Raman~RR! scattering can
be used as a sensitive probe to monitor changes in the e
tronic states of the system brought about by quantum c
finement or synthesis-specific structural modifications
these nanoparticles. We study both the phonon structure
the electron-phonon coupling in MoS2 nanoparticles by Ra-
man, resonance Raman, and dynamic electronic ba
structure calculations.

BACKGROUND

IF-MoS2 particles have been previously investigated
x-ray powder diffraction ~XRD!,10 scanning tunneling
microscopy,11 high-resolution transmission electron micro
copy ~TEM!,10,12,13 and optical-absorption spectroscopy14

The XRD analysis revealed that the bulk 2H structure of the
unit cell is locally preserved within an IF particle. Noneth
less, a shift of the XRD~0002! peak of the IF phase indicate
a lattice expansion of;2% between two adjacentMS2 slabs
along thec axis compared to its bulk 2H polytype.10 2H
bulk MoS2 is a semiconductor with indirect and direct ban
gaps at room temperature of 1.2 and 1.95 eV, respective14

The absorption edge consists of two exciton series,A andB,
at 1.88 and 2.06 eV, respectively.15,16 These excitons are
assigned to transitions at theK point of the Brillouin zone,
with K4 and K1 being the initial states, andK5 the final
state.15 A systematic study of the optical properties
IF-MS2 shows that the semiconductivity of the layered m
terial is preserved in the IF structures. However, a decre
~redshift! in the band gap11 and exciton energies14 of the IF
compared to the 2H bulk is found. For IF-MoS2 ~value for
2H bulk in parentheses! at room temperature, theA and B
2883 ©1999 The American Physical Society
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2884 PRB 60GITTI L. FREY et al.
exciton energies are 1.82~1.88! and 1.95~2.06! eV, respec-
tively. No similar redshift is observed for PL-MoS2. Such
modifications of the electronic structure are believed to
related to the structural changes necessary to form an
structure. Evidence for two-dimensional~2D! quantum con-
finement, in the direction perpendicular to the layers (ic), is
found for IF particles with less than 5 layers.14 PL-MoS2
samples exhibit quantum confinement17 when their size de-
creases below 200 Å.

The Raman spectra of bulk 2H MoS2 have been studied
extensively.18,20 A group-theoretical analysis of the lattic
vibrations in 2H MoS2 at the G point in the hexagona
Brillouin zone ~BZ! has been previously published.19 There
are four Raman-active modes in bulk 2H MoS2, corres-
ponding to the following symmetries~with measured fre-
quencies in parentheses!: E2g

2 (32 cm21), E1g(286 cm21),
E2g

1 (383 cm21), andA1g(408 cm21). TheE2g
2 phonon is as-

sociated with the vibration of anMS2 layer against neighbor
ing layers and is called the rigid-layer mode. In backscat
ing experiments on a surface perpendicular to thec axis, the
E1g(286 cm21) mode is forbidden. The RR spectrum of bu
2H MoS2 has been previously reported using laser energ
near the absorption edge.20–22 The RR scattering of bulk
2H MoS2 has been analyzed in terms of both zone-cen
first-order Raman scattering~FOR! and second-order Rama
~SOR! scattering enhanced by the coupling of phonon mo
to electronic transitions associated with the excitonic state21

An intense SOR band at 460 cm21 is observed, and is due t
a second-order 23LA( M ) scattering process, while othe
SOR peaks are assigned to sum or difference bands inv
ing other phonons at theM point coupled to the LA(M )
mode.19,21 If the exciting laser line is just above the 1s level
of the A exciton, an additional peak appears at;430 cm21

~‘‘ b’’ peak in Ref. 20! which shifts to lower frequencies a
the energy of the exciting laser increases.20 This peak has
been interpreted in terms of a two-phonon Raman proc
involving the successive emission of a dispersive longitu
nal quasiacoustic phonon and a dispersionlessE1u

2 phonon,
both along thec axis.20

EXPERIMENT

The synthetic method for preparing IF- and PL- Mo2
nanoparticles has been previously published.10,12,13Briefly, a
starting precursor of MoO3 powder is heated to temperatur
above 800 °C and is reduced to MoO32x in a reducing atmo-
sphere~typically 5%H2/95%N2). The suboxide sublimes an
reacts with H2S gas, which converts the suboxide partic
into the correspondingMS2 nanoparticle.10 The reaction
product is collected in powder form on a quartz substrate
is characterized by XRD and TEM. Two distinct growth r
gimes can lead to either IF or PL nanoparticles.10

Raman spectra were recorded at ambient temperature
ing a standard backscattering geometry. Excitation wa
lengths of 4880 and 5145 Å~2.54 and 2.41 eV, respectively!
were produced by an argon ion laser source capable of
plying 20–100 mW of power. In order to prevent damage
the samples, an optical filter was used to reduce the incid
power to roughly 0.6 mW. Several locations on each sam
surface were probed to ensure reproducibility of the da
The scattered light was focused into a double grating mo
e
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chromator fitted with a 300-mm slit. Scattering intensities
were measured using a high-resolution charge coupled
vice ~CCD! camera. For the resonance Raman~RR! spectra,
the 6328 Å~1.96 eV! line of a He/Ne laser was used, capab
of supplying 1 mW of power. Several locations of ea
sample surface were probed to ensure reproducibility of
data. Scattering intensities were measured using a h
resolution CCD camera. For low-temperature measureme
a continuous flow liquid-nitrogen-cooled cold plate equipp
with an optical window was used. Both Stokes and an
Stokes scattering intensities were measured in order to a
rately determine the sample temperature.

Electronic dynamic band-structure calculations of a Mo2

single layer were performed using an ‘‘extended-Hu¨ckel ap-
proximation’’ procedure.23,24 Dynamic band calculations ar
done by displacing the atomic positions in the direction o
specific phonon and recalculating the electronic band st
ture. The direct and indirect band gaps are extracted gra
cally from the calculated band structures. Thus, the dyna
electronic band-structure calculations probe the electr
phonon coupling.

RESULTS

Sample characterization by TEM

The examination of large series~.1000! of MX2 nano-
particles by TEM shows that the synthesis of both IF and
structures yields particles with diameters ranging from 2
to 2000 Å and from 50 to 5000 Å, respectively. Furthermo
the micrographs reveal that the structure of IF-MX2 may be
described in terms of a relatively large number of low-an
grain boundaries or by a uniform array of dislocations.25 Fig-
ures 1~a! and 1~b! show TEM micrographs of typica
IF-MoS2 and PL-MoS2 particles, respectively. The IF nano
particles shown in Fig. 1 are;300 Å in diameter and contain
15 to 20 sulfide layers. They are faceted, with very fl
atomic planes, ranging from 70 to 250 Å in length, joined
sharply defined grain boundaries. Examination of samp
containing larger IF particles~pictures not shown! revealed
that, although the length of the facets increase with incre
ing IF size, the facet lengths do not exceed 350 Å. F

FIG. 1. TEM micrograph of~a! a typical IF-MoS2 particle @the
distance between two fringes (MoS2 layers! is 6.2 Å# and ~b! a
typical sample of MoS2 nanosize clusters in the form of platele
~PL!.
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quently in the large IF nanoparticles, the inner layers
faceted while the outer layers are continuous and fa
spherical.25 The Raman spectra were recorded on films c
taining over 90% of a single phase of the nanoparticles, w
a 10% size distribution of the nanoparticles.

Raman scattering

The off-resonance Raman spectra excited at 4880 Å~2.54
eV! of IF- and PL-MoS2 of various sizes and numbers o
sulfide layers are shown in Fig. 2 and compared to the c
responding spectra for the single crystal. Two strong Ram
peaks are observed at 383 and 408 cm21, which correspond
to the 2H MoS2 E2g

1 and A1g modes, respectively. The fre
quencies of these peaks are identical in the spectra of
nanoparticles and the single crystal. Nevertheless, a le
squares fit reveals that the modes are broadened in the
tra of the nanoparticles. The full width at half maximu
~FWHM! intensity of both peaks increases from roughly
cm21 for the 5000-Å platelets to 9 cm21 for the 200-Å IF
sample. The relative intensities of theA1g to E2g

1 peaks do
not vary significantly from one curve to another. The Ram
spectra of IF-MoS2 and PL-MoS2 excited with the 5145-Å
~2.41-eV! laser line show similar features to those obtain
by the 4880-Å line regarding both the peak broadening
relative intensities.

Resonance Raman scattering

Resonance Raman~RR! scattering of MoS2 is obtained by
exciting the samples with the He/Ne 6328-Å laser line~1.96
eV! which is in resonance with the direct band gap~1.96
eV!. Figures 3~a! and 3~b! show the RR spectra of MoS2
samples at 300 and 125 K, respectively. The frequencie

FIG. 2. Raman spectra excited by the 4880-Å~2.54 eV! laser
line of several MoS2 nanoparticle samples: PL-MoS2 5000 Å ~curve
a!; PL-MoS2 2003500 Å2 ~curveb!; IF-MoS2 1000– 1500 Å~curve
c!; IF-MoS2 800 Å ~curve d!; PL-MoS2 503300 Å2 ~curve e!;
IF-MoS2 200 Å with 10–15 sulfide layers~curvef !; IF-MoS2200 Å
with 5–10 sulfide layers~curveg!.
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the modes shown in Fig. 3 are listed in Table I and Table
Under resonance conditions, the two first-order modes
served off resonance are still broadened in the spectra o
nanoparticles, but their relative intensities vary betwe
samples. In addition, new features are observed in the
spectra of both single crystal and nanoparticles relative
their corresponding off-resonance spectra.

In contrast to the off-resonance scattering spectra, the
tensity of theA1g mode is enhanced under resonance con
tions and the relative intensities of theA1g to E2g

1 peaks
increase for all samples. In the RR spectra of the nano
ticles@curvesa–c in Fig. 3~a!#, this relative intensity is larger
than that observed for the single crystal@curvee in Fig. 3~a!#.
At 125 K, on the other hand, it is theE2g

1 mode that is
enhanced in the spectra of the nanoparticles@curvesa–c in
Fig. 3~b!#.

In the dynamic band calculations, the atomic positions
displaced in the direction of theE2g

1 or A1g phonons. After
each displacement, the electronic band structure is reca
lated and the indirect and direct transitions are deduced
few of the calculated band structures are presented in Fig
and the calculated electronic transitions are summarize
Table III. The dynamic calculations show that when ‘‘appl
ing’’ the A1g-mode displacements to the material, both t
direct and indirect gaps are strongly modulated. On the o
hand, theE2g

1 -mode displacements modulate the electro
structure only slightly.

In the room-temperature RR spectrum of MoS2 single
crystal @curve e in Fig. 3~a!# compared to that obtained of
resonance, many peaks are observed. The most inten
peak is asymmetric and centered at;460 cm21. This mode
has been previously assigned by Stacyet al.21 to the second-
order 23LA( M ) mode. In the spectra of the 5000-Å plat
lets @curved in Fig. 3~a!#, this peak is actually split, sugges
ing that this feature is a superposition of two peaks. Figur
shows a line-shape analysis of this feature revealing
overlapping peaks centered at 457 and 468 cm21. A similar
line-shape analysis was fitted to the RR spectra of differ
MoS2 samples and the results are presented in Table IV.
positions of the deconvolved peaks do not vary much fr
one sample to another or as the temperature is varied. N
ertheless, the integrated relative intensity of the compone
~;455 cm21/;466 cm21!, ~fourth column in Table IV! at
room temperature, increases significantly as the size of th
and PL particles decreases. The corresponding enhance
of the;455-cm21 feature in the spectra of the nanoparticl
is also observed at 125 K, but is much weaker.

In the higher frequency region of the single-crystal roo
temperature RR spectra, peaks are observed at 572, 599
641 cm21, which were assigned by Stacyet al.21 to the
second-order processes: 2E1g(G), E2g

1 (M )1LA( M ), and
A1g(M )1LA( M ), respectively. In the spectra of the small
particles, the 572- and 599-cm21 features are weak, and
therefore, it is difficult to define their positions accurate
Nevertheless, the 641-cm21 peak shifts to lower energies i
the spectra of the nanoparticles. At low temperatures
resolution of these modes is better and their positions
easily determined. In contrast to the room-temperature sp
tra, the positions of these peaks in the 125-K spectra of
nanoparticles and the single crystal are identical.

Previously, a highly dispersive peak at;430 cm21 was
reported by Sekineet al. for MoS2 single crystal at room
temperature,20 using a wide range of laser energies. For
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FIG. 3. Resonance Raman~RR! spectra excited by the 6328 Å~1.96 eV! laser line at room temperature~a! and 125 K~b! showing SOR
bands of several MoS2 nanoparticle samples: IF-MoS2 200 Å ~curve a!; IF-MoS2 800 Å ~curve b!; PL-MoS2 503300 Å2 ~curve c!;
PL-MoS2 5000 Å ~curved!; bulk 2H-MoS2 ~curvee!.
n
,
r

re-
s.
ar-
fixed laser energy of 1.96 eV, this peak is slightly dow
shifted ~relative to the bulk! in the spectra of nanoparticles
and, in some cases, this feature appears as a shoulder o
of the high-frequencyA1g mode. The study by Sekineet al.20
-

tail

was done only at room temperature, and, therefore, the
sults at 125 K could not be compared to previous studie

Finally, in the 300 and 125 K RR spectra of the nanop
ticles, peaks are observed at: 226, 247, 495, and 545 cm21.
rre-
TABLE I. Raman peaks observed in the MoS2 nanoparticle spectra at room temperature and the co
sponding symmetry assignments. All peak positions are in cm21.

Bulk
MoS2

a
PL-MoS2

5000 Å
PL-MoS2

30350 Å2
IF-MoS2

800 Å
IF-MoS2

200 Å
Symmetry
assignment

177 179 180 180 179 A1g(M )2LA( M )
226 227 226 LA(M )

248 248
283 E1g(G)

382 384 381 378 378 E2g
1 (G)

407 409 408 407 406 A1g(G)
421b 419 weak weak
465 460 455 452 452 23LA( M )

498 495 496 Edge phonon
526 529 E1g(M )1LA( M )

545 545 543
572 572 ;557 565 563 23E1g(G)
599 601 595 591 593 E2g

1 (M )1LA( M )
641 644 635 633 633 A1g(M )1LA( M )

aReference 12.
bReference 10.
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TABLE II. Raman peaks observed in the MoS2 nanoparticle spectra at 125 K and the correspond
symmetry assignments. All peak positions are in cm21.

Bulk
MoS2

PL-MoS2

5000 Å
PL-MoS2

30350 Å2
IF-MoS2

800 Å
IF-MoS2

200 Å
Symmetry
assignment

A1g(M )2LA( M )
230 229 229 LA(M )

247 249
287 E1g(G)

386 384 381 382 383 E2g
1 (G)

395
410 407 407 406 406 A1g(G)
426 423 423 422 422
465 467 466 465 452 23LA( M )

498 498 499 Edge phonon
529 525 527 528 527 E1g(M )1LA( M )

545 544 544
574 573 571 571 571 23E1g(G)
602 600 602 600 601 E2g

1 (M )1LA( M )
644 644 643 643 644 A1g(M )1LA( M )
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These features are not observed in the RR spectra of
single crystal. Possible mechanisms that could bring ab
these features are discussed below.

DISCUSSION

In this section, we first discuss the broadening and rela
intensity of theE2g

1 andA1g first-order modes in the Rama

FIG. 4. Calculated electronic band-structure diagrams o
2H-MoS2 single layer after displacing the atomic positions in t
direction of theA1g phonon. The band structure of an ordina
2H-MoS2 single layer is presented by the solid lines~ !, in this
case the Mo-S distance is 2.413 Å and the dihedral angle is 139
~ ! atomic displacement of 0.02 Å, Mo-S distance is 2.427
and the dihedral angle is 139.75°.~------------! atomic displacemen
of 0.05 Å, Mo-S distance is 2.447 Å and the dihedral angle
138.22°. ~••••••••••••••••! atomic displacement of 0.1 Å, Mo-S
distance is 2.480 Å and the dihedral angle is 137.36°.
he
ut

e

and RR spectra of MoS2 nanoparticles. Next, we discuss po
sible assignments for the new modes observed in the spe
of the nanoparticles under resonance conditions. Finally,
features observed at;460 and;430 cm21 in the RR spectra
of both MoS2 single crystal and nanoparticles are address

Raman spectroscopy has been extensively used for
characterization of micro and nanocrystallites includi
diamond,26 Si,27 and GaAs.27 The obvious differences be
tween the Raman spectra of bulk and micro and nanocrys
lites are a frequency shift and a broadening of the Ram
bands. A model, known as the spatial-correlation or phon
confinement model, explains the observed shift to lower f
quency and a broadening of the Raman line
microcrystallites.28,29 Due to crystal momentum conserva
tion, the Raman spectroscopy of ideal large crystals pro
phonons at the center of theBrillouin zone ~BZ! where q
50. However, phonons can be confined in space by crys
lite boundaries or defects.28,29 This results in an uncertainty
in the phonon momentum, allowing phonons with (q.0) to
contribute to the Raman signal. According to the confine
phonon model, the Raman line shape is constructed by
perimposing Lorentzian line shapes~with the line widths of
the bulk! centered atv(q) weighted by the wave vector un
certainty caused by the confinement. A Gaussian is used
the confining function. The resulting Raman line shape
given by30

I ~v,j!}
j3

p3/2E dq
exp~2j2q2!

@v2v~q!#21~G/2!2 , ~1!

wherev(q) is the phonon-dispersion curve,G is the FWHM
of the Raman line observed in the bulk, andj is the assumed
Gaussian correlation length, which is proportional to t
crystallite sizeL ~frequently used:j5L/2).

Assuming that the broadening of the first-order modes
the IF and PL samples in Fig. 2 is due to phonon confi
ment, we use Eq.~1! to calculate the Raman line shape f
the IF and PL samples. Since the experimental phonon
persion curve functionv(q) is not available for the MoS2

a

1°.

s
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TABLE III. Atomic displacement and calculated direct and indirect transitions.

A1g Mode E2g
1 Mode

Atomic
displacement
Å

G-K ~eV!
indirect

transition

K-K ~eV!
direct

transition

G-K ~eV!
indirect

transition

K-K ~eV!
direct

transition

0 0.47 0.69 0.48 0.68
0.02 0.50 0.69 0.48 0.68
0.04 0.61 0.72 0.48 0.68
0.05 0.63 0.73 0.48 0.68
0.06 0.66 0.75 0.49 0.68
0.08 0.71 0.76 0.49 0.68
0.1 0.79 0.78 0.49 0.67
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system, we use the dispersion plots calculated by Waka
yashi et al.31 and the broadening of the peaks in Fig. 2
roughly estimate the size of the particles, which are resp
sible for the peak broadening~‘‘effective particle size’’!. The
full width at half maximum~FWHM! intensity of both peaks
in Fig. 2 increased from roughly 4 cm21 for PL-5000 Å to 9
cm21 for IF-200 Å. Consequently, the uncertainty in the ph
non wave vectorDq causes a broadening of 5 cm21. From
the dispersion curves presented by Wakabayashiet al.31 we
extractDq by finding the largestq satisfying this uncertainty
condition. By substituting the value ofDq deduced from the
dispersion curve into

Dq5
2p

L
~2!

it is possible to calculate the ‘‘effective particle size’’L. We
note that, following the layered compound approximatio
both theE2g

1 andA1g phonons are dispersionless in theG-A
andG-L directions. Thus only theG-M andG-K dispersion
curves are relevant, where the wave vectorq ranges from 0
to 2p/a).31 Therefore, instead of Eq.~2!, we use

L52*
2p

)
*

1

q
. ~3!

As a result of this argument, we found that the ‘‘effecti
particle size’’ causing the peaks to broaden from 4 to 9 cm21

@Fig. 2~g!# to be roughly 100 Å. The fact that a 100-Å co
herence length for the phonons was calculated from the
spectra of IF particles 200 Å in diameter indicates that in
case of the IF phase, the broadening is not correlated to
particle size. Nevertheless, as the IF particle size increas
800 Å @Fig. 2~d!# the FWHM decreases. The TEM examin
tions showed that IF nanoparticles 300 Å in diameter con
facets 70-250 Å long@Fig. 1~a!#. For smaller IF nanoparticle
~200 Å!, it is reasonable to estimate an average facet len
of 100 Å. Therefore, we conclude that the broadening of
FOR modes in IF-MoS2 particles is due to the confineme
of phonons by the grain boundaries of the facets. As the
particle size increases, the average facet length increase
to ;350 Å and the FWHM decreases@Fig. 2~c!#. Accord-
ingly, the first-order modes of the 300 Å PL nanopartic
@Fig. 2~e!# are slightly broader than those of the 800-Å
a-
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-

,
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e

F
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s

@Fig. 2~d!# and of the 1000-1500 Å nanoparticles@Fig. 2~c!#,
but the FWHM of larger size PL@500 Å Fig. 2~b!# is smaller
than that of all IF samples.

In the room-temperature RR spectra@Fig. 3~a!#, in addi-
tion to the broadening of the two first-order modes, th
relative intensities change from sample to sample due to
enhancement of theA1g mode. The resonance condition
Raman spectroscopy arises when the laser excitation en
coincides with an electronic absorption band, causing an
hancement in the total scattering cross section.32 However,
different phonons~normal modes! display different degrees
of enhancement, depending on their contributions to the e
tronic polarizability. Normal modes that modulate the ele
tronic band gap strongly tend to have larger resonant Ra
scattering cross sections.32 By performing dynamic~elec-
tronic! band-structure calculations, we studied the coupl
of specific normal modes to the electronic transitions in b
moS2. Brändle and co-workers24 used the ‘‘extended Hu¨ckel
approximation’’ procedure to calculate the electronic stru
ture of a MoS2 single layer, and found that the stacking
these layers with just van der Waals interactions between
slabs has only little influence on the result of the calculati
The smallest direct gap is situated at theK point of the BZ,
and the smallest indirect gap goes fromG to K, with values
of the direct gap and indirect gap being 0.68 and 0.47
respectively.24 Although the MoS2 single-layer band calcula
tions are in good agreement with more sophisticated ca
lations, the calculated band gaps are too small. Bra¨ndle and
coworkers24 suggest that the band gaps could be adjusted
optimizing the Slater orbital coefficients. A MoS2 single
layer model was also used to calculate the phonon disper
curves.33 It was found that the zone-center phonons ha
almost the same frequencies as those calculated for M2
bulk.33

The dynamic calculations show that when ‘‘applying’’ th
A1g mode to a MoS2 single layer, both the direct and indirec
gaps are strongly modulated. On the other hand, theE2g

1

mode couples only weakly to the electronic structure. Th
calculations are in good agreement with the observed re
nance enhancement of processes involving theA1g mode,
when the excited laser line is close in energy to the dir
band gap and to the exciton~1.96 and 1.88 eV, respectively!.
We suggest that, since the character of the direct electr
transition final stateK5 is mainly associated with Modz

2

atomic orbitals aligned along thec axis,15 and theA1g pho-
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non includes atomic displacements in thec-axis direction, a
strong electron-phonon coupling along thec axis occurs un-
der resonance conditions.

Figure 3~a! shows that theA1g mode experiences mor
enhancement in the RR spectra of the nanoparticles@curves
a–c in Fig. 3~a!# than in the RR spectrum of the single cry
tal @curvee in Fig. 3~a!#. This observation can be attribute
to the characteristics of the electronic density of states~DOS!
in the nanoparticles and in the single crystal, as predicted
a simple particle in a boxtype model.1 For the single crystal,

FIG. 5. A line-shape analysis of the;460-cm21 feature in the
RT RR spectra of different MoS2 samples. The circles represent
line fitting to the spectra. The fitted data and Lorentzian functio
are used in order to deconvolve the feature into two peaks.
resulting two peaks are presented below the experimental dat
each sample.
y

the DOS is constructed from a continuous distribution
levels, while the DOS of the nanoparticles has a more d
crete distribution of states. Therefore, the coupling of theA1g
mode to a specific electronic state in the DOS is stronge
the case of the nanoparticles, resulting in a stronger re
nance effect.

The relaxation of theq50 selection rule due to the de
fects of finite crystallite size not only broadens the Ram
allowed modes, but can also cause new modes to ap
which correspond toqÞ0 phonons. For example, th
disorder-induced peaks near 1350 and 1620 cm21 observed
in the Raman spectra of finite-size graphite particles us
5145-nm laser energy excitation34,35 have been assigned t
intense features in the phonon density of states appea
near these phonon energies.36 In the graphite dispersion re
lations, optical phonon bands associated with regions ab
theK andM points of the hexagonal BZ produce peaks in t
density of states near;1250 and 1350 cm21, respectively.
Accordingly, with decreasing MoS2 particle size and increas
ing disorder, additional peaks are expected to appear at
quencies corresponding to a large density of states produ
by zone-edge phonons.32

In the RR spectra of the MoS2 nanoparticles@curvesa–c
in Fig. 3~a!#, in addition to the peaks observed for the sing
crystal samples, new modes are observed. An intense m
is located at 226 cm21. Previous inelastic neutron scatterin
~INS! data showed that the frequency of the rigid-layerE2g

2

mode at theG point increases asq moves away from theG
point in theG-M direction, to reach the longitudinal acoust
mode LA(M )'232 cm21 @where LA(M ) denotes the
phonons on the LA branch near theM point in the Brillouin
zone#.31 Lattice dynamic calculations found the LA(M )
mode to be at 228.4 cm21.22 Therefore, we suggest that th
appearance of the 226-cm21 feature in MoS2 is similar to
that of the 1350-cm21 peak in small crystallite graphite sys
tems, as described above. Namely, the peak in the densi
phonon states, which is found near the frequency of;230
cm21,31 is the primary source of this Raman band that a
pears only in the nanoparticle samples. AlthoughK-point
acoustic phonons may contribute, calculations of zone-e
frequencies33 show that theK-point LA phonon is about 30
cm21 lower in frequency than that of theM-point LA pho-
non. The possibility of impurity contaminants as the sou
of this feature is ruled out due to the high purity of the MoO3
precursor12 and the fact that the strong MoO3 Raman bands
lie outside of the 200-240-cm21 frequency range.37

Furthermore, if the 226-cm21 peak were due to a two
phonon difference combination process in which a phono
annihilated~similar to the 180-cm21 peak!, it would have to
be strongly dependent on temperature. A difference proc
which creates one phonon (v2) and absorbs another phono
(v1), has a temperature dependence of the form19

n~v1 ,T!@n~v2 ,T!11#, ~5!

where n(v,T)5(ehv/kT21)21 is the phonon occupation
probability that phonons of frequenciesv1 and v2 are ab-
sorbed and created, respectively. A rough estimate sh
that if the 226-cm21 peak were due to a combination proces
then the intensity at 125 K would be a factor of;7 lower
than the intensity at room temperature, so that the 226-cm21

s
e

for
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TABLE IV. The positions and relative intensity~third column/fourth column! of the two fitted peaks for
the different MoS2 samples at room temperature~RT! and 125 K.

Temperature
~K!

Sample size
~Å!

Peak position
~cm21!

Peak position
~cm21!

Relative
intensity

300 2H-bulk ~#1! 454.5 465.0 1.6
300 2H-bulk ~#2! 455.4 464.1 1.9
300 PL-5000 457.1 468.1 3.3
300 IF-1500 451.3 462.7 7.8
300 IF-800 456.7 468.0 16.4
300 IF-200 456.4 467.1 27.7
300 PL-503300 451.3 462.3 5.2
125 2H-bulk ~#1! 459.5 466.2 1.6
125 PL-5000 458.2 467.2 1.5
125 IF-1500 456.4 466.5 2.3
125 IF-800 457.6 467.0 1.9
125 IF-200 457.7 467.4 2.2
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feature would not be expected to be seen at 125 K. In c
trast, the intensity of a first-order phonon should show lit
temperature dependence.

Figure 3~b! shows the low-temperature~125 K! Raman
spectra of MoS2 single crystal and nanoparticles@same
samples as shown in Fig. 3~a!#. As expected, the 180-cm21

peak, which is attributed to a combination process, is ab
from all the spectra at 125 K. Nevertheless, the 226-cm21

peak is still observed in the nanoparticle spectra at low te
perature. Thus, we believe that the disorder-induced p
observed at 226 cm21 is due to first-order scattering o
LA( M ) phonons.

Inclusion of disorder could also be the cause for the
pearance of the other new peaks at 247 and 495 cm21, in that
the 247-cm21 peak corresponds to scattering of a zone-e
phonon, while the peak at 495 cm21 would correspond to a
second-order scattering process involving two such zo
edge phonons. Phonon dispersion and density of pho
states calculations31 have shown that a peak in the density
phonon states due to a low-lying TO branch could fall in t
range 250–300 cm21, although inelastic neutron scatterin
~INS! experiments failed to measure the frequencies of s
phonons due to geometrical constraints. Ultimately, furt
neutron studies spanning a larger fraction of the BZ wo
be necessary to establish whether the 2H MoS2 material sup-
ports a high density of phonon frequencies near 250 cm21.

Previous resonance Raman21,22 ~RR! studies assigned th
intense;460-cm21 peak in crystalline MoS2 as a second-
order process involving the LA(M ) phonon. Furthermore
many of the peaks in the RR spectrum of MoS2 are assigned
to sum or difference bands involving other phonons at theM
point coupled to this LA(M ) mode.19,21From the SOR spec
tra, Stacyet al.21 were able to estimate the frequencies of t
M-point optical modes corresponding to the branches ass
ated with the zone centerA1g andE2g

1 modes.
In this paper, we suggest that the asymmetric featur

;460 cm21 in the RR spectra of MoS2 single crystal is due
to a combination of two peaks. A line-shape analysis~Fig. 5!
shows that a doublet with the two peaks centered at 454
465 cm21 constitutes this feature. Considering the obser
tion of the 226-cm21 mode in the RR spectrum of the nan
n-

nt
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ak
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e-
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particles and its identification with the LA(M ) mode, we
assign the 454 cm21 peak to the second-order process of t
zone-edge phonon 2LA(M ). Accordingly, we expect the fre
quency of the single-crystal LA(M ) mode to be 227 cm21,
similar to the value observed for the nanoparticles. Using
same arguments and notation used in Ref. 21, we can de
the frequencies of various BZ edge phonons. The frequen
and assignments of the various modes obtained for the M2
single crystal and nanoparticles are tabulated in Table I.

Prior to this paper, the asymmetry of the;460-cm21 peak
was assigned to the inverse parabolic shape of the LA(M )
dispersion curve near theM point in the BZ.21 In our analy-
sis, we show that this peak is a combination of the seco
order mode centered at 456 cm21 and an additional peak
centered at 466 cm21, which was not discussed in earlie
studies. Although group theory does not predict a Ram
active mode at 466 cm21, a strong band appears at 466 cm21

in infrared measurements.38 This mode is assigned to th
opticalA2u mode, which involves asymmetric translations
both Mo and S atoms in thec-axis direction. INS studies31

and lattice dynamics calculations22 have both shown theA2u
mode to be near 470 cm21. Wieting and Yoffe39 studied the
photoconductivity of MoS2 and interpreted the spectral shi
of the photoconductivity peak away from the exciton res
nance in 2H-MoS2 by means of an exciton-phonon ioniza
tion model. A dipolar phonon of energy 0.06 eV was r
quired to account for a shift of 0.01 eV in th
photoconductivity peak. Wieting and Verble18 suggest that
this shift can be explained by theA2u phonon, which has an
energy of 0.058 eV~;466 cm21!. Moreover, it was pointed
out18 that the A2u phonon modulates the thickness of th
layers and should therefore interact strongly with delocaliz
excitons. As a result of these observations and due to the
that the Raman spectra excited at 6328 Å~1.96 eV! are under
resonant conditions with the direct transition~and hence also
with the A exciton!, the 466-cm21 feature observed in the
Raman spectra could be assigned to the infrared-activeA2u
mode. Although theA2u mode is Raman inactive, unde
these resonance conditions the even symmetry exciton le
could mediate the scattering of this phonon.

Following the assignments of the two components con
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tuting the;460-cm21 feature to a second-order zone-ed
scattering process and a first-order resonance-induced m
their relative intensities are studied as a function of tempe
ture and particle size. The relative intensities, 2LA(M )/A2u ,
calculated from the line-shape analysis of the spectra
sented in Figs. 3~a! and 3~b!, are given in Table IV. The
2LA( M ) mode is enhanced relative to theA2u mode as the
nanoparticles size decreases at both 300 and 125 K.
enhancement of the 2LA(M ) mode in the spectra of th
nanoparticles is in good agreement with the observation
the first-order LA(M ) mode in the same spectra. Namely, t
disorder in the PL and IF structure induces scattering fr
the zone-edgeM point, hence, causing the appearance of
first-order zone-edge phonon in the RR spectra and cau
the second-order scattering process to be enhanced. H
ever, this enhancement of the 2LA(M ) mode is expected to
decrease at low temperature, since it is a zone-edge sec
order process. The Raman line for theA2u mode, on the
other hand, is caused by a first-order process and is, th
fore, temperature independent. As anticipated, although
2LA( M ) mode is still enhanced in the spectra for the na
particles at 125 K, the relative intensities are decreased c
pared to that observed at room temperature. Therefore
dependence of the 2LA(M ) and A2u relative intensities of
the 2LA(M ) to theA2u mode on the temperature and partic
size support our assignments of these modes.

Due to quantum confinement, each of the samples stu
possesses a different exciton energyE1s

A , depending on the
number of sulfide layers in the nanoparticle.14 This change in
electronic properties can be indirectly studied through its
fluence on the SOR scattering process, which produce
dispersive peak near 429 cm21. Figure 6 shows a plot of the
position of this peak versusE1s

A for several MoS2 nanopar-
ticle samples, and the results show a phonon freque
downshift for decreasing exciton energies. Sekineet al.20

previously studied the RR spectra of MoS2 bulk crystals in
the laser frequency range of 1.9,EL,2.3 eV and showed
that the highly dispersive band near 429 cm21 could be ex-
plained as a second-order Raman process involving the

FIG. 6. Line position of the two-phonon;420-cm21 peak ob-
served in MoS2 plotted as a function ofEA , the A exciton energy.
The solid lines represent the theoretical predictions forv0(0)
547 cm21.
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tering of a longitudinal quasiacoustic phonon (D2) and an
E1u

2 phonon at finite wave vector. Assuming that the excito
polariton dispersion relations are parabolic, the resona
condition for the second-order process involving an exci
of wave vectorkz and transitional massM i

A ~effective mass
in the direction parallel to thec axis! scattered along thec
axis, is given by

\v i5E1s
A 1

\2kz
2

2M i
A 1\v0~qz!, ~6!

where\v i is the incident laser energy,E1s
A is the 1s exciton

level, and\v0(qz) represents the dispersion of the qua
acoustic (D2) phonon of wave vectorqz along G-A. We
adopt the formv0(qz)5v0(0)cos(uqzulc/4) for the dispersion
of the G-A branch, wherel c is the c-axis lattice constant
~12.3 Å! andv0(0) is the frequency of the LO quasiacoust
mode at theG point ~i.e., the B2g

2 silent mode of MoS2).
Inserting this relation into Eq.~6! and considering crysta
momentum conservation, we obtain

n0v i5c~ ukzu2uqzu! ~7!

for MoS2 which has an index of refractionn0'2.6.40 We are
thus able to express the Raman shift of theE1u

2 2QA quasi-
acoustic phonon in the SOR scattering process in term
the energyE1s

A . A good fit to the aforementioned dispersiv
mode theory is obtained usingM i

A51.3m0
11 and v0(0)

547 cm21, as shown in Fig. 6.
The value ofv0(0) was found to be less than that foun

by both Sekineet al. ~49 cm21! using RR scattering,20 and
by Wakabayashiet al. ~56 cm21! using neutron scattering
data.31 A slight softening of this mode is consistent with th
2–4% c-axis lattice expansion previously observed
IF-MoS2,

10 since the quasiacousticB2g
2 mode involves the

vibration of S-Mo-S planes against each other, the freque
of which should go roughly as;1/l c

2.41

CONCLUSIONS

The Raman and resonance Raman spectra of MoS2 nano-
particles, in the form of IF and PL, show a close corresp
dence to those of the bulk. Nevertheless, the first-or
modes off resonance are broadened, and under reson
conditions new modes are observed. Since the IF parti
are strongly faceted, we conclude that the ions can rela
their equilibrium positions, resulting in similar force con
stants to those for bulk crystals, and we further conclude
the phonons are confined by the boundaries of the fac
This confinement causes an uncertainty in the wave vecto
the phonons, which results in broadening of the Raman
tures. Under resonance conditions, several peaks are
served in the Raman scattering spectra of the nanoparti
From temperature-dependent RR measurements, it is
sible to assign the intense new Raman feature at 226 cm21 to
FOR scattering of zone-boundary phonons activated by fa
disorder. The RR study of the nanoparticles revealed that
intense;460 cm21 mode in the spectra of MoS2 bulk and
nanoparticles is a superposition of two peaks centered at
and 465 cm21. The lower frequency peak is assigned to t
2LA( M ) process, while the upper frequency peak is
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signed to the Raman inactiveA2u mode, which is activated
by the strong resonance effect. Dynamic band calculati
show that the coupling of theA1g mode to the direct elec
tronic transition is responsible for the enhancement of
A1g mode under resonance conditions. Finally, studying
position of the dispersive band at 429 cm21 in several MoS2
samples with different band gaps showed a softening of
Raman inactiveB2g

2 mode. Since the quasiacousticB2g
2 mode

involves the vibration of S-Mo-S planes against each oth
the slight softening of this mode is consistent with the 2–
c-axis lattice expansion previously observed in IF-MoS2 by
XRD measurements.10 Consequently, we expect theE2g

2
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e
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rigid-layer mode in the IF material, which is currently und
investigation, to show the same trend and to shift to low
energies.
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