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Raman and resonance Raman spectra of M@Bioparticles, in the form of inorganic fullerenelike nano-
particles with diameters ranging from 200 to 2000 A in size, and platelets ranging from 50 to 5000 A 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
cm ! under resonance conditions, it was possible to probe the softening of modes propagating-axithe
direction.[S0163-182@09)08827-X]

INTRODUCTION and plateletPL) samples and compare the results to those of
MoS; single crystals. Resonance Ram&®R) scattering can
Nanocrystalline and microcrystalline semiconductorsbe used as a sensitive probe to monitor changes in the elec-
have become an interesting topic of study since their opticalronic states of the system brought about by quantum con-
and electronic properties differ from those of their corre-finement or synthesis-specific structural modifications in
sponding single crystals. While the atomic structure andhese nanoparticles. We study both the phonon structure and
chemical bonds in the nanocrystals are similar to those of ththe electron-phonon coupling in Mg®&anoparticles by Ra-
single crystal, their unique properties originate from theirman, resonance Raman, and dynamic electronic band-
size. In the nanometer-size regime, the optical, electricalstructure calculations.
magnetic, chemical, and mechanical properties become a
function of nanopgrqcle size. Thesg propeftles could thus be BACKGROUND
tuned by synthesizing size-selective particdtésHowever,
controlling not only the size, but also the structure of a nano- IF-MoS, particles have been previously investigated by
particle, would extend the tailoring capabilities and wouldx-ray powder diffraction (XRD),'° scanning tunneling
generate additional unique properties. Carbon nanotubasicroscopy'! high-resolution transmission electron micros-
have been, in particular, the subject of numerous sizeeopy (TEM),'%1213 and optical-absorption spectroscafly.
structure-property relation studiés. The XRD analysis revealed that the bulkl Ztructure of the
Following the discovery of g, carbon nanotubes and unit cell is locally preserved within an IF particle. Nonethe-
graphitic onionlike polyhedra, it was suggested that undefess, a shift of the XRG0002 peak of the IF phase indicates
suitable conditions, other layered compounds would forma lattice expansion of-2% between two adjaceM S, slabs
similar closed structures. The semiconducting-layered comalong thec axis compared to its bulk 2 polytype® 2H
pounds Mo$ and WS were the first inorganic fullerenelike bulk MoS, is a semiconductor with indirect and direct band
(IF) and nanotube structures obtairfefl Since IFMS, (M gaps at room temperature of 1.2 and 1.95 eV, respectiiely.
=Mo; W) particles are chemically inert and stable at tem-The absorption edge consists of two exciton sedeandB,
peratures up to 300 °C, they have shown promise for use a& 1.88 and 2.06 eV, respectivéfy'® These excitons are
solid lubricants’ FurthermoreM S, nanotubes display inter- assigned to transitions at the point of the Brillouin zone,
esting electronic and optical properties that make thenwith K, and K; being the initial states, an#s the final
promising materials as probes for scanning probe microsstate!® A systematic study of the optical properties of
copy techniques. Therefore, these materials are attracti&-M S, shows that the semiconductivity of the layered ma-
systems to study in the context of “structure-property” rela- terial is preserved in the IF structures. However, a decrease
tionships in nanomaterials. (redshify in the band gal and exciton energié$of the IF
In this paper, we present a Raman and resonance Ramaompared to the 2 bulk is found. For IF-Mo$ (value for
study of MoS nanoparticles in the form of fullereneliké-) 2H bulk in parenthesgsat room temperature, th& and B
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exciton energies are 1.82.88 and 1.95(2.06) eV, respec-
tively. No similar redshift is observed for PL-M@SSuch
modifications of the electronic structure are believed to be
related to the structural changes necessary to form an IF
structure. Evidence for two-dimension@D) quantum con-
finement, in the direction perpendicular to the layéic) ( is
found for IF particles with less than 5 layéfs. PL-MoS,
samples exhibit quantum confinemEnwvhen their size de-
creases below 200 A.

The Raman spectra of bulkH2MoS, have been studied
extensively!®?° A group-theoretical analysis of the lattice
vibrations in 2H MoS, at the I' point in the hexagonal . . .
Brillouin zone (BZ) has been previously publishédThere ~ FIG. 1. TEM micrograph ofa) a typical IF-Mo$ particle[the
are four Raman-active modes in bulkdMoS,, corres- dlst_ance between two frlnge_s (MQSBayers)_ is 6.2 A] and (b) a
ponding to the following symmetriegwith measured fre- typical sample of Mog nanosize clusters in the form of platelets
quencies in parenthegesE5 (32cm ™), E;q4(286cm?), (PL).

E3,(383cnT?), andA;4(408 cn?). The E5, phonon is as-
sociated with the vibration of aMl S, layer against neighbor- chromator fitted with a 30@m slit. Scattering intensities
ing layers and is called the rigid-layer mode. In backscatterwere measured using a high-resolution charge coupled de-
ing experiments on a surface perpendicular todlaeis, the vice (CCD) camera. For the resonance RaniRR) spectra,
E14(286 cmi' %) mode is forbidden. The RR spectrum of bulk the 6328 A(1.96 eV} line of a He/Ne laser was used, capable
2H MoS, has been previously reported using laser energiesf supplying 1 mW of power. Several locations of each
near the absorption edd®.?> The RR scattering of bulk sample surface were probed to ensure reproducibility of the
2H MoS, has been analyzed in terms of both zone-centedata. Scattering intensities were measured using a high-
first-order Raman scatterif@OR) and second-order Raman resolution CCD camera. For low-temperature measurements,
(SOR scattering enhanced by the coupling of phonon modeg continuous flow liquid-nitrogen-cooled cold plate equipped
to electronic transitions associated with the excitonic stadtes. with an optical window was used. Both Stokes and anti-
An intense SOR band at 460 Crhis observed, and is due to stokes scattering intensities were measured in order to accu-
a second-order XLA(M) scattering process, while ther rately determine the sample temperature.
SOR peaks are assigned to sum or difference bands involv- gjectronic dynamic band-structure calculations of a MoS
Ing otlr;ezrl phonons at th&! point coupled to the LAW)  gjngle layer were performed using an “extendedekil ap-
mode.™"If the exciting laser line is just above thes 1ev_ell proximation” proceduré>?* Dynamic band calculations are
Oj t,r}eA exciton, an addr_uonal peak appears-a#30 cm done by displacing the atomic positions in the direction of a
(*b” peak in Ref. 20 V.Vh'Ch Sh'fts. to lower frgquenmes as specific phonon and recalculating the electronic band struc-
the energy of the exciting laser incread®§his peak has . I :
. . ture. The direct and indirect band gaps are extracted graphi-
been interpreted in terms of a two-phonon Raman process

involving the successive emission of a dispersive Iongitudi-Cally from the calculated band structures. Thus, the dynamic

nal quasiacoustic phonon and a dispersioni%s phonon, elﬁ::}?:'cco bipnd-structure calculations probe the electron-
both along thec axis?° Y upling.

EXPERIMENT RESULTS

The synthetic method for preparing IF- and PL- MoS
nanoparticles has been previously publistfetf:1*Briefly, a
starting precursor of MoQpowder is heated to temperatures
above 800 °C and is reduced to MgQ in a reducing atmo-
sphergtypically 5%H,/95%N,). The suboxide sublimes and
reacts with HS gas, which converts the suboxide particle

Sample characterization by TEM

The examination of large seri€s1000 of M X, nano-
particles by TEM shows that the synthesis of both IF and PL
structures yields particles with diameters ranging from 200

into the correspondingVlS, nanoparticld® The reaction to 2000 A and from 50 to 5000 A, respectively. Furthermore,

product is collected in powder form on a quartz substrate an§1e micrographs reveal that the structure ofNFx; may be

is characterized by XRD and TEM. Two distinct growth re- escribed in terms of a relatively large number of low-angle
gimes can lead to either IF or PL nanoparticiés grain boundaries or by a uniform array of dislocatiénEig-

Raman spectra were recorded at ambient temperatures U&€S 18 and 1b) show TEM micrographs of typical
ing a standard backscattering geometry. Excitation wavelF-M0S; and PL-Mo§ particles, respectively. The IF nano-
lengths of 4880 and 5145 £.54 and 2.41 eV, respectivgly particles shown in Fig. 1 are300 A in diameter and contain
were produced by an argon ion laser source capable of sug® to 20 sulfide layers. They are faceted, with very flat
plying 20—100 mW of power. In order to prevent damage toatomic planes, ranging from 70 to 250 A in length, joined at
the samples, an optical filter was used to reduce the incidersharply defined grain boundaries. Examination of samples
power to roughly 0.6 mW. Several locations on each sampleontaining larger IF particlegpictures not shownrevealed
surface were probed to ensure reproducibility of the datathat, although the length of the facets increase with increas-
The scattered light was focused into a double grating monading IF size, the facet lengths do not exceed 350 A. Fre-
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the modes shown in Fig. 3 are listed in Table | and Table II.
Under resonance conditions, the two first-order modes ob-
served off resonance are still broadened in the spectra of the
nanoparticles, but their relative intensities vary between
samples. In addition, new features are observed in the RR
spectra of both single crystal and nanoparticles relative to
their corresponding off-resonance spectra.

In contrast to the off-resonance scattering spectra, the in-
tensity of theA,; mode is enhanced under resonance condi-
tions and the relative intensities of thg to Eég peaks
increase for all samples. In the RR spectra of the nanopar-
ticles[curvesa—c in Fig. 3(@)], this relative intensity is larger
s than that observed for the single crydialirveein Fig. 3@)].

e At 125 K, on the other hand, it is thE}, mode that is
iy enhanced in the spectra of the nanoparti¢tesvesa—c in
Fig. 3(b)].

In the dynamic band calculations, the atomic positions are

Al o displaced in the direction of thE%g or Ay4 phonons. After
| | | | ! each displacement, the electronic band structure is recalcu-
360 380 400 420 440 lated and the indirect and direct transitions are deduced. A
Raman shift (cm™) few of the calculated band structures are presented in Fig. 4,
and the calculated electronic transitions are summarized in

FIG. 2. Raman spectra excited by the 4884254 eV} laser  Table Ill. The dynamic calculations show that when “apply-
line of several Mognanoparticle samples: PL-MgS000 A (curve  ing” the A,,-mode displacements to the material, both the
a); PL-MoS, 200x 500 A? (curveb); IF-MoS, 1000- 1500 Acurve  direct and indirect gaps are strongly modulated. On the other
c); IF-M0S,800A (curve d); PL-M0S,50x300A* (curve €);  hand, theE3,-mode displacements modulate the electronic
IF-Mo0$S,200 A with 10-15 sulfide layergurvef); IF-M0S;200A  structure only slightly.
with 5-10 sulfide layerscurveg). In the room-temperature RR spectrum of MoSingle

crystal[curve e in Fig. 3(@)] compared to that obtained off
quently in the large IF nanoparticles, the inner layers ar@esonance, many peaks are observed. The most intensive
faceted while the outer layers are continuous and fairlypeak is asymmetric and centered~a460 cm . This mode
sphericaf® The Raman spectra were recorded on films conhas been previously assigned by Statywl?! to the second-
taining over 90% of a single phase of the nanoparticles, wittorder 2<x LA(M) mode. In the spectra of the 5000-A plate-

Intensity

a 10% size distribution of the nanoparticles. lets[curved in Fig. 3(@)], this peak is actually split, suggest-
ing that this feature is a superposition of two peaks. Figure 5
Raman scattering shows a line-shape analysis of this feature revealing two

. overlapping peaks centered at 457 and 468 tm similar

The off-resonance Raman spectra excited at 4882.84  |ine-shape analysis was fitted to the RR spectra of different
eV) of IF- and PL-Mo$ of various sizes and numbers of MoS, samples and the results are presented in Table IV. The
sulfide layers are shown in Fig. 2 and compared to the corpositions of the deconvolved peaks do not vary much from
responding spectra for the single crystal. Two strong Ramatne sample to another or as the temperature is varied. Nev-
peaks are observed at 383 and 408 &nwhich correspond  ertheless, the integrated relative intensity of the components
to the 2H MoS, Eég andA,4 modes, respectively. The fre- (~455 cm Y~466 cmY), (fourth column in Table IV at
quencies of these peaks are identical in the spectra of th®om temperature, increases significantly as the size of the IF
nanoparticles and the single crystal. Nevertheless, a leastnd PL particles decreases. The corresponding enhancement
squares fit reveals that the modes are broadened in the sp&d-the ~455-cm * feature in the spectra of the nanoparticles
tra of the nanoparticles. The full width at half maximum IS also observed at 125 K, but is much weaker.
(FWHM) intensity of both peaks increases from roughly 4 In the higher frequency region of the single-crystal room-
cm L for the 5000-A platelets to 9 cit for the 200-A IF tempera_tijre R_R spectra, pegks are observed a;clS72, 599, and
sample. The relative intensities of tig, to E3, peaks do 641 cm ", which were assigned Ey Stagt al™ to the
not vary significantly from one curve to another. The Ramarpecond-order processesEg(l), Ezo(M)+LA(M), and
spectra of IF-Mo$ and PL-Mo$ excited with the 5145-A Alg('M)+LA( M), respectlvely._ln the spectra of the smaller
(2.41-eV) laser line show similar features to those obtainedParticles, the 572- and 599-cth features are weak, and,

by the 4880-A line regarding both the peak broadening andherefore, it is difficult to define their positions accurately.
relative intensities. Nevertheless, the 641-cthpeak shifts to lower energies in

the spectra of the nanoparticles. At low temperatures the

resolution of these modes is better and their positions are

easily determined. In contrast to the room-temperature spec-
Resonance RamdRR) scattering of Mogis obtained by  tra, the positions of these peaks in the 125-K spectra of the

exciting the samples with the He/Ne 6328-A laser li@ie96  nanoparticles and the single crystal are identical.

eV) which is in resonance with the direct band gdp96 Previously, a highly dispersive peak a#430 cmi® was

eV). Figures 8a) and 3b) show the RR spectra of M@S reported by Sekinet al. for MoS, single crystal at room

samples at 300 and 125 K, respectively. The frequencies aémperaturé? using a wide range of laser energies. For a

Resonance Raman scattering
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FIG. 3. Resonance Ram#&RR) spectra excited by the 6328 A.96 eV} laser line at room temperatufa) and 125 K(b) showing SOR
bands of several MaSnanoparticle samples: IF-M@300 A (curve a); IF-M0S,800 A (curve b); PL-M0S,50x 300 A? (curve c);
PL-M0S,5000 A (curved); bulk 2H-MoS, (curvee).

fixed laser energy of 1.96 eV, this peak is slightly down-was done only at room temperature, and, therefore, the re-
shifted (relative to the bulkin the spectra of nanoparticles, sults at 125 K could not be compared to previous studies.
and, in some cases, this feature appears as a shoulder or tailFinally, in the 300 and 125 K RR spectra of the nanopatr-
of the high-frequencyA;, mode. The study by Sekire al*® ticles, peaks are observed at: 226, 247, 495, and 545.cm

TABLE |. Raman peaks observed in the MoSanoparticle spectra at room temperature and the corre-
sponding symmetry assignments. All peak positions are in‘cm

Bulk PL-MoS, PL-MoS, IF-MoS, IF-MoS, Symmetry
MoS,? 5000 A 30%x 50 A2 800 A 200 A assignment
177 179 180 180 179 Ag(M)—LA(M)
226 227 226 LAM)
248 248
283 Eqq(I)
382 384 381 378 378 Ezg(I)
407 409 408 407 406 Ag(I)
421 419 weak weak
465 460 455 452 452 2LA(M)
498 495 496 Edge phonon
526 529 E1g(M)+LA(M)
545 545 543
572 572 ~557 565 563 XEq ()
599 601 595 591 593 E%Q(M) +LA(M)
641 644 635 633 633 Ag(M)+LA(M)

%Reference 12.
bReference 10.
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TABLE Il. Raman peaks observed in the MpBanoparticle spectra at 125 K and the corresponding
symmetry assignments. All peak positions are in ¢m

Bulk PL-MoS, PL-MoS, IF-MoS, IF-MoS, Symmetry
MoS, 5000 A 30x 50 A2 800 A 200 A assignment
A1g(M)—LA(M)
230 229 229 LAM)
247 249
287 Eqq(I)
386 384 381 382 383 Eég(F)
395
410 407 407 406 406 Ag(T)
426 423 423 422 422
465 467 466 465 452 ZLA(M)
498 498 499 Edge phonon
529 525 527 528 527 E1g(M)+LA(M)
545 544 544
574 573 571 571 571 RE4(IN)
602 600 602 600 601 Eég( M)+ LA(M)
644 644 643 643 644 Asg(M)+LA(M)

These features are not observed in the RR spectra of thend RR spectra of MgShanoparticles. Next, we discuss pos-
single crystal. Possible mechanisms that could bring abowgible assignments for the new modes observed in the spectra
these features are discussed below. of the nanoparticles under resonance conditions. Finally, the
features observed at460 and~430 cm ! in the RR spectra
of both Mo$S single crystal and nanoparticles are addressed.
DISCUSSION Raman spectroscopy has been extensively used for the
In this section, we first discuss the broadening and relativéharacterization of micro and nanocrystallites including
intensity of theE}, andA, first-order modes in the Raman diamond.® Si”" and GaAs™" The obvious differences be-
tween the Raman spectra of bulk and micro and nanocrystal-
lites are a frequency shift and a broadening of the Raman

9- i bands. A model, known as the spatial-correlation or phonon-

- . confinement model, explains the observed shift to lower fre-

r - quency and a broadening of the Raman line in
osl . microcrystallite$’®?° Due to crystal momentum conserva-

tion, the Raman spectroscopy of ideal large crystals probes
phonons at the center of tHerillouin zone (BZ) whereq

=0. However, phonons can be confined in space by crystal-
lite boundaries or defect§:?® This results in an uncertainty

in the phonon momentum, allowing phonons witi{0) to
contribute to the Raman signal. According to the confined-
phonon model, the Raman line shape is constructed by su-
perimposing Lorentzian line shapésith the line widths of

the bulk centered ato(q) weighted by the wave vector un-
certainty caused by the confinement. A Gaussian is used for
the confining function. The resulting Raman line shape is
given by

Energy (eV)

-11

& f exp(— £°)
I(wvé)x;ﬂ? dq[w_w(q)]Z_’_(F/Z)Za (1)
FIG. 4. Calculated electronic band-structure diagrams of a

2H-MoS,; single layer after displacing the atomic positions in the wherew(q) is the phonon-dls_persmn curvE_,ls the FWHM
direction of theA;; phonon. The band structure of an ordinary of the Raman line observed in the bulk, ahts the assumed
2H-MosS, single layer is presented by the solid lifes—), in this ~ Gaussian correlation length, which is proportional to the
case the Mo-S distance is 2.413 A and the dihedral angle is 139.11¢rystallite sizel (frequently usedg=L/2).

(— — —) atomic displacement of 0.02 A, Mo-S distance is 2.427 A  Assuming that the broadening of the first-order modes for
and the dihedral angle is 139.75%%---------- ) atomic displacement the IF and PL samples in Fig. 2 is due to phonon confine-
of 0.05 A, Mo-S distance is 2.447 A and the dihedral angle isment, we use Eq() to calculate the Raman line shape for
138.22°, (vvvrrrrneeens ) atomic displacement of 0.1 A, Mo-S the IF and PL samples. Since the experimental phonon dis-
distance is 2.480 A and the dihedral angle is 137.36°. persion curve functiono(q) is not available for the MoS

K
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TABLE lll. Atomic displacement and calculated direct and indirect transitions.

A1y Mode E3, Mode

Atomic I'-K (eV) K-K (eV) I'-K (eV) K-K (eV)

displacement indirect direct indirect direct

A transition transition transition 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

system, we use the dispersion plots calculated by Wakab#Fig. 2d)] and of the 1000-1500 A nanoparticlg=g. 2(c)],
yashi et al3! and the broadening of the peaks in Fig. 2 tobut the FWHM of larger size P[500 A Fig. 2b)] is smaller
roughly estimate the size of the particles, which are responthan that of all IF samples.

sible for the peak broadeninfeffective particle size’). The In the room-temperature RR specfiég. 3a@)], in addi-

full width at half maximum(FWHM) intensity of both peaks tion to the broadening of the two first-order modes, their
in Fig. 2 increased from roughly 4 crhfor PL-5000 A to 9  relative intensities change from sample to sample due to the
cm Lfor IF-200 A. Consequently, the uncertainty in the pho-enhancement of thé,, mode. The resonance condition in
non wave vectorAq causes a broadening of 5 ¢t From  Raman spectroscopy arises when the laser excitation energy
the dispersion curves presented by Wakabayeshi®! we  coincides with an electronic absorption band, causing an en-
extractAq by finding the largest satisfying this uncertainty hancement in the total scattering cross sectfoHowever,
condition. By substituting the value dfq deduced from the different phonongnormal modegsdisplay different degrees

dispersion curve into of enhancement, depending on their contributions to the elec-
tronic polarizability. Normal modes that modulate the elec-
2 tronic band gap strongly tend to have larger resonant Raman
Aq=T (2 scattering cross sectiofs.By performing dynamic(elec-

tronic) band-structure calculations, we studied the coupling
it is possible to calculate the “effective particle siz&” We of specifi.p normal modes to the electronic transition's in bulk
note that, following the layered compound approximation,mosﬂ' I_Sran(_jle ,:and co-workef§ used the “extended I-_hkel
both theEég andA,, phonons are dispersionless in theA approximation procedure to calculate the electronlc' struc-
andl™L difctons. Thus oly - andl K dispersion  r° ¢ & MoS. shle layer, ang found it e stacing of
f ur;/e/s z:\/rjesrle_:_ehvan? whe_retthedw?\llze \2/ea:manges from 0 slabs hays only IittIJe influence on the result of the calculation.
0 emlavs. erefore, instead of Eq2), we use The smallest direct gap is situated at tepoint of the BZ,
and the smallest indirect gap goes frdhto K, with values
L=2*2—*i 3) of the direct gap and indirect gap being 0.68 and 0.47 eV,
Vi q respectively’* Although the Mo$ single-layer band calcula-
tions are in good agreement with more sophisticated calcu-
As a result of this argument, we found that the “effective lations, the calculated band gaps are too smalln8eaand
particle size” causing the peaks to broaden from 4 to 9tm coworkers® suggest that the band gaps could be adjusted by
[Fig. 2(g)] to be roughly 100 A. The fact that a 100-A co- optimizing the Slater orbital coefficients. A MeSingle
herence length for the phonons was calculated from the RE&yer model was also used to calculate the phonon dispersion
spectra of IF particles 200 A in diameter indicates that in thecurves™® It was found that the zone-center phonons have
case of the IF phase, the broadening is not correlated to tHRImost the same frequencies as those calculated for,MoS
particle size. Nevertheless, as the IF particle size increases Bilk.*
800 A[Fig. 2d)] the FWHM decreases. The TEM examina-  The dynamic calculations show that when “applying” the
tions showed that IF nanoparticles 300 A in diameter contairf\1g mode to a Mogsingle layer, both the direct and indirect
facets 70-250 A lon§Fig. 1(a)]. For smaller IF nanoparticles gaps are strongly modulated. On the other hand, Ehg
(200 A), it is reasonable to estimate an average facet lengtmode couples only weakly to the electronic structure. These
of 100 A. Therefore, we conclude that the broadening of thecalculations are in good agreement with the observed reso-
FOR modes in IF-Mogparticles is due to the confinement nance enhancement of processes involving Ahg mode,
of phonons by the grain boundaries of the facets. As the Ifvhen the excited laser line is close in energy to the direct
particle size increases, the average facet length increases bpnd gap and to the excit¢h.96 and 1.88 eV, respectively
to ~350 A and the FWHM decreasé¢Big. 2(c)]. Accord-  We suggest that, since the character of the direct electronic
ingly, the first-order modes of the 300 A PL nanoparticlestransition final stateks is mainly associated with Mar@
[Fig. 2(e)] are slightly broader than those of the 800-A IF atomic orbitals aligned along theaxis!® and theA,4 pho-
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the DOS is constructed from a continuous distribution of
levels, while the DOS of the nanoparticles has a more dis-
crete distribution of states. Therefore, the coupling ofAhg
mode to a specific electronic state in the DOS is stronger in
the case of the nanoparticles, resulting in a stronger reso-
nance effect.

The relaxation of they=0 selection rule due to the de-
AT i TR fects of finite crystallite size not only broadens the Raman-
allowed modes, but can also cause new modes to appear
which correspond tog#0 phonons. For example, the
disorder-induced peaks near 1350 and 1620 tobserved
in the Raman spectra of finite-size graphite particles using
5145-nm laser energy excitatifr’> have been assigned to
intense features in the phonon density of states appearing
- near these phonon energi@dn the graphite dispersion re-
T lations, optical phonon bands associated with regions about
theK andM points of the hexagonal BZ produce peaks in the
density of states near1250 and 1350 cit, respectively.

PL-MoS, 50x300 A2 , . . - )

- Accordingly, with decreasing Mg$article size and increas-
ing disorder, additional peaks are expected to appear at fre-
quencies corresponding to a large density of states produced

F /\ by zone-edge phonorié.

1 L r APPSR FEPETE NS P

IF-MoS5 200 A

IF-MoS, 800 A

In the RR spectra of the MgS$anoparticlegcurvesa—c
in Fig. 3(@], in addition to the peaks observed for the single-
crystal samples, new modes are observed. An intense mode
is located at 226 cAt. Previous inelastic neutron scattering
(INS) data showed that the frequency of the rigid-laEéB
mode at thd” point increases ag moves away from thé’
point in thel'-M direction, to reach the longitudinal acoustic
mode LAM)=~232 cm! [where LAM) denotes the
phonons on the LA branch near tMepoint in the Brillouin
zond.3! Lattice dynamic calculations found the LI
mode to be at 228.4 cn.?? Therefore, we suggest that the
appearance of the 226-cthfeature in Mo$ is similar to
Bulk 2H-MoS, that of the 135.0—ch1l peak in small crystallite graphite sys-
tems, as described above. Namely, the peak in the density of
phonon states, which is found near the frequency-@8B0
cm 13! is the primary source of this Raman band that ap-
pears only in the nanoparticle samples. Althougipoint
acoustic phonons may contribute, calculations of zone-edge
frequencie®’ show that theK-point LA phonon is about 30
cm ! lower in frequency than that of thig-point LA pho-
non. The possibility of impurity contaminants as the source
Raman Shift (cm-1) of this feature is ruled out due to the high purity of the MoO
precursof’ and the fact that the strong Mg@®aman bands
FIG. 5. A line-shape analysis of the460-cm ! feature in the lie outside of the 200-240-ci} frequency rangé?
RT RR spectra of different MgSsamples. The circles represent a Furthermore, if the 226-ciit peak were due to a two-
line fitting to the spectra. The fitted data and Lorentzian function honon difference combination process in which a phonon is
are used in order to deconvolve the feature into tWO peaks. Th nnihilated(similar to the 180-crit peak, it would have to
resulting two peaks are presented below the experimental data f%re strongly dependent on temperature. A difference process,
each sample. .
which creates one phonow§¢) and absorbs another phonon

non includes atomic displacements in thaxis direction, a (1), has a temperature dependence of the f8rm

strong electron-phonon coupling along thexis occurs un-

der resonance conditions. N(wq,T[N(w,,T)+1], 5)
Figure 3a) shows that theA;; mode experiences more

enhancement in the RR spectra of the nanopartfcesses ~ Where n(w,T)=(e"’¥T—1)"1 is the phonon occupation

a—c in Fig. 3(@] than in the RR spectrum of the single crys- probability that phonons of frequencies, and w, are ab-

tal [curvee in Fig. 3(@)]. This observation can be attributed sorbed and created, respectively. A rough estimate shows

to the characteristics of the electronic density of stdlS)  that if the 226-cm* peak were due to a combination process,

in the nanoparticles and in the single crystal, as predicted bthen the intensity at 125 K would be a factor of7 lower

a simple particle in a boxtype modeFor the single crystal, than the intensity at room temperature, so that the 226tcm

PL-MoS, 5000 A

s o o by o by s a g be s sl ey sl
430 440 450 460 470 480 490 500

N
]
o
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TABLE IV. The positions and relative intensitghird column/fourth columpof the two fitted peaks for
the different Mo$ samples at room temperatui@T) and 125 K.

Temperature Sample size Peak position Peak position Relative
(K) (A) (cm™Y (cm™Y 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-50< 300 451.3 462.3 5.2
125 2H-bulk (#1) 459.5 466.2 1.6

125 PL-5000 458.2 467.2 15
125 IF-1500 456.4 466.5 23
125 IF-800 457.6 467.0 1.9
125 IF-200 457.7 467.4 2.2

feature would not be expected to be seen at 125 K. In comparticles and its identification with the LM) mode, we
trast, the intensity of a first-order phonon should show littleassign the 454 cit peak to the second-order process of the
temperature dependence. zone-edge phonon 2LA{). Accordingly, we expect the fre-
Figure 3b) shows the low-temperaturd25 K) Raman quency of the single-crystal LA{) mode to be 227 cnt,
spectra of Mo$ single crystal and nanoparticldsame  similar to the value observed for the nanoparticles. Using the
samples as shown in Fig(8]. As expected, the 180-cth  same arguments and notation used in Ref. 21, we can deduce
peak, which is attributed to a combination process, is absenhe frequencies of various BZ edge phonons. The frequencies
from all the spectra at 125 K. Nevertheless, the 226-tm and assignments of the various modes obtained for the,MoS
peak is still observed in the nanoparticle spectra at low temsingle crystal and nanoparticles are tabulated in Table I.
perature. Thus, we believe that the disorder-induced peak Prior to this paper, the asymmetry of thet60-cm ! peak
observed at 226 cnt is due to first-order scattering of was assigned to the inverse parabolic shape of theM)A(
LA(M) phonons. dispersion curve near thd point in the BZ?* In our analy-
Inclusion of disorder could also be the cause for the apsis, we show that this peak is a combination of the second-
pearance of the other new peaks at 247 and 495'cimthat ~ order mode centered at 456 chand an additional peak
the 247-cm* peak corresponds to scattering of a zone-edgeentered at 466 ciit, which was not discussed in earlier
phonon, while the peak at 495 cthwould correspond to a  studies. Although group theory does not predict a Raman-
second-order scattering process involving two such zoneactive mode at 466 ciit, a strong band appears at 466 ¢m
edge phonons. Phonon dispersion and density of phonon infrared measurement&.This mode is assigned to the
states calculatioi$have shown that a peak in the density of optical A,, mode, which involves asymmetric translations of
phonon states due to a low-lying TO branch could fall in theboth Mo and S atoms in theaxis direction. INS studié$
range 250—300 citt, although inelastic neutron scattering and lattice dynamics calculatidishave both shown tha,,
(INS) experiments failed to measure the frequencies of suckode to be near 470 cm. Wieting and Yoffé® studied the
phonons due to geometrical constraints. Ultimately, furthephotoconductivity of Mog and interpreted the spectral shift
neutron studies spanning a larger fraction of the BZ wouldof the photoconductivity peak away from the exciton reso-
be necessary to establish whether tieMoS, material sup- nance in H-MoS, by means of an exciton-phonon ioniza-
ports a high density of phonon frequencies near 250%cm  tion model. A dipolar phonon of energy 0.06 eV was re-
Previous resonance Ranfaf? (RR) studies assigned the quired to account for a shift of 0.01 eV in the
intense~460-cm ! peak in crystalline Mo$as a second- photoconductivity peak. Wieting and Verbesuggest that
order process involving the LA{) phonon. Furthermore, this shift can be explained by tt#,, phonon, which has an
many of the peaks in the RR spectrum of MaBe assigned energy of 0.058 e\(~466 cm ). Moreover, it was pointed
to sum or difference bands involving other phonons atMhe out'® that the A,, phonon modulates the thickness of the
point coupled to this LAK1) model®?! From the SOR spec- layers and should therefore interact strongly with delocalized
tra, Stacyet al** were able to estimate the frequencies of theexcitons. As a result of these observations and due to the fact
M-point optical modes corresponding to the branches associhat the Raman spectra excited at 6328156 e\} are under
ated with the zone centey;, and Eég modes. resonant conditions with the direct transiti@nd hence also
In this paper, we suggest that the asymmetric feature atith the A exciton, the 466-cm* feature observed in the
~460 cm ! in the RR spectra of MoSsingle crystal is due Raman spectra could be assigned to the infrared-aétiye
to a combination of two peaks. A line-shape analyBig. 5 mode. Although theA,, mode is Raman inactive, under
shows that a doublet with the two peaks centered at 454 antthese resonance conditions the even symmetry exciton levels
465 cni'! constitutes this feature. Considering the observacould mediate the scattering of this phonon.
tion of the 226-c* mode in the RR spectrum of the nano-  Following the assignments of the two components consti-
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430 =] tering of a longitudinal quasiacoustic phonofi,f and an
:O)O(O)=47 cm E2,, phonon at finite wave vector. Assuming that the exciton-
r polariton dispersion relations are parabolic, the resonance
condition for the second-order process involving an exciton
of wave vectork, and transitional mashl|* (effective mass

in the direction parallel to the axis) scattered along the

i @ axis, is given by

N
&)
wn

ﬁ2 2
z

hay=Elgt Soa T hoo(ay), (®)
I

A
o
W

—H=—RT
—o— 125K where? w; is the incident laser energg,, is the 1s exciton
level, and%Z wq(q,) represents the dispersion of the quasi-
410 bbb b b e acoustic A,) phonon of wave vector, along I'-A. We
1.8 1.82 1.84 186 188 19 192 adopt the formwg(q,) = wo(0)cos(g,l/4) for the dispersion
E (eV) of the I'-A branch, wherd, is the c-axis lattice constant
A (12.3 A andwy(0) is the frequency of the LO quasiacoustic
FIG. 6. Line position of the two-phonor420-cni * peak ob-  Mode at thel’ point (i.e., the ng silent mode of Mog).
served in Mo$ plotted as a function o, the A exciton energy.  INserting this relation into Eq(6) and considering crystal
The solid lines represent the theoretical predictions dg(0)  Momentum conservation, we obtain

=47cm
nOwi:C(|kz|_|qz|) (7)
640

. .. -1
Line position (cm ")
I
[\

(=

tuting the ~460-cm * feature to a second-order zone-edge

scattering process and a first-order resonance-induced mode! MoS, which has an index of refractiam~2.6." We are
their relative intensities are studied as a function of temperathus able to express the Raman shift of Efg— QA quasi-
ture and particle size. The relative intensities, 2MY(A,,, acoustic phonon in the SOR scattering process in terms of
calculated from the line-shape analysis of the spectra prethe energyEf,. A good fit to the aforementioned dispersive
sented in Figs. @ and 3b), are given in Table IV. The mode theory is obtained usiny!f'=1.3m3" and wy(0)
2LA(M) mode is enhanced relative to thg, mode as the =47cm !, as shown in Fig. 6.

nanoparticles size decreases at both 300 and 125 K. This The value ofw,(0) was found to be less than that found
enhancement of the 2LA{) mode in the spectra of the by both Sekineet al. (49 cmi %) using RR scattering’ and
nanoparticles is in good agreement with the observation oy Wakabayashet al. (56 cm ) using neutron scattering
the first-order LAM) mode in the same spectra. Namely, thedata®! A slight softening of this mode is consistent with the
disorder in the PL and IF structure induces scattering fronP—4% c-axis lattice expansion previously observed in
the zone-edgd point, hence, causing the appearance of tharF-MoS,, ' since the quasiacousti3, mode involves the

first-order zone-edge phonon in the RR spectra and causingbration of S-Mo-S planes against each other, the frequency
the second-order scattering process to be enhanced. Howf which should go roughly as 12,4

ever, this enhancement of the 2L/ mode is expected to
decrease at low temperature, since it is a zone-edge second-
order process. The Raman line for thg, mode, on the
other hand, is caused by a first-order process and is, there- The Raman and resonance Raman spectra of,MaBo-
fore, temperature independent. As anticipated, although thgarticles, in the form of IF and PL, show a close correspon-
2LA(M) mode is still enhanced in the spectra for the nanodence to those of the bulk. Nevertheless, the first-order
particles at 125 K, the relative intensities are decreased conmodes off resonance are broadened, and under resonance
pared to that observed at room temperature. Therefore, theonditions new modes are observed. Since the IF particles
dependence of the 2LA{) andA,, relative intensities of are strongly faceted, we conclude that the ions can relax to
the 2LA(M) to theA,, mode on the temperature and particle their equilibrium positions, resulting in similar force con-
size support our assignments of these modes. stants to those for bulk crystals, and we further conclude that
Due to quantum confinement, each of the samples studieghe phonons are confined by the boundaries of the facets.
possesses a different exciton ene@g, depending on the This confinement causes an uncertainty in the wave vector of
number of sulfide layers in the nanopartitférhis change in  the phonons, which results in broadening of the Raman fea-
electronic properties can be indirectly studied through its intures. Under resonance conditions, several peaks are ob-
fluence on the SOR scattering process, which produces served in the Raman scattering spectra of the nanoparticles.
dispersive peak near 429 ¢t Figure 6 shows a plot of the From temperature-dependent RR measurements, it is pos-
position of this peak versuE’fS for several Mo$ nanopar-  sible to assign the intense new Raman feature at 226 em
ticle samples, and the results show a phonon frequenclyOR scattering of zone-boundary phonons activated by facet
downshift for decreasing exciton energies. Sekatal?®  disorder. The RR study of the nanoparticles revealed that the
previously studied the RR spectra of MoBulk crystals in  intense~460 cm ! mode in the spectra of MgSulk and
the laser frequency range of ¥&, <2.3eV and showed nanoparticles is a superposition of two peaks centered at 456
that the highly dispersive band near 429 ¢neould be ex- and 465 cm'. The lower frequency peak is assigned to the
plained as a second-order Raman process involving the sca&2LA(M) process, while the upper frequency peak is as-

CONCLUSIONS
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signed to the Raman inactiv&,, mode, which is activated rigid-layer mode in the IF material, which is currently under
by the strong resonance effect. Dynamic band calculationmvestigation, to show the same trend and to shift to lower
show that the coupling of thé,; mode to the direct elec- energies.
tronic transition is responsible for the enhancement of the

A, mode under resonance conditions. Finally, studying the
pogition of the dispersive band at 429 chin several Mo$ ACKNOWLEDGMENTS
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