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RIGID-LAYER LATTICE VIBRATIONS AND VAN DER WAALS BONDING IN HEXAGONAL MoS2
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Using atriple Ramanspectrometer,we haveobservedthe rigid-layer
~ modein hexagonalMoSa. The interlayer forces are shownto be
about 100times weakerthan the intralayer forces, and a van der
Waalsmodel of the interlayer bonding is proposed.

IN PREVIOUS papers
12it hasbeenpointed out . d . d

that low-frequencyoptical lattice vibrations sho~~ d and d
exist in layeredcrystals which havemore than —

onelayer in the primitive unit cell. Such modes . . .

arecharacterizedby entire layers of atoms
vibrating rigidly againstneighboring layers, and Thus in a back-scatteringgeometry,the ~ mode

thesehavebeencalled ‘rigid-layer’ or ‘quasi- is allowed for the scatteringconditions
acoustical’ modes.In the caseof hexagonalMoS

2, yy
andz( ~z, wherethe xy plane is thebasal planeoneof the two rigid-layer modesis Ramanactive. ~yx)

However, this modewasnot previously observed of the crystal.
becauseof an inability to resolve low-frequency
Ramanlines in the presenceof strongRayleigh Figure 1(a) shows the low-frequency
scatteringat the laserfrequency. unanalysedRamanspectrumof M0S2 at room tem-

perature.The datawere takenat Spex Industries
In this paperwe report the first observation on a Spex 1401—1442triple-spectrometersystem.

3

of the ~ rigid-layer modein MoS
2 using a triple The 5145-A line from an argon laseroperatingat

Ramanspectrometer.Knowledge of the rigid- 200mW wasusedas the excitingsource. The
layer frequencyallows us to comparethe strengths spectrumwas obtainedwith the samplemounted
of theshort-rangeintralayer forces andthe much in a helium gasatmospherein orderto eliminate
weaker interlayer forces. In addition, we obtain the low-frequencyN2 and02 Ramanbandscaused

a quantitativeestimateof theshearinterlayer by scatteringfrom air. The triple-spectrometer
force constantandproposea van derWaals model system providesexcellentscattered-lightrejec-

of the interlayerbonding. tion at low-frequencyshifts andthus makes it
possibleto observethe ~ rigid-layer modeat

The E~ rigid-layer modehas Ramanpolari- 33.7±1 cm~.A polarization study of the line
zability tensorsof the form, showedthat it possessedboth xx and xy compo-

nentsof the Ramantensor.
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‘ I I I I are about 100times weakerthan the intralayer

Mo S2 forces. This estimateis consistentwith similar
results obtainedfor GaSe~As2S3, andAs2Se3.

5

layer I If we assumethat the relatively weakinter-
layer forces in MoS

2 act only betweennearest-
neighbor layers, then the shearinterlayerforce

constantcan be estimated. (It hasbeenshown
6

I longitudinal modein pyrolytic graphite). TheI layer2~~ previously that this assumptionis valid for the
dispersioncurve for the rigid-layer modecan be

thoughtof as part of the dispersioncurve for a
transversemodein a one-dimensionalmonatomic

E~
9 lattice. In this analogythe atoms in the linear

chain representthe individual layers in the MoS3
I I I I I I ___________________________

20 40 60 so oo lattice. At the Brillouin-zone edgefor a monatomic
FREQUENCY SHIFT (cn,~) lattice, the frequencyof the transversemode in

a. b. the limit of nearest-neighborinteractions is given

Fig. 1 (a). The low-frequencyunanalysedRaman by
spectrumof hexagonalMoS2 obtainedwith a
triple Ramanspectrometer.TheE~ rigid-layer 4K3 (1)
mode is shown at 33.7 ±1 cm

t.
(b). Atomic-displacementvectors for the six atoms
in the unit cell for the ~ mode. Molybdenum whereK

3 is the shearforceconstant and ~,lis the
atoms arerepresentedby the black spheres. atomic mass. HexagonalMoS2 has two layers

within the primitive unit cell, so that the rigid-
The atomic-displacementvectots for the six layer optical branch is an extensionof the acous-

atoms in the unit cell for the E~,modeare shown tical branch,although folded backto the zone
in Fig. 1(b). As can be seen,the rigid-layer center. Thus the E~g-mode frequencyof 33.7
displacementsimply that the only restoringforce cm’ representsthe zone-edgefrequencyin

for this vibration is dueto the interlayer bonding. equation(1). Substitutingthe massof a molecular
Hence,the frequencyof the rigid-layer modegives unit of MoS2 for lit in equation(1), we calculate
a direct measureof thestrengthof the interlayer the shearinterlayer force constantto be 2.7 x
interaction in layered crystals. 10~dyn/cm, which compareswell with thevalue

of 3.1 x 10~dyn/cm obtainedfrom inelastic
In a recentpaper

4on GaSeit was shownthat neutronscattering.7
a simple classical coupled-oscillatormodel could

be usedto comparethe interlayer and intralayer Becauseof the weakinterlayer bonding in

bonding forces. This model assumesthat two MoS
2, many authorshave postulatedthat the

identical oscillatorswith characteristicresonance attractiveforces betweenlayers are of the van
frequencies~ are coupledtogetherweakly, such der Waalstype. Evidencesin favor of this
that the coupling frequencyA~<< vo. Applying hypothesis arethe easymechanicalcleavageof
this model to the lattice vibrations of MoS2, we the crystals along planesparallel to the basal

set the resonancefrequency ii0 equal to the fre- plane; the electronicbonding model,
8 in which

quencyof the dipolar mode in the basal plane the sulfur atoms projectclosed3s shells into
(384 cm 1), and setthe coupling frequency~ the interlayer gap; andthe small effective
equalto that of the rigid-layer mode(33.7 cm’). charge2associatedwith the infrared-active
The ratio Au/v

0 is thereforeof the order 0.1. lattice vibrations. On the other hand,Wildervanck
Sincein this model the individual frequencies andJellinek

9 haveshownthat the hexagonal

squaredare proportionalto their respectiveforce phaseof MoS
2 is stableup to temperaturesof at

constants,the effective interlayer bondingforces least 1100°C.Thus the questionarises as to
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whethervan der Waals forcescan accountfor the ratio of the interlayer force constantsis K0/K5~
high-temperaturestability of thehexagonalphase, 2.6, which correlateswell with the value K~/K.~
aswell as the vibrational propertiesof the rigid- 2.35determinedfrom the neutron dataof Waka-
layer modes. In the following model calculation we bayashi,Smith, andNicklow.

7
shall showthat it is possibleto sstisfy both of

theserequirementssimultaneously. Using the value10 R
0 = 3.66A for the distance

betweensulfur atomson oppositesides of the
We begin by assumingthat the interlayer gap, togetherwith our value of K3, we obtain

forces act only betweenpairs of sulfur atoms on A = 2.25 x 10~erg-As , B = 1.54 ~ lO
9erg, and

oppositesides of the gap. The interatomic poten- a = 2.09A~.The potential function U(R) is

tia! betweena pair of sulfur atomscan be repre- shown in Fig. 2 for thesevaluesof the parameters.
seritedby the sum of a van der Waals attractive ___________________________0
term and an exponentialrepulsiveterm, I I I

U(R) = - ~ Be~. (2) -0.5 - I

I —

R6

Here R is the separationbetweenthe atoms,and
/1, B, and a. areparameterscharacteristicof the - 1.0 - -0 I

atoms. In order to evaluatethe constantsA, B, I
and a, we make useof threefacts: (1) The first —

—1.5 - I -

derivative of U(R) evaluatedat the equilibrium
separationR

0 must be zero; (2) the secondderi-
vative of U(R) a~R0 is equal to the interatomic 2.0 - -

force constant t; (3) thedepth of the potential U(R)’--~ + Be~

well at R0, expressedas a temperature,must be — 2.5 1 I I I I
approximatelyequal to the melting temperature o 2 4 6 8

1185°C.The last fact comesfrom considerations R CA)
of the results of polytype-conversionexperiments.

Wildervanck andJellinek
9 haveshown that the FIG. 2. Interatomicpotential of equation(2) vs.

rhombohedralphaseof MoS
2 can be convertedto R. The valuesof the parametersareA = 2.25 xio~,erg_A~,B = 1.54 x 10~erg,and a =

thehexagonalphaseby prolongedannealingat 2.09A~.A more realistic potential for small R
1100°C.Since MoS2 melts at 1185°C,it is is indicatedby the dashedcurve.
reasonableto presumethat the hexagonalphase
is stableup to the melting point. We therefore

setthe depthof the potential well equalto the Severalpoints should be madeconcerningthe
energyequivalent of this temperature. interatomicpotential. First for R < R0 the van

der Waals attractiveterm eventually dominates
If we further assumethat the sulfur atoms inter- the exponentialrepulsiveterm. Thus a maximum
act througha central force, then the interatomic in U(R)occurs at R = 3.06A, andfor R <3.06A
force constant~ canberelated to the shear the function rapidly decreases.We thereforedo
and compressionalinterlayer force constants, not exlect this potential to be realistic for
K3 andK,,, respectively. Resolvingthe nearest- R <3.06A. A more rapidly varying repulsive term

neighborforcesinto componentsparallel and would be requiredto representthe interatomic
perpendicularto the basalplane, we obtain potential for small R. An exampleof such atermis shownin Fig. 2 by the dashedcurve. Secondly

K3 = 2 1I~cos0 (3) although thedepth of (1(R) is consistentwith
and

K,, = 3 cj) sin (4) the stability of the hexagonalphaseat 1100°C,
we might expectthat a more realistic van der

where 0 is the angle betweenthe sulfur—sulfur Waalspotential would include higher-order
interlayerbond andthebasal plane. Since 0 = multipole attractiveterms. Finally, interactions
60.1°,we find K3 ~i)andK,, 2.6& Thus the betweensecond-nearest-neighborsulfur atomshavebeenneglected,althoughtheseinteractions

may be of someimportance.
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It should also be noted that a generalized In summary,the E~rigid-layer mode in hexa-
Lennard—Jonespotential of the form gonal MoS, hasbeenobservedby Rarnanscattering.

4 B The frequencyof this modehasbeenusedto
(1(R) = — —~ (5) determinetheshearinterlayer force constantand

the parametersin a van der Waals model of the

can not satisfy the high-temperaturestability re- interlayer bonding. Although our resultsdo not
quirementof the hexagonalphase.In particular, prove the existenceof van der Waals forcesin

thereexists no value of n > 6 which corresponds MoS3, they do demonstratethe possibility for
to a well depthof 1185°C. this type of force in the interlayer bonding.
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Mit Hilfe eines dreifachenRamanSpektrometershabenwir die E~0
Starrschichtvibrationin hexaedrischenMoS2 beobachtet.Die Kr~fte
zwischen den Schichtenerweisensich als ungefährhundert Mal
schw~cherals die Krãfte innerhalbder Schichten,und em van der
Waals Modell der Bindung zwischenden Schichtenwird vorgeschlagen.


