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TABLE I. Experimental and calculated relaxation times for P in Si: P. T~& is the free-induction decay time,
T2 the spin-echo decay time, and T& the spin-lattice relaxation time.

ND

Sample (cm-') (p sec)
T2(expt)
(msec)

T2(calc)
(msec)

T&(msec)
1.3 K 2. 0 K Expt Kor ring a

130+15
140 +12

3. 8
4. 1

P-1 l. 4 x10 20 +4 7. 0+0. 7
P2 09 x10 20+4 5 0+06
P-3 0. 45 x10

0 18x1020 Signal unobservable

From the Korringa relation (Ref. 4) and Knight-shift data of Ref. 1.
"On basis of 1.3 'K point only.

76 +10
0. 17+0.02b 0. 22+0. 04
0. 18 + 0. 02 0. 26 +0.05

neighboring Ps' spins. )
The values of T, for P ' represent more accurate

values than the rough numbers reported in Sec.
IIIA of Ref. 1. They are consistent with the Ker-

ringa relation, and show that Knight shift and re-
laxation are both determined by the hyperfine in-
teraction of the P ' nuclei with the mobile conduc-
tion electrons.
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Infrared and Baman measurements of lattice vibrations in hexagonal MoS2 have been made
over the combined range 20—4000 cm . Two infrared-active modes at 384 and 470 cm and
three Baman-active modes at 287, 383, and 409 cm have been observed. Classical dielec-
tric oscillators are fitted to the ref lectivity data, which are also analyzed by means of the
Kramers-Kronig relations. The degeneracy of the E«and E&~ modes is interpreted as in-
dicating that the layer-layer interaction is weak. All 15 optical modes are assigned to
irreducible representations and their frequencies tabulated or predicted.

I. INTRODUCTION

Lattice vibrations in MoSa (molybdenite) have
been studied by measuring the infrared ref lectivity
and Raman scattering from natural crystals. The
semiconductor MoS2 occupies a central position in
the large class of layered compounds formed by
transition metals and sulfur, selenium, or telluri-
um. These comyounds show a broad variation of
properties, ranging from electrical insulators
such as HfS& to metals such as NbSe2, which is a

superconductor below 7 'K. Moreover, the com-
pounds are highly anisotroyic, cleave easily along
a preferred plane, and appear in a number of
stacking polytypes. These properties provide an
interesting basis for studies of lattice dynamics.
The present paper is the second in a projected
series on this class of compounds.

In Sec. II the crystal structure is presented, and
the normal-mode displacements are assigned to
the irreducible representations given by the au-
thors in an earlier paper. Natural MoS2 has six
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FIG. 1. Coordination of the molybdenum and sulfur
atoms in a single layer of MoS2. The molybdenum atoms
are the black circles.

atoms in the primitive unit cell, and therefore 15
optical modes are allowed.

Section III gives the results of the infrared and
Raman measurements. The infrared data are an-
alyzed in two ways: First, dielectric oscillators
which include a damping term proportional to the
displacement velocity are fitted to the resonances
in the ref lectivity. Second, the Kramers-Kronig
(K-K) relations are used to determine the real and
imaginary parts of the dielectric function, as well
as the transverse-optical (TO) and longitudinal-
optical (LO) phonon frequencies. The results of
these two methods are compared.

In Sec. IV the data are discussed in terms of the
weak layer-layer interaction, which is an impor-
tant lattice-dynamical feature of layered com-
pounds. The frequencies of the various modes
are identified or predicted, including those that
are optically inactive. Finally, the approach to
be taken in constructing an interatomic-force
model for MoS& is indicated.

II. CRYSTAL STRUCTURE AND VIBRATIONAL MODES

The basic coordination unit for MoS~ is the trig-
onal prism: The molybdenum atom at the center
of the prism is coordinated with six sulfur atoms
at the corners. A layer is composed of alternate-
ly occupied prisms placed side by side, as shown
in Fig. 1. Thus each sulfur atom shares itself
with three molybdenum atoms in the same layer,
and no strong bonds extend across the gap between
the layers. ' This accounts for the easy mechanical
cleavage along the basal plane. Although the lay-
ers are structurally identical, variation in the
stacking sequence leads to the formation of poly-
types. In the case of hexagonal molybdenite,
which is a uniaxial crystal belonging to the space
group DB„(P6,/mmc), the repeat unit in the c di-
rection contains two layers, and the sulfur atoms
in one layer are directly above the molybdenum
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FIG. 2. Primitive unit cell of Mo82(2H).

atoms in the next. We refer to this polytype as
MoS~(2H) (two layers, hexagonal). Two molecular
units lie within the primitive unit cell (Fig. 2),
for which the magnitudes of the translation vectors'
are a, =a~=a, =3.160 A and c =12.29 A. Qther use-
ful dimensions are the interlayer gap (2.96 A), the
Mo-S bond length (2. 41 A), and the S-S distance
across the gap (3.47 A).

A group-theoretical analysis of I."-point lattice
vibrations in MoS2(2H) has already been given by
the authors. From these results, namely, the
odd or even symmetry of the vibrations, and the
type of atoms that are involved, the 18 allowed
normal modes can be uniquely determined. Figure
3 shows the six modes which have atomic displace-
ments parallel to the c axis; the degenerate basal-
plane modes have analogous displacements. Also
shown in Fig. 3 are the irreducible representations
that belong to the normal modes.

III. EXPERIMENTAL RESULTS

A. Infrared Reflectivity

The infrared ref lectivity of natural' MoS~ at room
temperature was obtained over the range 80-4000
cm ' for Elc, and over 200-1000 cm ' for Elle. A
modified Perkin-Elmer model 301 spectrometer
was used for measurements above 100 cm ', and
an interferometer was used below 100 cm '. With
the former instrument a point-by-point sample-
in-mirror-in procedure was followed, and the data
were corrected for the ref lectivity of the aluminum
mirror.

Samples were prepared with reflecting surfaces
parallel either to the basal plane or to the c axis.
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The highest value of the basal-plane ref lectivity
(E Ic) was obtained using natura, l or cleaved sur-
faces. Polishing the basal-plane surface tended to
lower the ref lectivity in the near infrared. A dia-
mond saw was used to cut the crystals parallel to
the c axis. After polishing, the near-infrared re-
flectivity of the c -axis samples was 0. 183 +0.004
for E IIc. The value for E lc agreed with that ob-
tained from the basal-plane samples. The effective
size of the samples varied between 2 and 6 mm in
diam.

Two infrared-active modes were observed at
884 cm ' (Eic) and 470 cm (Elec). 7 The data
points for these bands are plotted in Fig. 4. The
solid curves in the figure represent damped clas-
sical oscillators, each of which has a complex di-
electric function of the form

4vp ~02(ru02 —&u2)
+ — —-2

(~o —& ) +(y~o&)

=4z yeso +
2 P 0 (~2 ~2)2 '

(y& &)2

where E& and E2 are the real and imaginary parts,
&„ is the high-frequency dielectric constant, p is
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FIG. 4. Heflectivity of MoS2(2+ at room temperature
for El, c and E II c. The solid curves are generated by
means of the parameters of Table I and represent best
fits to the reflectivity data.

the oscillator strength, y is the damping constant,
+p ls the resonance frequency, and is the fre-
quency of the radiation. Although Eqs. (1) and (2)
are given by Born and Huang for an isotropic me-
dium, they also apply to uniaxia]. crystals' that have
a pair of infrared-active modes, one parallel and
the other perpendicular to the axis of symmetry.
The ref lectivity is related to the dielectric function
through the usual equations:

&q =n -k2 2

~2= 2nk,

(4)

(8)

A~„(Ei„}

C-OXIS

S

Mo

FIG. 3. Displacement vectors for the six c-axis nor-
mal modes of MoS&(2+, as viewed along the [1000] direc-
tion. Irreducible representations are assigned; those
in parentheses are for the analogous basal-plane modes.

where n is the index of refraction and k is the ex-
tinction coefficient.

Table I shows the values of the oscillator param-
eters for each of the polarization directions. Away
from the resonance bands, the ref lectivity was con-
stant out to the limits in energy noted above. Most
of the samples were optically opaque for thick-
nesses &0. 4 mm, except at wave numbers greater
than 1000 cm '. However, even in this region the re-
flectivity was found to be constant, after correc-
tions were made for multiple reflections and atten-
uation.

From the maximum and minimum of the modulus

of the dielectric function, the TO- and LO-phonon
frequencies can be obtained. These are given in
Table I. The longitudinal frequencies are compared
with those calculated from the well-known Lyddane-
Sachs- Teller relationship.

A Kramers-Kronig analysis of the ref lectivity
data was also carried out in order to determine the
real and imaginary parts of the dielectric function.
Figures 5 and 6 compare the results of this analysis
with the dielectric functions generated by means of
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the parameters of Table I. The agreement is seen
to be excellent.

From the high-frequency dielectric constants of
Table I, the indices of refraction for the ordinary
and extraordinary ray can be calculated: n, = 3.90
+0.05 and n, = 2. 50 +0.04. Thus the birefringence
is n, —n, = —1.40. Both of the indices are consider-
ably larger than those previously reported ' and
are in better agreement with the earlier work of
Bailly.

The index for the ordinary ray was checked using
the interference-fringe method, and the value ob-
tained for a sample 25 p. thick was n, =3.9+0.2
(500& v& 4000 cm '). In the fringe method the
principal source of error is the measuring of the
thickness of the sample. Two independent mea-
surements were made: one with a 0. 0001-in.
micrometer screw, and the other indirectly by
means of the density, surface area, and weight
of the sample. Both gave approximately the same
results (25+1 p).

B. Raman Scattering

Raman spectra were obtained using an argon-ion
laser, back scatter geometry, a double mono-
chromator, and photon-counting electronics. Three
Raman lines were observed with 5145-A laser light
of about 500-m%' intensity. The spectral range
covered was 20-1000 cm ~, and the resolution was
3 cm '. For the basal-plane crystals the angle of
incidence of the focused laser beam was equal to
the Brewster angle. The scattered light was col-
lected normal to the incident beam. Normal inci-
dence and reflection were used to obtain the Raman
spectrum of the c-axis crystals.

Table II in Sec. IV. shows the polarizations re-
quired for distinguishing the modes of a specific
representation. However, since two of the modes
have the same irreducible representation, they
cannot be distinguished by the polarizations of the
incident and scattered rays. Raman lines having
the transformation properties of all three of the
representations appeared ig, the recorded spectra;
consequently, one of the E modes was not ob-
served. The frequencies' of the Raman lines at
room temperature are 287, 383, and 409 cm
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FIG. 5. Real part of the dielectric function for
MoS&(2H). The data points come from a Kramers-
Kronig analysis of the reflectivity, and the solid curve
is a damped classical oscillator generated by means of
the parameters of Table I.

The spectra are shown in Fig. 7. All three lines
are shifted by + 2 cm-~ at liquid-nitrogen tempera-
ture.

It is important to note how the spectra of Fig. 7
were recorded, as they preserve the relative inten-
sities of the lines. In order to eliminate the polar-
ization effects of the grating and optics on the re-
corded spectra, a polarization scrambler was in-
serted between the analyzer and the entrance slit
of the monochromator. Basal-plane crystals were
used to obtain the (xx) and (xy) spectra, and c -axis
crystals were used to obtain the (zz) and (zx)
spectra. For (xx) polarization a fine adjustment
in-the orientation of the analyzer was made by max-
imizing the intensity of the A« line. The spectrum
was then recorded. The (xy) spectrum was obtained
simply by rotating the analyzer by 90' and mini-
mizing the intensity of the A& line. An identical
procedure was followed for the (zz) and (zx) spectra.
The intensity of the 44, line was 440 counts/sec in
the (zz) spectrum and 110 counts/sec in the (xx)
spectrum. These counting rates, however, should
not be compared directly, since the conditions of
measurement varied somewhat in the two spectra.

TABLE I. Classical-oscillator parameters and optical-phonon frequencies (v) for the infrared-active modes in
MoS2(2H ).

Polariz ation
direction

E II c

0. 016
(+0. 001)

0. 0024
(+o. ooo2)

0. 0025
(+0.0002)

0.005
(+o. ooo5)

15.2
40.2)

6. 2
(+0. 1)

vTp(cm )
Maximum of

modulus

384
(+ 1)

470
(+ 1)

vLp(cm-~)
Minimum of

modulus

387
(+1)

472
(+1)

vLp(cm-')
Lyddane-Sachs-

Teller

386
(+ 1)

472
(+1)
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FIG. 6. Imaginary part of the dielectric function for
MoS2 (2W. The data points come from a Kramers-Kronig
anaysxs o e rI ' f the ref lectivity, and the solid curve is a

s of thedamped classical oscillator generated by means o e
parameters of Table I.

Group theory predicts two infrared- and four
HaQlan a-ctlve IBodes for MOS2(2H). The gronp-
theoretical transformation properties given in
Table II agree with the polarization properties of
the five experimentally observed modes.des. More-
over, excep or et f th 383-cm Baman line, the fre-
quencies given in Table II are '

yreadil assigned to
the vibrational modes of Fig. 3. The 383-cm
Baman line, however, can be assigne d to either of
the two E modes, since their transformation
properties are the same.

There are two basic facts that bear upon the as-
signment o ef the 383-cm Raman line. First, the
Ej„infrared-active mode, and one of the E3~ Ba-
man-active mo es, aare nearly degenerate in energy.
Since o 2M S (2H) possesses a center of inversion, e

ll ex-infrar e —an a,d- d R man-active modes are mutua y ex-
clusive. T us eh the degeneracy either is accidental

'
d cates a more fundamental physical effect.

The second fact is that the E&„andd E modes in
Fi . 3 differ only by an interlayer phase shift of
180'. The authors have pointed out in their previous

th t if the interlayer interaction is assumedpapei a i
to be wea k b comparison with the forces wi in

the E and E' modes will be degenerate.
the easd t evidences for this assumption are e y
1 lanemechanical cleavage of MoS2 along the basa p

the layered crystal structure, andd the nature of the
interlayer bonding, which is thought to be. of the
van der Waa s ype.1 t Vfe therefore assume that the
forces between the layers are relatively weak and
assign the -cm383- ' Baman line to the E&~ normal
Diode.

Several other consequences follow from the as-
sumption of relatively weak interlayer forces. The
frequency 0 6f th E Baman-active mode, which is
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FIG. 7. Raman spectrum of MoS2(2H) at room tem-
perature. The (sx) and (xy) spectra are normalized to
the (sz) and (xx) spectra, respectively.
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similar to an acous ica mt' 1 mode in which the restoring
f ' the layer-layer interaction, should be very
low. The spec ra imi ot 11' 't f the Raman measurements
was 20 cm, so aso that the frequency of the E2~ mode
is pro a y smab bl lier than this. Another consequence

active modesis that the frequencies of the four inactive mo es
can be pre ic e,d' t d as they are related to active

of 180'd through an interlayer phase shift ofQlo es rou
2) Because of the weak layer-lay er in-see Fig.

terac ion~t' the inactive modes should have approxi-
t 1 the same frequencies as their conjuga e ac-

tive modes. The predicted frequencies are g'

in parentheses in a eT bl II. A further consequence
is that the normal vibrations of MoS& aare substan-

herefore the fourtially those of a single layer. Therefore
principal frequencies of MoS2
and 470 cm '. One should expect that lattice-mode
degeneracy wi a so'll 1 be present in other layer com-
pounds.

The small values of the oscillator sr stren hs for
the infrared-active modes in Mo 2 ggS su est that the
bonding be een etw th molybdenum and sulfur atoms

1 1 covalent. This conclusion is supportedis large y cova
by the degeneracy of the E,„and E2~ mo es: e
layer- ayer in er-1 teractions imply that the long-range
C 1 b forces associated with charge on the
atomic si es, aret are also weak. An interatomic-
model that incorporates only interactions wit in a
single layer s ouh ld therefore be sufficient to de-
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TABLE II. Long-wavelength lattice vibrations of MoS2(2+. The frequencies in parentheses are predicted from
arguments presented in the text.

Irreducible
representation

A2„

Transformation
properties A.ctivity

acoustical

inactive

infrared (E llc)

inactive

Raman

inactive

acoustical

Raman

infrared (El c)

Raman

Raman

inactive

Direction
of vibration

c axis

c axis

c axis

c axis

c axis

basal plane

basal plane

basal plane

basal plane

basal plane

basal plane

Atoms
involved

Mo+ S

Mo+ S

Mo+ S

Mo+S

Mo+ S

Mo+ S

Mo+S

Mo+ S

p(cm ~)

(low frequency)

470

(470)

409

(409)

(low frequency)

383

287

(287)

scribe the lattice dynamics of MoS3.
The infrared and Raman data will now be com-

pared with different types of measurements carried
out by other authors. Wilson and Yoffe' have re-
ported a transmission spectrum for natural MoSz
between 300 and 5000 cm ', and interpreted the
strong absorption band at 374 cm ' as the TQ pho-
non. This agrees approximately with the frequen-
cy (884 cm ') of the E,„ infrared-active mode in
Table II. However, the indirect absorption edge,
which they reported to be at - 2000 cm, has not
appeared in any of the transmission spectra which
we have obtained. These measurements were un-
dertaken in order to determine whether the reflec-
tivity of Mo82, which is transparent above 1000
cm ', was in fact constant (see Sec. IIIA). The
transmission spectrum in the region 1000-4000
cm ' indicated that the absorption coefficient varied
as the square of the wavelength, and hence the
variation was probably due to free-carrier absorp-
tion. Detailed measurements of this kind were
made on a crystal 0.4 mm thick. '~

Hall-effect and conductivity measurements by
Fivaz and Mooser" on n-type MoS, have shown that
the free carriers are largely confined to individual
layers, and that for T & 250 K they are scattered
by homopolar optical phonons that modulate the
thickness of the layers. From the dependence of
the mobility on temperature, they predicted a pho-

non energy of = 0.06 eV. This agrees moderately
well with the energy of the c-axis A„phonon,
which is 0.051 eV.

In a paper by Wieting and Yoffe'9 the spectral
shift of the photoconductivity peak away from the
exciton resonance in MoS& was interpreted by
means of an exciton-phonon ionization model. A
yhonon of energy = 0.06 eV was required to account
for a shift of 0.01 eV in the yhotoconductivity
peak. This requirement is satisfied by the dipolar
Az„phonon which has an energy of 0.058 eV. More-
over, the A~ phonon modulates the thickness of the
layers and should therefore interact strongly with
delocalized excitons.

V. CaNCLUSIONS

Measurements of the infrared ref lectivity and
Baman scattering show that the interatomic forces
within a single layer are sufficient to account for
the lattice dynamics of MoS2. The stacking sequence
of the layers determines the symmetry and hence
the activity of the normal modes but does not ap-
yreciably affect their frequencies. Good agree-
ment was obtained between a dielectric-oscillator
and Kramers-Kronig analysis of the ref lectivity
data. Both analyses show that the effective charge
in MoS2 is small and that ti.e LO- TO splitting is
less than 1~/o.
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Detailed Study of the 1"» Conduction-Band Minimum in Germanium
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Direct transitions occurring at the center of the Brillouin zone can be unambiguously identi-
fied by photoemission and transverse electroreflectance methods. In a material whose valence-
band maximum lies at I', such transitions produce structure on the leading edge of the energy
distribution curve (EDC) of photoemitted electrons. In transverse electroreflectance (TER),
the absence of polarization dependence associated with multivalley effects provides a signa-
ture of transitions having I' symmetry. In this paper we report three independent studies of
direct transitions near 3 eV in germanium; namely, photoemission EDC, energy-derivative
EDC, and polarization-dependent TER. Both photoemission experiments yield a value 2. 92
+0. 05 eV for the minimum separation 16 —I'8 at 300 K. The TER experiment can only be
performed at 80'K or below, and gives 3.00+ 0. 05 eV for the same gap at 80'K. The agree-
ment among all three is perfect, assuming a temperature coefficient of —4 &&10 eV/'K. The
spin-orbit splitting of the conduction band is observed directly in the TER spectra; we find
+(+f5) + 8 I 6 0 ~ 191+ 0. 005 eV. The present results are compared with recent band cal-
culations and previous experiments.

I. INTRODUCTION AND SUMMARY

The energy position of the 1'» conduction-band
minimum in germanium is a sensitive testing
ground for band-structure calculations. The inter-
band energy I'» —I'z,. represents the lowest criti-
cal-point transition which has not been reliably fit-
ted to experiment in the various theoretical meth-
ods, so variations in the predicted values provide
a basis for critical evaluation of the calculated
band structures. Such evaluation has not been pos-
sible up to now, because of the tentative nature of
prior experimental determinations of I'y5 r». .

We present here the results of three completely

independent spectroscopic studies of single-crystal
germanium which pertain to the I"» conduction
band. In two of these, the energy distribution
curves (EDC) of photoemitted electrons' were ob-
tained for several photon energies near 3 eV; in
the more recent of the two, the energy derivative
of the EDC was also recorded directly, ' allowing
more accurate location of weak structure. In the
third experiment, polarization-dependent trans-
verse electroreflectance (TER} spectra' were re-
corded from 2. 8 to 3.6 eV for the three principal
crystallographic orientations of the electric field.
Both types of experiment provide unambiguous
identification of direct transitions originating at


