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Resonant Raman scattering at exciton states tuned by pressure and temperature in 2H-MoS,
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We report on the temperature and pressure dependence of Stokes and anti-Stokes Raman spectra of a single
crystal of 2H-MoS, as the energies of the A; and B, excitons, E,; and Ep,, are tuned to resonate with an
exciting laser at £;,=1.96 eV. Pressure- and temperature-dependent intensity ratio analysis of the resonant A},
phonon and the E;g phonon is complemented by the calculation of resonance Raman probability profiles of the
former, which well agree with experiments. The temperature-dependent proximity of E,; and Ep; to E; is
reflected in the formation of Stokes dominated A; and anti-Stokes dominated B, temperature “zones” with a
midpoint positioned at 7~260 K. The shift in the frequency of the Stokes two-phonon dispersive band
relative to that of the anti-Stokes band is explained as due to changing in the order of participation of the

quasiacoustic phonon in the scattering process.
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I. INTRODUCTION AND BACKGROUND

Resonance Raman scattering has been widely used to
study electronic band structures and to investigate the nature
of electron-phonon interactions in semiconductors.! A key
issue in those studies is the role played by intermediate ex-
citon states, which are usually explored by varying the inci-
dent photon energy across the interband transition energy.’
Some studies use an alternative approach in which the exci-
ton is tuned to resonate with the laser at a fixed energy, either
by applying high hydrostatic pressure at a constant
temperature,> or by varying the temperature at ambient
pressure.* Below we present a study of both temperature and
pressure dependence, which greatly differ in their effect on
the shift of excitonic-transition energies and broadening pa-
rameters. Those are analyzed under a single framework and
complemented by a calculated Stokes and anti-Stokes Raman
probability profiles of the resonant A;, phonon.

The studied system is a crystalline 2H-MoS,, a transition-
metal dichalcogenide layer-type indirect semiconductor.’
2H-MoS, exhibits direct transitions around 2 eV character-
ized by an A-B excitonic pair,® which correspond to the mini-
mal direct gaps in the K point of the Brillouin zone (K,
— K5 and K, — K5 for the A and B excitons, respectively’).
The separation between the energies of the A and B excitons
is due to interlayer interaction and spin-orbit splitting.’

Limits on the use of excitons concern their lifetime and
binding energy. Exciton lifetimes may restrict the distance
they can travel. In temperature-dependent studies the binding
energy restricts the temperature of operation since shallow
binding causes the exciton to split under thermal
fluctuations.! However, one has to bear in mind that short
lifetime may cause excitonic features to vanish, even if the
binding energy is relatively high.

The quasi-two-dimensional nature of the crystal structure
enhances the binding energies of the A-B excitonic pair.’ The
relatively broad stability range of the excitons as a function
of temperature and pressure makes this system attractive for
a study of the correlation between the temperature- and
pressure-dependent resonant Raman scattering.

The Raman spectra of bulk 2H-MoS, have been studied
under ambient®® as well as under high hydrostatic
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pressure.'%!! No systematic study has yet been performed on
the temperature dependence of the Raman spectrum. A
group-theoretical analysis of the optical lattice vibrations®
reveals four Raman-active modes corresponding to the fol-
lowing symmetries with measured frequencies under ambi-
ent conditions: Egg (32 em™), E;, (286 ecm™), Eég
(383 cm™), and A,, (408 cm™'). In addition, there are two
IR active modes: E7, (384 cm™), Ay, (470 c¢cm™), and four
silent modes: ng, E,, (287 c¢cm™), B,, (403 cm™),'> and
Bég (470 cm™'). Resonant Raman spectra have previously
been reported using tunable laser energies near the absorp-
tion edge.>'? Those spectra have been analyzed in terms of
both first-order zone-center and higher-order Raman scatter-
ing. Some of the modes are enhanced by the coupling of
phonon modes to electronic transitions associated with exci-
tonic states.>!?

Calculations of the dynamic electronic band structure in
bulk 2H-MoS, (Ref. 9) show that when “applying” the A,
mode to a single layer of MoS,, both the direct and indirect
gaps are strongly modulated. In contrast, the Eég mode
couples only weakly to the electronic structure. Comparison
of the dependence of the Raman cross section of the A, and
Eég phonons on the excitation laser energy’ reveals two
peaks centered at about the energy of the A, and B, excitons
for both phonons. However, the cross section of the former is
more than one order of magnitude larger than the latter.

The different coupling of the A;, and E;g phonons can be
explained by the different directions of atomic displacements
in the unit cell. In 2H-MoS, the character of the K5 final state
of the direct electronic transition is associated with the d 2
orbitals of the Mo ion.” Those orbitals are pointed perpen-
dicular to the atomic planes. Displacements of atoms in that
direction as in the A;, mode will strongly affect the polariz-
ability while displacements of atoms in the parallel direction
as in the Eég mode has only a minor effect.’

In order to study the Raman spectra over a wide range of
pressure and temperature a detailed knowledge of the dielec-
tric properties of the bulk is necessary. If not available, a
measure of the resonance Raman cross section is obtained by
“normalizing” the scattering intensity of the resonant A,
mode to the Eég intensity. While both are similarly affected
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by the bulk dielectric properties, the A;, mode is much more
sensitive to resonant effects and is treated as described
above.

The stability of the A; and B; excitons, with binding en-
ergies of 42 and 134 meV,’ is limited by pressure. Upon
increasing pressure the excitons stability is reduced due to
the increased number of free carriers.'”> Conductivity
increases'#!3 until a critical value is reached, where exciton
formation is no more possible. At 7=300 K the binding en-
ergy of A; excitons decreases under pressure at a rate of
~7 meV/GPa."> As a consequence A, excitons dissociate
when pressures are higher than ~6 GPa.

An increase in temperature reduces the stability of
excitons.” This causes the excitation of electrons into the
conduction band, until the excitons will dissociate.’ There
are as yet no absorption/reflectivity data for 7>300 K from
which we can determine the temperature dependence of the
energies and stability range of the excitons. However, as we
will show below, this issue can be clarified by analyzing the
resonant behavior of the system.

II. EXPERIMENT

Raman spectra were measured in backscattering configu-
ration using a Jobin-Yvon LabRam spectrometer with a
He-Ne 632.8 nm laser (1.96 eV), which is slightly shifted
from the energy of the A, exciton.’ The scattered light was
dispersed on a 1800 grooves/mm grating resulting in a
~1 cm™' spectral resolution. Temperature-dependent spectra
were measured by means of a Linkam continuously cooled
liquid-nitrogen unit with a THMS600 stage plate. Laser-
induced heating effects, which are due to the electronic reso-
nance, were evaluated and care was taken to minimize them.

In order to measure pressure-dependent Raman scattering,
a 30 wm single crystal 2H-MoS, flake was inserted in a
Tel-Aviv-type diamond-anvil cell.'® Three different sets of
measurements were taken: in experiment no. 1 solid Ar was
serving as a pressure-transmitting medium and Raman
Stokes scattering spectra were measured up to 31 GPa. In
experiments no. 2 and 3 a 1:4 ethanol-methanol liquid was
the pressure-transmitting medium. Stokes and anti-Stokes
spectra were measured in small pressure steps up to 7.1 GPa.
The former was measured for increasing pressure and the
latter for decreasing pressure. In all three experiments pres-
sure was measured by the Ruby luminescence method.!”

III. EXPERIMENTAL RESULTS
A. Effect of temperature on the Raman spectra

Figures 1(a) and 1(b) show anti-Stokes and Stokes Raman
spectra for bulk 2H-MoS, measured at 7=95-573 K. Here
and in the following, a measure of the resonance Raman
cross section is obtained by normalizing the scattering inten-
sity of the resonant A,, mode by the E; o intensity. In addition
to those two Raman allowed modes, the Raman inactive By,
and E}, phonons are also observed due to the resonant effect.
The latter phonons are the Davydov couples of the former.?
Three additional bands are marked “a,” “b” (Ref. 12), and
“c.” The assignment of a (separated at low temperatures into
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FIG. 1. (Color online) (a) Anti-Stokes and (b) Stokes and spec-

tra for bulk 2H-MoS, measured at 7=95-573 K and ambient
pressure.

two bands, “a;”and
paper.'8

The Stokes scattering of the b band has been attributed to
a two-phonon Raman process of successive emission of a
dispersive quasiacoustic (QA) phonon and a dispersionless
transverse-optical (TO) phonon. Both propagate along the ¢
axis.!? To explain the magnitude of the frequency w;,=wq,
+ wro, the QA phonon was assigned to the A, branch (ending
in the ng silent mode at the I' point) and the TO phonon
with finite wave vector in the vicinity of the I' point (with
E;, symmetry) of the Aq branch. The latter phonon (c pho-
non in this study) has been located at the lower-frequency
side of the E;g phonon [we note that reflectivity measure-
ments locate the Efu(I‘) phonon on the high-frequency side
of the Eig(l" ) phonon®].

Figure 2 compares the Stokes and anti-Stokes scattering
on a crystal at 7=217 K; unlike the other bands, the anti-

“a,”) will be reported in a separate

1.0 H
—— Stokes

0.9 —— Anti-Stokes

A}

0.8

it T=217 K

47 cm’

Intensity (arb. units)

T T T T T T T T T T T T T T T 1
360 370 380 390 400 410 420 430 440
Raman Shift (cm'l)

FIG. 2. (Color online) Stokes and anti-Stokes Raman scattering
at 7=217 K in the vicinity of the b band.
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FIG. 3. (Color online) Temperature dependence of the peak po-
sitions of Stokes and anti-Stokes Raman scattering of 2H-MoS,
under ambient pressure.

Stokes and Stokes peak b band frequencies, w,‘?s and wi, are
shifted by ~4.7 cm™'. This observation will be discussed
below in Sec. IV C.

The temperature dependence of the Stokes and anti-
Stokes peak frequencies has been obtained by a Lorentzian
line-fitting procedure and is displayed in Fig. 3. The absolute
values of the temperature coefficients (dw/dT)p-, of nearly
all bands are seen from Table I to be roughly within
1.0-1.6X 102 cm™'/K. In contrast, the temperature coeffi-
cients of the b band are significantly higher. This is due to
the fact that the frequency shift of the latter is significantly
affected by the change in the position of the exciton energy

TABLE I. Raman frequencies and pressure and temperature co-
efficients of the Stokes bands, and anti-Stokes (AS) bands when
specifically noted, of 2H-MoS,.

wy (cm™) (dw/dT)pg  (Jo/ IP) =g
Band (P=0, T=298 K) X107? (cm™'/K) (cm™'/GPa)
c 380.0 ~1.46(20)
Ej, 383.1 -1.47(5) 1.80
E7, 384.7 -1.26(12) 2.75
a, 391.5 -0.96(30)
a, 396.0 ~1.08(26)
a 394.5 -0.99(33) (AS) 2.72
By, 402.9 ~1.00(20) 2.23
Ay, 408.2 -1.23(5) 3.60

(T=300 K)

b 4222 ~2.66(27) 3.8(4)
b (AS) 416.5 -3.44(32) 4.0(4)
(b-c) 42.1 ~1.82(50)
(b-c) (AS) 37.4 ~1.72(20)
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FIG. 4. (Color online) (a) Anti-Stokes and (b) Stokes Raman
spectra for bulk 2H-MoS, measured at P=7.1 GPa (experiment
no. 3) and ambient temperature.

with respect to the excitation laser energy. The above add to
phononic effects, which are related to strain dependence of
the force constant. In the lower part of Fig. 3 we display the
temperature dependence of the b band after subtracting that
of the c band. It represents the net contribution of the QA
phonon in the b band.

B. Effect of pressure on the Raman spectra

Figure 4 shows (a) anti-Stokes and (b) Stokes Raman
spectra for bulk 2H-MoS, measured at room temperature and
for P=7.1 GPa (experiment no. 3). With the exception of
the ¢ band, all bands that have been found in the
temperature-dependent study (Fig. 1) are also resolved in
pressure-dependent spectra.

In a recent x-ray study of bulk 2H-MoS, (Ref. 19) a dis-
continuity in the a and c unit-cell parameters has been found
between pressures of 20.5 and 28.9 GPa. It has been sug-
gested that such discontinuities are due to either an electronic
or a structural phase transition with a small distortion of the
2H hexagonal structure. In order to find a signature for those
processes, the pressure range has been extended to 31 GPa
(experiment no. 1) (Fig. 5). A new band (“d” band) is seen to
emerge above ~19 GPa on the higher-frequency side of the
Eég band. We also observe in the spectra a previously as-
signed and discussed band, marked as “e” in this study.9

Figure 6 displays the pressure dependence of the frequen-
cies of the various bands. The frequencies were obtained by
a Lorentzian line-fitting procedure. The inset of Fig. 6 shows
the anti-Stokes and Stokes peak frequencies of the b band.
Similarly to the temperature-dependent study, the peak fre-
quencies of the former are redshifted with respect to the lat-
ter.

In Table I we show the pressure coefficients of the de-
tected bands in experiments no. 1-3. In the first two the peak
frequencies result from a linear regression fit. In experiment
no. 1 those result from a least-square fit in the form w(P)

=wo[(8/8')P+1]° 20 Derivation of this equation assumes
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FIG. 5. (Color online) Stokes Raman spectra for bulk 2H-MoS,
measured up to 31 GPa and ambient temperatures in experiment
no. 1.

that the logarithmic pressure derivative ¢ of the frequency w,
varies linearly with pressure, 6=38,+d8'P, where &, is
(dIn w/dP)py and & is the pressure derivative of
dIn w/dP. The related frequency shift from experiment no.
1 is given in Table I corresponds to wyd,. Our pressure co-
efficients of the E;g and A, phonons are in good agreement
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FIG. 6. (Color online) Pressure-dependent Stokes and anti-
Stokes peak positions of 2H-MoS, under ambient temperature in
experiments no. 1-3. In the inset: the respective peak frequencies of
the b band.
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with previous studies: Sugai'® found pressure coefficients of
1.9 and 4.0 cm™!/GPa, and Bagnall et al.'' obtained 1.8 and
3.7 cm™'/GPa.

IV. ANALYSIS AND DISCUSSION

In this section we compare experimental and calculated
resonance Raman probability profiles which are strongly af-
fected by the temperature and pressure dependence of the
excitons energies. First, we discuss the identification of the
intermediated exciton states which play a role in the resonant
Stokes (anti-Stokes) Raman scattering process. Next, we dis-
cuss the indirectly evaluation of the temperature at which the
B, exciton “loses” its stability. Finally, we discuss the assign-
ment of the b band and a possible origin to the red frequency
shift between the anti-Stokes and Stokes Raman scattering.

A. Resonance Raman probability profiles

The Raman scattering probability of a phonon (ph) in a
vicinity of an 1s exciton state is!

<0|HeR(wL)|1><1|He—ion|1><1|HeR(ws)|0> 2
(Ei—ﬁa)L—irl)(Ei—fLa)s—lTl) ’

Pph = (277/%)

(1)

Above H,, and H,,,, are electron-radiation and electron-
phonon interaction Hamiltonians, and 0 and 1 are the ground
and the ith excitonic levels (i=A;,B;). w; and w, are the
incident laser and scattered photon frequencies. The cases
E;=hw; and E;=fw, are referred to as incoming and as out-
going resonances with E; the energies of either the A; or B,
exciton. The outgoing resonance in the AS and S A;, modes
occurs at one phonon energy below and above the exciton
energy, i.e., at E;~f w,, and E;+% w,;,. The resonant scat-
tering probabilities in those two cases are denoted by Pﬁlsg
and P, ¢ A measure of the Raman cross section is obtained
by normalizing the scattering intensity of the resonant A,
mode to the Eég intensity.

The temperature dependence of the energies of the A; and
B, excitons contain the Bose-Einstein occupation factor for
the phonon and are given by??

2
] . 2)

E(T)=Epp—ap| 1+ ————
l() iPO a1P|: 6Xp(iP/T)—l

Above a;p represents the strength of the electron (exciton)-
phonon interaction and ®;p is the average phonon tempera-
ture. For 7=300 K the previously found E;pg, a;p, and O;p
are for A;: 1.976 eV, 46 meV, and 220 K and for Bj:
2.179 eV, 42 meV, and 200 K [note that E;(0) = E;py—a;p for
T—0].22

For semiconductors the dependence of the broadening pa-
rameter I" on temperature is??

I'o
rn=ry+ ——mm. 3
(D=l exp(0,o/T) -1 ®)
Above the width I’ originates from temperature-independent
mechanisms. I'; 5 is a measure of the strength of electron
(exciton)-longitudinal-optical (LO) phonon interactions
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FIG. 7. (Color online) The effect of tuning E; (i=A,,B,) on the
resonance Raman scattering by changing the temperature. The left-
hand scale refers to E; (Ref. 22) and to the energies where the
outgoing resonance in the AS and S A, modes occurs, i.e., E;~f
wp1, and E;+fi @y, Those are shown as black and gray lines,
respectively, for 7=300 K and as dotted lines for extended fits out
to 7=550 K. The right-hand scale R=1,,/1f5, is for Stokes (tri-
angles), RS, and anti-Stokes scattering (squares), R*S. The calcu-
lated Pi 1, and Pj?lsg [Eq. (1)], are shown as blue and red solid lines.
In the upper part, @—¢J divide the temperature scale into zones,
which reflect the effect of the proximity of E;=1.96 eV to the
energy of the A;/B excitons and to their S/AS shifted energies.

while @, is the LO phonon temperature. Ho et al.??> have
measured I'(T) for A, and B, excitons and fitted their experi-
mental data using Eq. (3) up to 300 K with I'; o, ©; o values
of 75 meV and 560 K, and I'j=18.0 and 37.4 meV for,
respectively, the A; and B; excitons.

The values of O are quite close to previously reported
LO phonon temperatures for 2H-MoS, (557 K) obtained
from Raman measurements.® This indicates that the variation
in the broadening parameter of the A, and B, excitons, I,
with temperature is mainly due to interaction of electrons
with optical phonons.?? According to Eq. (3) the exciton
broadening increases with temperature above ~200 K at a
rate of ~107* eV/K.

Figure 7 shows the effect of tuning the energies of the A,
and B; excitons on the resonance Raman excitation profile
by changing the temperature. The intensity ratio R
=141,/ IE12, for both S (RS) and AS (RS) scattering, are
shown as filled triangles and squares. Using the temperature
dependence of the excitons energies and lifetime broaden-
ings, Eq. (1) provides Pﬁlsg and P, o Which are shown as
solid lines. The calculated fits have been obtained with the
low-temperature values of E,; and Ep, as reported in Ref.
12.2* The numerators in Eq. (1) are assumed to be tempera-
ture independent and for the best fit to the measured R*S and
RS the value for the B, exciton is 2.5 times that of the one for
the A, exciton. Good agreement?® is found between the pro-
files of the calculated Pﬁlsg and Pi and the experimental

1g°
RAS and RS,
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Figure 7 also shows the temperature dependence of the
energies of the A; and B, excitons and their A;, phonon
shifted energies, E;~f w4, and E;+% w,;, for T=300 K.
The latter are for the outgoing resonance in the AS and S A,
modes, respectively. The temperature shift of excitonic-
transition energies is due to both the lattice-constant varia-
tions and interactions with acoustic and optical phonons.
Since the latter holds for a wide temperature range, one may
extend the temperature dependence of the parameter fit for
the two exciton energies to higher temperatures (dotted
lines). Those are used in Eq. (1) in order to obtain Pﬁlsg and
Py, ¢ in the extended temperature range. The reasonable
agreement of the latter with the data justifies the extended fit
and motivates future exploration of the absorption and re-
flectivity characteristics of 2H-MoS, at 7>300 K.

Since E£;=1.96 €V lies between E4; and E4 +f wy,, the
ratio RS is maximal for T=95 K, when both incoming and
outgoing resonances contribute to the Stokes cross section of
the A;, phonon. For 7>175 K (marked as & on the upper
horizontal scale) E 4, is detuned from E;, and Eg; approaches
E;, with a midpoint (8) at ~260 K. This marks the bound-
ary between the A; and the B; “zones.” In that temperature
range resonance effects are due to the proximity of E; to the
energy of both excitons or their Stokes/anti-Stokes shifted
energies. RS has a minimum around 350 K, while RAS
reaches a maximum at ~400 K (), since E; ~Ep — w41,
For increasing temperature, the S signal rises while AS
decreases. Finally, for T=520 K (&) the ratio of the S and
AS A,, intensities are represented by nonresonant
exp(~fiwy,/kT) dependence, see discussion below.

Figure 8 shows the effect of tuning the A; exciton on the
resonance Raman excitation profile by changing the pres-
sure. The pressure dependence of E,; (~0.02 eV/GPa),
Ey—h wyy, and Ey+% wy, as well as of RS and R*S is
depicted. Its effect on the Stokes and anti-Stokes profiles
significantly differs. At low pressure RS increases with pres-
sure up to ~3.8 GPa since it is closer in energy to E,. RAS
first decreases as E; is detuned from Eg —% ws;, (not
shown) and then increases. For increasing pressures RS is
detuned from resonance whereas RS is becoming dominant
below ~5 GPa. However, around this value the A, exciton
becomes unstable'? and the system can no more resonate
with the excitation laser at £;=1.96 eV.

The inset of Fig. 8 shows RS (P) for experiment no. 1 at
P>10 GPa, which extends beyond the stability range of the
A, exciton. The increase in RS with pressure is attributed to
induced changes in the electronic band structure which en-
hances the interaction with the A, phonons. This point needs
further investigation.

The pressure dependence I'y;(P)=35+3P (I'y; in meV)
of the lifetime broadening of the A; exciton has been ex-
tracted from Fig. 4 of Ref. 13. We now use the pressure
dependence of E,; in order to employ Eq. (1) for the calcu-
lation of Pfu o, and Pﬁlsg. Those are shown in Fig. 8 as solid
lines.?> The incoming and outgoing resonant peaks coalesce
with decreasing exciton lifetime.' Since the shift in the peak
position for increased pressures is significantly higher for
E4y than for i w,;, the resonance is expected to peak

at  P,=[E,~E,(0) = "0 (% ie. ~38 and
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FIG. 8. (Color online) The effect of tuning E,; on the resonance
Raman scattering by changing the pressure (experiment no. 3). The
left-hand scale refers to E4; (Ref. 13) and the energies of the out-
going resonance in the AS and S A}, modes. Those are depicted as
black and gray lines, respectively. The right-hand scale refers to RS
(triangles) and R™S (squares). The calculated pressure-dependent
P, . and Pﬁlsg [Eq. (1)], are shown as blue and red solid lines. In
the inset: RS (P) for experiment no. 1 at P>10 GPa.

~6.3 GPa for the Stokes and anti-Stokes branches. PS5,
agrees with the measured RS while P}?, deviates from RAS
for P>35 GPa. The latter is consistent with the A; exciton

becoming unstable above ~6 GPa.!3

B. Indirect evaluation of the B; exciton stability range

Figure 9 shows the measured temperature dependence of
the ratio of anti-Stokes and the Stokes intensities of the A,
(Iﬁlsg/lf“g) and Eég (Iézsg/llsgzg) phonons, as well as the com-

1x10' 4

1x10"

. 1x10"4
17
<—<
1x107 4
o] epChen/kD) L
PV (—h /kT)/
5/ ¢ exp(—hwa.
P,
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FIG. 9. (Color online) Temperature dependence of I4S/I° of the
A\, (circles) and E;g (squares) phonons is compared to the tempera-
ture dependence of their Bose-Einstein factor. P;?lsg/ P3, ¢ from Eq.
(1) is also shown as dashed line, after being normalized by
n(wpp)/[n(wyy)+1]. In the upper part, a— & divide the temperature
scale into zones, as depicted in Fig. 7.
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FIG. 10. Schematic representation of the two-phonon Raman
scattering of polaritons by a longitudinal QA phonon and a TO
dispersionless along the ¢ axis. The Stokes scheme is from Ref. 12
and the anti-Stokes scheme is the addition due to our proposed
mechanism. The dashed and solid lines show the a and 3 processes.

puted ratio Pﬁlsg/Pil . from Eq. (1) (dashed line). The latter
is normalized by n(wy)/[n(wy)+1], where  n(wy)
=[exp(wy/kT)~ 177" is the Bose-Einstein factor for phonon
energy fiwy,. The temperature-dependent profiles of
(Pﬁlsg/Pi I g) and (Iﬁlsg/ If\ ! g) are generally consistent.

For temperatures up to 175 K (marked by a on the upper
scale) the 145/ IS ratios for the two phonons continue to differ
by about an order of magnitude, which reflects the much
stronger resonant nature of the A, ,, relative to the Eég mode.”
Two opposite effects dominate IAgS/ IS: increase in the Boltz-
mann factor and detuning of E4;+% wy;, from E;.

For T>175 K, E s +h wy, shifts away from E;.
Iﬁlsg/ 5 ¢ increases  while Igzsg/ 15, follows the
exp(—fiwg,,/ kT) dependence. Around 7~260 K (point 3),
If_x\]sg/ B, . intercepts the exp(~fiwy,,/kT) line. It increases as
Ep —f s, approaches E; and reaches a maximum at 7'
~400 K (7). Further increasing the temperature results in a
decrease in Ijlsg/lil gand at 7=520 K () the ratio recovers
the exp(~fiw,;,/kT) dependence.

We suggest that as long as the temperature dependence of
Ij\lsg/ 5, ¢ follows the expected resonant profile, the B, exci-
ton can be regarded as stable. Between 510 and 540 K this
ratio reaches the exp(~fiw,;,/kT) temperature dependence
and we therefore consider the B; exciton to be stable up to
~520 K.

C. Dispersive Raman band

In a previous resonance Raman scattering study of Stokes
scattering at 7=7 K on a single crystal of 2H-MoS, it has
been shown that if the exciting laser line is above the 1s level
of the A, exciton, a new band (b) appears at w,=429 cm™!
and shifts toward lower frequencies while approaching the
frequency of the A, phonon.!? The Stokes peak in that band
has been interpreted (see black lines in Fig. 10) in terms of a
two-phonon process. In it a polariton in the inner branch,
created in the crystal by an incident photon, is scattered to
the outer branch by emitting a longitudinal QA phonon with
a large wave vector parallel to the ¢ axis. Then it is scattered
by emitting a TO phonon (which is taken to be dispersionless
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FIG. 11. (Color online) The (a) pressure and (b) temperature
dependence of wg (triangles) and wﬁs (squares) as function of AE
=E;—E,,. The fit for temperature-dependent wi is shown by a solid
line according to Eq. (4) (Ref. 12).

along I'-A) into the photonlike polariton final state. As dis-
cussed above, the QA has been assigned to the A, branch and
the TO phonon to a phonon from the Ag branch with a finite
wave vector.

The shift of w, is caused by a combination of phononic
effects, related with strain dependence of the force constant,
and by the change in the energy of the exciton with respect to
the excitation laser energy. Using the temperature and pres-
sure dependence of E,; from Refs. 13 and 22, Fig. 11 dis-
plays the (a) pressure and (b) temperature dependence of wj
and w,/}s as a function of AE=E; —E,;. In both cases w,‘}s is
red shifted relative to the corresponding wlf

The dependence of w; on E; has been modeled in Ref. 12.
We use the same approach and set of parameters to model
the dependence of a)i on the temperature-dependent AE ac-
cording to

2
n
* Q)L?()) /2]‘4‘?11 + fL(DTo(T)

(4)

q. and k, are the wave vectors of the QA phonon and the A,
exciton along the c¢ axis, Mﬁl is the sum of the effective
masses of the electron and the hole, ny, is the ordinary refrac-
tive index. The = signs relate to the a process and B pro-
cesses in Fig. 10.

The shift of the Stokes b peak have been fitted using a
single fitted parameter, 1w (0,300)=52.4 cm™! and the re-
sult is a solid line in Fig. 11(b). The energy of the QA pho-
non is in good agreement with the value 56 cm™' from neu-
tron inelastic scattering data.?’

In Fig. 12 we compare the AE dependence of wi, which
has been obtained by tuning E, across E,; at 7 K,!? with that

hay(g..T) = AE(T) - ﬁz( q.
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FIG. 12. (Color online) Comparison of the AE dependence of
w,s,, obtained by tuning E; across E,; (at 7 K) (Ref. 12) (empty
circles) with that obtained by tuning E4;(7) across E; (at 1.96 eV)
(full triangles). Empty triangles show the latter, after taking into
account the temperature coefficient of the b mode.

from tuning E,;(T) across E; at 1.96 eV. After inclusion of
the effect of the temperature coefficient of the b band (Table
I) the two signals reasonably agree. In both cases, the data do
not show the predicted linear dependence over the entire AE
range.'? Separating AEsS0.11 eV, the two regimes differ in

their ( &AE) We note that the “kinks” in both studies are
found around the energy where the cross section of the dis-
persive b band is peaked at E4;+% w, (see Fig. 4 in Ref. 12).
Taking wga=w,—w, we restrict our analysis of the QA
phonon temperature coefficient to AE=0.11 eV where
(20), 0 = (2B, (28, ) ~ —1.82X 102 em!/K.
The first and second terms on the right are the contribution to
the temperature-dependent frequency shifts from shifts of the
phonon and the exciton energies, respectively. Since
(:A% =7= %)T 7 ~-42 cm'/eV  (Ref. 12) and

GE
”E”“)p o= ("AE)P 0=~-38%X 107 eV/K (Ref. 22) we find
(M)P 0= (% o (ﬂEAl)p 0=-1.6X10"2 cm /K and

therefore ( )P 0=-2X1073 cm™!/K. Hence, the rela-
tively high- temperature coefficient of the b band is mostly
attributed to the change in the energy of the exciton rather
than to phononic effects.

With no reliable information on the pressure coefficient of
the ¢ mode, the corresponding data are difficult to interpret
However, if we use the pressure coefﬁcrent of the TO Ezg

Jdwoa (7w (?a)
phonon we find (5= =300 =(5 A)T 300+ (5 A)T 300
~2.1 em™'/GPa.  Since (5572300~ 0.02 eV/GPa 13
(m ) 100=0.84 cm™!/GPa, and (aw )30

~1 26 cm™'/GPa. The significantly larger phononic contri-
bution in the pressure-dependent shift of wgp, compared to
the temperature-dependent case is mostly attributed to the
fact that temperature is more subtle than pressure in altering
the interatomic spacings.?®

The energy shift of the intermediate exciton state for
w,S=w; corresponds to the shift between the Stokes and the
anti-Stokes curves in Fig. 11. This ~0.05 eV shift for AE
=0.11 eV is close to the energy of the ¢ mode.”’ We may
therefore as follows explain the shift between w,> and w;: a
polariton in the inner branch is scattered to the outer branch
by absorbing a TO phonon and then it is scattered by absorb-
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ing a QA optical phonon into the photonlike polariton final
state. Hence, the Stokes and anti-Stokes processes are in re-
verse order; QA+TO for the Stokes and TO+QA for the
anti-Stokes (see Fig. 10).

In the Stokes scattering spectra from 2H-MoS,, no
switching on the order of the phonon emission as a function
of E; was found."> Such a phenomenon has been reported
previously for the Stokes scattering of ZnTe (Ref. 30) and
attributed to ¢ dependence of matrix elements and from fea-
tures in the density of states of intermediate excitons. The
above proposed scheme is supported by the fact that anti-
Stokes scattering are found in the pressure-dependent study
at AE<0, when no Stokes signal is detected; E; is lower
than E,; but is sufficiently high for the initial position in the
outer branch for the absorption of a QA phonon to be above
E, s ie., Ej+h wrg™>Ey).

V. CONCLUSIONS

Raman-scattering spectra of 2H-MoS, were measured at
room temperature under hydrostatic pressures up to 31 GPa
and under ambient pressure in the temperature range of 7'
=95-573 K. The pressure and temperature dependence of

PHYSICAL REVIEW B 81, 195209 (2010)

the A, phonon scattering intensity, “normalized” by that of
Eég, well agrees with its calculated resonant Raman profile,
as the A| and B, excitons are tuned to resonate with E; of the
exciting laser. The temperature-dependent proximity of Ej,;
and Ejp; to E; is reflected in the formation of Stokes domi-
nated A; and anti-Stokes dominated B; temperature “zones.”
Information on the temperature and pressure range where
excitons are stable is also provided by identifying the condi-
tions at which the system is no longer resonant. From the
temperature-dependent measurement, the B, exciton appears
to be stable up to ~520 K. The ~0.05 eV shift in the fre-
quency of the Stokes two-phonon dispersive b band relative
to that of the anti-Stokes band is explained as due to chang-
ing in the order of participation of the quasiacoustic phonon
in the scattering process.
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