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Transition metal dichalcogenides (TMDs) pos-
sess spin-valley locking and spin-split K/K’ valleys, which have E
led to many fascinating physical phenomena. However, the '
electronic structure of TMDs also exhibits other conduction i
band minima with similar properties, the Q/Q’ valleys. The K Q I w
intervalley K—Q scattering enables interesting physical =
phenomena, including multivalley superconductivity, but | it
those effects are typically hindered in monolayer TMDs due U A -
to the large K—Q energy difference (AEgq). To unlock elusive /v \ \/
multivalley phenomena in monolayer TMDs, it is desirable to " oty e
reduce AEyq, while being able to sensitively probe the valley
shifts and the multivalley scattering processes. Here, we use
high pressure to tune the electronic properties of monolayer
MoS, and WSe, and probe K—Q crossing and multivalley scattering via double-resonance Raman (DRR) scattering. In both
systems, we observed a pressure-induced enhancement of the double-resonance LA and 2LA Raman bands, which can be
attributed to a band gap opening and AEyq, decrease. First-principles calculations and photoluminescence measurements
corroborate this scenario. In our analysis, we also addressed the multivalley nature of the DRR bands for WSe,. Our work
establishes the DRR 2LA and LA bands as sensitive probes of strain-induced modifications to the electronic structure of
TMDs. Conversely, their intensity could potentially be used to monitor the presence of compressive or tensile strain in TMDs.
Furthermore, the ability to probe K—K’' and K—Q scattering as a function of strain shall advance our understanding of
different multivalley phenomena in TMDs such as superconductivity, valley coherence, and valley transport.

Intensity
Intensity

Pressure

high pressure, TMDs, strain, double-resonance Raman, multivalley physics

together and gives rise to spin-polarized bands at K/K’,*’
leading to phenomena such as the valley Hall effect”” and
valley Zeeman effect.'”""

Besides the well-known valleys at the K/K' points, MX,-
TMDs also exhibit a second CBM roughly midway between K
and I" points in the BZ. These conduction band extrema are
located at the Q-points (also termed A points), providing six
additional valleys™'* as shown in Figure la for the monolayer.

Semiconducting transition metal dichalcogenides (TMDs)
MX, (M = W, Mo; X = S, Se) host a great variety of
intriguing phenomena thanks to their characteristic electronic
structures and rich valley physics." A valley is an extreme of the
energy dispersion in momentum space, either a local minimum
in the conduction band or a local maximum in the valence
band, and the valley quantum number labels the valley degree
of freedom that is occupied by an electron.” In the monolayer

limit, semiconducting TMDs exhibit a direct band gap’ in January 30, 2022
which the conduction band minima (CBM) and valence band April 21, 2022
maxima form two valleys at the K/K' corners of the Brillouin April 25, 2022

zone (BZ),"® as shown in Figure la. The combination of
strong spin—orbit coupling (SOC) and broken inversion
symmetry locks the spin and valley degrees of freedom

© 2022 American Chemical Society https://doi.org/10.1021/acsnano.2c01065
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Figure 1. Double-resonance Raman scattering processes for monolayer MoS, and WSe,. (a) Low-energy band structure of monolayer
semiconducting TMDs [MX, (M = Mo, W; X = S, Se)] near the conduction and valence band edges showing spin-split valleys at the high
symmetry K-, I'-, and Q-points of the BZ zone (here, MoS, is chosen as example). The energy difference between K and Q valleys (AEy) is
~118—246 meV for MoS,”'*7%° and ~30—40 meV for WSe,.>*"*" (b) Schematic representation of the two-phonon DRR processes for
monolayer MoS, and WSe, at ambient pressure. Intervalley scattering between K—Q as well as K—K’ valleys can occur. The K—Q scattering
is mostly mediated by phonons near M, while K—K' scattering involves phonons near K. (¢, d) Raman spectra of monolayer (c) MoS, and
(d) WSe, acquired at 10 K and 0 GPa conditions, showing the first-order bands and DRR modes involving either two-phonons or one-
phonon-one-defect. The spectra were fitted using Voigt functions, with the relevant DRR modes being highlighted in red and blue for K—K'

and K—Q_scattering processes, respectively.

Similar to the K/K’ case, the Q/Q’ valleys also exhibit spin-
valley locking and spin splitting for odd layers,* with the
splitting at the Q valley being considerably larger than the one
at the conduction band at K."* Thus far, the majority of studies
on atomically thin TMDs have focused on physical phenomena
arising from properties of the K/K’ valleys, while multivalley
physics involving both K and Q valleys has been relatively
unexplored.

Previous studies have demonstrated the great potential of
multivalley physics for TMDs, examples being the observation
of the valley Zeeman effect for Q valleys in odd-layer TMDs"
and the detection of spin-conserving scattering processes
involving Q_valleys in monolayer WSe,, which imply long
valley and spin lifetime."* Furthermore, the electron mobility
in TMDs may be significantly affected by K—Q_ scattering
processes, which highly depends on the energy difference
between the CBM at K and Q-points (AEKQ).S’14 More
recently, it has been shown that the superconductivity
observed in ion-gated few-layer semiconducting MoS, only
occurs when the Fermi level crosses K and both spin-polarized
bands at the Q valley.''® The proposed mechanism is an
enhancement of the electron—phonon coupling due the
combined effects of (i) an increase in the Fermi surface area
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after Fermi-level crossing of K and Q, forming K/K" and Q/Q’
electron pockets and (ii) in the number of phonons connecting
states in those pockets.'>'” That is, phonons involved in K—
K', K—Q, and Q—Q scattering.

Despite these important recent developments, the effects of
multivalley physics in monolayer TMDs are usually obfuscated
by the large value of AExq: ~118—246 meV for MoS,>"%7°
and ~30—40 meV for WSe,.”*”*" Importantly, even though
AEyq is smaller for WSe,, the value of AEyq, with Q, being

the upper spin-polarized band at Q, should be much higher
given the large estimated spin split of ~200 meV at Q."”
Therefore, to unlock elusive multivalley physics phenomena in
monolayer TMDs, it is highly desirable to reduce AEy using
an external parameter such as strain or pressure, while
simultaneously probing the valley shifts as well as the
multivalley scattering processes. High-pressure photolumines-
cence (PL) experiments using diamond anvil cells (DACs)
reported a reduction in AEKQE leading to an eventual K—Q
crossing in monolayer TMDs'****’ in the 0—4 GPa range.
Even though those works provided strong evidence of such
crossing, PL itself is not an ideal probe of band crossing in
strained TMDs given the possible overlapping contribution
from optical transitions at different locations in the BZ.

https://doi.org/10.1021/acsnano.2c01065
ACS Nano 2022, 16, 8064—8075
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Furthermore, PL measurements are not able to directly probe
multivalley scattering processes.

In this context, double-resonance Raman (DRR) scattering
is a powerful probe of the electronic structure and intervalley
scattering processes in 2D materials,”* as has been well-
established for graphene™ and, more recently, for monolayer
MoS,."” Furthermore, DRR scattering is also sensitive to band
structure modifications in 2D materials, being able to detect
doping effects,”>*” defect levels,”®* and strain.’”*" Never-
theless, to the best of our knowledge, there are no reports of
probing strain-induced modifications in the electronic
structure of TMDs via DRR spectroscopy.

In the present study, we compressed monolayer MoS, and
WSe, at high pressures (0—4.5 GPa) and low temperatures (10
K) while probing K—Q_crossing and multivalley scattering via
DRR scattering. In both systems, we observed a pressure-
induced enhancement of the double-resonance LA and 2LA
Raman bands. Such an enhancement can be attributed to the
combined effects of a K—Q_ crossover in the electronic
dispersion and a blueshift of the B exciton energy closer to
the fixed laser excitation energy, with increasing pressure. Such
a scenario is confirmed by PL measurements and density
functional theory (DFT) calculations. The combination of PL
and DRR measurements provides robust evidence of K—Q
crossing. We also address the multivalley nature of the modes
originated from the DRR scattering processes for WSe,. Our
work establishes the DRR 2LA and LA bands as sensitive
probes of strain-induced modifications to the electronic
structure of TMDs. Hence, the intensity and shape of the
DRR bands can be used as means to monitor the presence of
compressive or tensile strain in TMDs. Furthermore, the ability
to tune AEyq and probe K—K’ and K—Q_scattering processes
as a function of strain is key to capture and enhance different
multivalley phenomena in TMDs such as valley coherence,
valley transport,”'* and superconductivity.'”

RESULTS AND DISCUSSION

We initially discuss the scattering processes that give rise to the
DRR bands for monolayer MoS, and WSe,. In these events,
the scattering of electrons (or holes) is mediated by two
phonons, or by a phonon and a defect. Figure 1b schematically
describes the DRR scattering of electrons by two-phonon
processes in the single-particle picture (see ref 19 for the
equivalent excitonic description). The electronic dispersions
near the K and Q valleys are represented by parabolic bands
with spin splitting omitted for clarity. For both events, the
scattering process begins with the absorption of a photon with
energy E; and creation of an electron—hole pair near the K-
point (equivalent discussion follows for absorption at K'). The
energy of the electron—hole pair (E,*") is then E,*—E,", where
E ¢ (EY) is the energy of electron with momentum k near the
K-point and ¢ (v) is the conduction (valence) band. The
excited electron is then inelastically scattered to either the K’
or Q_valley upon creation of a phonon with momentum q and
energy fla)‘;l (n is the phonon branch), to an intermediate state

with energy E,," To conserve momentum, the electron is
inelastically scattered back to K by the creation of a second

m

phonon with momentum —q and energy Aw”;. Phonons

o
involved in K—K’ (K—Q) scattering processes are represented
with red (blue) arrows, and their loci are around the K (M)
points in the BZ,"” as shown in Figure 1b by translating those
vectors to the I' point. The electron—hole pair then
recombines at K and a photon with energy

E;, — hoy — hwy" is emitted. Whenever the electronic

transitions occur between real states (instead of virtual states),
the overall four-stage process is resonant, leading to a
significant enhancement in the intensity of the Raman signal.
The resonant condition can be represented by arrows
connecting real states in the scattering process (see Figure
1b for a double-resonant K—K'’ process).

This enhancement can be quantified by analyzing the
intensity for a second-order Raman process, given by

2

(fIH,lc){cIHb){bIH,|a){alH,li)

)

k,q,m,n

I x

where (alH.li) and (flH,lc) are the matrix elements for
absorption and emission of a photon, respectively, and (clH,,|
b) and (blHla), are the matrix elements for the electron—
phonon coupling involved in the intermediate scattering
processes. The parameter € is a damping constant associated
with the finite lifetime of the intermediate states. The double-
resonance phenomena condition will occur whenever two
terms of the denominator in eq 1, apart from the damping
terms, are zero.

Figure 1c,d exhibits the Raman spectra obtained from
monolayer CVD MoS, and WSe, samples, respectively,
acquired at 10 K and ambient-pressure conditions using a
2.33 eV laser excitation. The spectra were fitted using Voigt
functions (see Methods). In Figure lc, one can observe two
prominent features around 383 and 402 cm™' which
correspond to the first-order in-plane and out-of-plane E’
and A’| modes, respectively. Additionally, a broad feature in
the 430—470 cm ™' range has been generically termed as the
2LA band in the literature;*>** however, this broad band is

(B, — Eg" — ie) (B, — Ex,q + By — ho] — i€)(Ey — Ef" — hol — ho”, — i)
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(1)

composed of several two-phonon DRR processes with
phonons located at different points within the BZ."” Here,
the mode assignment for the 2LA band in MoS, follows the
conclusions of ref 19.

The mode located near 443 cm™ corresponds to the
scattering of one A’ and one E’ phonon at the I" point; thus,
we label it as A’;(") + E’/(T'). The peak at 451 cm™ is
associated with scattering by two phonons due to a van Hove
singularity (vHs) at the saddle-point in the phonon density of
states, which is located between the K and M points of the
longitudinal acoustic (LA) phonon branch (see Supporting
Figure S1) and thus is labeled as 2vHs. The peak at
approximately 460 cm™' corresponds to K—K' scattering by
two-LA-phonons, with phonon locus near K-point (see red
arrows in Figure 1b), assigned as 2LA(K). Finally, the peak at
approximately 465 cm™' corresponds to K—Q_scattering by
two LA-phonons located near the M point (see blue arrows in
Figure 1b), assigned as 2LA(M).

https://doi.org/10.1021/acsnano.2c01065
ACS Nano 2022, 16, 8064—8075
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Figure 2. Pressure-induced enhancement of DRR modes. (a) Schematics of the high-pressure Raman and photoluminescence experiment
using a 2.33 eV excitation laser. WSe, and MoS, monolayer CVD samples were prepared onto the same SiO,/Si substrate and loaded into
the DAC using the horseshoe method.?” Pressure was determined in situ from a low-temperature ruby fluorescence calibration,”" and a 4:1
methanol/ethanol mixture was used as the PTM. (b, c) Raw Raman spectra of MoS, (b) and WSe, (c) as a function of pressure and at 10 K.
Modes that are relevant to our analysis are labeled at the bottom spectra for each system. Red arrows highlight the enhancement of the DRR

modes with pressure.
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As recently reported,’ the peak at approximately 376 cm™

is also associated with K—K' scattering, however, the electrons
are scattered by two transverse acoustic (TA) phonons instead,
thus assigned as 2TA(K). The shoulder on the right-side of the
A’} mode corresponds to a band that is associated with K—K’
scattering processes involving one LA and one TA phonon
with opposite momenta near the K-point, thus assigned as
LA(K)+TA(K)."”

In the 160—250 cm™" range of the MoS, spectra (Figure 1c),
we can observe the TA(K), vHs, LA(K), and LA(M) bands,
exhibiting approximately half of the frequencies of the
previously mentioned DRR features. Those are defect-activated
Raman bands (similar to the D band in graphene®)
originating from DRR processes in which the excited electron
at K is scattered to a different valley (K’ or Q) by emission of a
phonon and then elastically scattered back to K, ensuring
momentum conservation.'’

The most prominent feature in the Raman spectrum of
monolayer WSe,, shown in Figure 1d, corresponds to the
nearly doubly degenerate first-order band at approximately 250
cm™' assigned as the E' + A'; mode at the I' point. Several
reports refer to the band in the 260—280 cm™" as the 2LA(M)
band,””*>3¢ that is, involving K—Q_scattering processes.
However, to the best of our knowledge, the detailed scattering
processes that give rise to this band are still elusive, which we
elucidate here with the aid of first-principle calculations. The
2LA band is deconvolved into three peaks located around 258,
265, and 274 cm™!, which we assign as 2vHs, 2LA(M), and
2LA(K), respectively (Figure 1d). This assignment is based on
the calculated phonon dispersion of monolayer WSe, and its
resemblance to MoS,"” (see Supporting Note S1). The defect-
activated band appears in the 110—150 cm™" range where the
phonon frequencies of the peaks are approximately half of
those for the 2LA bands. We therefore label these peaks
appropriately as vHs, LA(M), and LA(K). Finally, we highlight
additional features appearing below 250 cm™ and above 280
cm™' that require further investigation.

High-pressure Raman and PL experiments were performed
on CVD MoS, and WSe, monolayers, transferred onto the
same SiO,/Si substrate and loaded into a DAC using the
horseshoe method®” (see Methods). A schematic of the setup
is shown in Figure 2a. At each pressure, we collected Raman
and photoluminescence spectra of the isolated flakes using a
2.33 eV excitation laser and at a temperature of 10 K (see
Methods). The high-pressure experiments were performed at
low-temperature conditions to better resolve the PL features;
however, we point out that similar results should be observed
at ambient temperature. A mixture of 4:1 methanol/ethanol
was used as the pressure transmitting medium (PTM).

Figure 2b,c shows the raw Raman spectra of MoS, (Figure
2b) and WSe, (Figure 2¢) for increasing pressures up to 4.5
GPa. Here, we focus our analysis on the first-order Raman
modes: E' and A’; for MoS, and E’ + A, for WSe,; and on the
DRR modes: LA and 2LA, both present in the Raman spectra
of each flake. As expected, the frequencies of all modes
blueshift with increasing pressure, due to a phonon hardening
induced by the compressive strain.”® One can also observe the
enhancement in intensity of the LA and 2LA bands as pressure
increases, becoming well-pronounced above 3.2 GPa (2.2
GPa) for MoS, (WSe,) (see red arrows in Figure 2b,c).

Figure 3a,b shows the fitted Raman spectra of monolayer
MoS, (Figure 3a) and WSe, (Figure 3b) from Figure 2b,c, in
the spectral range of the first order and 2LA modes and as a
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function of pressure (see Supporting Figure S2 for the LA
bands). For both materials, the intensity of all DRR modes is
enhanced when compared to the first-order bands and to the
Raman peak from the silicon substrate (see Supporting Figure
S3). For MoS, (Figure 3a), we note a clear enhancement of the
2TA(K) and LA(K) + TA(K) modes in addition to the 2LA
modes. The same trend is observed for the DRR 2LA(K) and
2LA(M) modes in monolayer WSe, (Figure 3b). The pressure-
enhancement is also apparent for single-phonon LA(K) and
LA(M) modes in both MoS, and WSe, (see Supporting Figure
S2).

Figure 3c,d summarizes the pressure evolution of the Raman
frequencies for the 2TA(K), E’, A’;, and 2LA modes for MoS,
(Figure 3c) and for the E' + A’; and 2LA modes for WSe,
(Figure 3d). Notice that all modes for both systems exhibit a
linear behavior.

We now discuss the proposed mechanism behind the
pressure-induced enhancement of the DRR LA and 2LA
bands. Since the LA band is defect-activated, one may
hypothesize that its enhancement is associated with an
increasing disorder in the system as pressure increases. While
disorder could arise, for instance, from non-hydrostatic effects,
several aspects indicate that increasing disorder effects are
negligibly small if present. These aspects include (i) the linear
pressure evolution of the Raman frequencies (Figure 3c,d)—
deviations from linear behavior are expected under the
presence of shear components,” (ii) the choice of the 4:1
methanol/ethanol PTM, which is a good PTM for our
pressure—temperature range,"”"" and (iii) the spatial homo-
geneity of Raman signal at maximum pressure (see Supporting
Note S4 for detailed discussion).

Most importantly, the clearest evidence for the lack of a
significant increase in disorder is that the enhancement of the
LA band is accompanied by an enhancement of the 2LA band,
as can be seen in Figure 2b,c. If disorder was increasing in
those systems, the 2LA band intensity should decrease and
eventuallz vanish for increasing defect density, as observed for
MoS,** and for the 2D band in graphene.”* Thus, the
changes we observed for the DRR modes cannot be explained
by increasing disorder. The broadening observed for the first-
order Raman bands for MoS, and WSe, is likely associated
with the proximity with the resonance conditions (see
Supporting Note S10 after discussion of the K—Q crossing
and blueshift of B exciton energy in the main text).

Therefore, we can confidently attribute the enhancement of
the DRR modes to the combined pressure-induced effects of
(i) a crossing of the K and Q valleys in the electronic band
structure; and (ii) a blueshift of the B exciton energy,
becoming closer to the laser excitation energy with increasing
pressure. We start by discussing the first effect.

The contribution of the K—Q scattering process to the 2LA
and LA bands for monolayer MoS, and WSe, is generally weak
at ambient pressure due to the large energy mismatch between
the K- and Q-band minima.'” This can be understood from
Figure 1b, where a possible scattering process from K to Q
involves a virtual intermediate electronic state (corresponding
to the second term in the denominator of eq 1 significantly
deviating from zero). However, if K and Q valleys become
progressively closer in energy, which is the case when the
number of layers increases in both MoS, and WSe,, the K—Q_
scattering contribution to the intensity of the DRR processes is
resonantly enhanced, as observed for MoS,."” In this context, it
has been reported that pressure reduces the energy difference
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Figure 4. K—Q crossing with increasing pressure. (a, b) Calculated electronic band structure for MoS, (a) and WSe, (b) as a function of
pressure. Spin-down (spin-up) bands are highlighted in red (blue). The arrows represent the photon absorption process for 2.33 eV
photoexcitation, and subsequent K—Q_scattering processes and exciton recombination. (c, e) Photoluminescence spectra taken with
increasing pressures for MoS, (c) and WSe, (e) at 10 K using 2.33 eV excitation laser. The A exciton (X,), A trion (T,), and B exciton (Xj)
peaks are labeled at the bottom spectra in each figure. (d, f) Intensity ratio of the 2LA and LA bands by the A’; mode for MoS, (d - top
panel) and the E’ + A’; band for WSe, (f - top panel). The vertical dotted lines in (d, f - top panels) mark the sudden increase in the
normalized intensity of the DRR modes. Notice that the enhancement of those modes occurs at lower pressures for WSe, compared to MoS,,
in qualitative agreement with K—Q_ crossing from DFT calculations. (d, f - bottom panels) show the energies of T,, X,, and X; peaks
extracted from the spectra in (c, e) as a function of pressure for MoS, (d) and WSe, (f). The vertical dotted lines in (d, f -bottom panels)
mark the deviation from the linear behavior in the pressure dependence of trion peak (T,) and the rise of the lower energy peak X.

between K and Q valleys in TMDs, leading to an eventual K—
Q_crossing. 18,22,23

To corroborate the above reasoning and better understand
the physical mechanisms involved in the DRR processes, we
performed first-principles DFT calculations, assessing the
electronic and vibrational properties of 2D-TMDs subjected
to hydrostatic pressure (see Methods). Figure 4a,b displays the
calculated band structures with increasing pressure for MoS,
(Figure 4a) and WSe, (Figure 4b). At ambient pressure, MoS,
(Figure 4a, left panel) has a direct band gap at the K-point, and
the energy difference between the band minima at K and Q is
~0.25 eV. The bands highlighted in red and blue correspond,
respectively, to spin-down and spin-up states,” and reveal a
spin splitting of approximately ~85 meV at Q. These bands
become spin polarized when the effect of the spin orbit
coupling in the conduction bands is taken into account, as
done in ref 5. At 2 GPa (Figure 4a, center panel), the two
minima become degenerate within 0.05 eV—at this point the
K—Q crossing takes place, making the band gap indirect upon
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a further increase in pressure, as shown in the right panel.
Figure 4b shows the same trend for WSe,. However, the K—Q_
crossing occurs for a pressure slightly lower than 1 GPa for the
lower spin-polarized band at Q. Notice that the ambient-
pressure spin splitting at Q for WSe, is considerably larger,
around ~250 meV. The threshold pressure to trigger the
transition is in excellent agreement with other theoretical
predictions."***

Our calculations indicate that the K—Q _transition is due to a
pressure-induced in-plane compression, and it is explained by
the character of the atomic orbitals which build up the states at
the bottom of the conduction band at the K- and Q-points.
Indeed, while the predominant contribution at the K-point
comes from the molybdenum 4d. orbitals, at the Q-point the
most important orbitals are in-plane molybdenum d orbitals,
4d,2_p and 4d,,. Upon decreasing the lattice parameter, the
deformation has a larger effect in the states built upon the in-
plane orbitals, and the net result is a decrease in the energy of
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Figure S. Blueshift of the B exciton energy with increasing pressure. (a) Illustration of the 1s excitonic transitions from the spin-split valence
band to the conduction band at K/K’ in monolayer TMDs associated with the A and B excitons, with energies X, and X, respectively. (b)
Diagram illustrating the process of approaching the resonance condition (E; — X3) — 0 from above, by reducing E; for a fixed Xj. Excitation
energies are represented by the green and red arrows. (c) Diagram representing the process of approaching the resonance condition (E; —
Xp) — 0 from above, by fixing E; and blueshifting Xy as pressure increases. (d) B exciton energy Xg for MoS, as a function of pressure. (e)
Comparison between the Raman spectra from ref 19 of monolayer MoS, acquired with different laser excitations at ambient temperature and
pressure conditions (left panel) with our Raman data acquired with 2.33 eV excitation energy at 10 K for increasing pressure (right panel).
(f) Raman spectra showing similar features for the DRR modes measured under different ambient conditions and their values for E; — Xg.
Top spectra: 2.14 eV excitation at ambient temperature and pressure, obtained from ref 19. Middle: 2.21 eV excitation at 80 K and ambient
pressure, obtained from ref 34. Bottom: 2.33 eV at 10 K and 4.5 GPa.

the Q-point state, which, eventually, becomes lower in energy
than the state at the K-point.

Figure 4a,b also highlights the DRR processes represented in
Figure 1b for an energy excitation of 2.33 eV. The process
depicted focuses on photon absorption near the B exciton
energy (X3) due to its proximity to our laser excitation energy
and to the significant difference between the 2LA band
intensity near A and B exciton energies for monolayer MoS,,
with the Raman intensity being much stronger for the latter
case.'” In our analysis, only spin-conserving processes should
be considered, that is, transitions from red to red or blue to
blue bands in Figure 4a,b. Optical transitions involving spin-
flip are either forbidden or weakly allowed,* and intervalley
scattering processes that require spin flips are inefficient,'**¢
Therefore, the contribution of DRR processes that do not
conserve the spin angular momentum should be negligible.
Since we are looking for transitions near B exciton energies, as
previously explained, we will focus on transitions between blue
to blue bands in Figure 4a,b.

It is worth noting that at ambient pressure, the K—Q
scattering process involves virtual states near the Q valley for
MoS, (Figure 4a, left panel), while for WSe, it involves real
states near Q (Figure 4b, left panel). However, for WSe,, those
states have opposite spin (phonons connect spin-up states at K
with spin-down states at Q in Figure 4b, left panel) for an
absorption closer to Xg. The required spin flip should reduce
the probability of those scattering events and their contribution
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to the DRR processes in WSe,. Within the proximity of K- and
Q-band minima and the eventual K—Q_crossing (center and
right panels in Figure 4a,b), there is an increasing contribution
of spin-conserving K—Q_intervalley scattering processes (blue
to blue) near the resonance condition involving real states near
Q, leading to an enhancement of the Raman intensity of the
DRR modes according to eq 1.

This enhancement can be seen in Figure 4d,f (top panels),
which show the intensity ratio of the LA and 2LA bands
normalized by the A’ mode for MoS, (Figure 4d) and the E’ +
A’{ mode for WSe, (Figure 4f). For simplicity, we fitted the
2LA, LA bands with a single Voigt peak for MoS,, while for
WSe, we considered the 2LA(M), LA(M) bands since they
were the most intense component. The same trend was
observed for the normalized pressure evolution for the
individual components (see Supporting Figure SS). Notice
that the enhancement of the DRR bands, marked by the
orange-dotted vertical lines, occurs at a higher pressure for
MoS, compared to WSe,, in agreement with the behavior for
the K—Q_ crossing from the theoretical calculations. From
Figure 4d,f (top panels), it is possible to infer the critical
pressures of ~2 GPa for WSe, and of ~3 GPa for MoS,. Those
values are in a good agreement with the range of critical
pressures obtained for K—Q_crossing from high-pressure PL
experiments for different monolayer TMDs: 2.2 GPa for
WSe,,** 1.9 GPa for MoS,,'® and 3.7 GPa for MoSe,.”’
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The K—Q crossing around those pressures was also
confirmed by our PL measurements. Figure 4c,e shows the
PL spectra for monolayer MoS, (Figure 4c) and WSe, (Figure
4e) as a function of pressure. The A exciton (X,), A trion
(T,), and B exciton (Xg) peaks found from fitting the PL
spectra are labeled in each figure (for WSe,, it was not possible
to detect the Xy peak given its weak signature at low
temperatures). It is important to point out that at low
temperatures, the spectra should be dominated by trions, with
our PL energies for T, and X, for both materials being in good
agreement with values from the literature."’

Consistent with previous high-pressure studies for MoS,”
and WSe,,”> we observed an overall blueshift of the PL with
increasing pressure for both materials. Notice that there is a
significant broadening of the PL at 3.2 GPa for MoS,, with an
extra peak termed X] being found in the PL spectra at 3.2 GPa.
For WSe,, the broadening is less pronounced, but the extra
peak, also termed Xj, is found above 2.2 GPa, while the PL
becomes weaker and its shape progressively more left-skewed.
The appearance of the extra peak X; around those pressures for
both MoS, and WSe, is consistent with a phonon-assisted
photoluminescence process from momentum-dark K—Q
excitons. A similar Q=K PL peak has been reported for
room-tem3perature compressed MoSe, monolayer after K—Q_
crossing.” Furthermore, the overall tendency of PL quenching
is consistent with K—Q_ crossing as observed in previous
works > (see Supporting Figure S6).

Figure 4d,f - bottom panels shows the energy of T}, X,, and
X; peaks as a function of pressure for MoS, (Figure 4d) and
WSe, (Figure 4f). Notice that the X, energy increases with
pressure in a linear fashion (the X, peak is no longer detectable
for WSe, above ~3 GPa). However, the pressure evolution of
T, slightly deviates from linear behavior above 3 GPa for
MosS,, and above 2 GPa for WSe,. This deviation is marked by
orange-dotted lines in Figure 4d,f (bottom panels), which also
signal the rise of the lower energy peak X;. Such deviation of
the T, peak from the linear behavior has been previously
observed in compressed TMDs and attributed to the mixing
between K and Q states upon K—Q crossover.'**

By inspection of Figure 4d,f, one observes a clear correlation
between the PL signatures of K—Q_ crossing at ~3 GPa for
MoS, and at ~2 GPa for WSe,, and the enhancement of the
LA and 2LA bands at those same pressures. Furthermore, from
the combined information presented in Figure 4b,e,f, we point
out that for WSe,, the K—Q_crossing at ~2 GPa should occur
between K and the upper spin-polarized band at Q (see Figure
4b -right panel and Supporting Note S7).

Importantly, even though the enhancement of the 2LA(M)
mode (K—Q_ scattering) is comparatively larger than the
enhancement of the other DRR modes for both MoS, and
WSe, (see Supporting Figure SS), there is an increase in the
intensity of all DRR modes, including those related to K—K’
scattering. This brings us to the second proposed reason for
the enhancement of the DRR bands: the blueshift of the B
exciton energy.

In a Raman scattering process, a resonant absorption
(emission) condition occurs whenever the excitation energy
of the photon matches the energy of the electron—hole pair
created (recombined)—or the exciton energy in the case of
TMDs. This condition sets the first (last) term in the
denominator of eq 1 to zero, apart from the damping constant,
enhancing the transition probability for this process. In
semiconducting TMDs, the A and B excitons are associated
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with the 1s excitonic transitions from the spin-split valence
band to the conduction band, as represented in Figure Sa.

In particular, resonant Raman studies using different
excitation energies demonstrated a significant enhancement
of the 2LA band for MoS," and WSe,** upon leveling
between the excitation energy (E.) and the B exciton energy
(Xg), this situation being illustrated in Figure Sb. Similarly, we
propose that a complementary reason for the enhancement of
the DRR features in our work is due to a proximity to the
resonance condition: (E; — X) — 0, with increasing pressure.
In the present case, instead of tuning E; while Xy is fixed, we
have a pressure-induced blueshift of Xy for a fixed E;, as
represented in Figure Sc. Such a blueshift of X for MoS, is
shown in Figure 5d.

Figure Se shows the correspondence between tuning E; for
fixed Xg (left-side panel) and the case when fixing E; while
tuning Xy (right-side panel) by comparing the Raman spectra
of monolayer MoS, for different laser excitation energies (left
panel) measured at ambient conditions (reproduced from ref
19) with our Raman results for different pressures acquired for
a fixed 2.33 eV excitation energy (right panel). Notice that
there is a resemblance between the spectra in both cases as E;,
— Xjp gets reduced, with E; approaching Xp from above. For
instance, the Raman spectra measured with an excitation
energy of 2.14 eV resembles the Raman spectra measured at
4.5 GPa. Figure 5f compares the aforementioned spectra with
the Raman spectrum of monolayer MoS, at 80 K and ambient
pressure using a 2.21 eV laser excitation, obtained from ref 34.
Despite the similarity between the Raman features in the three
spectra, the value of E; — Xj is quite different: approximately
0.08, 0.14, and 0.20 eV for the spectra measured with 2.14 eV
excitation at ambient temperature and pressure, 2.21 eV
excitation at 80 K and ambient pressure, and 2.33 eV at 10 K
and 4.5 GPa, respectively. Therefore, care must be taken for
making quantitative one-to-one correspondences between Ej
— Xj values and the Raman spectra at different pressures (P)
and temperatures (T) since the different PT conditions should
affect the resonance Raman excitation profile near the B
exciton energy in complex ways. The point here is to show that
our hypothesis of proximity of the B exciton resonance with
increasing pressure as a complementary cause for the
enhancement of the DRR modes is justified by comparing
our E; — X(P) energy range to the literature and noting the
resemblance between the respective Raman features.

The intensity of the B exciton peak for WSe, was too weak
to be detected in our low-temperature experiments (see full
discussion in Supporting Note S8); therefore, our analysis
focused solely on MoS,. However, even though the Xg peak
was not detectable for WSe,, the implication that it blueshifts is
clear if one looks at the X, pressure evolution (Figure 4f).

Most importantly, we emphasize that it is the combined
effect of K—Q_crossing and blueshift of B exciton that is the
main mechanism responsible for the pressure-induced
enhancement of the DRR bands. The proximity to the B
exciton resonance should favor the enhancement of all
features,'” while K—Q_ crossover should selectively enhance
the M-phonon modes. In fact, the symmetrical shape of the
2LA band for MoS, at maximum pressure (notice the extra
spectral weight of the 2LA band indicated by the red arrow in
Figure Se) is an indication of the combination of these two
factors (see detailed discussion in Supporting Note S9). This
feature could be justified by the increasing contribution of the
K—Q scattering process to the 2LA band intensity upon K—Q_
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crossing, which would change the shape of this band since the
2LA(M) mode—the specific mode associated with K—Q
scattering—has the highest frequency among the four modes
composing the 2LA band. And as can be seen in Figure 3a and
in Supporting Figure SS, the 2LA(M) mode becomes most
intense at the highest pressure.

Additional mechanisms to the observed pressure-induced
enhancements of DRR bands, such as a possible increase in the
phonon density of states or in the contributions from the
matrix elements in eq 1, should not have a significant
contribution (see Supporting Note S11).

CONCLUSIONS

We investigated the pressure-induced strain evolution of the
electronic band structure in monolayer MoS, and WSe, at high
pressures (0—4.S GPa) and low temperatures (10 K) via DRR
scattering while probing multivalley K—K’' and K-Q
scattering. In both systems, we observed a pressure-induced
enhancement of the DRR modes, mainly LA and 2LA modes.
We attributed the enhancement to the combined pressure-
induced effects of a crossover between K and Q valleys and a
blueshift of the B exciton energy—becoming closer to the laser
excitation energy. First-principles calculations and PL measure-
ments corroborate this scenario. In this work, we also
addressed the DRR bands in monolayer WSe,, properly
assigning the LA and 2LA bands.

Our results establish DRR spectroscopy and the 2LA band
as a sensitive probe of the effects of strain in the electronic
properties of TMDs. We anticipate that the analysis we
developed for MoS, and WSe, could in principle be extended
to other semiconducting monolayer MX, TMDs due to the
similarities in their band structure—the presence of spin-split
and spin-valley locked K/K’ and Q/Q’ valleys’—and in their
phonon dispersions along K—M for the LA branch,***’ which
would result in a similar phenomenology for the DRR
processes. Even though observed at high pressures, the
phenomena of band gap opening (closing) and decrease
(increase) in AEyy has also been predicted for biaxial
compressive (tensile) strain in monolayer MX,.*® Therefore,
it can be inferred that under tensile strain, one should expect
the opposite behavior for the LA and 2LA bands as observed in
our work: an intensity decrease for a fixed energy excitation.
Thus, the intensity and shape of the 2LA and LA bands could
potentially be used to monitor the presence of compressive or
tensile strain in TMDs. Furthermore, our work should shed
light on multivalley physics in TMDs, a relatively unexplored
territory, which could be investigated via strain engineering of
TMDs for both fundamental studies and for practical
valleytronics applications.

METHODS

Synthesis of MoS, and WSe, Monolayers. Monolayer MoS,
and WSe, flakes were grown under low pressure by metal—organic
chemical vapor deposition (MOCVD).*" Molybdenum hexacarbonyl
(Mo(CO)g, Sigma-Aldrich), tungsten hexacarbonyl (W(CO)s, Sigma-
Aldrich), diethyl sulfide ((C,Hs),S, Sigma-Aldrich), and dimethyl
selenide ((CH;),Se, Sigma-Aldrich) were selected as precursors of
Mo, W, S, and Se, respectively, and were supplied in a gas phase into a
one-inch quartz tube furnace by the help of bubbler system with Ar as
a carrier gas. The MoS, flakes were synthesized on a 300 nm-thick
Si0,/Si wafer with a flow rate of 100 sccm for Ar, 0.1 sccm for
Mo(CO),, and 1.0 sccm for (C,Hs),S under a growth temperature
below 350 °C and growth time of 6 h. The WSe, flakes were
synthesized using a flow rate of 100 sccm of Ar, 1 sccm of H,, 0.3
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sccm of W(CO)g, and 0.0S scem of (CH;),Se for S h under a growth
temperature of 420 °C. After growth, the furnace heat was turned
down until it reached room temperature. Raman and PL measure-
ments were used to identify the monolayer WSe, and MoS, flakes
used in the high-pressure experiments. For MoS,, the A'|-E’
frequency difference at 10 K is ~19 cm™, the usual value for
monolayer MoS,. The neutral A exciton, A trion, and neutral B
exciton (Xj) energies at 10 K are 1.93, 1.89, and 2.07 eV, respectively,
for MoS, and 1.73, 1.76 eV for WSe, (X5 peak was not detected at 10
K) in excellent agreement with literature values.**?

Loading into the DAC. The CVD MoS, and WSe, monolayers
were initially transferred onto a 25 pm silicon substrate coated with a
300 nm thermal silicon oxide, in a region within a 70-diameter disk
surrounded by a horseshoe-shaped trench etched through the
substrate.’” Samples were transferred to this substrate via a
deterministic pick-up and transfer method™ in which the CVD-
grown samples were picked up from the substrates without applying
heat, with the aid of distilled water droplets placed in the vicinity of
the samples.’* To load the sample into the DAC, we followed the
methodology described in ref 37 using a home-built micromanipulator
system. The loaded sample consisted of regions of isolated MoS, and
WSe, monolayers, as well as a MoS,/WSe, heterostructure region. In
this work, we focused on the pressure evolution of the isolated
monolayers.

High-Pressure Raman and Photoluminescence Experiment.
The high-pressure Raman and photoluminescence experiments were
performed with a CryoDAC-ST DAC (Almax EasyLab), using type
Ilas ultralow fluorescence diamonds with 300 pm culet and
preindented (~100 ym) BeCu gaskets. Raman and photolumines-
cence spectra were acquired using a confocal microscope
spectrometer (Horiba LabRAM HR Evolution) in a backscattering
geometry, with a S0X objective lens and 2.33 eV laser excitation. The
high-pressure measurements were performed with a laser power of
~230 uW after objective to avoid sample damage—the power on the
sample was probably lower due to absorption from diamond window
and the 4:1 methanol/ethanol PTM. Ambient pressure measurements
were performed with a laser power of approximately ~90 W for the
same reason. Pressure was determined from the ruby fluorescence
calibration at low-temperatures obtained from ref 41. The Raman and
PL spectra were fitted using Voigt functions since we only aimed to
reliably estimate position and intensity ratio of the modes with
increasing pressure.

Theoretical Calculations. We applied density functional theory
formalism®* ™" within the GGA-PBE parametrization for the
exchange-correlation functional.®® Density functional theory calcu-
lations were employed with the SIESTA implementation,”” making
use of a relativistic norm conserving Troullier—Martins pseudopo-
tentials® in the factorized Kleinman—Bylander form.® Spin—orbit
coupling®® was taken into account in all calculations. The self-
consistency was considered achieved when the maximum absolute
change in the Hamiltonian matrix elements was below 107> eV. We
expanded the Kohn—Sham states in a basis set composed of double-{
pseudoatomic orbitals of finite range augmented by polarization
functions, the DZP basis set, and we chose the generalized gradient
approximation (GGA/PBE)*® for the exchange-correlation functional.
The grid for real space integrations was defined by a mesh cutoft of
450 Ryd, and the Brillouin zone was sampled using a k-§rid cutoff of
90 A. The geometries were considered optimized®” when the
maximum force component (not constrained) in any atom was less
than 10 meV/A, and the maximum stress component was smaller than
0.1 GPa. In our calculations, the in-plane pressure is prespecified and
achieved by variations in the lattice vector lengths. As for the vertical
direction (z-axis), we explicitly apply forces on the top chalcogen
atoms while imposing position constraints on the z-components of
the bottom ones. The forces are calculated so as to produce a pressure
that matches the in-plane value. All conduction bands calculated from
DFT were rigidly shifted in order to be in agreement with the
experimental results for MoS2°* and WSe2%® monolayers. The bands
indicated by the red and blue arrows in Figure 4a,b become spin
polarized when the effect of the spin orbit coupling in the conduction
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bands is taken into account, as done in ref S. For vibrational
properties, DFT calculations were done with the Vienna Ab initio
Simulation Package (VASP) code using the projector-augmented
wave®*™% with the PBE exchange-correlation functional. The energy
cutoff of the plane-wave basis was set to 600 eV, and the energy
convergence was 10™® eV. A vacuum region of 15 A was used to
separate neighboring periodic images. A I'-centered k-mesh of 8 X 8 X
1 was used. We employed the supercell approach (4 X 4 X 1 cells)
with the finite displacement method within VASP in conjunction with
the Phonopy package® in order to determine the force constants, the
phonon dispersions, and the phonon density of states for MoS, and
WSe,. For VASP calculations, the hydrostatic pressure on the
monolayer was modeled by changing the in-plane lattice vectors (x, y)
and the out-of-plane distance (z) between the chalcogen atoms, in
order to have an equal pressure in the three directions. For the 3D
band structure plot of MoS,, we used a grid 75 X 75 X 1 of k-points
built using the VASPKIT program.*’
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