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Self-energy corrections to zone-edge acoustic phonons in monolayer and bilayer WS,
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The self-energy corrections to phonons have mostly been observed for modes with zone-center (¢ = 0) wave
vectors. Here, we investigated the self-energy corrections to phonons in ionic-liquid-gated semiconductors, i.e.,
monolayer and bilayer WS,, experimentally. Apart from the previously observed A,(I") mode renormalization
by Raman spectroscopy, we additionally discovered that the zone-edge longitudinal acoustic (LA(M)) phonon
also softened under finite electron doping. This observed renormalization effect arises from the LA(M) phonon-
assisted electron scattering between the K and Q valleys in the conduction bands, indicating the nonadiabatic
self-energy corrections dominate, different from the A;,(I") mode. The self-energy corrections of the two modes
both depend on layer configurations. Our findings suggest that WS, and other similar two-dimensional materials
are intriguing playgrounds to study the electron-phonon interactions and valley-related physics.

DOLI: 10.1103/PhysRevB.109.1.121202

Electron-phonon interactions (EPIs) are crucial for under-
standing many important physical phenomena in condensed
matter physics. Importantly, EPIs can give self-energy cor-
rections to phonons, responsible for a variety of well-known
effects, such as the Kohn anomaly [1-3], Peierls transi-
tion [4,5], and other types of phonon renormalizations and
perturbations [6—8]. The phonon self-energy corrections have
been extensively investigated in metals or narrow gap semi-
conductors both theoretically and experimentally [4—11]. In
the majority of these studies, only the self-energy for the
modes with zone-center wave vectors is observed. One of
the exceptions is the self-energy corrections to nonzero
wave-vector phonons in monolayer graphene, a celebrated
two-dimensional (2D) material, arising from phonon-assisted
intra- and intervalley scatterings [6,12].

Transition metal dichalcogenides (TMDCs), another kind
of 2D material, have garnered significant attention due to
their distinctive properties [13—15]. In contrast to graphene,
TMDCs possess more energy valleys in the vicinity of the
Fermi energy, distributed across different positions of the
Brillouin zone. The electron scatterings between different
valleys require assistance from momentum-matched phonons.
In recent experiments, the detection of spin-forbidden and
momentum-forbidden dark excitons in charge-neutral or
doped TMDCs suggests a significant intervalley scattering
caused by EPIs [16-18]. In doped samples, the energy renor-
malization of A;,(I") phonons in TMDCs was observed by
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a few groups, which was attributed to the adiabatic self-
energy corrections due to the screening effect of free carriers
within the framework of the Born-Oppenheimer approxima-
tion [19-21]. Although the band splitting between K (K’) and
other valleys (Q and I') in TMDCs usually ranges from a few
tens of meV to hundreds meV, it is still possible to observe
the self-energy corrections to the momentum-matched phonon
modes when the energy mismatch is not too large and the EPI
is strong.

In this Letter, we focus on WS, because the energy
splittings between the K (K’) and Q valleys in the con-
duction bands are small and tunable by layer numbers. By
ionic-liquid-gated Raman spectroscopy, Ai,(I") phonons in
monolayer WS, show an electron doping-dependent softening
effect, also reported in previous studies [20]. Importantly, the
second-order resonant 2LA(M) longitudinal acoustic mode
in monolayer WS, is observed to undergo energy renormal-
ization, arising from the LA(M) phonon-assisted electron
scattering between the K (K’) and Q valleys [Figs. 1(a)
and 1(b)]. In bilayer WS,, the self-energy correction to the
Aj,(I') mode is weakened, while the one to the 2LA(M) mode
is still strong, compared to the monolayer scenario. This is
due to the direct-to-indirect band-gap transition in bilayer and
thicker WS,. In MoS, /WS, heterostructures, the two modes
show a negligible softening effect due to the type-II band
alignment. From a unified theoretical analysis, the renormal-
ization of the 2LA(M) phonon is mainly contributed by the
nonadiabatic self-energy, different from the one for the A;,(I")
phonon, which is from the screening effect of doped carriers.
We discussed alternative material platforms that may yield
similar findings.
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FIG. 1. (a) The first Brillouin zone of monolayer WS,. The
electron transition between K and Q valleys can be mediated by
zone-edge phonons. (b) The illustration of the electron transition
from K to Q valleys in monolayer (1L) WS, under electron doping
to create electron-hole pairs. (c) The Feynman diagram for electron-
phonon self-energy. (d) Schematic device structure for doping WS,
with electrons by utilizing an ionic liquid as the top gate.

The Feynman diagram for the phonon self-energy due to
EPIs is shown in Fig. 1(c). Within the second-order per-
turbation theory, the phonon self-energy correction can be
approximately described as [8,12,22,23]
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where V,,lf,‘,ﬂ is the strength of the EPI, ¢ , is the electron en-
ergy of the nth band, and wq, is the phonon frequency with v
the phonon mode and q the phonon wave vector. 1 is a small
real number, fi, = [1 + e(k#/ksT]=1 jg the Fermi-Dirac
distribution with u the Fermi energy. Here, we do not contain
a factor of 2 due to the spin splitting of the bands near the
Fermi energy of WS,. The real part of I1q, denotes the shift of
the phonon energy. Awg, = wgy — g, = Re[Ilg, ]/, where
w0 is the phonon frequency in the adiabatic approximation.
The decay width is determined by the imaginary part Im[Ig, ].
The adiabatic self-energy contribution in Eq. (1) is by taking
wqy = 0. The difference between Eq. (1) and the adiabatic
contribution is the nonadiabatic self-energy [12,22].

The phonon self-energy correction does not vanish when
we have a nonzero EPI strength V,,lf,;'vl and occupied (unoc-
cupied) initial (final) states. The creation of electron-hole
pairs by the EPI with an energy difference comparable to
the allowed phonon is crucial for the nonzero self-energy.
Therefore, doping is essential for the observation of phonon
self-energies, given the giant difference between the band gap
and phonon energies of WS,. The doped free carriers in the
conduction or valence bands provide the chance to create
electron-hole pairs between separated bands and valleys. Al-
though the summation is performed over all the bands and in
the whole Brillouin zone, only the combination of electronic
states fulfilling the energy and momentum requirements con-
tribute significantly to the phonon self-energy. Notice that the
wave vector of I'M is equal to QK in the first Brillouin zone,
indicating phonon modes with momentum M can facilitate
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FIG. 2. (a) Raman spectrum of monolayer WS,. The Raman
spectrum peaks are deconvoluted by multipeak Lorentz fitting. The
corresponding Raman shift of each peak is labeled alongside. (b) Ver-
tically shifted normalized Raman spectra of monolayer WS, at
Ve — Vin 0f 0, 0.36, 1.16, and 1.46 V. The dashed gray lines are visual
guides. (c) Shift and (d) FWHM of the 2LA(M) (dark cyan triangles),
Ezlg(F) (blue squares), and A (I") (red circles) Raman modes of
monolayer WS, as a function of V, — V, (bottom axis) or electron
density (top axis).

the electron scattering between K and Q valleys [Figs. 1(a)
and 1(b)]. Moreover, the energy difference between the con-
duction band minimum (CBM) at the K and Q valleys in
monolayer WS, is about —50.3 meV according to our first-
principles calculations [Sec. S3 of the Supplemental Material
(SM) [24]]. These indicate that self-energy corrections are
anticipated for the phonon modes at the zone-edge M point.

WS, monolayers, bilayers, and MoS,/WS, heterostruc-
tures were prepared and transferred onto the prefabricated
Ti/Au (5 nm/50 nm) electrodes on SiO, (300 nm)/Si sub-
strates by a polydimethylsiloxane (PDMS) based dry transfer
method (see Sec. S1 of the SM [24] and Refs. [25-29]
therein). A droplet of the dehydrated ionic liquid was applied
between the sample and the gate electrode as the gate di-
electric [see Fig. 1(d)] after being annealed at 250 °C under
N, gas environment. Raman spectra were measured under
532 nm laser excitation with varying gate voltages. Electron
doping density n was estimated by n = C(V, — Viy,)/e, where
V, and V4, are the gate and threshold voltages, respectively. C
is capacitance per unit area of the ionic liquid, and e is the unit
electron charge.

We focus on monolayer WS, first. The Raman spectrum of
a charge-neutral monolayer WS, is presented in Fig. 2(a). The

L121202-2



SELF-ENERGY CORRECTIONS TO ZONE-EDGE ACOUSTIC ...

PHYSICAL REVIEW B 109, L121202 (2024)

phonon mode peaks were deconvoluted by multipeak Lorentz
fitting with the Raman shifts labeled. The Raman shifts of
the first-order in-plane Ezlg(F) and out-of-plane A(I") op-
tical phonon modes are observed at 356.5 and 417.3 cm™ !,
respectively. These values are consistent with previous reports
of monolayer WS, [30-32]. Another fingerprint of mono-
layer WS, is the second-order resonant 2LA(M) longitudinal
acoustic modes at 351.7 cm~! [30]. The separation of Raman
shifts between 2LA(M) and A(I") modes is approximately
65.6cm~.

Figure 2(b) shows the Raman spectra of monolayer WS,
under electron doping. By increasing the gate voltage (V,), the
Aj4(T") phonon mode at 417.3 cm™" softens while the E,,(I")
mode remains unchanged [Figs. 2(c) and 2(d)], the same as
the behaviors of the A, and Ezlg Raman phonon modes of
MoS; [19]. The energy of the A;,(I") phonon is approximately
51.8 meV, significantly larger than the conduction band spin
splitting of about 12 meV of the K (K’) valleys [33]. This
far from resonance feature signals that the energy shift is
primarily contributed by the adiabatic effect from the doped
electrons. The adiabatic self-energy for the A,(I") phonon is
given by " = Tg_0, (@ = 0) [12,22], with
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The adiabatic self-energy can be divided into two parts: the
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peratures. n(u) is the density (?f states at the Fermi energy.
g = |V,,l§;§:O|2 and g2(u) is the average around the Fermi
level. The interband transition Hﬁner is the result in Eq. (2)
when m # n. The results of the doping-dependent shifts of
the A,(T") and E21 g(F) modes based on first-principle calcula-
tions are presented in Sec. S5 of the SM [24], showing good
agreement with our experimental observations. The change in
the frequency shift and full width at half maximum (FWHM)
around V, — Vi = 1.25 V for the A,(I") mode in Figs. 2(c)
and 2(d) is probably due to the filling effect. The population of
Q valleys above this gate voltage changes the Fermi surface.

The second-order resonant 2LA(M) mode dominates the
Raman spectrum of monolayer WS,. The increasing gate volt-
age V, softens the phonon energy and broadens the linewidth,
as shown in Fig. 2(b). At V, — Vi = 1.46 'V, the frequency
reduces by a wave number 3.22 cm~! while the FWHM
broadens by 3.50 cm™! [Figs. 2(c) and 2(d)]. As discussed
above, the LA(M) phonon facilitates the electron transition
between the K and Q valleys by compensating the inter-
valley momentum mismatch. In addition, the energy of the
2L A(M) mode (about 43.6 meV) is comparable to the cal-
culated energy difference between the K (K’) and Q valleys
(about —50.3 meV), while the spin splitting at the K (K')
valleys is only about 12 meV. Therefore, the energy differ-
ence between K (K’) and Q valleys is comparable to the
energy of the LA(M) phonon. The in close resonance con-
dition suggests that the nonadiabatic self-energy dominates.
From a qualitative analysis, the absolute value of the de-
nominator |fiwg, + €k — €k+q,m| 1S much smaller than the
one of the adiabatic part |ey , — €x4q,m|. This analysis yields
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FIG. 3. (a) A depiction of the electron transition from the Q to
K valleys in bilayer (2L) WS, when subjected to electron doping.
(b) Normalized Raman spectra of bilayer WS, at V, — V;, of 0, 0.36,
1.16, and 1.46 V. Raman spectra were shifted vertically for compar-
ison. The dashed gray lines serve as visual guides. The variation of
(c) shift and (d) FWHM of the 2LA(M) (dark cyan triangles) and
Aj(T") (red circles) Raman modes of bilayer WS, with respect to
V, — Vi (bottom axis) or electron density (top axis).

a negative real value of the self-energy, consistent with our
experimental observations. Here, we should emphasize that
the multivalley band structures are vital for the observation
of self-energy corrections to nonzero wave-vector phonons.
Typically, the multiple valleys appearing in the bands are
determined by symmetry constraints and commonly locate
at high-symmetry points or lines. The electronic intervalley
scatterings require a momentum compensation from phonons
on the high-symmetric points or lines, some of which can be
detected by Raman techniques.

There is a direct-to-indirect transition in the band struc-
tures when the layer number is increased for WS, from
the first-principles calculations [24]. The energy of the Q
valleys for few-layer and bulk WS, is smaller than that of
the K (K’) valleys in the conduction bands, as illustrated
in Fig. 3(a). When free electrons are doped, the Q valleys
will be populated first, different from the monolayer case.
We here discuss only the bilayer case as thicker ones are
expected to exhibit the same behavior. The Raman spectra
at four different gate voltages are presented in Fig. 3(b). The
deconvoluted spectra are presented in Sec. S6 of the SM [24].
The gate voltage-dependent Raman shift and line broadening
of the A1,(I") and 2LA(M) modes are displayed in Figs. 3(c)
and 3(d), respectively. We can see that the A;,(I") mode
shows a much weaker dependence on electrostatic dopings
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compared to the monolayer case. As the self-energy of the
A14(I") phonon is mainly determined by the Fermi surface
properties, the different population in bilayer WS, leads
to distinct Fermi-surface properties, resulting in a less pro-
nounced effect.

By contrast, the 2LA(M) mode still exhibits a strong gate
voltage dependence, as shown in Fig. 3(c). When V, — Vy;, is
increased from O to 1.46 V, the wave number of the 2LA(M)
mode redshifts by 5.40 cm™! and FWHM broadens by 6.43
cm™!, even a little larger than that observed in the monolayer
counterpart. Although the population is different in the bilayer
samples, the 2LLA(M) phonon can still facilitate the electron
transitions between the K (K’) and Q valleys, as depicted in
Fig. 3(a). The only difference is the reversed scattering path.
The strong EPIs (V,,lf,',‘ﬂ) still renormalize the 2L A(M) phonon,
even resulting in a more pronounced effect. Similarly, the
change in the frequency shift around V, — Vy = 1.25 V for
the 2LA(M) and A,(I") modes could be possibly attributed to
the simultaneous population of the valleys and the split bands.

We further examine the scenario of MoS,/WS, het-
erostructures (MoS; on top of WS,) to gain additional insight
into the aforementioned findings. MoS, /WS, heterostructures
have a type-II band alignment, where the energy of the K (K’)
valleys in MoS; is much lower than that of WS,, as illustrated
in Fig. 4(a). Most of the doped electrons fill the conduction
band of the MoS, layer, while the bands in the WS, layer
remain almost unoccupied. As a consequence, the peaks of
the 2LA(M) and A4(I") phonons of WS, in the Raman spectra
show a considerably weaker dependence on the gate voltage,
as displayed in Figs. 4(b) and 4(c). The deconvoluted spectra
of WS, in the heterostructures are displayed in Sec. S7 of the
SM [24]. Even at a high electron doping density, the frequency
shifts are quite small. Similar results were obtained for the
heterostructures with WS, stacking on top of MoS,. Both
the 2LA(M) and A4(I") phonon modes still remain largely
unaffected even under high electron doping levels. Most of
the electrons still occupy the K valley of MoS,, independent
on the stacking sequence. The detailed analysis is in Sec. S9
of the SM [24].

As most of the doped electrons occupy the conduction
bands of MoS, in the heterostructure, the free carriers are
expected to renormalize the phonon energy of MoS,. In
Fig. 4(d), we present the energy shifts of the Ezlg(F) and
A14(I") phonons of MoS,. Similar to monolayer WS,, the
Ezlg(F) mode of MoS, is insensitive to electron doping,
while the A;4(I') mode shows a doping-dependent redshift.
The underlying mechanism is the same as that of WS,, i.e.,
the adiabatic effect from the doped electrons. Bilayer MoS,
also exhibits a similar behavior, with the results presented in
Sec. S11 of the SM [24].

Here, the 2LA(M) mode of MoS, is not observed in the Ra-
man spectrum because of the larger energy difference between
the K and Q valleys. The deviation from resonance indicates a
negligible weak self-energy correction. The Raman spectrum
of monolayer WSe, shows a weaker 2LLA(M) signal compared
to WS, [20]. The energy renormalization of the 2LA(M)
phonon in doped WSe; is also expected. The Janus material
WSSe shows a small energy difference between the K (K')
and Q valleys [34], presaging another promising platform to
observe similar results.
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FIG. 4. (a) The schematic band structure of MoS,/WS, het-
erostructures when under electron doping. Electrons were primarily
doped to the K valley of MoS,. (b) Vertically shifted normalized
Raman spectra of MoS,/WS; heterostructures when V, — V;, equals
0, 0.36, 1.16, and 1.46 V. The gray (WS,) and blue (MoS;) dashed
lines are visual guides. Shift of the 2LA(M) (dark cyan triangles) and
A;,(I") (red circles) Raman modes of WS, (c) and Ezlg (blue squares),
and A, (red circles) Raman modes of MoS, in the heterostructure as
a function of V, — V;, (bottom axis) or electron density (top axis).

In summary, we investigated the phonon energy renor-
malization in monolayer WS,, bilayer WS,, and MoS,/WS,
heterostructures by ionic-liquid-gated Raman spectroscopy
under electron doping. Owing to the intervalley scatterings
mediated by EPIs, the phonon mode 2LA(M) was ob-
served to acquire doping-dependent self-energy corrections,
dominated by the nonadiabatic contribution, different from
the mechanism for the observed zone-center Ai,(I") mode.
The self-energy corrections of both modes were dependent
on the layer constitutions, arising from the band engineering
in the bilayer structures. We also discussed that other mate-
rials such as WSe, and WSSe were also expected to show
similar results considering the near resonance energy of the
2LLA(M) phonon and the energy difference between the K and
Q valleys.
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