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Intervalley polaron in atomically thin transition metal dichalcogenides
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We study theoretically intervalley coupling in transition metal dichalcogenide monolayers due to electron
interaction with short-wavelength phonons. We demonstrate that this intervalley polaron coupling results in
(i) a renormalization of the conduction band spin splitting and (ii) an increase of the electron effective masses.
We also calculate the renormalization of the cyclotron energy and the Landau level splitting in the presence of
an external magnetic field. An intervalley magnetophonon resonance is uncovered. Similar, but much weaker
effects are also expected for the valence band holes. These results might help to resolve the discrepancy between
ab initio values of the electron effective masses and the ones deduced from magnetotransport measurements.
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Introduction. Fascinating electronic and optical properties
of two-dimensional (2D) materials like graphene, transition
metal dichalcogenide (TMD) monolayers (MLs), atomically
thin hexagonal boron nitride, black phosphorous, and others
have attracted strong interest [1–3]. The unusual band struc-
ture of TMD MLs with two valleys in conduction and valence
bands, where the spin degeneracy of the electron and hole
states is removed and the spin and valley degrees of freedom
are locked [4,5] has made 2D TMD crystals extremely attrac-
tive for the study of spintronic and valleytronic effects [6–9].
Chiral selection rules combined with strong excitonic effects
provide unprecedented access to spin and valley indices of
charge carriers by optical means [10,11]. For in-depth studies
of TMD MLs and the development of possible applications,
the basic band structure parameters, including band gap and
effective masses, should be reliably established both from
experiments and modeling.

Optical spectroscopy has made it possible to determine
key parameters such as exciton band gap, binding energy,
and Landé factor and to evaluate the reduced masses of
the electron-hole pairs from high magnetic field experiments
[10,12]. The single electron parameters, namely, the effective
masses of charge carriers and their individual g factors are
usually hard to determine optically. These quantities are, as a
rule, inferred from transport measurements. Thanks to the im-
provement of carrier mobility obtained in hBN encapsulated
TMD monolayers [13,14], quantum transport measurements
have been recently performed.

Observation of Landau levels has allowed one to determine
the effective masses of the charge carriers in the valence and
conduction bands [14–18]. Interestingly, while the measured
valence band (VB) hole masses are in good agreement with
both first-principles modeling and angle-resolved photoemis-
sion spectroscopy (ARPES) measurements [19,20], the dis-
crepancies for the conduction band (CB) effective masses in
Mo-based monolayers are substantial [16,17] and can hardly
be related to electron-electron interaction and inaccuracies in

density functional theory (DFT) calculations. The transport
measurements in both MoS2 and MoSe2 MLs yield a char-
acteristic CB electron effective mass of 0.7–0.8m0, typically
twice larger than those deduced from DFT calculations (m0 is
the free electron mass) [21,22].

Here we demonstrate a pathway which could improve
the agreement between the theory and the experiment for
conduction band masses in TMD MLs. We show that two
valleys K and K ′ can be coupled by the phonons with wave
vectors close to the edge of the Brillouin zone (BZ). Let
us recall that the spin-up and the spin-down CB bands in
each nonequivalent valley K and K ′ are split by the spin-
orbit (SO) interaction, with a typical energy difference, �cb,
of a few tens of meV (see Fig. 1) [21,23]. The intervalley
electron-phonon coupling is stronger for the CB because
electron-phonon interaction is largely spin conserving, thus
strong SO splitting of the VB (of the order of hundreds
of meV) suppresses the mixing. We develop an analytical
model for the suggested type of polaron and demonstrate that
the intervalley polaron effect results in the renormalization
of both the CB spin splitting and the effective masses of the
electrons. We discuss also the renormalization of the Landau
level energies due to the intervalley polaron effect. Our simple
model indicates an increase of the electron effective mass
due to an intervalley polaron, in qualitative agreement with
transport measurements, but the quantitative agreement with
the experiments requires an exaggerated coupling constant
possibly due to oversimplification of the model.

Intervalley electron-phonon interaction. Electrons propa-
gating through the crystal interact with the host lattice atoms
and produce local deformations of the lattice. Thus, the
periodic potential experienced by the electron is modified
resulting in a modification of the electron energy, and the
dragging of the crystal lattice deformation with the electron
gives rise to an increase of electrons effective mass as a result
of the polaron effect [24–28]. This effect was found to be im-
portant to explain effective mass variations in many different
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FIG. 1. Schematic illustration of the conduction subbands in
the vicinity of the K and K ′ points at the BZ edge. Inset shows
the hexagonal BZ. Wiggly lines illustrate phonon-induced coupling
between the valleys. Signs “+” and “−” denote top and bottom
subbands.

semiconductors [29–32]. Quantum mechanically, electron-
phonon interaction due to virtual processes of emission and
reabsorption of the phonon by the electron gives rise to the
formation of the phonon cloud surrounding the electron and
renormalizes its dispersion. In the second-order perturbation
theory the electron self-energy, �p(ε), due to the coupling
with phonons can be written at zero temperature as

�p(ε) =
∑
q,α; j

∣∣M j
q,α

∣∣2

ε − h̄�q,α − E j
p−q + iδ

. (1)

Here p is the electron wave vector in the crystal, ε is the
energy variable, q is the phonon wave vector, α enumerates
the phonon branches, j enumerates the intermediate states
of the electron, M j

q,α is the electron-phonon coupling matrix
element, �q,α is the frequency of the corresponding phonon
mode, and E j

p is the electron dispersion in the state j; the term
with δ → +0 in the denominator ensures the causality. The
self-energy (1) describes the electron energy and dispersion
renormalization in the second order in the electron-phonon
interaction.

Leading contributions to Eq. (1) are provided mainly by the
nearest intermediate states and also by high-symmetry points
of the BZ where the phonon dispersion is flat and the density
of states is increased [33]. Analysis of the TMD MLs CB
structure shows that the main contributions to the self-energy
are produced by the intermediate states in the same band and
the same valley, i.e., by the standard, intravalley, Fröhlich-like
polaron, studied, e.g., in Refs. [34–36] as well as by the
intermediate states in the opposite valley (K ′ for the electrons
in the K valley and vice versa), which result in the intervalley
polaron, not investigated so far. A key difference for the in-
tervalley polaron compared with the intravalley polaron is the
presence of the CB spin splitting in the energy denominator.

The results on the intravalley polaron are summarized in
the Supplemental Material (SM), which also contains jus-
tification of the applicability of the second-order perturba-
tion theory to calculate �p(ε) in Eq. (1) for the TMD ML
system [37]. Here we focus on the intervalley polaron which
results in the coupling of electron states in the K and K ′

valleys as schematically shown in Fig. 1. Generally, in order to

calculate the self energy, the electron and phonon dispersions
across the whole BZ are needed; here we take into account
the contribution coming from the vicinity of K ′ (for the K
valley electron) where the density of states is the largest.
We focus on the renormalization of electron states in the K
valley; correspondingly, we replace Mi

q,α by Mi
K,α , its value for

q = K, and we also disregard the phonon dispersion replacing
h̄�q,α by h̄�K,α . In what follows we omit the subscript α

(keeping in mind that in the final result one has to sum over all
appropriate phonon modes) and take into account that the spin
is conserved by the electron-phonon interaction. Changing
the integration variable from q to q′ = q − K, and taking
into account that for the electron in the top (bottom) spin
subband the intermediate state energy reads E j

p−q ≈ ∓�cb +
Ep−q′ , Ep = h̄2 p2/(2m), with m being the bare CB effective
mass [50], we arrive at

�p,±(ε) = −βK (�cb + h̄�K )

4π

×
∫ EQ

0

dE√
(ε − Ep ± �cb − h̄�K − E )2 − 4EpE

.

(2)

Here subscripts correspond to the top (+) and bottom (−) spin
subbands, �cb > 0. The effective dimensionless intervalley
coupling constant in Eq. (2) reads

βK = 2Sm|MK |2
h̄2(�cb + h̄�K )

, (3)

and the cut-off energy EQ = h̄2Q2/2m with the cut-off wave
vector Q ∼ |K| needed to avoid the logarithmic divergence
of the integral; S is the normalization area. We have omitted
the infinitesimal term iδ in the denominator for brevity. It
is worth stressing that βK depends not only on the matrix
element of the electron-phonon intervalley interaction but
also on the combination of the CB spin splitting and the
phonon energy �cb + h̄�K . The logarithmic divergence does
not mean particularly strong electron-phonon coupling; it
demonstrates the limitations of the analytical approach with
parabolic bands, flat dispersion of phonons, and momentum-
independent coupling.

Renormalization of band parameters. The electron-phonon
interaction produces a noticeable effect on conduction sub-
band energies [51]. We predict a significant renormalization
effect of the CB spin splitting. Indeed, as is seen from Fig. 1,
for the electron in the lower spin subband the intermediate
state has a higher energy, �cb + h̄�K , while for the electron
in the higher spin subband the intermediate state has a lower
energy, −�cb + h̄�K . Under the condition h̄�K > �cb both
subbands are pushed by the electron-phonon interaction to-
ward the lower energies, but the shift of the upper subband
is larger (see inset in Fig. 2). The variation of the CB spin
splitting can be recast as

δ�cb = lim
p→0

[�p,+(Ep) − �p,−(Ep)]. (4)
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damping:
phonon

emission
is allowed

FIG. 2. Renormalized conduction band spin splitting as a func-
tion of the ratio between the phonon energy h̄�K and bare conduction
band spin splitting �cb calculated for βK = 1 after Eq. (5). Filled area
corresponds to the situation where h̄�K < �cb and the real phonon
emission processes are possible. Inset demonstrates relative shifts of
upper and lower spin subbands in one valley due to the electron-
phonon interaction with another valley and the renormalization of
the effective mass (exaggerated for illustration).

We introduce the renormalized CB spin splitting �∗
cb = �cb +

Re{δ�cb} and present it in the form

�∗
cb = �cb

[
1 − βK

4π

(
1 + h̄�K

�cb

)
ln

(
h̄�K + �cb

h̄�K − �cb

)]
. (5)

Note that logarithmic divergencies in the self-energies cancel
and the result (5) does not depend on the cut-off energy. For
�cb > h̄�K the argument of the logarithm becomes nega-
tive and, formally, �∗

cb acquires an imagninary part. In this
case, the energy shift is given by the real part of the same
expression (5). However, the intervalley transitions from the
upper to the lower subband accompanied by the phonon emis-
sion become possible. The associated damping of the electron
in the upper spin subband is determined by the imaginary
part of �∗

cb. The calculated renormalization of the CB spin
splitting is plotted in Fig. 2 as a function of the ratio h̄�K/�cb.
The singularity in the �∗

cb at h̄�K = �cb, i.e., at the threshold
of the phonon emission, results from the resonance condition
where the energy of the electron in the top subband minus
phonon energy equals the energy of the electron in the bottom
subband. The detailed analysis of this singular behavior can be
carried out by the methods developed in Ref. [52]; it is beyond
the scope of the present work.

Similarly, one can extract the p2 contribution in the self-
energy and obtain the renormalization of the effective mass
resulting from the intervalley polaron. We obtain for the top
(+) and bottom (−) spin subbands

m∗
± = m

(
1 + βK

4π

h̄�K + �cb

h̄�K ∓ �cb

)
. (6)

Interestingly, the polaron effect not only increases the effec-
tive masses but also leads to a difference of the mass of the two
spin subbands: m∗

+ �= m∗
−. Similarly to the renormalization of

the �cb the intervalley polaron effect on the masses is singular
at h̄�K = �cb, i.e., at the threshold of the phonon emission.
Interestingly, the intervalley polaron effect makes both spin
subbands heavier and the renormalization of the mass in the

FIG. 3. Renormalized cyclotron frequency for the bottom spin
subband at βK = 1 and h̄ωc/(h̄�K + �cb) = 1/20 calculated after
Eq. (9). The arrow indicates intervalley magnetophonon resonance
condition, Eq. (10).

topmost subband is larger, m∗
+ > m∗

− (inset in Fig. 2). Note
that the interaction of the CBs with the VBs (k · p mixing)
also yields a slight difference of masses for top and bottom
CBs; this difference is controlled by the dimensionless ratio
∼�vb/Eg where Eg is the band gap and �vb the SO splitting
of the VB [11,21]. In contrast to the intervalley polaron effect,
this k · p mixing of the bands together with the SO coupling
makes the topmost subband heavier in Mo-based MLs and
lighter in W-based MLs due to different order of spin states
[21].

Renormalization of Landau levels. Let us now discuss the
effect of the intervalley polaron on the electron spectrum in a
magnetic field. We assume that the magnetic field B is applied
perpendicular to the ML plane and disregard the electron
Zeeman splitting assuming it to be much smaller than both the
phonon energy h̄�K and the CB SO splitting �cb. As a result,
in the absence of electron-phonon interaction, the electron
energy spectrum consists of the well-known series of Landau
levels

En = h̄ωc
(
n + 1

2

)
, (7)

where ωc = |eBz/mc| is the electron cyclotron frequency. We
calculate the correction to the energy of the nth Landau level
in the second order in the intervalley electron-phonon inter-
action. Similarly to Eqs. (1) and (2) we obtain (cf. Ref. [35]
where intravalley Fröhlich magnetopolaron in TMD ML was
studied)

δEn,± =
∑

q′,n′k′
y

|MK |2|〈n′k′
y|eiq′r|nky〉|2

h̄ωc(n − n′) − h̄�K ± �cb
. (8)

Here we disregarded the wave-vector dependence of the in-
tervalley matrix element and phonon dispersion, ± refers to
the electron in the top and bottom spin subbands, q′ = q − K
with q being the phonon wave vector, |nky〉 is the electron
state in the Landau gauge, n is the Landau level number,
and ky is the component of the electron in-plane wave vector.
We obtain the renormalized electron spectrum in the form of
Eq. (8) with the effective cyclotron frequency ω∗

c,±(n) which
depends now on the Landau level number and on the spin
subband [37]:

ω∗
c,±(n)

ωc
= 1 − βK

4π (1 − η±n)

h̄�K + �cb

h̄�K ∓ �cb
, (9)
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where η± = h̄ωc/(h̄�K ∓ �cb) characterizes the magnetic
field strength.

In the limit of weak magnetic fields and low Landau levels,
where η±n � 1, we have a series of the equidistant Landau
levels in each subband with the renormalized effective mass
given by Eq. (6). For η±n � 1 one recovers unperturbed
Landau levels, Eq. (8), because the phonon cloud cannot fol-
low the electron orbiting with high enough frequency. Strong
renormalization of the cyclotron frequency occurs for the top
spin subband at h̄�K = �cb where the resonant emission of
phonons becomes possible. Another strong feature in ω∗

c,±(n)
occurs at

n =
⌊

1

η±

⌋
, (10)

where 
. . .� stands for the integer part (see Fig. 3). Under this
condition there is an intervalley magnetphonon resonance (cf.
Refs. [53,54]): The energy of the nth Landau level in one
of the subbands is at resonance with the bottom of another
subband in the opposite valley. In this case the polaron effect
is particularly strong (arrow in Fig. 3).

Discussion. Intervalley polaron coupling in TMD MLs can
be enabled by the phonons with large wave vectors |q| ≈
|K| [6,55–57]. The symmetry of relevant phonon modes is
discussed in the SM [37]; for conduction band the main
contribution comes from the chiral phonon mode [6,58,59]
whose angular momentum component equals to ±1 for K ′ �
K transfer [37]. The effect is related to the intervalley defor-
mation potential induced by the lattice vibrations. Note that
the Fröhlich interaction is long range and expected to provide
negligible contribution to the intervalley polaron effect. The
matrix element MK in Eqs. (3) and (8) can be represented as

MK =
√

h̄

2ρ�KS
D0, (11)

where ρ is the two-dimensional mass density of the crystal,
D0 is the deformation potential parameter, and S is the nor-
malization area. Substituting Eq. (11) into Eq. (3) we obtain a
crude estimate for the coupling strength βK :

βK ∼ D2
0

h̄�K (h̄�K + �cb)

m

ρ
∼ 0.1 . . . 1, (12)

at ρ = 3 × 10−7 g/cm2, m = 0.5m0, D0 ∼ (1 . . . 4) ×
108 eV/cm [57], and h̄�K ∼ �cb ∼ 10 meV. With this
simplified model and the uncertainty of the parameters
involved, we find that the coupling is not particularly strong.
It will yield an increase of the bottom CB mass by ∼10%.
We emphasize that the exact values of key parameters such as
the CB SO splitting and deformation potential parameters are
not very well known. The CB SO splitting strongly varies for
different DFT models [60]. The deformation potential can be
roughly estimated as the ratio of atomic energy scale, ∼10 eV,
to the lattice constant (several angstrom) resulting in values
consistent with Ref. [57]. Additional enhancement is expected
for the CB states due to the presence of the Q (also denoted as
�) valley. The coupling constant βQ of the intervalley polaron
involving the Q valley has a similar order of magnitude.

This increase of the CB electron mass in TMD mono-
layer could qualitatively explain the recent measurements
performed on high-quality n-type MoS2 and MoSe2 monolay-
ers displaying well-resolved Shubnikov de Haas oscillations.
These experiments yield CB mass of about 0.7m0 in MoS2

MLs and 0.8m0 in MoSe2 MLs [16,17]. Surprisingly the
masses calculated with DFT approaches are much smaller,
typically (0.4–0.5)m0 for both MLs [21,22]. This can hardly
be explained by the electron-electron interaction as the mea-
sured electron mass for both systems does not depend much
on the doping density. Remarkably this discrepancy between
experiment and DFT calculation does not occur for the VB,
where both transport [15] and ARPES [19,20] measurements
yield the effective mass of about 0.4m0, in agreement with the
DFT calculations [61]. The standard Fröhlich polaron effect
could not explain the increase of mass observed for CB only
as it should affect in a similar manner both electrons and holes.
The same argument rules out possible effects of interfacial
polarons due to electron-phonon coupling at the interfaces
between the TMD ML and hBN [62]. In contrast, the inter-
valley polaron effect, as explained above, yields an increase
of the CB mass (compared to the mass calculated with DFT)
but produces negligible effect on the VB mass because of
much larger VB SO splitting. Estimates after Eq. (12) for the
VB yields the value βvb

K ∼ (h̄�K + �cb)/�vbβK ∼ βK/10.
Recent magneto-optical spectroscopy of TMD MLs [63] re-
veals an increase of the mass m in Mo-based MLs, indicating
the possible importance of the intervalley polaron effect for
magnetoexcitons

Our calculations also predict a significant decrease of the
CB SO splitting due to intervalley polaron effect (Fig. 2). We
suggest that the polaron effect should be taken into account
when comparing measured SO splitting [16,17] values to
DFT.

Note, that the intervalley polaron mixes bright and
momentum-forbidden excitonic states and does not affect the
optical selection rules in no-phonon transitions, but polaron
formation could influence the spin and valley relaxation.

Conclusion. We have developed the theory of a type of
polaron corresponding to phonon-induced coupling between
the two nonequivalent valleys of transition metal dichalco-
genide monolayers. This intervalley polaron associated to
short-wavelength phonons results in both an increase of the
electron effective mass and a decrease of the conduction band
spin-orbit splitting. In the presence of an external magnetic
field it will also lead to the renormalization of the cyclotron
energy and the Landau level splitting. In contrast the interval-
ley polaron has negligible effects on the valence band due to
its much larger spin-orbit splitting.
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C. Shen, R. Yang, B. Nosarzewski, T. P. Devereaux, G. Zhang
et al., Emergence of interfacial polarons from electron–phonon
coupling in graphene/h-BN van der Waals heterostructures,
Nano Lett. 18, 1082 (2018).

[63] M. Goryca, J. Li, A. V. Stier, S. A. Crooker, T. Taniguchi,
K. Watanabe, E. Courtade, S. Shree, C. Robert, B. Urbaszek,
and X. Marie, Revealing exciton masses and dielectric prop-
erties of monolayer semiconductors with high magnetic fields,
arXiv:1904.03238.

041301-6

https://doi.org/10.1063/1.5030678
https://doi.org/10.1063/1.5030678
https://doi.org/10.1063/1.5030678
https://doi.org/10.1063/1.5030678
https://doi.org/10.1063/1.5025907
https://doi.org/10.1063/1.5025907
https://doi.org/10.1063/1.5025907
https://doi.org/10.1063/1.5025907
http://arxiv.org/abs/arXiv:1901.02567
http://link.aps.org/supplemental/10.1103/PhysRevB.100.041301
https://doi.org/10.1103/PhysRevB.94.085415
https://doi.org/10.1103/PhysRevB.94.085415
https://doi.org/10.1103/PhysRevB.94.085415
https://doi.org/10.1103/PhysRevB.94.085415
https://doi.org/10.1109/JSTQE.2016.2583059
https://doi.org/10.1109/JSTQE.2016.2583059
https://doi.org/10.1109/JSTQE.2016.2583059
https://doi.org/10.1109/JSTQE.2016.2583059
https://doi.org/10.1007/BF01017794
https://doi.org/10.1007/BF01017794
https://doi.org/10.1007/BF01017794
https://doi.org/10.1007/BF01017794
https://doi.org/10.1088/1361-648X/aa94fb
https://doi.org/10.1088/1361-648X/aa94fb
https://doi.org/10.1088/1361-648X/aa94fb
https://doi.org/10.1088/1361-648X/aa94fb
https://doi.org/10.1103/PhysRev.97.660
https://doi.org/10.1103/PhysRev.97.660
https://doi.org/10.1103/PhysRev.97.660
https://doi.org/10.1103/PhysRev.97.660
https://doi.org/10.1016/0038-1098(82)90458-6
https://doi.org/10.1016/0038-1098(82)90458-6
https://doi.org/10.1016/0038-1098(82)90458-6
https://doi.org/10.1016/0038-1098(82)90458-6
https://doi.org/10.1016/0038-1098(78)90335-6
https://doi.org/10.1016/0038-1098(78)90335-6
https://doi.org/10.1016/0038-1098(78)90335-6
https://doi.org/10.1016/0038-1098(78)90335-6
https://doi.org/10.1103/PhysRevB.31.3420
https://doi.org/10.1103/PhysRevB.31.3420
https://doi.org/10.1103/PhysRevB.31.3420
https://doi.org/10.1103/PhysRevB.31.3420
https://doi.org/10.1016/0003-4916(59)90002-8
https://doi.org/10.1016/0003-4916(59)90002-8
https://doi.org/10.1016/0003-4916(59)90002-8
https://doi.org/10.1016/0003-4916(59)90002-8
https://doi.org/10.1038/s41563-018-0092-7
https://doi.org/10.1038/s41563-018-0092-7
https://doi.org/10.1038/s41563-018-0092-7
https://doi.org/10.1038/s41563-018-0092-7
https://doi.org/10.1103/PhysRevB.90.115438
https://doi.org/10.1103/PhysRevB.90.115438
https://doi.org/10.1103/PhysRevB.90.115438
https://doi.org/10.1103/PhysRevB.90.115438
https://doi.org/10.1038/ncomms14670
https://doi.org/10.1038/ncomms14670
https://doi.org/10.1038/ncomms14670
https://doi.org/10.1038/ncomms14670
https://doi.org/10.1070/PU1973v015n05ABEH005043
https://doi.org/10.1070/PU1973v015n05ABEH005043
https://doi.org/10.1070/PU1973v015n05ABEH005043
https://doi.org/10.1070/PU1973v015n05ABEH005043
https://doi.org/10.1103/PhysRevLett.12.660
https://doi.org/10.1103/PhysRevLett.12.660
https://doi.org/10.1103/PhysRevLett.12.660
https://doi.org/10.1103/PhysRevLett.12.660
https://doi.org/10.1103/PhysRevB.84.155413
https://doi.org/10.1103/PhysRevB.84.155413
https://doi.org/10.1103/PhysRevB.84.155413
https://doi.org/10.1103/PhysRevB.84.155413
https://doi.org/10.1103/PhysRevB.85.115317
https://doi.org/10.1103/PhysRevB.85.115317
https://doi.org/10.1103/PhysRevB.85.115317
https://doi.org/10.1103/PhysRevB.85.115317
https://doi.org/10.1103/PhysRevB.90.045422
https://doi.org/10.1103/PhysRevB.90.045422
https://doi.org/10.1103/PhysRevB.90.045422
https://doi.org/10.1103/PhysRevB.90.045422
https://doi.org/10.1103/PhysRevLett.115.115502
https://doi.org/10.1103/PhysRevLett.115.115502
https://doi.org/10.1103/PhysRevLett.115.115502
https://doi.org/10.1103/PhysRevLett.115.115502
https://doi.org/10.1126/science.aar2711
https://doi.org/10.1126/science.aar2711
https://doi.org/10.1126/science.aar2711
https://doi.org/10.1126/science.aar2711
https://doi.org/10.1103/PhysRevB.93.121107
https://doi.org/10.1103/PhysRevB.93.121107
https://doi.org/10.1103/PhysRevB.93.121107
https://doi.org/10.1103/PhysRevB.93.121107
https://doi.org/10.1021/acs.nanolett.7b04604
https://doi.org/10.1021/acs.nanolett.7b04604
https://doi.org/10.1021/acs.nanolett.7b04604
https://doi.org/10.1021/acs.nanolett.7b04604
http://arxiv.org/abs/arXiv:1904.03238

