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Abstract

The transport and optical properties of semi-
conducting transition metal dichalcogenides
around room temperature are dictated by
electron-phonon scattering mechanisms within
a complex, spin-textured and multi-valley elec-
tronic landscape. The relative positions of the
valleys are critical, yet they are sensitive to
external parameters and very difficult to de-
termine directly. We propose a first-principle
model as a function valley positions to calcu-
late carrier mobility and Kerr rotation angles.
The model brings valuable insights, as well as
quantitative predictions of macroscopic proper-
ties for a wide range of carrier density. The
doping-dependant mobility displays a charac-
teristic peak, the height depending on the posi-
tion of the valleys. The Kerr rotation signal is
enhanced when same spin-valleys are aligned,
and quenched when opposite spin-valleys are
populated. We provide guidelines to optimize
these quantities with respect to experimental
parameters, as well as the theoretical support
for in situ characterization of the valley posi-
tions.
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Introduction

Semiconducting  transition-metal  dichalco-
genides (TMDs) hold center stage in the flat-
land.! They are among the most intensely
studied 2D materials, along with graphene
and boron nitride. TMDs display extremely
rich physics that have been explored via their
optical> " and charge/spin transport proper-
ties,® '° most often as a function of electrostatic
doping.'1? For example, one observes: high
mobility;'*1? ambipolar behavior;?’insulator-
metal-superconductor transitions;?'?° valley
Hall effect;%¢ and a variety of bright and spin-
or momentum-dark excitons.??® This rich
physics can be linked to a multivalley band
structure and a polarized spin texture com-
ing from strong spin-orbit interactions.??’ The
strong and sometimes un-explained variations
of macroscopic observables as a function of ex-
ternal parameters (strain, doping...) reflect the
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scattering of electrons within this complex elec-
tronic structure. The intrinsic scattering com-
ing from electron-phonon interactions (EPIs) is
especially relevant at room temperature.

The relative position of the different valleys
(at different momenta and with different spins),
which we call “valley profile” hereafter, dictates
which valleys are occupied and/or available for
scattering at different doping levels or optical
excitation energies. The valley profile natu-
rally emerges as a key parameter in the opto-
electronic properties of TMDs. %3933 Our un-
derstanding of TMD physics is then challenged
by the strong variations of this parameter across
different TMDs, or even the same TMDs in dif-
ferent experimental or simulation setups. For
the latter, one notes the variability of valley
profile in ab initio works,?32"4 highlighting a
sensitivity to many factors including the exact
structure, the pseudo-potentials, the exchange
correlation density functional, the inclusion and
type of van der Waals correction, the level of
theory, etc... This variability is physical, and
also observed in experiments: while measure-
ments of the conduction band profile are diffi-
cult and rare,*? values for valence band can be
found more easily, 3314352 mostly using angle-
resolved photo-emission spectroscopy. Based on
variations of the relative valley positions on the
order of 100 meV for the same material, one
can infer that the valley profile depends on the
environment of the 2D material and the details
of the setup, including dielectric, strain, inter-
facial interactions with the encapsulant, or de-
fects. A telling example of this sensitivity to
external parameters is the dependency of the
valley profile on the geometric thickness of sin-
gle layers of TMDs. A recent work!® has shown
that a variation of the thickness of 1% leads to
a change in the relative position of the valleys
of ~ 100 meV. Since the impact of thickness is
very clear (in DFT and most likely experimen-
tally) and probably dominant, it will be used in
the following as a proxy for all potential factors
affecting valley profile.

Gate-controlled electrostatic doping is ubig-
uitous in transport setups and devices based on
2D materials, and it is present in virtually all
the experimental references cited here. The lat-

est electrolyte gating technologies!*' go up to

densities of a few 10'® / cm?, enabling signifi-
cant variations of the Fermi level (taken to be
equivalent to the chemical potential through-
out this work). Similarly, the area density of
excited electrons-hole pairs pumped in the ma-
terial is a natural tuning parameter in optical
experiments. The quantities are different but
loosely and collectively referred to as doping,
and play a very important role here as they al-
low us to explore the valleys.

In order to understand and control the opto-
electronic properties of TMDs, it is crucial to
study the impact of valley profile and doping
on electron-phonon scattering. The first conse-
quence is on the electronic states which can be
filled as a function of doping, and those that
remain available for scattering. Another very
important aspect is the impact on free-carrier
screening of the EPIs. In addition to the usual
dependency of free-carrier screening on the den-
sity of states and the shape of the Fermi sur-
face, peculiar multi-valley screening effects have
been pointed out for certain phonon modes.??
The role of valley profile has been pointed out
in recent experiments to explain the variation
of transport measurements versus doping®®®°
or strain in TMDs. %% This was based on an ear-
lier theoretical study of mobility versus in-plane
strain.®” However, EPIs were simply modelled
with deformation potentials and were assumed
to be unscreened, which is incorrect for intraval-
ley scattering, as we will see.

In this work we propose an ab initio model of
electron-phonon scattering to predict transport
(carrier mobility) and optical properties (Kerr
signal) at room temperature, with doping and
valley profile as parameters. EPIs are simulated
within density functional perturbation density
(DFPT). For transport, we focus notably on
modelling the impactful variation of the screen-
ing of intravalley EPIs. Mobility is simu-
lated within the full energy- and momentum-
dependent Boltzmann equation, which is solved
iteratively. We arrive at a unified understand-
ing of transport for both electron and holes in
all semiconducting TMDs, and show how the
mobility peaks as a function of doping, when
the degenerate regime is reached. When the
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Figure 1: (Left) Electron and hole spin-valley texture of semiconducting TMDs, for the representa-
tive case of WS,. Orange and blue colors indicate the spin texture: up or down in the out of plane
direction. Electron valleys (top of Fig. 1) are situated at the corner of the hexagonal Brillouin
zone (K valleys), or approximately midway between zone center and the corners (Q valleys). Hole
valleys (bottom of Fig. 1) are situated at the corners (K valleys) and at zone center (I" valleys).
Every state in the BZ is represented exactly once, such that only 2 K valleys are represented, the
other 4 being equivalent by a translation following the reciprocal vectors. Each valley is spin-split
due to the spin-orbit (SO) interaction. Note that the gap has been reduced in this visualization.
(Right) AKQ (left) and AKT (right) as a function of thickness variation At and carrier density

(color scale).

secondary valleys are close to the band edge
(low Q valley or high I' valley), the mobility
is decreased. We expect the transport simu-
lations to be quantitatively accurate for clean
devices at room temperature where transport
is limited by phonons. The results thus pro-
vide clear guidelines to the experimental com-
munity to optimize transport, and they suggest
the possibility to reverse engineer, and charac-
terize the valley profile from doping-dependant
mobility measurements. The Kerr signal is ex-
tracted from the solution of the Bethe-Salpeter
equation,’® and we focus on the spin-population
dynamics driven by intervalley EPIs, based
on results from previous works on the impact
and characteristic time scales of the EPI in
temperature-dependent scattering mechanisms
on TMDs.%% We show that the Kerr signal
is extremely sensitive to the valley energy pro-
file of the conduction bands (while they are
expected to be less important for the valence
band). This sensitivity depends on the indi-

vidual TMD through differences in spin-orbit
coupling strength, the thickness of the mono-
layer, and the different energy alignment of the
valleys. Our results show how Kerr can also be
used as an indirect measurement of valley en-
ergy alignment and changes in the TMD layer
thickness, by comparing the enhancement or
quenching of the signal.

Results

The typical valley and spin structure of semi-
conducting TMDs is represented in Fig. 1, us-
ing WS, at the DFT level as an example. The
valley profile refers to the energy difference be-
tween the edges of valleys at different momenta,
AKQ and AKT for the conduction and valence
bands. Those parameters are shown in Fig. 1,
along with their variation as a function of geo-
metric thickness of a monolayer (for WS,, other
TMDs in SI). Within DFT, Se compounds gen-
erally display small AKQ < 100 meV and very



large AKT > 250 meV, while S compounds
display moderate AK(@Q) and AKT ( 100 — 200
meV). The thickness variations in each TMD
are chosen such that AKQ roughly covers the 0
to 200 meV range, while staying within a max-
imum thickness variation of 2%. Such thick-
ness variation is experimentally accessible with
pressure, °*5! and we expect it to be reached un-
intentionally in devices. For WS,, WSey, and
MoSe; this is not sufficient to bring the AKT
under 150 meV, making the exploration of the
I" valley by holes unlikely. Spins are mostly ori-
ented in the out of plane direction, with the
relative polarities (spin up or down) of the val-
leys dictated by time reversal symmetry. The
spin-orbit splitting is relatively large for the Q
valleys and the K valleys of the valence band,
while it is weaker for the conduction K valleys,
and vanishes for the I' valley. Spin splitting is
overall stronger in WX, than in MoX,. The
spin structure is fully accounted for, but it is
not considered as a parameter, and the spin-
splitting energies are kept at the DFT values.
Mobility and Kerr rotation signal are simu-
lated as a function of valley profile and carrier
density. For transport calculations, the valley
profile of both the conduction and valence band
are modified. The variations in the screening of
intravalley EPIs are modelled as described in
the methods section. In particular, we account
for standard free carrier screening and propose
a simple model in the context of out-of-phase
multi-valley deformation potentials to account
for the unusual enhancement of EPC with dou-
ble occupation.®® In GoW, + BSE Kerr simu-
lations, given the cost of the calculations and,
as noted above, the fact that the I' valley is in
general too low to be explored by excited car-
riers, we focus on variations of the conduction
valley profile.We use different combinations of
temperatures and chemical potentials to create
populations of excited electrons and holes. The
holes will concentrate near the K and I" valleys,
while the electrons will be concentrated on the
K*Tand Qtor the K-and Q valleys. The goal
is to simulate an intermediate state in a pump-
and-probe experiment, where the electrons have

had time to scatter (conserving spin) from the
KT (K™) to the QT(Q™) valley, but have not

yet had time to scatter to valleys with opposite
spin. No phonon contributions to the dielectric
screening are taken into account, which is kept
purely at the electronic level. Previous work
has shown that this is enough to capture almost
all essential features in the Kerr signal:°%%2 the
main effect of the electron-phonon interaction
is in the intervalley scattering, where it plays a
dominant role in the process of balancing the
opposite spin carrier populations.

We now discuss the results for transport and
Kerr rotation: computations and models are de-
tailed in the Methods section below.

Transport as a function of electro-
static doping and valley profile

In agreement with existing works, 1?:3273%40 the

phonon-limited mobility is found to be dom-
inated by 1) intravalley scattering with TA,
LA, LO, and Al phonons, and 2) interval-
ley scattering with zone boundary acoustic
phonons. Doping and valley profile generally
impact scattering by modifying which states are
involved. For intra-valley scattering, an addi-
tional effect comes from free-carrier screening,
with the standard doping-induced attenuation
of the electron-phonon coupling for LO and TA
modes, and a more peculiar multi-valley mech-
anism, that can actually enhance the coupling
with LA and Al modes, when K and Q (or I')
are both occupied.3*63% Fig. 2 shows the mo-
bility of electron and hole-doped WS, and MoS,
as a function of carrier density for different val-
ley profiles. At low doping, only the K valley
is occupied and intravalley scattering dictates
the behavior of the mobility. The mobility in-
creases as a function of doping, and reaches a
peak around the degenerate regime, i.e. when
the Fermi level hits the band edge. This behav-
ior was noted previously in TMDs,*"% and is
expected to be general for materials dominated
by screened interactions. The presence of a mo-
bility peak as a function of doping points to the
fact that the enhancement of the conductivity
o due to screening is eventually overruled by
the inverse dependency of mobility on carrier
density, u = o/n. The position of the peak,
however, is related to the details of scatter-
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Figure 2: Room-temperature mobility as a function of electron or hole density and valley profile for
WS, (top) and MoS, (bottom). In each case, the single point at n/p = 10" cm™2 is the mobility

of the neutral material with the relaxed structure.

ing and the contribution from unscreened cou-
plings as well. Consequently, our findings sig-
nificantly differ from previous theoretical mod-
els of doping-dependent mobility in TMDs, 576
in which EPIs models were simplified with re-
spect to the DFPT calculations performed here.
This peak flattens when AKQ or AKT is re-
duced. Indeed, the reduction results in a larger
proportion of intervalley scattering, which is
associated with rather strong electron-phonon
couplings which are not screened by free car-
riers (see SI). In addition, multi-valley occu-
pation causes the screening of the Al and LA
phonons to vanish (see details of the physical
mechanism in the methods section). As a re-
sult, the screening-induced peak gradually dis-
appears, and the mobility is overall reduced.
Note that a striking electron-hole symmetry ap-
pears concerning the general behavior of mo-
bility in MoS;. The main difference is that
the spin splitting of the K valley is stronger

in the valence band, leading to generally higher
mobility, as the intervalley K-K’ scattering in-
volves improbable spin-flip transitions. Other-
wise, the I' and Q valleys play a similar role,
with similar impact because the correspond-
ing electron-phonon couplings and density of
states are roughly equivalent (accounting for
degeneracies). The electron-hole symmetry is
not as visible for other TMDs, because AKT
stays relatively large within the imposed limit
of 2% thickness variation. We thus arrive at
a unified understanding, for electron- and hole-
doped TMDs, of the role of phonon scattering
in mobility trends versus doping and valley pro-
file.

These results bring several insights and op-
portunities to support the experimental com-
munity. First, we provide the mobility for the
entire range of experimentally accessible dop-
ing, when most previous ab initio studies cover
only the low doping limit.?>3® Given the strong



variations of mobility as a function of doping,
we expect this to significantly improve compar-
isons of theoretical and experimental data. In
addition, we use a more accurate DFPT-based
model of the EPIs compared to the few previous
studies considering doping dependency "% (see
methods and SI), and quantitative comparison
with experiment is meaningful. Second, we see
that a simple rule of thumb to optimize the mo-
bility of TMDs is to work with a carrier density
around 8 x 10'2 em~2. More precise values for
the optimal densities can be extracted from the
plots. Third, considering the valley profile as
an variable parameter enables its characteriza-
tion in situ, by fitting to doping-dependent mo-
bility measurements. Finally, we propose the
geometric thickness as an experimental knob to
increase the mobility. Unfortunately, the trend
is opposite for electrons and holes: one should
decrease or increase the thickness to enhance
the electron or hole mobility, respectively (see
Fig. 1).

Kerr as a function of excited car-
rier density and valley profile

The Kerr signal measures the angle between
the polarisation of incident and reflected elec-
tromagnetic fields, which is proportional to the
surface magnetization density. This is often in-
cluded in a pump-and-probe setup with a cir-
cularly polarized pump which creates spin pop-
ulations, later measured by a linearly polar-
ized probe. Due to the spin-valley coupling in
TMDs, it can be used to track the populations
in each valley, since the Kerr angle will only be
finite if a spin imbalance exists. It has been
shown in the past that the electron-phonon in-
teraction plays a fundamental role in balanc-
ing the populations between valleys with differ-
ent spin.?®%%62 The direct transition between
K*Tand K~due to EPI is forbidden, so the ex-
cited carriers start by spreading through the
neighborhoods of KTor K~in the BZ. States in
the vicinity of K /K~are not pure spinors and
so electrons and holes are then allowed to scat-
ter into valleys of opposite spin. Nevertheless,
scattering to the Q valley with the same spin
polarisation is still the most favourable pro-

cess, especially at higher temperatures when
AKQ ~ kgT. This is indeed the process that
explains the sign inversion of the Kerr signal
with increasing temperature in MoSe,. %"

Results are shown in Fig. 3 for two materi-
als, WSy and MoS,, with a total of 300 excited
configurations per material, one for each pair
(tte, T'). The data for WSey and MoSey can be
found in the SI. These occupied configurations
are chosen as a thermalized pseudo-equilibrium,
reflecting the dominant EPI scattering channels
described above. The goal is to arrive at a
qualitative relation between the Kerr rotation
angle Ok, and the density of excited electrons
for each material, depending on the splitting
AKQ. Once the full fker(w) is obtained (see
the SI for examples of these figures), we select
the amplitude at the energy corresponding to
each TMD’s A exciton determined from a BSE
absorption calculation, as is often done in ex-
periments. For the lowest value of electronic
density the highest Kerr amplitude is obtained
for the case where AKQ = 0: when the K and
Q valleys are aligned in energy and it is easy to
populate both bands with electrons.

Since both K*/K~and QF/Q valleys have
parallel spin polarizations, the electron popu-
lations will reinforce the Kerr amplitude. As
the AKQ energy splitting increases, it becomes
harder to populate both K* and Q*. If the
AKQ splitting is smaller than that produced by
S.0.C., then it is still possible to change (e, T¢.)
so that the lowest conduction states in QF are
populated. If this is not possible, then an in-
crease in the electronic density leads to elec-
trons being placed in the next conduction band
at K, which is strongly polarized in the oppo-
site spin. In the meanwhile the density of holes
must increase to enforce charge neutrality, and
this contributes to reverse the net Kerr ampli-
tude sign. This also serves to explain why there
is a significant difference in behaviour between
the W and the Mo based TMDs: The former
have the largest values of energy splitting due
to S.0.C., so it is easier to reach the Q val-
ley by changing (i, 7). The latter have lower
S.0.C.-induced energy splittings, and increas-
ing the electronic density by changing (p.,7%)
will quickly place electrons in the second band



0.20
0.4 1
0.3 1
0.2 1

014

0.0 1 ¥ A »
0.05
-0.17

0.00

Kerr angle (mrad)

T . . T T
0.5 1.0 1.5 2.0 2.5
Electron density (em~1)

0.20
0.044 9
0.15
0.03 1
3
g
S 0.02 1 010 o
c b4
o <
E
¢
0.01
0.05
0.00 1
T T T T T T T T 0.00
0.5 1.0 15 20 25 3.0 3.5 4.0
Electron density (cm~13)
Figure 3: Amplitude of the Kerr rotation

angle at the A exciton for WSy(top) and
MoSs(bottom) as a function of the density of
excited electrons for each AKQ band alignment.
The colour bar shows the level of the AKQ
splitting.

in both K and Q valleys. This also means that
for Mo-based TMDs it is easier to reach higher
densities of excited electrons, especially when
AKQ =0, as it is shown at the bottom of Fig. 3.

In Fig. 4 we show how the Kerr amplitude
evolves as a function of the splitting A for each
material for the lowest electron density (in the
order of 10" e¢m™2). Since each value of AKQ
corresponds to different levels of At, we do not
represent them in the data and the colors cor-
respond to different materials. Note that the
correspondence between AKQ and %t will de-
pend heavily on the pseudo potential used dur-
ing the DF'T calculations. The data represented
summarises the trend in Fig. 3: WSey will have

the largest Kerr amplitude, followed by WSs,
MoSe,, and MoS;. As the AKQ splitting in-
creases for all materials, the Kerr amplitude de-
creases. All these results show that in certain
regimes the Kerr amplitude should be sensitive
enough to measure the value of AKQ in a TMD,
even after a change of the thickness due to the
presence of a substrate or encapsulating mate-
rial.

o
o
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Kerr angle (mrad)

0 50 100 150 200
AKQ (meV)

Figure 4: Change in the amplitude of the Kerr

rotation for the lowest possible density of ex-

cited electrons, for each AKQ splitting (hori-

zontal axis) and material (colour bar).

Methods

Mobility

In this section, we describe the process to ac-
count for the main effects of valley profile and
doping on EPIs and phonon-limited transport.
One could in principle simulate transport at
many dopings and thicknesses, and relate the
results to valley profile variations, as we have
done in the past.!® However, too many full-
system simulations would be involved, which
is computationally prohibitive at this point.
A full analytical model, on the other hand,
would require accounting for complex angular
dependencies coming from wavefunction brack-
ets and interference between different contri-
butions to the electron-phonon coupling.?® In-
stead, we aim at accounting for the variations
in valley profile by correcting the results of one
reference ab initio calculation. We start from



high-accuracy simulations of the relaxed TMD
monolayer doped at n/p = 5 102 cm™2 with
either electrons or holes, hereafter referred to
as the reference system. We use the Quantum
ESPRESSO suite%7 with 2D boundary condi-
tions and gate electrostatics.%® We then change
the doping n (or p) and the valley profile AKQ
(or AKT ) as a post-processing step before we
solve the Boltzmann transport equation (BTE)
to obtain the mobility. The BTE includes the
full momentum and energy dependency of the
scattering and is solved iteratively. The general
process of computing phonon-limited transport
in the reference system is described extensively
in,%? with an update on the projection of the
velocities (as mentioned in Ref.%”), and the ad-
dition of spin-orbit coupling (as was already the
case in Ref.1?). For this work we brought a sig-
nificant additional improvement that is the use
of a non-uniform k-point grid to capture the
Fermi surface effects more accurately. Although
quite important, this is a rather technical detail
that we discuss in the SI along with other com-
putational details.

We now discuss the main methodological de-
velopment for the transport part of this work:
a model which includes valley profile and dop-
ing, and the associated corrections to electron-
phonon scattering. Starting from the fine band
structure (120 x 120 k-points grid) calculated
in the neutral material, an energy shift is ap-
plied to a given valley (e.g. Q) using our post-
processing framework that groups the states
into valleys.3%6%7 Solving the BTE in this
new valley profile immediately takes care of
the changes resulting from the energy selection
rules. This also accounts for the impact of val-
ley profile on the activation of intervalley scat-
tering, as doping increases and more valleys be-
come accessible. Intervalley scattering is only
affected by the changes in energy/momentum
selection rules, the coupling matrix elements
staying virtually constant. What remains is to
model the impact of valley profile on the in-
travalley EPI matrix elements themselves.

For the LO and TA phonon, coupling to elec-
trons via the Frohlich and piezoelectric inter-
actions, the matrix elements are corrected with
the ratio of the dielectric functions computed

as € = 1 — v.xo, Where v, = 27” is the Coulomb

kernel in 2D. The non-interacting susceptibility
Xo of the added carriers, is computed similarly
to our previous work”™ but in the new shifted
band structure:

2 /dgknpn(ek)—npp(€k+q) (1)

Xo=- (2m)? €k+q — €k

, where ngp if the Fermi-Dirac occupation and
ey is the energy of electronic state of momentum
k. Band indices are summed over and omitted
here. This accounts for the increased screen-
ing of those couplings due to doping. The Al
and LA modes, on the other hand, show mul-
tivalley screening and deformation potentials.
Counter-intuitively, free-carrier screening van-
ishes when doping increases beyond the point
where both momentum valleys are occupied (K
and Q or K and I'). The corresponding mecha-
nism, described qualitatively in Ref.,3? is mod-
elled in the following. We will work within the
adiabatic approximation used in DFPT: non-
adiabatic effects have been discussed for the
corresponding phonon dispersions, >™ but the
consequences on electron-phonon coupling are
not quantified and out of scope for the present
work. The deformation potentials associated to
each valley are opposite: as the atoms are dis-
placed according to the Al or LA phonons, the
two types of valleys go up and down in energy
in an out-of-phase fashion. At fixed Fermi level,
this implies that the charge density difference is
opposite in the two valleys (one gains electrons
while the other loses them). The free-carrier
response to this perturbation is proportional
to the total charge difference, i.e. summed
over both valleys, which implies that it van-
ishes as the charge density does. We consider
the isotropic response to a phonon perturba-
tion at momentum (¢), with the Fermi level and
temperature as parameters. The deformation
potential §V of each valley is the bare deforma-
tion potential §V* minus the potential created
by the total induced density of charge dn.

Vi = 0V — veon
oV = 5‘/5 —v:.0n (2)



Note that the "bare” potential, here, is the one
without the free-carrier screening from the par-
tially filled conduction or valence bands. It does
include a dielectric screening that comes from
the neutral material. The dielectric screening is
thus not included in the above model. The in-
duced density of charge has two contributions,
one from the screened deformation in each val-
ley: 0n = ong +ong = X%0Vk + x30Ve. Here,
X5 /o is the independent particle susceptibility
associated to either valley, computed from the
band structure as described above, but limit-
ing the integral to states belonging to just one
or the other valley. This quantity depends on
doping and temperature (chosen to be room
temperature here) via the occupations, and the
wave vector of the perturbation q. x% /0 tends
to the valley’s density of state (DOS) when
q — 0 The bare potentials have opposite signs
in each valley and are parameters of this model.

This relatively simple model explains the be-
havior of the DFPT EPIs very well, although
it underestimates the couplings (thus poten-
tially overestimating the mobility) for low dop-
ing (< 5 10'?) and large AKQ/AKT, as de-
tailed in the SI. For example, in the case where
only one valley is occupied, the susceptibility
of the other valley is zero, and the potential of
the occupied valley is screened like a standard
external perturbation. When both valleys are
occupied, the two contributions to the induced
charge density are of opposite sign, reducing the
overall induced potential and thus the screening
as well.

The bare potentials are extracted from DFPT
calculations as detailed in the SI, and the
screened potentials 0V /g are evaluated at each
doping and valley profile configuration, and at
each q point, by solving Eq. 2. The EPI matrix
elements of the reference calculation are then
corrected as follows:

Vi
f
Vs

Gnew = Gref X

Note that the LA mode also has a contribu-
tion from piezoelectric coupling, but it is rela-
tively weak and quickly screened by the stan-
dard free-carrier screening. Thus, we neglect

that contribution in doped systems. This justi-
fies the use of a doped calculation rather than a
neutral one as a reference. Indeed, neutral sys-
tems lead to larger piezoelectric contributions
to the LA mode, making them a less appropri-
ate starting point for the screening correction
scheme where the piezoelectric contributions to
LA are supposed to be absent. This implies a
possible overestimation of the mobility towards
small doping, but ensures that the main fea-
tures of the mobility as a function of doping
are more accurate. All other couplings are not
neglected, they are simply left as they are in the
reference calculation. That is, we assume them
to be doping and valley profile independent.

Kerr

A finite Kerr rotation angle in spin compen-
sated systems like semiconducting TMDs im-
plies non-equilibrium occupation of different re-
ciprocal space valleys. We prepare excited con-
figurations of electrons and holes designed to
reproduce the quasi-equilibrium states achieved
once both systems have scattered within the ini-
tial valley where they are created, but before
they have had time to travel outside that same
valley. The first step is to promote electrons to
the conduction bands by selecting a value for
the shift in the systems chemical potential and
the temperatures at which they would be, u;
and T; with ¢ = e, h, where e(h) stands for elec-
trons (holes). We set T, = T}, assuming that
the two systems were at equilibrium. FEnergy
levels are then populated according to Fermi
distributions, which yield the densities of ex-
cited carriers. If the densities of electrons and
holes do not match, meaning that the system is
no longer neutral, then py is tuned until such
condition is obeyed. Once both densities are
equal, the populations of electrons and holes in
the KT(K™) and Q(Q™) are turned to zero,
to ensure that only the other valleys have are
populated with excited carriers. These are then
used to evaluate the Kerr amplitude using the
Yambo package. ™



Conclusion

We propose an ab initio model of electron-
phonon scattering with both doping and valley
profile as parameters. We exploit this model to
evaluate the impact of valley profile on elec-
tronic transport and Kerr rotation signal on
semiconducting TMDs: MoSy, MoSey, WS,
WSe;. On the transport side, our findings show
that all systems behave similarly for both elec-
tron and hole doping. Namely, the doping-
dependant mobility peaks around 8 10*2 ecm~2,
and the height of the peak depends on the
valley profile. The results give quantitative
guidelines to optimize the mobility, and points
to the possibility of evaluating the valley pro-
file from doping-dependant transport measure-
ments. Regarding the Kerr rotation amplitude,
our data shows that this quantity is extremely
susceptible to small changes in the valley pro-
file, as the differences in band energies make
it easier or harder to populate them. This sug-
gests that Kerr amplitude measurements can be
used to track the changes in valley profile of the
TMD upon encapsulation, and from there infer
the changes in thickness.
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Supporting Information

Additional results for other TMDs; Reference
transport calculations, Screening of intravalley
EPIs; Kerr angle calculations.

Additional results for re-
maining TMDs

Fig. 5 shows the variation of the valley pro-
file, represented by AKQ and AKT, for MoS,,
WSe,, and MoSe;. Fig. 6 shows the mobility
versus doping and valley profile for WSe, and
MoSes.

Reference transport calcula-
tions

We perform full DFPT transport calculations
for each TMD (n-type and p-type), at a
given doping of n/p 5 102 ecm~2, and
on the equilibrium structure (thickness re-
laxed). We use norm-conserving, fully rela-
tivistic pseudopotentials ™ with Perdew-Burke-
Ernzerhof (PBE) functionals from the Pseu-
doDojo library,”” with an kinetic energy cutoff
of 50 (WSz), 70(MoS,), or 80 (WSey, MoSey)
Ry. While electrostatic doping is ubiquitous in
experiments, it is not a common feature in ab
initio simulation. In the Quantum ESPRESSO
suite,%%%7 the corresponding electrostatics were
first developed in Ref.,?? then adapted and in-
cluded in a fully 2D framework in.% As of now,
this custom version of the code! is capable of
computing ground state and phonon quantities
in an arbitrary double gate configuration, with
proper 2D boundary conditions and realistic
electrostatics.

Beyond the electrostatics aspects, one needs
a fine sampling of the small Fermi surface
involved in doped semiconductors to account
for the effects of the added free-carriers on
EPIs. This constraint is somewhat mitigated
in many materials by the possibility to use a

https://gitlab.com/tsohier/q-e/-/tree/add_
gates
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relatively large energy smearing of the occupa-
tion function - with respect to the “real” one
which would be Fermi-Dirac at room temper-
ature. The standard free carrier screening is
then smoothed with respect to reality, but one
still captures most of the effects at a reasonable
cost. However, we have realized that it becomes
problematic in materials with a complex valley
profile and EPIs like TMDs, because the screen-
ing of some EPIs depends very finely on the
occupations.®® We thus use Fermi-Dirac energy
smearing at room temperature, and tackle the
sampling challenge by performing each phonon
calculation with a non-uniform grid of k-points
where the density is higher on the Fermi sur-
face, as represented in Fig. 7. This is based on
the fractal sampling proposed for graphite in
Ref.™ The full band structure is pre-calculated
on a fine grid of k-points (120 x 120). The
valleys are filled up according to the doping
of n/p = 5 10" ¢cm™2 with Fermi-Dirac room
temperature occupations. We then start from a
typical 12 x 12 Monkhorst-Pack k-points grid.
For each parallelogram in the grid, if an oc-
cupied conduction band state is found within,
we tesselate it further, otherwise it is left as is.
The process is repeated 3 times, the grid density
quadrupling each time. We thus end up, locally
on the Fermi surface, with the equivalent of a
96 x 96 grid.

The workflow to solve the BTE, detailed in
Ref.,3? involves 3 separate momentum sam-
plings for initial and final states as well as the
phonons involved in all the relevant transitions.
The sampling of the final states is the finest:
a 120 x 120 Monkhorst-Pack k-points grid on
which we compute the band structure (as a non
self-consistent step after a typical ground state
calculation in the neutral material) and veloc-
ities. The initial state are sampled on a grid
twice as coarse. Finally, the phonon momenta
are obtained by linking all initial states with a
portion of the final states (half for intravalley,
an eighth for intervalley) and reducing the re-
sult by symmetry. This usually yields around
100 to 200 irreducible phonon momenta.

Electron-phonon coupling matrix elements
are computed for each relevant pair of ini-
tial and final state. They are represented in


https://gitlab.com/tsohier/q-e/-/tree/add_gates
https://gitlab.com/tsohier/q-e/-/tree/add_gates
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Figure 5: Valley profile as a function of doping and geometric layer thickness variation for MoS,

(left), WSe, (right) , and MoSes (bottom).

Fig. 8. Clearly, the phonons with the high-
est couplings, by far, are zone border acoustic
phonons. They correspond to intervalley (K-Q)
transitions. Thus, when this intervalley scatter-
ing is activated according to energy selection
rules, it dominates transport. The next most
significant couplings come from the LA (highest
acoustic branch) and A1 (second highest optical
branch) modes around ¢ = 0.

Screening of intravalley EPIs

Here, the model for the effect of doping and
valley profile on the free carrier screening of
intravalley couplings is discussed and detailed.
First, we perform some relatively simple DFPT
calculations at different electron doping n and
thicknesses t. The variation in thickness is asso-
ciated with the AK(Q variations shown in Fig.
5. The ground state calculation is done on a
32 x 32 k-point grid and Marzari-Vanderbilt
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smearing at 0.01 Ry. We are not interested in
the realistic nature of the screening effects, here,
we simply wish to demonstrate their behavior
as a function of doping and valley profile. Fig.
9 shows the EPI matrix element at a given q
point (small |¢| = 0.023 A=', in the I' — K di-
rection) as a function of doping and valley pro-
file (via thickness), for TA, LA, LO and Alg.
Direct DFPT (dots) is compared to the model
(crosses), with all the screening quantities com-
puted with the same bands, k-points sampling
and smearing as the DFPT calculations. In the
[I' — K direction, the piezoelectric coupling is
maximal for TA and it vanishes for LA,® so
that we can separate the two types of couplings.

The expected qualitative behaviors of the
couplings are confirmed. The TA and LO
phonons couple via the piezoelectric and
Frohlich interaction, respectively. Being me-
diated by electric fields, those are screened by
the free-carriers in the standard way: as n/p
increases the coupling is killed rather rapidly.
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For those couplings, most of the discrepancy
between model and DFPT can be explained by
the fact that we assume the entire coupling to
be field-mediated, while in reality there is also
a small non-screened contribution. The odd
DFPT results for the LO mode at high doping
(especially in the Q valley), are due to a mix of
the LO and TO mode, the TO mode having a
fairly constant coupling that is stronger in the
Q valley.

The behavior of the couplings to the LA and
A1l phonons is quite different. In particular,
it strongly depends on the valley profile and
the occupation of the valleys. Small doping
and large AK (@) corresponds to the case where
only the K valley is occupied. In that situa-
tion, we see the doping-dependency of the cou-
pling around K is similar to the one induced by
standard free carrier screening. As the doping
increases, however, the coupling re-increases as
the electrons start to feel the presence the Q val-
ley. It is interesting to note that the coupling at
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Q follows an opposite trend, first increasing and
then decreasing. The other extreme case is that
of vanishing AK (), when both K and Q valley
are quickly occupied even at small doping. In
that situation the couplings are virtually dop-
ing independent, indicating the absence of free-
carrier screening. As the valley profile varies
between those two cases, intermediary behav-
iors are observed. An important characteristic
that one can deduce from those curves is that
the behaviors of the coupling at K and Q are
very much tied to one another. In fact, the sum
of the two is almost constant (variations below
10%) as a function of doping and valley pro-
file. Thus, when the coupling of the occupied
valley is screened by free carriers, the coupling
in the unoccupied valley is actually enhanced.
To the best of our knowledge, this behavior has
not yet been described. While the enhanced
coupling in the empty valley is not relevant for
transport, it could play a role for the dynamics
of excited carriers in doped TMDs. Concern-
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ing the comparison with DFPT for LA and A1l
phonons, the model reproduces the calculations
quite well in general given the complexity of the
mechanisms involved. The discrepancies most
likely come from the relative simplicity of the
model.

All the discrepancies seen in this figure would
lead to the largest error when those intraval-
ley couplings dominate the transport, i.e. at
small doping and for large AK(Q, when only
the K valley would be occupied. Looking a the
couplings in the K valley in this regime, we see
that a fortuitous cancellation of errors might oc-
cur between an overestimation of the coupling
for TA/LO and an underestimation for LA /AT.
Thus, overall, we don’t expect a significant er-
ror on the mobility from those discrepancies.

Evaluation of bare potentials

The absence of doping dependency of the EPIs
when both valleys are occupied in the DFPT
calculations of Fig. 9 indicates that free-carrier
screening vanishes, and thus, X(}{(SVK+XOQ(5VQ =

0and Vi g = (5V};/Q Thus, % x % gggﬁ.
The last relationship is valid in the q — 0 limit,
but we assume it can be extended at finite mo-
menta. Finally, in agreement with the ab ini-
tio results above, we assume that the quantity
0Vg—0Vy = 0V —0V§ = AV is a constant (in-
dependent of doping and valley profile) deter-
mined solely by the electron-phonon coupling

strength. AV? can show a slight dependency
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on the momentum, especially for the coupling
with acoustic phonons. In such cases, we use
the value extracted around ¢ ~ 0.1 A~', which
correspond to a rough estimation of the size of
the Fermi surface at ~ 50 meV above the bot-
tom of the K valley. Using those remarks the
bare potentials can be evaluated from the AV?
and the DOS of the valleys as:

AV?P

- DOSk
1 + DOSQ

B AV?
= DOS
L+ Sosy

Vi (3)

Vo (4)

This is a convenient procedure since it involves
quantities that do not depend on doping and
valley profile.

Kerr

The geometrical and ground state elec-
tronic properties of WSy, WSey, MoSe,, and
MoS,; were computed with DFT. We employed
24x24x1 k-point grids, with 120 Ry kinetic cut-
off, using PBE-GGA full relativistic pseudo
potentials from PSEUDO-DOJO." To remove
the interaction between replica images we used
30 Bohr of vacuum between each layer. Geom-
etry optimization was performed until diago-
nal stress components and forces were smaller
than 0.01 kBar and 107% Ry/Bohr, respectively.
Electronic band structures were then computed
on a 12x12x1 k-point grid. The energy levels
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of the ground state conduction bands were de- where eDFT are the DFT energy levels;
formed in order to reproduce AKQ = 0, 50, Agfﬁwofdyn the dynamical GyW, correc-
100, 150, and 200 meV energy splittings. Full  tions; AeSPHSEX [, = 0] the GoW, COHSEX
frequency GoWj calculations were performed to corrections with the system at equilibrium;
obtain the quasi-particle band energies. Real- AeCOMSEX (5 £ (] the GoWo COHSEX correc-
istic excited state configurations were then cre- tion for when the system has a finite density of
ated by removing all symmetries from system excited electrons and holes. In both dynamical

and populating the bands using Fermi distri- and COHSEX GoW;, we used the kinetic cut-
butions with different values of (g, T¢; pin, I1), offs 20 Ha, 5 Ha, and 4 Ha for the G-vectors in
with the restriction that the final densities of the FFT, exchange self-energy, and correlation

electrons and holes were equal. We then cre- self-energy. A total of 300 bands were needed
ated two excited state configurations for each to converge the electronic screening. The last
(e, Te; pin, Tp)) quartet, with excited electrons step is the calculation of the Kerr amplitude,
and holes populating either the KTand Q" or which involves computing the dielectric matrix
the K~and Q valleys shown in Fig. 1. T hese  €,3(w) with the Bethe-Salpeter equation (BSE)
new configurations were then used to calculate to accurately include the presence of excitonic
the correction to the energy levels induced by states. This involves diagonalizing the BSE
the presence of excited carriers. With it we can Hamiltonian
obtain the full correction to the energy levels
given by °%79:80 H ok = (N — eNED) 6 B+
cv
e = T A lf () = £ T0) (W, =2V ) )

+ Aepy M [pe = 0] = Ae 2 [p. £ 0], (5)
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where W and V are the screened direct and
exchange interaction, respectively. The kinetic
cutoffs and empty bands used were the same as
the GoWj calculations, and a total of six bands
were used in the kernel to set up the electron-
hole transitions. Omnce the full set of exciton
energies and eigenvectors is obtained, Ey, A},
we can build the dielectric tensor using

€ap(W) = Gap—
* Acvk (Ac’v’k’)*
da <dlB/ / /) T 4 A
E § cvk cv'k W — E)\ + 204_ (7)
b ok

where d2, are the dipole matrix elements, and
a, 8 =x,y,z. The Kerr amplitude can then be
evaluated using

eKerr(w) _ —% [ Gzy(w) (8)

€rz(W)\/ €xz(w) + 1

Results for the Kerr angle are shown in Fig. 10
for WSy and WSe, for T = 40 K, dp. = 0 €V,
and AKQ = 0 eV. The red/blue line shows the
Okerr(w) dispersion when the the Q1 /Q ™ valleys
are occupied. The symmetry of the vallues of
Okerr(w) is an important check, as it proves that
our method does indeed respect the underlying
Physics of each system.
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