PHYSICAL REVIEW LETTERS 129, 027401 (2022)

Phonon-Limited Valley Polarization in Transition-Metal Dichalcogenides

Zuzhang Lin ' Yizhou Liu®,* Zun Wang z Shengnan Xu ? Siyu Chen N
Wenhui Duan®,">>" and Bartomeu Monserrat®>%"
'nstitute for Advanced Study, Tsinghua University, Beijing 100084, China

*State Key Laboratory of Low Dimensional Quantum Physics and Department of Physics, Tsinghua University,

Beijing 100084, China

3Cavendish Laboratory, University of Cambridge, JJ Thomson Avenue, Cambridge CB3 OHE, United Kingdom

4Departmenl of Condensed Matter Physics, Weizmann Institute of Science, 7610001 Rehovot, Israel
SFrontier Science Center Jfor Quantum Information, Beijing 100084, China
6Department of Materials Science and Metallurgy, University of Cambridge,
27 Charles Babbage Road, Cambridge CB3 OFS, United Kingdom

® (Received 1 February 2022; accepted 7 June 2022; published 5 July 2022)

The ability to selectively photoexcite at different Brillouin zone valleys forms the basis of valleytronics and
other valley-related physics. Symmetry arguments combined with static lattice first-principles calculations
suggest an ideal 100% valley polarization in transition-metal dichalcogenides under circularly polarized light.
However, experimental reports of the valley polarization range from 32% to almost 100%. Possible
explanations for this discrepancy include phonon-mediated transitions, which would place a fundamental
limit to valley polarization, and defect-mediated transitions, which could, in principle, be reduced with cleaner
samples. We explore the phonon-mediated fundamental limit by performing calculations of phonon-mediated
optical absorption for circularly polarized light entirely from the first principles. We also use group theory to
reveal the microscopic mechanisms behind the phonon-mediated excitations, discovering contributions from
several individual phonon modes and from multiphonon processes. Overall, our calculations show that the
phonon-limited valley polarization is around 70% at room temperature for state-of-the-art valleytronic
materials including MoSe,, MoS,, WS,, WSe,, and MoTe,. This fundamental limit implies that sufficiently

pure transition-metal dichalcogenides are ideal candidates for valleytronics applications.
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Introduction.—Two-dimensional (2D) and few-layer
transition-metal dichalcogenides (TMDs)—where spin,
layer, and valley degrees of freedom can be exploited
[1,2]—have brought revolutionary progress to fundamental
physics and hold promise for technological advances. Of
these, the manipulation of the valley degree of freedom to
process and store information has given rise to the field of
valleytronics [3-5], a promising approach to next-gener-
ation nanodevices. A circularly polarized optical field can
drive an asymmetric distribution of carriers in the two
valleys of TMDs [1], denoted as valley polarization. To
make a valleytronics device, it is essential to generate a
robust valley polarization [6—8].

Despite significant progress, the robustness of valley
polarization in TMDs remains controversial. While ab initio
simulations predict a valley polarization of almost 100%
[9], consistent with selection rules, independent photo-
luminescence measurements have reported totally different
values ranging from 32% to 100% [6,8—11], which are also
temperature dependent. The inconsistency between experi-
ment and theory and among different experiments can be
ascribed to a combination of extrinsic effects, like a
different concentration of defects in the samples [9,12]
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and intrinsic effects, in particular, phonon-assisted optical
processes. While extrinsic effects could, in principle, be
suppressed with purer samples, intrinsic phonon-assisted
processes place a fundamental limit to valley polarization.
Determining this fundamental limit is therefore critical for
valleytronics applications.

In this Letter, we propose a new first-principles method-
ology to calculate phonon-assisted absorption for circularly
polarized light and, with monolayer MoSe, as a represen-
tative TMD, use it to calculate the fundamental limit of
valley polarization in TMDs. The transition matrix elements
that are symmetry forbidden in the static crystal (i.e., without
phonons) become symmetry allowed in the presence of
phonons, thus suppressing valley polarization. We identify
the dominant phonon modes suppressing valley polariza-
tion, and find that multiple phonon processes are important
for these dynamically enabled transitions, resulting in
an intrinsic valley polarization limit of 70% at room temper-
ature in MoSe,. More generally, the proposed first-
principles methodology should be applicable to the study
of finite-temperature optical absorption in other materials.

Phonon-limited valley polarization in TMDs.—Typical
TMDs, such as MoSe,, MoS,, WS,, WSe,, and MoTe,,

© 2022 American Physical Society
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(a) Valley contrasting circular optical transition rules with o referring to right(left)-handed polarized light. /, (I.) is the

azimuthal quantum number of the conduction (valence) band. (b),(c) Valley contrasting rules are violated by phonon-assisted optical
transitions. 7%(vk, — ck.) represents a transition path from the valence band (v) with wave vector k, to the conduction band (c) with
wave vector k. under light of helicity a (@ = = refers to right- or left-handedness). The dashed lines refer to intervalley scatterings

assisted by the phonon modes u,q (1)

allow a valley contrasting circular dichroism between
the K and K’ valleys of the electronic structure
[Fig. 1(a)] [13,14], which results in an ideal static valley
polarization [9],
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Within the electric dipole approximation, the transition
matrix elements |PZ | = |(y o |pE |y )| describe the opti-
cal transition probability. Here, p* = p, +i p, corre-
sponds to right- () or left-handed (¢_) polarized light,
and |y, ) and |y ) represent the valence and conduction
electronic states of crystal momentum Kk, respectively.
According to Eq. (1), incident light with fixed helicity
will induce a 100% valley polarization with only states in
one valley being excited. However, experimental measure-
ments suggest values as low as 32% [6,8,9]. Such discrep-
ancy may arise from two sources: (i) the imperfect crystal
sample, e.g., defects which break crystal symmetry [9];
(ii) phonon scattering could enable otherwise forbidden
transitions within and between valleys. While the former is
extrinsic and could, in principle, be suppressed with purer
samples, the latter is intrinsic and therefore impossible to
remove.

To address this question, we study valley polarization
including phonon-driven transitions, denoted as phonon-
limited valley polarization. We use 7%(nk, — mk,,) to
denote the possible transition of electrons from the state
nk, to mk,, under light with helicity a, where n,m = v, ¢
with v (c) representing valence (conduction) band state and
k,.k,, = K, K’ referring to the valley degrees of freedom.
As an illustration, in Figs. 1(b) and 1(c) we show three
transitions from the K valley, namely 7" (vK — cK’),
T~ (vK — cK'), and T~ (vK — ¢K), whose pathways will
be carefully described later. Their conjugate transitions
from the K’  valleyy, namely 7~ (vK' — cK),
Tt (vK' - ¢K), and T*(vK' - ¢K’), are similar and
not illustrated here. All six transitions are forbidden at

the static lattice level (i.e., without phonons), which is the
main reason behind the predicted perfect valley polariza-
tion. However, according to Fermi’s golden rule in the
framework of second-order perturbation theory [15,16],
perfect valley polarization is lost, as these forbidden
transitions can happen with the assistance of phonon-
mediated processes via electron-phonon coupling (EPC)
through intermediate states [17,18] [Figs. 1(b) and 1(c)].
Therefore, the expression in Eq. (1) no longer applies in the
presence of phonons. To circumvent this, we define the
phonon-limited valley polarization as

N(l(K) - N(I(K/)
T)= 5
1) =N (0K) 4 N, (K)
N,(K) = [P*(vK = cK)|* + |P*(vK' = cK)|?,
N, (K') = [P*(vK — cK')|* + |P*(vK' = cK')|?,

(2)

where P%(vk, — ck.) denotes the transition matrix
element of the process 7%(vk, — ck,) at finite temper-
ature T (k. k, = K,K’). Both intra- and intervalley
processes are taken into account.

It should be noted that spin-flipping processes can
also occur. The phonon-assisted paths (dashed lines) in
Figs. 1(b) and 1(c) can be spin conserving or spin flipping.
The EPC matrix element is given by [19]

Vs
7

0u,q

glr/z:(rln,k = <Wm,k+q| |Wn,k>

oV

+ Ou,q

= <Wm,k+q| |Wn,k>’ (3)

where Vg is the Kohn-Sham potential, and Vg and Vg
refer to its spin-conserving (SC) and spin-flipping (SF)
parts, respectively. u,, denotes the phonon mode of branch
v and wave vector . The spin-flipping potential Vg
contains spin-orbit coupling (SOC) terms, so that the
spin-flipping processes arise as a result of the combined
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FIG. 2. (a) Electronic band structure and (b) phonon dispersion relation of monolayer MoSe, along high-symmetry lines with the

corresponding IRs at high-symmetry points. The I';_;, refer to the double-valued representations of the little group C3, at K and K’ due
to SOC, whereas the A’, F’, E’*, E”, and E"* refer to the single-valued representations of Cs;. Q is the midpoint between the K and I'
points. (c) Symmetry-allowed optical transition paths with the green (orange) curves representing spin-up (-down) electronic states at K
(K’) and the red (blue) lines representing a . (6_) photon. (d) Symmetry-allowed electron-phonon transition paths for SC (left) and SF

(right) processes, respectively, with the dashed lines representing ug (or uxs whose IR is conjugate to ug) and ur phonons.

effects of SOC and EPC. Hereafter, we will update the band
indexes n,m = vy, v}, ¢4, ¢ to include spin information.

Intra- and intervalley transitions in MoSe,.—In the
following, we investigate the phonon-limited valley polari-
zation in monolayer MoSe,. It has D;;, symmetry, whose
single- and double-value representations are given in
Ref. [20]. Figures 2(a) and 2(b) show the electronic band
structure (including SOC) and phonon dispersion relation,
respectively, along high-symmetry lines and including the
irreducible representations (IRs) at high-symmetry points,
which are consistent with earlier studies [1,21,22].
Monolayer MoSe, has a direct gap with conduction and
valence band edges located at K and K’. At the K point, the
valence band with spin-up (-down) state has I'; (I'g)
symmetry; the conduction bands are nearly spin degenerate
with the I';; (I'y) state having upward (downward) spin.
The spin states at K’ are opposite to those at K due to time-
reversal symmetry.

For the valley-selective circular dichroism shown in
Fig. 2(c), both SF and intervalley transitions are prohibited
if only photons are included. However, the SF and
intervalley transitions could be allowed by EPC and
SOC processes with the symmetry-allowed intermediate
phonons labeled in Fig. 2(d). The derivation details are
given in Note S1 in the Supplemental Material [23]. The
combination of photons and phonons gives rise to both
intra- and intervalley excitations even with a fixed helicity
of light.

Phonon-assisted  transition amplitude from  first
principles.—To investigate the mechanism of phonon-
limited valley polarization defined in Eq. (2), we first
calculate

__h PP

= =,
2w, Ouyg

A% (q.v) 4)

which provides a quadratic approximation to the change
A% (q,v) in the transition matrix element induced by
phonon mode u,q [24]. This expression directly combines
the contributions from photons and phonons in the tran-
sition. To evaluate Eq. (4), we generate atomic configura-
tions in which phonon modes are excited individually [24]
and use these to evaluate the second-order derivative of the
transition matrix elements with a finite differences numeri-
cal scheme. At each atomic configuration, the transition
matrix elements are directly calculated from response
functions based on nonorthogonal localized orbitals
(NOLOs) [25] as interfaced with OPENMX [26].
Additional details of the calculation method are described
in Note S2 in the Supplemental Material [23].

We evaluate A%,(q,v) for MoSe,, where depending on
the initial state |y, x ) from the valence band and the final
state |y ) from the conduction band (o,0' =1,),
transitions can be divided into intra- and intervalley and
into SC and SF, based on whether k, =k, or 6 = ¢. In
the following, we focus on the intervalley SC transi-
tion 77 (v4K — ¢;K’), the intervalley SF transition
T*(vyK - ¢ K’), and the intravalley SC transition
T~ (v4K — ¢;K), all of which become possible with the
mediation of phonons. We quantify the phonon correction
to the transition matrix elements for the three transitions
discussed above as a function of the phonon wave vector q
throughout the Brillouin zone (BZ), ie., A%/(q)
>, A% (q,v) [Figs. 3(a)-3(c)]. As expected, the ug pho-
nons drive large corrections since these phonons provide
the required momentum (i.e., K or —K) to connect the two
valleys for the three transitions. In addition, we note that the
ur phonons dominate intravalley SF transition (Note S1 in
the Supplemental Material [23]), which is also due to
momentum conservation. Interestingly, we discover that
the phonons near the Q point [the midpoint between the K
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FIG. 3. (a)—(c) A%(q) for (a) the intervalley-SC transi-

tion 7 (v;K — ¢;K’), (b) the intervalley-SF transition
Tt (v;K = ¢ K’), and (c) the intravalley-SC transition
T~ (v4K — ¢;K). The red polygons in (a) represent the phonon
sum weight in a 6 x 6 g-point grid. (d) The ug (ug’) phonon
frequency resolved A%, (K,v) [A%,(K’,v)] for the transitions
T~ (v;K — ¢;K’) (the orange curve), T*(v,K — ¢ K’) (the
green curve) and 7~ (v4 K — ¢, K) (the purple curve), which is
given in arbitrary units. The corresponding IRs of the phonon
peaks at the K point are labeled and the numbers in the brackets
denote the number of phonon bands with increasing frequency.
(e) The temperature dependent # calculated from the quadratic
harmonic approximation, using a 6 x 6 q-point grid.

and T points as shown in Fig. 2(a)] also make sizable
contributions to the inter- and intravalley SC transitions
T~ (14K = ¢,K’) and T~ (4K — ¢;K) [Figs. 3(a) and
3(c)]. According to momentum conservation, two ug
phonons or one ug phonon plus one uy; phonon [Fig. 3(a)]
are needed to make the intervalley transition possible. Our
approach captures the two ug phonons transition, provid-
ing an example of a multiple phonon process that will be
discussed in some detail later.

We show A?%,(q,v) at @ = K as a function of the phonon
frequency in Fig. 3(d). The numerically -calculated
A% (q,v), together with the symmetry-derived selection
rules in Fig. 2(d), help us determine the microscopic
mechanism behind the phonon-limited valley polarization
in TMDs. For example, as shown by the orange curve in
Fig. 3(d), the two A’ modes dominate in the SC intervalley
transition 7~ (v4K — ¢;K’). Additionally, according to
Fig. 2(d) the A’ mode allows the intervalley transition
from »,K to v;K’, thus indicating the whole phonon-
assisted transition path to be 11K — v,K’ —» ¢, K'. We
also calculate the lowest-order electron-phonon matrix
elements |g,} | using the EPW code [27] to confirm that
the u, g (4 k) phonons indeed contribute to the electron-
phonon scattering path from v,K to v; K’ (see Table S2 in
the Supplemental Material [23]). The pathway for the SC

transition 7~ (v4 K — ¢;K) [Fig. 3(c)] can be determined
in an analogous manner. For the SF transition [Fig. 3(b)],
with a contribution smaller than that of the SC transitions,
the pathway c4K — ¢ K’ is not favorable because its
symmetry-allowed phonon u,»g does not have a significant
contribution in Fig. 3(d), a result that is confirmed by the
zero SF EPC matrix element [Eq. (3)] from the EPwW
calculations (Table S2 in the Supplemental Material
[23]). We speculate that the dominant pathway for this
SF transition may be 14, K - ¢, K - ¢I' = ¢ K’ because,
for the path ¢,K — ¢TI', a momentum K is needed and
ugrg |ugrg] are symmetry-allowed phonon modes
[Fig. 2(d)]. The SF intervalley scattering path via the I
point was also reported before [28].

We now evaluate the phonon-limited valley polarization
as a function of temperature by incorporating the thermal
occupation of the phonon modes [23,24],

P&l = Pélo + [APE,

1
aP4| = Yot () |+ mlow D] O
q.v

where [P, |, is the transition matrix element in the absence
of phonons, w,q is the frequency of phonon mode u,q,
and ng(w,q. T) is the Bose-Einstein distribution function.
The impact of temperature on the electron occupation
is neglected, as the room temperature energy scale
(~26 meV) is much smaller than the size of the electronic
band gap (1.39 eV) in our simulations. Based on Eq. (5), we
calculate the phonon-mediated transition matrix elements
|P%,| in MoSe, by summing over the contribution from all
phonons on a 6 x 6 q grid of the BZ. The sum can be
limited to the irreducible BZ by assigning each phonon
mode a weight that is proportional to the area of the
polygon (see Note S3 in the Supplemental Material [23])
shown in Fig. 3(a) (that is the multiplicity of the q point).

The temperature-dependent phonon-limited valley
polarization 5 is shown in Fig. 3(e). We find that pu
decreases with increasing temperature, driven by the
increasing phonon occupation ng(w,T) and resulting in
a reduced valley polarization of about 70% at 300 K—a
lower bound in our estimation (see Notes S3 and S4 in the
Supplemental Material [23]). We argue that the values of 7
in other TMDs should be similar to that of MoSe, because
of the comparable band structure and EPC strength
(Note S4 in the Supplemental Material [23]). Therefore,
we can expect that TMDs exhibit high valley polarization
even at room temperature, as long as the sample is pure
enough, and thus are ideal candidates for valleytronics
applications.

Discussion.—Beyond placing a fundamental limit to
valley polarization, our analysis also allows us to ration-
alize some experimental reports of phonon-assisted proc-
esses in TMDs. Phonons that contribute to a virtual process
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also dominate the corresponding real process because they
follow the same symmetry constraints. The LA (K) phonon
[the A’(3) mode at the K point in Fig. 3(d)] was proposed to
dominate the spin-conserved intervalley scattering in
monolayer MoS, [40] (note MoS, has analogous properties
to MoSe,, so the results should be transferable). The ZA
(K) phonon [the E”*(2) mode at the K point in Fig. 3(d)]
which is clarified to effectively mediate the transition
T*(v4K — ¢ K’) has been detected in spin-flip intervalley
relaxations [41]. As for ug phonons, weak features around
380 [42] and 386 cm™! [43] were observed in two previous
low-temperature double-Raman experiments in bulk MoS,,
which might correspond to the contribution of acoustic
phonons near the Q point [40].

Our results reveal the unexpectedly large contribution
from wuqg phonons [Figs. 3(a) and 3(c)] in monolayer
MoSe,, which may be due to the special position of the
Q point, which is a local (global) minimum of the
conduction band of monolayer (bulk) MoSe,. We discover
that similar multiple phonon processes may also be con-
siderable in other TMDs such as MoS,, WS,, WSe,, and
MoTe, (see Note S4 in the Supplemental Material [23])
and the important roles of uqy phonons in bulk TMDs
have been reported before [40,42,43]. We note that the ug
phonons cause an increase of the transition matrix elements
for the transition 7~ (v4K — ¢;K) [Fig. 3(c)], which
suggests that terms beyond lowest-order perturbation
theory are important, an observation that has also been
reported in other materials [44].

The first-principles study of phonon-assisted optical
processes has only recently become possible. While pre-
vious studies have reported phonon-assisted absorption
across indirect band gaps using linear response methods
[15] and finite difference methods [45], and across dipole-
forbidden transitions using finite difference methods [18],
our Letter provides the first calculation of phonon-assisted
transitions with a circularly polarized optical field. It should
be noted that our NOLO-based approach, which does not
use Wannier interpolation [46,47], enables high throughput
calculations for many atomic configurations. Moreover, our
approach could be extended with a stochastic Monte Carlo
scheme [23,24] to incorporate arbitrary orders of EPC
strength and could also be extended to include a higher-
level description of electrons (beyond the independent-
particle approximation) or phonons (including anharmonic
effects).

In conclusion, we calculate the phonon-induced funda-
mental limit of valley polarization in TMDs, which is larger
than 70% at room temperature. This may set a standard for
valleytronics applications. The electron-phonon scattering
pathway traced out for several transitions could be used to
design optical processes in which specific phonons are
targeted, thus providing a road map for optical control of
phonons. For example, it may guide the design of optical
processes to excite specific anharmonic phonons beyond

infrared-active phonons to achieve ultrafast lattice control
[48—53]. We emphasize that the combination of the NOLO
scheme for calculating electronic transitions with the finite
difference approach for evaluating phonons and electron-
phonon interactions provides a general approach to study
phonon-assisted processes in various linear and nonlinear
responses in condensed matter physics, including shift
current conductivity, orbital magnetization, and the non-
linear Hall effect. Future works on these areas are highly
anticipated.
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