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Exciton fine structure splitting and linearly polarized emission in strained
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We study theoretically the effects of an anisotropic elastic strain on the exciton energy spectrum fine structure
and optical selection rules in atomically thin crystals based on transition-metal dichalcogenides. The presence
of strain breaks the chiral selection rules at the K points of the Brillouin zone and makes optical transitions
linearly polarized. The orientation of the induced linear polarization is related to the main axes of the strain
tensor. Elastic strain provides an additive contribution to the exciton fine structure splitting, in agreement with
experimental evidence obtained from the uniaxially strained WSe, monolayer. The applied strain also induces
momentum-dependent Zeeman splitting. Depending on the strain orientation and magnitude, Dirac points with
a linear dispersion can be formed in the exciton energy spectrum. We provide a symmetry analysis of the strain
effects and develop a microscopic theory for all relevant strain-induced contributions to the exciton fine structure

Hamiltonian.

DOLI: 10.1103/PhysRevB.106.125303

I. INTRODUCTION

Elastic deformations and strain strongly affect electronic,
excitonic, and optical properties of solids [1]. Deformation
effects turn out to be especially important for two-dimensional
(2D) materials where strain can be applied locally [2], pro-
viding significant tunability of the band parameters and
optical response of semiconducting transition-metal dichalco-
genide monolayers (TMDC MLs) [3,4]. Such systems, with
MoS,, MoSe,, WS,, and WSe, being their most prominent

2469-9950/2022/106(12)/125303(11)

125303-1

representatives, are actively studied nowadays owing to
their exceptional optical properties, intriguing fundamental
physics, and wide prospects for applications [5—7]. Defor-
mations can be used to control exciton transition energy and
linewidths [8—15], scattering, and diffusion [16]. Inhomoge-
neous strain allows one to confine [17,18] and steer excitons
owing to the funneling effect [19-24].

In atomically thin TMDCs bright excitons occupy two
valleys, K, and K_, and emit circularly polarized light.

©2022 American Physical Society
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Valley-tagged excitons can be considered a prototypical two-
level system with the valley polarization and coherence
being mapped to the exciton pseudospin 1/2 [25,26]. Val-
ley orientation of excitons by circularly polarized light and
the formation of valley coherence under linearly polarized
excitation [26-36] is among the most promising effects
for applications of TMDC MLs in quantum technologies.
Electron-hole exchange interaction mixes excitons in the K
valleys and acts as an effective magnetic field—synthetic
spin-orbit coupling—making it possible to manipulate valley
polarization [25,26,37,38] similarly to the manipulation of
electron spins via spin-orbit coupling [39-44]. Electron-hole
exchange interaction governs the fine structure of excitonic
states [7,45,46] and also causes valley depolarization of exci-
tons [25,26,37,38,47,48] similar to the spin depolarization of
excitons in quantum wells [49-51].

Here we demonstrate theoretically and confirm experimen-
tally that the strain strongly affects the bright exciton fine
structure in TMDC MLs. It breaks the threefold rotational
symmetry of a monolayer and gives rise to a splitting of a
radiative doublet into the states linearly polarized along the
main axes of the strain tensor. The strain results in overall
linear polarization of the emission of a 2D TMDC. We also
predict a combined effect of the strain and exciton motion
which leads to the linear in the wave vector splitting of
the circularly polarized exciton states. We present symme-
try analysis of the strain effects in Sec. II and microscopic
mechanisms of the effects in Sec. III. An experimental demon-
stration of the interdependence of exciton energy shifts and
fine structure splitting under strain is provided in Sec. IV.
Section V contains the conclusion and outlook.

II. SYMMETRY ANALYSIS

In this section we employ symmetry arguments to de-
rive an effective Hamiltonian of the exciton radiative doublet
in TMDC monolayers in the presence of elastic strain in
Sec. IT A. Further, in Sec. II B we analyze the energy spectrum
and discuss the formation of the Dirac points with conical
dispersion.

A. Effective Hamiltonian

We consider the fine structure of the radiative doublet of
exciton states in the presence of strain in the 2D TMDC.
Let u(r) be the local displacement vector of the atoms in the
monolayer. For small deformations considered hereafter, the
strain tensor reads (i, j = x, y, z denote the Cartesian compo-

nents)
1 8u,~ 8uj
ij ==\ — — ) = Uj;. 1
i 2<3xj+ax,»> " M

To obtain an effective Hamiltonian of the exciton in the pres-
ence of strain, we use the method of invariants [1,52]. We
consider a class of TMDC monolayers with D3, point sym-
metry that includes MoS,, MoSe,, MoTe,, WS,, and WSe;
as the most prominent examples; our analysis applies to all
these systems. In the D3, point group of the monolayer the
following strain tensor components correspond to the irre-
ducible representations: (1) A} (invariant) corresponds to u,,

and Uy, + uyy, (2) E’ corresponds to (2utyy, tyy — Uyy), and (3)
E" corresponds to (uy;, uy,). The bright excitonic states—the
radiative doublet—transform as the in-plane coordinates, i.e.,
according to the E’ irreducible representation. Taking into
account that E’ ® E' = A| 4+ A}, + E’, we obtain the follow-
ing expression for the effective Hamiltonian of the radiative
doublet in the presence of strain:

272

H = E(uer + uy)l + E'ul + WI + g(& -2). ()
Here [ is the 2 x 2 unit matrix, and the contributions with
OC Uy + Uy, and u;; describe the overall shift of the exciton en-
ergy; & and &’ are the corresponding deformation potentials.
These contributions are responsible for the exciton energy
tuning by elastic strain [9—11], electron- and exciton-acoustic
phonon scattering [53—-59], and exciton funneling [19,20,24].
The kinetic energy /i*K?/2M is presented disregarding the
strain, with K = (K,, K,) being the two-dimensional exci-
ton wave vector; generally, in the presence of strain the
kinetic energy acquires terms o K;K;u;; which describe the
strain-induced renormalization of the effective mass and its
anisotropy. The last term in Eq. (2) describes the exciton
fine structure. Here 6 = (6y, 6y, 6;) is the vector composed
of the Pauli matrices describing the exciton pseudospin, with
6, describing the splitting of exciton states in circular polar-
izations and &, and 6, describing the splitting into the linearly
polarized components [25,51], and €2 is the effective magnetic
field acting on the exciton pseudospin:

Q = AK)(K? = K7) 4 Blute — uyy), (3a)
Q, = 2AK)K. K, + 2Bu,, (3b)
QZ = C[(uxx - uyy)Kx - 2uxy](y]~ (30)

Note that the exciton pseudospin Pauli matrices &, and &, are
even at the time reversal, while the matrix &, is odd at the time
reversal.

The product A(K)K> describes the longitudinal-
transversal splitting of the excitonic states [25,37,38,48,60].
The parameter B describes the effect of strain, and the
parameter C describes an effective magnetic field arising
due to the exciton propagation in the presence of strain.
The parameter C # 0 appears due to the lack of inversion
symmetry in the system. Here we use the same set of axes
as in Ref. [61], where one of the three vertical reflection
planes in the D3, point group o, || (yz) (see Fig. 1), and the
components (K, K,) transform as (2uy, uy, — uyy).

Note that the mixed components of the strain, u,, = u,,
and u,, = u,y, mix spin-forbidden dark (also called gray) z-
polarized excitons [45] with the in-plane polarized optically
active states. Such effects are beyond the scope of the present
work.

B. Analysis of the energy spectrum

The strain breaks the threefold rotation symmetry of the
2D TMDC (see Fig. 1). In the absence of strain the x and
y axes are equivalent from the viewpoint of linear optics,
and the eigenpolarizations can be selected to be circular, o
and o~ [Fig. 1(a)]. In the presence of strain, the in-plane
axes of the structure are no longer equivalent [Fig. 1(b)], and
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(a) No strain

(b) Strain

T

FIG. 1. Schematic top view of a TMDC ML (a) in the absence and (b) in the presence of strain, u,, 7 u,y, iy, = 0.

the eigenpolarizations are linear ones along the main axes of
the strain. The eigenstates of the exciton at rest (K = 0) are
linearly polarized along the main axes of the strain tensor x’
and y', and the splitting is given by B (i, — uyy ). Note that
in the main axes the off-diagonal components of the strain
tensor are absent, u,, = uy, = 0; in Fig. 1(b) the main axes
are x and y (generally, the main axes x’ and y" do not have to
match the x and y axes of the lattice in Fig. 1). The splitting is
linear in the strain for small deformations.

The pseudomagnetic field £ as a function of the wave
vector K is schematically shown in Fig. 2. The three panels
show the cases without strain [Fig. 2(a)] and with strain but
opposite signs [Figs. 2(b) and 2(c)]; here we take

Upy — Uyy 7 0. @

In Fig. 2(a), no strain is present, the field 2 lies in the (xy)
plane, and its components are described by the second angular
harmonics [25,26]. The magnitude of £ depends only on the
absolute value of K. Strain breaks the axial symmetry of
the system, making the magnitude 2 dependent on both the
magnitude and direction of K, as shown in Figs. 2(b) and 2(c).
Also, a z component of 2 appears. The reversal of the sign of
the strain changes the distribution of the field €2 [see Figs. 2(b)
and 2(¢)].

Depending on the strain, the energy spectrum of the
excitons can possess Dirac points where the polarization
eigenstates are degenerate and the energy spectrum is conical.
For illustrative properties let us assume that the main axes of
the strain correspond to the (xy) axes of the structure; namely,
Eq. (4) is fulfilled. In the centrosymmetric approximation
where C = 0 the effective magnetic field £ vanishes at

Uyy = 0,

K. =0, K, ==+,/K>

* 0

K2 >0 (5a)
or at

K, ==4,/-K2, K,=0 K<0, (5b)

where the parameter K, is determined from the equation

K2 — B(uyg, — uyy)

= 6
: A(IK.D) ©

Points (5a) and (5b) in K space correspond to a vanishing
exciton polarization splitting, and the effective Hamiltonian
in the vicinity of each point takes the form

72|K.|?

HE) ~ 2M

+ iV, (0,K, — 0K,) (7a)

(a) No strain

(b) Strain  B(uzs — uyy) >0

(c) Strain  B(uzs — uyy) <0

Clugy — Uyy) <0

FIG. 2. Illustration of vector field £ (arrows) as a function of the
exciton wave vector K. (a) Strain is absent; the effective magnetic
field results solely from the exciton longitudinal-transverse splitting.
(b) and (c) Strain is present; u,, = 0, and u,, — uy, has different signs
for (b) and (c).
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FIG. 3. Illustration of the exciton dispersion found by diagonal-
ization of the Hamiltonian (2) as a function of K, at K, =0 for
K? <0 [B(uy — uy,)/A < 0] at (a) C=0 and (b) C # 0. Insets
show three-dimensional plots of the dispersion in the vicinity of
the Dirac point K, = —,/|K2|, K, = 0 [Eq. (5b)]. The light cone is
shown by the shaded area.

or
72 |K. |
2M

depending on whether Eq. (5a) or (5b) is fulfilled. Here K is
the wave vector reckoned from the corresponding Dirac point,
Eq. (5), and the effective velocity is given by

Vi = BIKJA(IKD. ®)

H(K) ~

+ V. (0. K, + 0yK,), (7b)

In Egs. (7) we have omitted oy ,-independent K-linear terms
:I:hZI?x,y|K*| /M stemming from the parabolic exciton disper-
sion, which result in a tilt of the Dirac cones. The dispersion
calculated using the total Hamiltonian (2) at C = O for Kf <0
is shown in Fig. 3(a). It clearly shows the Dirac points with
tilted conical dispersion.

For vanishing strain |K,| — 0, and Dirac points enter the
light cone (|K,| < wy/c, where wy is the exciton emission fre-
quency shown by the gray shading in Fig. 3), where excitons
radiatively decay and A(K) becomes imaginary; see Eq. (23)
and Ref. [25] for details. For the same reason, the dispersion
in Fig. 3 demonstrates nonanalytical features at K, = 0. In
such a case, there is no sense in discussing Dirac cones due
to significant radiative damping of the excitons.

Interestingly, the linear dispersion in Egs. (7) can be
strongly modified if the lack of inversion symmetry is taken
into account, i.e., where C # 0. If the parameters of the strain
are such that K2 > 0 and Eq. (5a) is fulfilled, then €, vanishes
at K, =0, K, = £K,, and the dispersion acquires an addi-
tional K,-linear contribution o 0,C(uyy — uy,)K, that simply
results in a “tilt” of the eigenstates and anisotropy of the Dirac
cone. By contrast, if K2 < 0 such that Eq. (5b) is fulfilled, then
a gap opens in the spectrum: Indeed, the additional C-linear
contribution to the effective Hamiltonian (7b) is given by

n
SH = :tazEC(uM — uyy ),/ —K2, )]

and it does not depend on the wave vector to the lowest order.
Thus, the gap is given by

h
Eg = §|C(uxx - ”yy)|\/ _KE-

This situation is illustrated in Fig. 3(b), where the gap is seen.
Note that for arbitrary orientation of the strain with respect to
the crystalline axes x and y the gap is generally nonzero; it
closes for only specific orientations of the strain.

III. MICROSCOPIC MECHANISMS

Here we present the microscopic model of the strain-
induced contributions to the effective magnetic field 2 acting
on the exciton pseudospin. We start the analysis with the
strain-induced effects on the single-particle states and optical
selection rules (Sec. IIT A), then address the excitonic effects
demonstrating the role of the long-range (Sec. IIIB) and
short-range (Sec. III C) exchange interactions. In Sec. III D we
address the effects related to the lack of the inversion center. It
is noteworthy that all common TMDC MLs have similar band
structures. Accordingly, the mechanisms described below are
rather general and are not limited to any specific combination
of transition metal and chalcogen.

A. Strain-induced band mixing and optical selection rules

In order to describe the strain effects on the single-particle
Bloch functions, we resort to the four-band k - p model of the
TMDC ML band structure and, in addition to the conduction ¢
and valence v bands, also include the remote bands ¢ + 2 and
v — 3 in the consideration (see Refs. [46,61,62] for details);
their Bloch functions at the K point of the Brillouin zone
can be chosen as

X —=i) XHY
c+2t="—>-—, ot = ,
+_ X//_iy//

n*t=8, [v-3) (10)

7
In the K_ valley the functions are obtained through the time-
reversal transformation and can be chosen, e.g., as complex
conjugates of Eq. (10); Bloch functions X, ), and Z trans-
form as the corresponding Cartesian coordinate, and S is the
invariant function. We use primes to denote different orbital
compositions of the Bloch functions in different bands. Since
we are interested in the fine structure of the bright excitonic
states, we consider Bloch states with a fixed spin component,
i.e., 1 in the K valley and | in the K_ valley. We recall that
bandsc + 1,v — 1,and v — 2 are odd at the z — —z reflection
and provide no contribution to the parameter 3. Such a model
adequately describes the band structure and symmetry of the
transition-metal dichalcogenide monolayers in the vicinity of
the K4 points [62]. The k - p Hamiltonian of the K valley
reads [46,61,62]

Ecyr  yok-  yaky O
*k E. k_ k
U, = Va* + - V3 VsK4 ’ (11)
V4 k_ V3 ky E, yok_
0 vk- viky Ey

where ki =k, ik, E, (n=v —3,v,c, ¢+ 2) are the en-
ergies of the band edges, and y» ¢ are the parameters
proportional to the interband momentum matrix elements. The
Hamiltonian in the K _ valley H_ is obtained by the conjuga-
tion of H.
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The strain mixes the bands in Eq. (10). In what follows
we disregard the contributions u., u.., and u,,, which involve
the z component of atomic displacements, and assume that

only u;;, with i, j = x, y, are nonzero. Following the general
approach of Ref. [1], we derive the following strain-induced
contribution to the k - p Hamiltonian in the K | valley:

J

Ecqallp Ec+2,cu+2 Ech2,€1472 EC+2,U73MO
(s) Ec,c+21472 Eclig Ec,vuvLZ Ec,v73’472
H =] - - - , 12)
Sep2,0U42 Sy,cU_2 Syl Sy, v—3U42
By 3,c2Uy  By3cUyy By 3pU2 Ey_3U
where we introduced the notations
Ut) = Uxx — Uyy + 2iuxys Uy = Uy + Uyy, (13)

and the interband deformation potential matrix elements &, ,, = B, (n,n' =c,v,c+2,v — 3) and also used the shorthand
notation E, for E, ,. The parameters &, , should be found from atomistic calculations similar to those in Ref. [4]. Typically,

En.» are in the range from 1 eV to tens of eV.
In the first order in u;; we obtain, at k = 0,

EC 2,c
|a+=wﬁ+wz<——i;—w+m++
T\E —Ecn
~ Ec 2,v
|w+=WW+mJ<——i;—w+m++
Ev - Ec+2

The expressions for the Bloch states in the K_ valley can be
obtained from Eqgs. (14) making the complex conjugation. The
ratios &, /(E, — E,) can be estimated as 1-10.

Equations (14) demonstrate that the selection rules for
the optical transitions at the K1 points change and the strict
(chiral) selection rules no longer hold in the presence of the
in-plane strain. Making use of the four-band k - p Hamiltonian
(11), we calculate the interband velocity matrix element for
the transitions in 0¥ polarizations, vl = @'V H L |D), to
be

- V3 - _ V3
DCABES 7 ih(7) = U—2n 15)
where the parameter 7 is
1 EC.CJFQ Ec v—3 *
n=— - Y4+ : ¥
m(&—aﬂ E.—E, 3"
Ee 2,v EU—3 v
R L ‘ )/5). (16)
E,—Ee2'®  E,—Ey 3

Similarly, transition matrix elements in the opposite (K_)
valley take the form

*
v

h
One can check that for a consistent choice of the phases of the
Bloch functions in Eq. (10) the parameter 7 is real.

Equations (15) and (17) demonstrate that the optical transi-
tions are, in the presence of strain, elliptically polarized. The
strain-induced linear polarization is along the main axes of the
strain tensor #;; and the same in both valleys. In what follows
we assume that u,, = u,, = 0, i.e., the axes (xy) are the main
axes [Fig. 1(b)], and obtain from Eqgs. (15) and (17)

12 et |2
|30l — 192,

(0" = uan ﬁ;xo*>==%§. (17)

P = = 2(tx — Uyy)7]. (18)

o " + |08,

E1)736 Evc
ey — 3yt P 7)) 14
EL.—EU_3|U ) >+u ZEC—EUM (14a)
Eu—3v Ecv
WU 1y — 3yt —% |yt 14b
oy, ))ﬂma_&W) (14b)

(

Thus, the interband emission of a strained ML becomes
linearly polarized, with the overall (spectrally integrated) po-
larization degree given by Eq. (18). For rough estimates one
can take n ~ 1-10, yielding P; in the range of several to tens
of percent per percent strain.

Note that the strain itself, at k = 0, cannot result in
the splitting of the noninteracting electron and hole valley-
degenerate states. This is because of the Kramers theorem
resulting from the time-reversal symmetry: The single-particle
valley splitting is provided only by the time-reversal nonin-
variant perturbations (e.g., magnetic field), while the strain
does not change sign at the time reversal, as clearly seen
from the definition (1). Thus, in order to derive B # 0, one
has to take into account both the strain-induced modification
of the band structure and the electron-hole interaction. Since
the exchange interaction contains both the long- and short-
range contributions, the parameter B = By, + By, where the
subscripts Ir and sr denote, respectively, the long-range and
short-range effects. We discuss these effects in the following
sections.

B. Long-range exchange interaction

The long-range contribution to the electron-hole exchange
interaction can be interpreted as a process of (virtual) re-
combination and generation process of the electron-hole pair
[25,48,50,63-67]. It allows us to consider the long-range ex-
change within the purely electrodynamical approach, taking
into account the coupling of excitons with induced radiation;
see Refs. [25,48] for a detailed analysis of the effect for
TMDC MLs.

Modification of the selection rules provides, via the long-
range exchange interaction, the coupling between the o™ and
o~ excitons already at K = 0. For a freestanding monolayer
this coupling is dissipative (cf. Ref. [61]) and results in the
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renormalization of the oscillator strengths in the x and y po-
larizations with

Fop=To(1+P), TFoy=To(l-P), 19)

where Iy is the exciton decay rate in the free space of an
unstrained ML [25,68]:

2

2
il , (20)

h

ehy; @(0)
wo

[y

where g = wy/c is the wave vector of the exciton-induced ra-
diation, wy is the exciton resonance frequency, and ®(0) is the
electron-hole envelope function at the coinciding coordinates.
In the presence of a substrate with the amplitude reflection
coefficient r;, (cf. Refs. [48,68]), the splitting between x- and
y-polarized excitons due to the long-range exchange interac-
tion reads

A = 1By (ttys — tyy) = KToP; Im{ry). 1)

Since |rp| < 1 and P; < 1 by definition, the splitting is smaller
than the exciton radiative decay rate to the vacuum #Al'y. The
ratio of the splitting and the radiative linewidth in the structure
with the substrate ilg(1 4+ Re{r,}) [68] can be evaluated as

‘ RB (e — Uyy) sin ¢

el aRer | = P Tt eosa | (22)
o(1 +Re{rp}) |rp| =1 + cos ¢

where ¢ is the phase of the substrate reflection coefficient,
ry, = |rp| exp (i¢p). Interestingly, this ratio can be sufficiently
large if the substrate reflection coefficient 7, is close to —1
(¢ = m). In this case the radiative linewidth of the exciton is
strongly suppressed, making the ratio of the splitting to the
radiative linewidth in Eq. (22) arbitrarily large.

For completeness, we present here the expression for the
K-dependent long-range exchange contribution for a ML in
a vacuum [25,48]. The parameter A(K) in the effective mag-
netic field (3) reads

Iy
GJKE=— ¢
We note that for the states within the light cone, K < ¢,
A(K) is imaginary and the exchange interaction results in the
renormalization of the exciton radiative decay rates (this part
is shown in Fig. 3 by the shaded gray area), while for K > ¢

the long-range exchange interaction gives rise to the splitting
of the exciton states.

AK) = (23)

C. Short-range exchange interaction

The second contribution to the splitting results from
the short-range exchange interaction which describes the
Coulomb-induced mixing of Bloch functions within the unit
cell [1,63].

We write the short-range exchange interaction Hamiltonian
in the form

Ho = 8(p, — pi)&oayU, (24)

where aq is the lattice constant, & is the energy parameter
related to the matrix element of the Coulomb interaction cal-
culated using the Bloch functions, and U is the dimensionless

matrix with nonzero elements between excitonic Bloch func-
tions with the same symmetry but belonging to the different
valleys.

Following Ref. [61], we arrive at the following expression
for the splitting:

A = EBg(tyy — thyy) = (Uyy — Uy )E0ad| DO)*U.  (25)

Here, as above, ®(p) is the envelope of the electron-hole
relative motion in the exciton, and the constant U can be
expressed via the matrix elements of U multiplied by factors
like E;cya/(Ec — Ecy2) (see Eq. (17) of Ref. [61]). A crude
estimate for U is U ~ 1-10. For & =1 eV, ay = 3 A, and
an exciton Bohr radius az = 15 A [within the hydrogenic
model |®(0)> = 2/(7ra§)], we obtain 7 in the range of
10-100 meV.

This mechanism of the mixing is quite analogous to that
considered in Refs. [69,70] for conventional quantum wells.
In that case, elastic strain mixes the states of heavy and light
holes [similar to Eqgs. (14)], while the short-range exchange
interaction provides the splitting of exciton levels. On the one
hand, for quantum wells the splitting between the heavy and
light holes is considerably smaller (10—100 meV) compared to
the interband splitting in TMDC MLs. On the other hand, the
exchange interaction is much larger in TMDC MLs compared
to the quantum wells. That is why the overall effect of strain
on the exciton levels is expected to be comparable in the two
systems.

D. Effects of noncentrosymmetricity

The parameters .4 and B in the effective magnetic field
2, Eq. (3), are nonzero in the centrosymmetric model. Cor-
respondingly, the mechanisms described above do not require
the lack of an inversion center. Indeed, these parameters are
nonzero in the centrosymmetric model where ys and yg in
the effective Hamiltonian (11) vanish and E.,, E.42,,, and
E,_3, in the strain-induced Hamiltonian (12) vanish as well.
In that case the k-linear coupling between the Bloch states
whose angular momentum components differ by 2 is absent,
and the strain-induced coupling of the Bloch states whose
angular momentum components differ by 1 (e.g., between v
and all other bands) is absent as well. Additional contributions
to the strain-induced splitting characterized by the parameter
B may arise beyond the centrosymmetric approximation, e.g.,
due to the piezoelectric effect [71,72]. Indeed, an elastic strain
gives rise to a dielectric polarization [23] and, consequently,
an in-plane electric field E = (Ey, E;), with E; o« 2u,, and
E, o uyx, — uyy, which modifies the intrinsic mixing of s- and
p-shell excitons studied in Ref. [61]. We expect, however, that
such mechanisms provide weaker contributions than those
discussed above. Indeed, for such mechanisms the lack of
an inversion center should be taken into account twice: first,
in the piezoeffect and, second, in the intrinsic s-p-exciton
mixing.

By contrast, the parameter C in Eq. (3) that describes the
K-linear pseudomagnetic field appears only in the noncen-
trosymmetric model. Evaluating the matrix elements of the
four-band Hamiltonian (11) in the Bloch functions (14), we
obtain the linear in the wave vector and strain contributions
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to the conduction and valence band dispersion in the K,
valley:

Ei(k) = (E|H+|E) =E.+ Ec(uxx + uyy)

+ [(uxx - uyy)kx + zuxyk)']y3§ca (26&)
Ei(k) = (6|H+|ﬁ) =E, + Eu(uxx + uyy)
+ [(uxx - uyy)kx + zuxyk)']73§v9 (26b)
where
2 *EC C 2 EU* c
¢ = _( Vo Betae | 2¥58us, ) (27a)
V3\Ec —Ecy2  Ec—Ey3
Cv — 3 < 74* Ec-‘,—2,v 2V2 Ev—S,v ) ] (27b)
\Ey—Ec2  E.—Ey,3

The factor y3 is introduced in Egs. (26) and (27) for conve-
nience to make ¢., dimensionless. We note that similar to
the parameter n in Eq. (16), the parameters ¢, are real for
a consistent choice of phases of Bloch functions. In the K _
valley the dispersions acquire a similar form, but owing to the
time reversal, the k-linear terms have opposite signs:

Ei(k) =E. + Ec(uxx + uyy)

o (U Myy)kx + Zuxyky]y3§c’ (28a)
Eg(k) =E, + Ey(ue + uyy)
o (U Myy)kx + Zuxyky]y3é‘v‘ (28b)

Equations (26) and (28) describe k-linear terms appearing in
the electron and hole dispersion in the presence of strain. Sim-
ilar to classical semiconductors, such terms are possible only
in noncentrosymmetric media [73]. Indeed, the parameters ¢,
and ¢, contain ys and y and E.4,, and E,_3 ,, which vanish
in the centrosymmetric model.

We can now combine Egs. (26) and (28) to obtain €2, in
Eq. (3). Taking into account the fact that the electron (k.) and
hole (kj,) wave vectors are related to the exciton center of mass
(K) and relative motion (k) wave vectors by k, = (m./M)K —
k and kj, = (m,/M)K + k, with m, j being the electron and
hole effective masses (M = m, + my,), and making use of the
fact that the hole state is obtained from the unoccupied state
in the valence band by the time reversal, we obtain

=3 (M, L
c_2h<M§E+M§u>. 29

For crude estimates the factor in parentheses can be taken as
unity, making C ~ y3/h.

IV. EXPERIMENT

In this section, we illustrate the impact of the strain-
modified exciton dispersion shown in Fig. 3 and induced
linear polarization on the exciton emission in microphoto-
luminescence (u-PL) experiments. The elastic deformations
and local strains are created by transferring hexagonal boron
nitride (hBN) encapsulated WSe, monolayers onto SiO,/Si
substrates supporting semiconductor nanowires. A detailed
description of the sample fabrication process and the charac-
terization of the resulting uniaxial tensile strain was presented
in our previous study [24]. These heterostructures are studied

(a) Strain
0 E———Imax

WSe,

: hBN \ /
A
| nanowire 7
(b) unstrained (c) strained

T

®

A=-0.8meV ]

&
&
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FIG. 4. (a) Schematic illustration of the studied hBN-
encapsulated WSe, monolayer mechanically deformed by a
single nanowire. PL spectra from X, excitons are recorded at
T = 4 K across (b) unstrained and (c) uniaxially strained regions. In
the strained region, the PL is shifted to lower energies and linearly
polarized in parallel (0°) and perpendicular (90°) directions with
respect to the nanowire. It exhibits a splitting A of the peak energy
between the two polarizations.

by monitoring the emission of bright X, excitons in position-
and polarization-resolved p-PL scans, as schematically illus-
trated in Fig. 4(a). All measurements are conducted at 7 =
4 K to take advantage of narrow spectral linewidths. We use
a continuous-wave laser with a photon energy of 2.33 eV
to excite WSe, samples nonresonantly. These conditions are
chosen to avoid optically induced valley coherence for a clean
analysis of linear polarization of the PL. The laser beam is
focused on a spot diameter of ~1 um by a 100x microscope
objective. The PL spot being on the same spatial scale as the
deformation by the nanowire creates additional broadening
due to the averaging areas with different strain. A combination
of a half-wave plate and a linear polarizer placed in front of
the detector is used to analyze the PL polarization.

PL spectra of a WSe, monolayer obtained from flat, un-
strained regions of the sample show an emission peak from
neutral, bright A excitons (Xp) at 1.725 eV. Since bright X
excitons in the K. valleys emit circularly polarized light
in the absence of strain [see Fig. 1(a)], their PL does not
change when probed along two orthogonal polarization axes
[see Fig. 4(b)]. The same measurement shows a very different
result when we detect the X, emission in a strained region on
top of the nanowire. The PL maximum shifts by ~20 meV
to lower energies due to uniaxial tensile strain. Moreover, the
Xy peak splits into a doublet for linear polarization parallel
(0°) and perpendicular (90°) to the nanowire axis, i.e., along
the expected main axis of the strain tensor, in accordance with
the theoretical predictions (see Figs. 1 and 3). The low-energy
shoulder visible in both polarizations shifts accordingly for
the two polarizations and is attributed to a region with slightly
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FIG. 5. Linear-polarization energy splitting A extracted from a
polarization-resolved p-PL line scan across the nanowire-induced
deformation is shown as a function of the X, energy (bottom axis)
and the equivalent values of strain (top axis). Uniaxial tensile strain
is calibrated by —63.2 meV per percent strain. A line fit estimates the
strain dependence of the energy splitting A to be —3.4 meV per per-
cent strain. Experimental observations in sample A are confirmed by
polarization-resolved measurements on two other nanowire-induced
deformations denoted samples B (orange triangle) and C (blue
triangle).

higher strain. The maximum splitting is on the order of 1 meV,
and the low-energy peak emits at a higher intensity corre-
sponding to a polarization degree of about 15%.

Figure 5 presents the energy splitting A obtained by scan-
ning the laser excitation spot across the elastically deformed
region and fitting the recorded X, emission for both polariza-
tion axes by Gaussian functions. While the absolute values of
the energy splittings are comparatively small, we observe a
consistent dependence of the splitting on the position of the
sample and on the energy of the PL emission maximum. We
note that the additional oscillatory behavior superimposed on
A is likely related to a residual coupling between X, exci-
tons and the optical modes of the nanowire waveguidelike
structure (see below). Other common sources of the exciton
energy shift, such as spatial fluctuations of the doping density
or of the dielectric environment, are unlikely to contribute
since neither the trion intensity nor the binding energy of the
ground state exciton changes significantly, as shown in our
previous study [24]. Measurements of A in two other samples
quantitatively confirm the results presented in Figs. 4 and 5.
A linear fit to the data provides a scaling factor of —3.4 meV
per percent uniaxial tensile strain compared to —63.2 meV per
percent strain for the absolute shift of the exciton peak, with
the latter value being consistent with the exciton deformation
potentials in WSe, MLs [10,24].

The observed strain-induced linear-polarization splitting
of the exciton is in accord with the theory developed in
Sec. III. As we have shown, there are two contributions to the
strain-induced splitting: one due to the long-range exchange
interaction, Eq. (21), and one due to the short-range exchange
interaction, Eq. (25). According to the estimate using Eq. (25),
one can expect the short-range contribution to be A ~ 1 meV
per percent strain. Note that for #l'y in the range of several

meV and P, < 15%, the long-range exchange interaction pro-
vides by far a smaller contribution to the splitting A compared
to the experimentally observed one in Fig. 5. It can, however,
at least in principle, explain oscillations of the splitting su-
perimposed over the linear behavior: Indeed, in our sample
the interference of light reflected from the substrate and the
nanowire can result in position-dependent oscillations of the
substrate reflectivity r, (cf. Ref. [68]) which yield oscillations
of A in Eq. (21) as a function of the coordinate and, conse-
quently, of the strain [see Fig. 4(a)]. The values of the induced
linear polarization are also consistent with the theoretical
prediction, Eq. (18) [74]. We abstain from a more detailed
quantitative comparison between the model and experiment
which requires (i) precise atomistic calculations of the in-
terband deformation potentials and short-range exchange
interaction parameters, (ii) experimental separation of the
waveguide effects on the strain-induced splitting A, and (iii)
analysis of the temperature effect on the linear polarization de-
gree to separate overall polarization due to the variation of the
optical selection rules and induced polarization due to the ex-
citon thermalization over the strain-split fine structure states.

The observed behavior of the exciton resonance in mechan-
ically deformed WSe, samples thus provides an experimental
illustration of the fine structure splitting of the radiative dou-
blet under strain.

V. CONCLUSION AND OUTLOOK

We have developed a theory of strain-induced effects on
the exciton energy spectrum fine structure in 2D TMDCs. We
have shown that the elastic strain produces optical anisotropy
of a monolayer resulting in a deviation from the chiral se-
lection rules. The induced polarization is linked to the main
axes of the strain tensor. Further, the strain gives rise to a
wave vector independent polarization splitting of the exciton
radiative doublet, experimentally demonstrated for uniaxially
strained WSe, monolayers. We have analyzed the interplay
of this splitting with the wave vector dependent longitudinal-
transverse splitting of excitonic states and have shown that
these contributions can compensate each other for particular
values of the exciton wave vector. In the vicinity of these com-
pensation points the exciton energy spectrum has a conical,
massless Dirac form. We have also identified a strain-induced
wave vector dependent contribution to the exciton splitting in
circular polarizations linked to the specific threefold rotational
symmetry of TMDC monolayers with broken spatial inver-
sion. The microscopic mechanisms behind the strain-related
contributions to the exciton effective Hamiltonian have been
identified. The microscopic model has been developed within
the four-band k - p Hamiltonian, and the estimates of all rele-
vant contributions have been presented.

The developed theory provides a basis for the strain tun-
ing of the exciton fine structure [75] (see also Refs. [76,77]
for conventional semiconductor systems), an important prop-
erty for quantum technology and the application of exciton
and biexciton emission for the generation of entangled
photons [78]. The formation of a Dirac-like dispersion
may be useful for the realization of topological-like ef-
fects in excitonic systems [79-81]. Strain-induced spatially
inhomogeneous pseudomagnetic fields may also be real-
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ized in bilayer structures where moiré effects are important
[82-85], enabling adiabatic exciton pseudospin evolution.
Strain-induced exciton fine structure splitting can also be
important for the optomechanical applications of excitons in
atomically thin crystals [86—89].

ACKNOWLEDGMENTS

Financial support of the theoretical work by M.M.G. via
RSF Project No. 19-12-00051 is gratefully acknowledged.

Work at CUNY was supported through the NSF QII TAQS
Grant No. 1936276 and NSF Grant No. DMR-2130544.
We further acknowledge financial support from the DFG
via the Emmy Noether Initiative (CH 1672/1, Project No.
287022282), as well as Project No. 422 31469 5032-SFB1277
(subprojects AO1 and B05), and the Wiirzburg-Dresden Clus-
ter of Excellence on Complexity and Topology in Quantum
Matter ct.gmat (EXC 2147, Project No. 390858490). K.W.
and T.T. acknowledge support from JSPS KAKENHI (Grants
No. 19H05790, 20H00354, and 21H05233).

[1] G. L. Bir and G. E. Pikus, Symmetry and Strain-Induced Effects
in Semiconductors (Wiley/Halsted, New York, Toronto, 1974).

[2] A. Castellanos-Gomez, R. Roldan, E. Cappelluti, M. Buscema,
F. Guinea, H. S. J. van der Zant, and G. A. Steele, Local
strain engineering in atomically thin MoS,, Nano Lett. 13, 5361
(2013).

[3] H. Rostami, R. Roldén, E. Cappelluti, R. Asgari, and F. Guinea,
Theory of strain in single-layer transition metal dichalco-
genides, Phys. Rev. B 92, 195402 (2015).

[4] K. Zollner, P. E. Faria Junior, and J. Fabian, Strain-tunable or-
bital, spin-orbit, and optical properties of monolayer transition-
metal dichalcogenides, Phys. Rev. B 100, 195126 (2019).

[5] D. Xiao, G.-B. Liu, W. Feng, X. Xu, and W. Yao, Coupled Spin
and Valley Physics in Monolayers of MoS, and Other Group-VI
Dichalcogenides, Phys. Rev. Lett. 108, 196802 (2012).

[6] A. V. Kolobov and J. Tominaga, Tivo-Dimensional Transition-
Metal Dichalcogenides (Springer, Berlin, 2016).

[7]1 G. Wang, A. Chernikov, M. M. Glazov, T. F. Heinz, X. Marie,
T. Amand, and B. Urbaszek, Colloquium: Excitons in atomi-
cally thin transition metal dichalcogenides, Rev. Mod. Phys. 90,
021001 (2018).

[8] C.R. Zhu, G. Wang, B. L. Liu, X. Marie, X. F. Qiao, X. Zhang,
X. X. Wu, H. Fan, P. H. Tan, T. Amand, and B. Urbaszek,
Strain tuning of optical emission energy and polarization in
monolayer and bilayer MoS,, Phys. Rev. B 88, 121301(R)
(2013).

[9] G. Plechinger, A. Castellanos-Gomez, M. Buscema, H. S. J.
van der Zant, G. A. Steele, A. Kuc, T. Heine, C. Schiiller, and
T. Korn, Control of biaxial strain in single-layer molybdenite
using local thermal expansion of the substrate, 2D Mater. 2,
015006 (2015).

[10] R. Schmidt, I. Niehues, R. Schneider, M. Driippel, T. Deilmann,
M. Rohlfing, S. M. de Vasconcellos, A. Castellanos-Gomez, and
R. Bratschitsch, Reversible uniaxial strain tuning in atomically
thin WSe,, 2D Mater. 3, 021011 (2016).

[11] H. V. Phuc, N. N. Hieu, B. D. Hoi, N. V. Hieu, T. V. Thu, N. M.
Hung, V. V. Ilyasov, N. A. Poklonski, and C. V. Nguyen, Tuning
the electronic properties, effective mass and carrier mobility of
MoS, monolayer by strain engineering: First-principle calcula-
tions, J. Electron. Mater. 47, 730 (2018).

[12] O. B. Aslan, M. Deng, and T. F. Heinz, Strain tuning of excitons
in monolayer WSe,, Phys. Rev. B 98, 115308 (2018).

[13] Z. Khatibi, M. Feierabend, M. Selig, S. Brem, C. Linderilv,
P. Erhart, and E. Malic, Impact of strain on the excitonic
linewidth in transition metal dichalcogenides, 2D Mater. 6,
015015 (2018).

[14] I. Niehues, R. Schmidt, M. Driippel, P. Marauhn, D.
Christiansen, M. Selig, G. Berghiduser, D. Wigger, R.
Schneider, L. Braasch, R. Koch, A. Castellanos-Gomez, T.
Kuhn, A. Knorr, E. Malic, M. Rohlfing, S. Michaelis de
Vasconcellos, and R. Bratschitsch, Strain control of exciton—
phonon coupling in atomically thin semiconductors, Nano Lett.
18, 1751 (2018).

[15] F. A. Benimetskiy, V. A. Sharov, P. A. Alekseev, V. Kravtsov,
K. B. Agapeyv, 1. S. Sinev, I. S. Mukhin, A. Catanzaro, R. G.
Polozkov, E. M. Alexeev, A. 1. Tartakovskii, A. K. Samusev,
M. S. Skolnick, D. N. Krizhanovskii, I. A. Shelykh, and I. V.
Iorsh, Measurement of local optomechanical properties of a di-
rect bandgap 2D semiconductor, APL Mater. 7, 101126 (2019).

[16] R. Rosati, S. Brem, R. Perea-Causin, R. Schmidt, I. Niehues,
S. M. de Vasconcellos, R. Bratschitsch, and E. Malic, Strain-
dependent exciton diffusion in transition metal dichalcogenides,
2D Mater. 8, 015030 (2021).

[17] M. Brooks and G. Burkard, Theory of strain-induced confine-
ment in transition metal dichalcogenide monolayers, Phys. Rev.
B 97, 195454 (2018).

[18] A. Smiri, T. Amand, and S. Jaziri, Optical properties of excitons
in two-dimensional transition metal dichalcogenide nanobub-
bles, J. Chem. Phys. 154, 084110 (2021).

[19] H. Moon, G. Grosso, C. Chakraborty, C. Peng, T. Taniguchi,
K. Watanabe, and D. Englund, Dynamic exciton funneling by
local strain control in a monolayer semiconductor, Nano Lett.
20, 6791 (2020).

[20] L. Hyeongwoo, K. Yeonjeong, C. Jinseong, K. Shailabh, L.
Hyoung-Taek, J. Gangseon, C. S. Ho, K. Mingu, K. K. Kang, P.
Hyeong-Ryeol, C. Hyuck, and P. Kyoung-Duck, Drift-dominant
exciton funneling and trion conversion in 2D semiconductors on
the nanogap, Sci. Adv. 8, eabm5236 (2022).

[21] Y. Bai, L. Zhou, J. Wang, W. Wu, L. J. McGilly, D. Halbertal,
C.FE B. Lo, F Liu, J. Ardelean, P. Rivera, N. R. Finney, X.-C.
Yang, D. N. Basov, W. Yao, X. Xu, J. Hone, A. N. Pasupathy,
and X. Y. Zhu, Excitons in strain-induced one-dimensional
moiré potentials at transition metal dichalcogenide heterojunc-
tions, Nat. Mater. 19, 1068 (2020).

[22] R. Rosati, R. Schmidt, S. Brem, R. Perea-Causin, I. Niehues, J.
Kern, J. A. Preuf}, R. Schneider, S. Michaelis de Vasconcellos,
R. Bratschitsch, and E. Malic, Dark exciton anti-funneling
in atomically thin semiconductors, Nat. Commun. 12, 7221
(2021).

[23] V. Shahnazaryan and H. Rostami, Nonlinear exciton drift in
piezoelectric two-dimensional materials, Phys. Rev. B 104,
085405 (2021).

125303-9


https://doi.org/10.1021/nl402875m
https://doi.org/10.1103/PhysRevB.92.195402
https://doi.org/10.1103/PhysRevB.100.195126
https://doi.org/10.1103/PhysRevLett.108.196802
https://doi.org/10.1103/RevModPhys.90.021001
https://doi.org/10.1103/PhysRevB.88.121301
https://doi.org/10.1088/2053-1583/2/1/015006
https://doi.org/10.1088/2053-1583/3/2/021011
https://doi.org/10.1007/s11664-017-5843-8
https://doi.org/10.1103/PhysRevB.98.115308
https://doi.org/10.1088/2053-1583/aae953
https://doi.org/10.1021/acs.nanolett.7b04868
https://doi.org/10.1063/1.5117259
https://doi.org/10.1088/2053-1583/abbd51
https://doi.org/10.1103/PhysRevB.97.195454
https://doi.org/10.1063/5.0033384
https://doi.org/10.1021/acs.nanolett.0c02757
https://doi.org/10.1126/sciadv.abm5236
https://doi.org/10.1038/s41563-020-0730-8
https://doi.org/10.1038/s41467-021-27425-y
https://doi.org/10.1103/PhysRevB.104.085405

M. M. GLAZOV et al.

PHYSICAL REVIEW B 106, 125303 (2022)

[24] F. Dirnberger, Z. Jonas, P. Faria Junior, R. Bushati, T.
Taniguchi, K. Watanabe, J. Fabian, D. Bougeard, A. Chernikov,
and V. Menon, Quasi-1D exciton channels in strain-engineered
2D materials, Sci. Adv. 7, eabj3066 (2021).

[25] M. M. Glazov, T. Amand, X. Marie, D. Lagarde, L. Bouet, and
B. Urbaszek, Exciton fine structure and spin decoherence in
monolayers of transition metal dichalcogenides, Phys. Rev. B
89, 201302(R) (2014).

[26] M. M. Glazov, E. L. Ivchenko, G. Wang, T. Amand, X. Marie,
B. Urbaszek, and B. L. Liu, Spin and valley dynamics of
excitons in transition metal dichalcogenide monolayers, Phys.
Status Solidi B 252, 2349 (2015).

[27] G. Kioseoglou, A. T. Hanbicki, M. Currie, A. L. Friedman, D.
Gunlycke, and B. T. Jonker, Valley polarization and intervalley
scattering in monolayer MoS,, Appl. Phys. Lett. 101, 221907
(2012).

[28] H. Zeng, J. Dai, W. Yao, D. Xiao, and X. Cui, Valley
polarization in MoS, monolayers by optical pumping, Nat.
Nanotechnol. 7, 490 (2012).

[29] G. Sallen, L. Bouet, X. Marie, G. Wang, C. R. Zhu, W. P.
Han, Y. Lu, P. H. Tan, T. Amand, B. L. Liu, and B. Urbaszek,
Robust optical emission polarization in MoS, monolayers
through selective valley excitation, Phys. Rev. B 86, 081301(R)
(2012).

[30] K. E. Mak, K. He, J. Shan, and T. F. Heinz, Control of val-
ley polarization in monolayer MoS, by optical helicity, Nat.
Nanotechnol. 7, 494 (2012).

[31] A. M. Jones, H. Yu, N. J. Ghimire, S. Wu, G. Aivazian, J. S.
Ross, B. Zhao, J. Yan, D. G. Mandrus, D. Xiao, W. Yao, and
X. Xu, Optical generation of excitonic valley coherence in
monolayer WSe,, Nat. Nanotechnol. 8, 634 (2013).

[32] G. Wang, X. Marie, B. L. Liu, T. Amand, C. Robert, F. Cadiz, P.
Renucci, and B. Urbaszek, Control of Exciton Valley Coherence
in Transition Metal Dichalcogenide Monolayers, Phys. Rev.
Lett. 117, 187401 (2016).

[33] A. Krasnok and A. Alu, Valley-selective response of nanostruc-
tures coupled to 2D transition-metal dichalcogenides, Appl. Sci.
8, 1157 (2018).

[34] N. Lundt, L. Dusanowski, E. Sedov, P. Stepanov, M. M. Glazov,
S. Klembt, M. Klaas, J. Beierlein, Y. Qin, S. Tongay, M.
Richard, A. V. Kavokin, S. Hofling, and C. Schneider, Optical
valley Hall effect for highly valley-coherent exciton-polaritons
in an atomically thin semiconductor, Nat. Nanotechnol. 14, 770
(2019).

[35] M. M. Glazov and L. E. Golub, Skew Scattering and Side Jump
Drive Exciton Valley Hall Effect in Two-Dimensional Crystals,
Phys. Rev. Lett. 125, 157403 (2020).

[36] M. M. Glazov and E. L. Ivchenko, Valley orientation of
electrons and excitons in atomically thin transition metal
dichalcogenide monolayers (brief review), JETP Lett. 113, 7
(2021).

[37] H. Yu, G.-B. Liu, P. Gong, X. Xu, and W. Yao, Dirac
cones and Dirac saddle points of bright excitons in mono-
layer transition metal dichalcogenides, Nat. Commun. 5, 3876
(2014).

[38] T. Yu and M. W. Wu, Valley depolarization due to intervalley
and intravalley electron-hole exchange interactions in mono-
layer MoS,, Phys. Rev. B 89, 205303 (2014).

[39] G. Dresselhaus, Spin-orbit coupling effects in zinc blende struc-
tures, Phys. Rev. 100, 580 (1955).

[40] E. I. Rashba and V. I. Sheka, Symmetry of energy bands in
crystals of wurtzite type. II. Symmetry of bands with spin-orbit
interaction included, Fiz. Tverd. Tela 2, 162 (1959).

[41] E. 1. Rashba, Properties of semiconductors with an extremum
loop. I. Cyclotron and combinational resonance in a magnetic
field perpendicular to the plane of the loop, Sov. Phys. Solid
State 2, 1109 (1960).

[42] E. I. Rashba and A. L. Efros, Orbital Mechanisms of Electron-
Spin Manipulation by an Electric Field, Phys. Rev. Lett. 91,
126405 (2003).

[43] S. D. Ganichev and L. E. Golub, Interplay of
Rashba/Dresselhaus spin splittings probed by photogalvanic
spectroscopy — A review, Phys. Status Solidi B 251, 1801
(2014).

[44] Spin Physics in Semiconductors, 2nd ed., edited by M. L
Dyakonov, Springer Series in Solid-State Sciences Vol. 157
(Springer, Berlin, 2017).

[45] G. Wang, C. Robert, M. M. Glazov, F. Cadiz, E. Courtade, T.
Amand, D. Lagarde, T. Taniguchi, K. Watanabe, B. Urbaszek,
and X. Marie, In-Plane Propagation of Light in Transition Metal
Dichalcogenide Monolayers: Optical Selection Rules, Phys.
Rev. Lett. 119, 047401 (2017).

[46] M. V. Durnev and M. M. Glazov, Excitons and trions in
two-dimensional semiconductors based on transition metal
dichalcogenides, Phys. Usp. 61, 825 (2018).

[47] C.R. Zhu, K. Zhang, M. Glazov, B. Urbaszek, T. Amand, Z. W.
Ji, B. L. Liu, and X. Marie, Exciton valley dynamics probed by
Kerr rotation in WSe, monolayers, Phys. Rev. B 90, 161302(R)
(2014).

[48] A. I. Prazdnichnykh, M. M. Glazov, L. Ren, C. Robert, B.
Urbaszek, and X. Marie, Control of the exciton valley dynamics
in atomically thin semiconductors by tailoring the environment,
Phys. Rev. B 103, 085302 (2021).

[49] M. Z. Maialle, E. A. de Andrada e Silva, and L. J. Sham,
Exciton spin dynamics in quantum wells, Phys. Rev. B 47,
15776 (1993).

[50] S. V. Goupalov, E. L. Ivchenko, and A. V. Kavokin, Fine struc-
ture of localized exciton levels in quantum wells, J. Exp. Theor.
Phys. 86, 388 (1998).

[51] E. L. Ivchenko, Optical Spectroscopy of Semiconductor Nanos-
tructures (Alpha Science, Harrow, UK, 2005).

[52] E. L. Ivchenko and G. E. Pikus, Superlattices and Other Het-
erostructures (Springer, Berlin, 1997).

[53] Z. Jin, X. Li, J. T. Mullen, and K. W. Kim, Intrinsic transport
properties of electrons and holes in monolayer transition-metal
dichalcogenides, Phys. Rev. B 90, 045422 (2014).

[54] K. Kaasbjerg, K. S. Thygesen, and K. W. Jacobsen, Phonon-
limited mobility in n-type single-layer MoS, from first princi-
ples, Phys. Rev. B 85, 115317 (2012).

[55] Y. Song and H. Dery, Transport Theory of Monolayer
Transition-Metal Dichalcogenides through Symmetry, Phys.
Rev. Lett. 111, 026601 (2013).

[56] A.O. Slobodeniuk and D. M. Basko, Exciton-phonon relaxation
bottleneck and radiative decay of thermal exciton reser-
voir in two-dimensional materials, Phys. Rev. B 94, 205423
(2016).

[57] M. Selig, G. Berghauser, A. Raja, P. Nagler, C. Schiiller, T. F.
Heinz, T. Korn, A. Chernikov, E. Malic, and A. Knorr, Exci-
tonic linewidth and coherence lifetime in monolayer transition
metal dichalcogenides, Nat. Commun. 7, 13279 (2016).

125303-10


https://doi.org/10.1126/sciadv.abj3066
https://doi.org/10.1103/PhysRevB.89.201302
https://doi.org/10.1002/pssb.201552211
https://doi.org/10.1063/1.4768299
https://doi.org/10.1038/nnano.2012.95
https://doi.org/10.1103/PhysRevB.86.081301
https://doi.org/10.1038/nnano.2012.96
https://doi.org/10.1038/nnano.2013.151
https://doi.org/10.1103/PhysRevLett.117.187401
https://doi.org/10.3390/app8071157
https://doi.org/10.1038/s41565-019-0492-0
https://doi.org/10.1103/PhysRevLett.125.157403
https://doi.org/10.1134/S0021364021010033
https://doi.org/10.1038/ncomms4876
https://doi.org/10.1103/PhysRevB.89.205303
https://doi.org/10.1103/PhysRev.100.580
https://doi.org/10.1103/PhysRevLett.91.126405
https://doi.org/10.1002/pssb.201350261
https://doi.org/10.1103/PhysRevLett.119.047401
https://doi.org/10.3367/UFNe.2017.07.038172
https://doi.org/10.1103/PhysRevB.90.161302
https://doi.org/10.1103/PhysRevB.103.085302
https://doi.org/10.1103/PhysRevB.47.15776
https://doi.org/10.1134/1.558441
https://doi.org/10.1103/PhysRevB.90.045422
https://doi.org/10.1103/PhysRevB.85.115317
https://doi.org/10.1103/PhysRevLett.111.026601
https://doi.org/10.1103/PhysRevB.94.205423
https://doi.org/10.1038/ncomms13279

EXCITON FINE STRUCTURE SPLITTING AND LINEARLY ...

PHYSICAL REVIEW B 106, 125303 (2022)

[58] D. Christiansen, M. Selig, G. Berghéduser, R. Schmidt, I.
Niehues, R. Schneider, A. Arora, S. M. de Vasconcellos, R.
Bratschitsch, E. Malic, and A. Knorr, Phonon Sidebands in
Monolayer Transition Metal Dichalcogenides, Phys. Rev. Lett.
119, 187402 (2017).

[59] S. Shree, M. Semina, C. Robert, B. Han, T. Amand, A.
Balocchi, M. Manca, E. Courtade, X. Marie, T. Taniguchi, K.
Watanabe, M. M. Glazov, and B. Urbaszek, Observation of
exciton-phonon coupling in MoSe, monolayers, Phys. Rev. B
98, 035302 (2018).

[60] M. Yang, C. Robert, Z. Lu, D. Van Tuan, D. Smirnov, X.
Marie, and H. Dery, Exciton valley depolarization in monolayer
transition-metal dichalcogenides, Phys. Rev. B 101, 115307
(2020).

[61] M. M. Glazov, L. E. Golub, G. Wang, X. Marie, T. Amand, and
B. Urbaszek, Intrinsic exciton-state mixing and nonlinear op-
tical properties in transition metal dichalcogenide monolayers,
Phys. Rev. B 95, 035311 (2017).

[62] A. Kormanyos, G. Burkard, M. Gmitra, J. Fabian, V. Z6lyomi,
N. D. Drummond, and V. Fal’ko, k-p theory for two-
dimensional transition metal dichalcogenide semiconductors,
2D Mater. 2, 022001 (2015).

[63] G. E. Pikus and G. L. Bir, Exchange interaction in excitons in
semiconductors, J. Exp. Theor. Phys. 33, 108 (1971).

[64] V. A. Kiselev and A. G. Zhilich, Coulomb excitons in semicon-
ductors and exchange interaction screening, Sov. Phys. Solid
State 13, 2008 (1972).

[65] M. M. Denisov and V. P. Makarov, Longitudinal and transverse
excitons in semiconductors, Phys. Status Solidi B 56, 9 (1973).

[66] S. V. Goupalov, P. Lavallard, G. Lamouche, and D. S. Citrin,
Electrodynamical treatment of the electron-hole long-range ex-
change interaction in semiconductor nanocrystals, Phys. Solid
State 45, 768 (2003).

[67] S. V. Goupalov, E. L. Ivchenko, and M. O. Nestoklon, Optical
transitions, exciton radiative decay, and valley coherence in lead
chalcogenide quantum dots, arXiv:2203.10295.

[68] H. H. Fang, B. Han, C. Robert, M. A. Semina, D. Lagarde, E.
Courtade, T. Taniguchi, K. Watanabe, T. Amand, B. Urbaszek,
M. M. Glazov, and X. Marie, Control of the Exciton Radiative
Lifetime in van der Waals Heterostructures, Phys. Rev. Lett.
123, 067401 (2019).

[69] C. Gourdon and P. Lavallard, Fine structure of heavy excitons
in GaAs/AlAs superlattices, Phys. Rev. B 46, 4644 (1992).

[70] G. E. Pikus and F. G. Pikus, The mechanism of heavy and light
hole mixing in GaAs/AIAs superlattices, Solid State Commun.
89, 319 (1994).

[71] M. M. Alyorik, Y. Aierken, D. Cakir, F. M. Peeters, and
C. Sevik, Promising piezoelectric performance of single layer
transition-metal dichalcogenides and dioxides, J. Phys. Chem.
C 119, 23231 (2015).

[72] Y. Peng, M. Que, J. Tao, X. Wang, J. Lu, G. Hu, B. Wan, Q.
Xu, and C. Pan, Progress in piezotronic and piezo-phototronic
effect of 2D materials, 2D Mater. 5, 042003 (2018).

[73] G. E. Pikus, V. A. Maruschak, and A. Titkov, Spin splitting
of energy-bands and spin relaxation of carriers in cubic III-V
crystals, Sov. Phys. Semicond. 22, 115 (1988).

[74] For tensile strain u,, — u,, > 0 with the y axis being the
nanowire axis in Fig. 4(a). In experiment, P, < 0, light is pre-
dominantly polarized along the nanowire [see Fig. 4(b)]; thus,

we can infer that the parameter n < 0 in Eq. (18). Similarly,
from the sign of A < 0 (Fig. 5), we obtain B, < 0.

[75] C. Chakraborty, A. Mukherjee, H. Moon, K. Konthasinghe, L.
Qiu, W. Hou, T. Pefia, C. Watson, S. M. Wu, D. Englund, and
N. Vamivakas, Strain tuning of the emission axis of quantum
emitters in an atomically thin semiconductor, Optica 7, 580
(2020).

[76] L. Sapienza, R. N. E. Malein, C. E. Kuklewicz, P. E. Kremer, K.
Srinivasan, A. Griffiths, E. Clarke, M. Gong, R. J. Warburton,
and B. D. Gerardot, Exciton fine-structure splitting of telecom-
wavelength single quantum dots: Statistics and external strain
tuning, Phys. Rev. B 88, 155330 (2013).

[77] D. Su, X. Dou, X. Wu, Y. Liao, P. Zhou, K. Ding, H. Ni, Z.
Niu, H. Zhu, D. Jiang, and B. Sun, Tuning exciton energy and
fine-structure splitting in single InAs quantum dots by applying
uniaxial stress, AIP Adv. 6, 045204 (2016).

[78] R. M. Stevenson, R. J. Young, P. Atkinson, K. Cooper, D. A.
Ritchie, and A. J. Shields, A semiconductor source of triggered
entangled photon pairs, Nature (London) 439, 179 (2006).

[79] A. V. Nalitov, D. D. Solnyshkov, and G. Malpuech, Polariton Z
Topological Insulator, Phys. Rev. Lett. 114, 116401 (2015).

[80] S. Klembt, T. H. Harder, O. A. Egorov, K. Winkler, R. Ge,
M. A. Bandres, M. Emmerling, L. Worschech, T. C. H. Liew,
M. Segev, C. Schneider, and S. Hofling, Exciton-polariton topo-
logical insulator, Nature (London) 562, 552 (2018).

[81] E. Sedov, M. Glazov, and A. Kavokin, Spin-Selective Currents
of Tamm Polaritons, Phys. Rev. Applied 17, 024037 (2022).

[82] K. L. Seyler, P. Rivera, H. Yu, N. P. Wilson, E. L. Ray, D. G.
Mandrus, J. Yan, W. Yao, and X. Xu, Signatures of moiré-
trapped valley excitons in MoSe,/WSe, heterobilayers, Nature
(London) 567, 66 (2019).

[83] K. Tran et al., Evidence for moiré excitons in van der Waals
heterostructures, Nature (London) 567, 71 (2019).

[84] C. Jin, E. C. Regan, A. Yan, M. Igbal Bakti Utama, D. Wang,
S. Zhao, Y. Qin, S. Yang, Z. Zheng, S. Shi, K. Watanabe,
T. Taniguchi, S. Tongay, A. Zettl, and F. Wang, Observation
of moiré excitons in WSe,/WS, heterostructure superlattices,
Nature (London) 567, 76 (2019).

[85] E. M. Alexeev, D. A. Ruiz-Tijerina, M. Danovich, M. J. Hamer,
D. J. Terry, P. K. Nayak, S. Ahn, S. Pak, J. Lee, J. I. Sohn,
M. R. Molas, M. Koperski, K. Watanabe, T. Taniguchi, K. S.
Novoselov, R. V. Gorbachev, H. S. Shin, V. I. Fal’ko, and A. L.
Tartakovskii, Resonantly hybridized excitons in moiré superlat-
tices in van der Waals heterostructures, Nature (London) 567,
81 (2019).

[86] N. Morell, S. Tepsic, A. Reserbat-Plantey, A. Cepellotti, M.
Manca, 1. Epstein, A. Isacsson, X. Marie, F. Mauri, and A.
Bachtold, Optomechanical measurement of thermal transport in
two-dimensional MoSe; lattices, Nano Lett. 19, 3143 (2019).

[87] I. D. Avdeev, A. N. Poddubny, and A. V. Poshakinskiy, Res-
onant optomechanical tension and crumpling of 2D crystals,
ACS Photonics 7, 2547 (2020).

[88] H. Xie, S. Jiang, D. A. Rhodes, J. C. Hone, J. Shan, and K. F.
Mak, Tunable exciton-optomechanical coupling in suspended
monolayer MoSe,, Nano Lett. 21, 2538 (2021).

[89] Z. A. Iakovlev, M. A. Semina, M. M. Glazov, and E. Y.
Sherman, Flexural deformations and collapse of bilayer two-
dimensional crystals by interlayer excitons, Phys. Rev. B 105,
205305 (2022).

125303-11


https://doi.org/10.1103/PhysRevLett.119.187402
https://doi.org/10.1103/PhysRevB.98.035302
https://doi.org/10.1103/PhysRevB.101.115307
https://doi.org/10.1103/PhysRevB.95.035311
https://doi.org/10.1088/2053-1583/2/2/022001
https://doi.org/10.1002/pssb.2220560102
https://doi.org/10.1134/1.1569020
http://arxiv.org/abs/arXiv:2203.10295
https://doi.org/10.1103/PhysRevLett.123.067401
https://doi.org/10.1103/PhysRevB.46.4644
https://doi.org/10.1016/0038-1098(94)90591-6
https://doi.org/10.1021/acs.jpcc.5b06428
https://doi.org/10.1088/2053-1583/aadabb
https://doi.org/10.1364/OPTICA.377886
https://doi.org/10.1103/PhysRevB.88.155330
https://doi.org/10.1063/1.4946850
https://doi.org/10.1038/nature04446
https://doi.org/10.1103/PhysRevLett.114.116401
https://doi.org/10.1038/s41586-018-0601-5
https://doi.org/10.1103/PhysRevApplied.17.024037
https://doi.org/10.1038/s41586-019-0957-1
https://doi.org/10.1038/s41586-019-0975-z
https://doi.org/10.1038/s41586-019-0976-y
https://doi.org/10.1038/s41586-019-0986-9
https://doi.org/10.1021/acs.nanolett.9b00560
https://doi.org/10.1021/acsphotonics.0c00881
https://doi.org/10.1021/acs.nanolett.0c05089
https://doi.org/10.1103/PhysRevB.105.205305

