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Coherent spin dynamics of excitons in strained monolayer semiconductors
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We develop a model of the coherent exciton spin-valley dynamics in two-dimensional transition-metal
dichalcogenides under elastic strain. The strain splits the exciton radiative doublet into linearly polarized states.
Consequently, it induces an effective magnetic field acting on the exciton pseudospin, and it causes its precession.
As a result, under circularly polarized excitation, the circular polarization of excitons oscillates with time,
and a time-oscillating linear polarization appears. We study the competition of the strain-induced effective
magnetic field with the field caused by the exciton longitudinal-transverse splitting. We uncover different
regimes of coherent spin dynamics of two-dimensional excitons. In particular, we show that for sufficiently
large strain-induced and longitudinal-transverse splittings, two frequencies related to these splittings appear in

the exciton circular polarization beats.
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I. INTRODUCTION

More than 60 years ago, Rashba predicted the so-called
resonant (also termed annihilation) interaction between an
electron and a hole in Wannier-Mott excitons [1]. That work
helped to resolve contradictions between previous works
on the exciton fine structure within the effective-mass ap-
proximation [2] and the general theory of polaritons in
semiconductors [3-5]. Reference [1] demonstrated the ex-
istence of the long-range exchange interaction between an
electron and a hole in semiconductors, and it laid the founda-
tion for a consistent theory of exchange interaction in excitons
and their energy spectrum fine structure developed in later
works [6-8].

Nowadays, the electron-hole exchange interaction is ac-
tively studied in the context of semiconductor quantum wells
[9-11], quantum dots and nanocrystals [12-19], and two-
dimensional (2D) semiconductors [20-26]. The growing fam-
ily of 2D semiconductors includes transition-metal dichalco-
genide monolayers (TMDC MLs), which are renowned for
their outstanding optical, excitonic, and electronic properties,
and the remarkable spin-valley physics; these materials can
serve as a basis for van der Waals heterostructures, providing
additional degrees of control of spin and valley degrees of
freedom [27-30].

Electronic properties of 2D materials can be manipulated
by elastic strains [31,32], which can also be applied locally
[33], making it possible to confine [34,35] and steer excitons
[36-41], see also Ref. [42] and references therein for review.
Much less is known about the strain effect on the exciton fine
structure: The splitting of the exciton radiative doublet formed
of otherwise degenerate states emitting in o+ and ¢~ circular
polarizations into linearly polarized states has been reported
in Refs. [43,44], but a detailed systematic study of the effect
has been missing until recently. In our work [45], we have
derived the effective Hamiltonian of the exciton radiative dou-
blet in the presence of elastic strain, and we demonstrated both
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experimentally and theoretically the consequences of strain on
the exciton fine-structure properties: The strain modifies opti-
cal selection rules and induces, via the electron-hole exchange
interaction, a fine-structure splitting of the exciton radiative
doublet. Interestingly, in 2D TMDCs the strain also results
in spin-dependent wave-vector linear terms in the effective
Hamiltonians of electrons, holes, and excitons [45], similar to
Rashba spin-orbit terms in conventional semiconductors and
semiconductor nanosystems [46—49].

The strain-induced splitting of the exciton radiative doublet
should also result in coherent quantum beats of the excitons if
a superposition of linearly polarized eigenstates is excited by a
circularly polarized light. This effect is analogous to the elec-
tron spin precession in the external magnetic field [14]. The
studies of coherent spin dynamics via time- and polarization-
resolved photoluminescence and time-resolved pump-probe
experiments provide deep insight into the fine structure, al-
low one to uncover splittings hidden by an inhomogeneous
broadening of optical resonances, and provide access to the
kinetic processes governing relaxation between the split levels
[50,51]. While calculations of the exciton energy splitting
in the presence of strain and induced linear polarization are
sufficient to interpret optical spectroscopy experiments such
as absorption/reflection or photoluminescence, the model of
coherent spin dynamics of excitons in 2D TMDCs is needed
to form a basis for future time-resolved experimental stud-
ies of exciton spin dynamics in strained monolayers. Such
a theory is presented in this work. Furthermore, the exci-
ton fine-structure splitting is contributed both by the exciton
wave-vector-independent strain-induced contribution and a
wave-vector-dependent exciton longitudinal-transverse split-
ting [20-22]. An interplay of these two contributions, as we
show here, results in specific features of the exciton quantum
spin beats, and for sufficiently large splittings it allows one to
disentangle these contributions in the spin dynamics.

Here we study theoretically manifestations of the exciton
fine structure in TMDC MLs, particularly the strain-induced
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contributions, in the coherent spin dynamics of excitons. We
analyze exciton spin beats in the presence of strain, and we
address the interplay of exciton longitudinal-transverse split-
ting and strain in exciton spin precession and damping. We
briefly discuss the role of energy relaxation processes and
inhomogeneities of the strain.

II. MODEL

We recall that in 2D TMDCs, bright excitons arise from
optical transitions in two valleys K, and K_ that are active in
ot and o~ circular polarizations, and superpositions of these
states are active in linear polarizations [24,52-59]. These two
states can be mapped to the spin 1/2 states. Thus the exciton
radiative doublet can be described in terms of pseudospin [14].

An effective Hamiltonian describing the fine structure of a
radiative doublet of a two-dimensional exciton in the presence
of strain can be recast in the form

ho
H =3 ey

where 6 = (6,, 6y, 6;) are the pseudospin Pauli matrices de-
scribing the exciton pseudospin: &, describes the circularly
polarized states, 6, and 6y describe the linearly polarized com-
ponents in the coordinate frames rotated by 45° with respect
to each other [14,20], K = (K,, K) is the two-dimensional
translational motion wave vector of the exciton (the ML is in
the xy plane), and Rk is the effective magnetic field acting on
the exciton pseudospin [45],

Qk = AK)(K] - Kyz) + B(uxy — uyy), (2a)
Qykx = 2AK)KK, + 2Buy,, (2b)
S.zz,K = Cl(uxx — Myy)Kx - ZuxyKy]- 2¢)

Here u;; (i, j = x,, z) are the Cartesian components of the
strain tensor [60], and A(K), B, and C are the parameters
describing the exciton fine structure. The parameters B and
C result from the strain. The product A(K)K? is responsible
for the longitudinal-transverse (LT) splitting of the excitonic
states [20-22,25,61], A # 0 in the absence of strain, and we
disregard possible strain-induced modification of the function
A. Microscopically, the main contribution to the LT splitting
of the two-dimensional excitons is provided by the long-range
exchange interaction between the electron and hole, which can
be treated as a process of (virtual) recombination and genera-
tion process of the electron-hole pair [1,6-8,11,13,20,25,45].
Accordingly, for a suspended monolayer,

A(K) ~ K 3)
with I'y being the exciton radiative decay rate and ¢ = wy/c
being the light wave vector at the frequency of the exciton
transition wy. For encapsulated monolayers, the long-range
exchange interaction is partially screened, and A(K) becomes
reduced as compared to Eq. (3), while the wave-vector de-
pendence is approximately preserved [25]. Note that for the
states within the light cone, K < ¢, Eq. (3) is inapplicable,
A(K) is imaginary, and the exchange interaction results in
the renormalization of the exciton radiative decay rates; such
states are not considered here.

The parameters 3 and C describe the effects of anisotropic
strain on the exciton fine structure. In particular, B is respon-
sible for the splitting of excitonic states into linearly polarized
components along the main axes of the strain tensor u;;. The
parameter C describes an effective magnetic field arising due
to the exciton propagation in the presence of strain that ap-
pears for the excitons with finite center-of-mass momentum.

The mixed strain components u,., u,., if present, can cou-
ple dark excitonic states with bright ones. Here we disregard
these effects for the following reasons: (i) In experimental
settings such as those in Refs. [43—45], these mixed strain
components are expected to be small compared to the in-plane
ones; and (ii) due to an interplay of the exchange and spin-
orbit interaction, typical energy splittings between bright and
dark states are significant and exceed by far the strain-induced
splittings. Here a possible exception could be MoSe, MLs
with relatively small dark-bright splitting [62], which require
a separate study.

Detailed analysis of the eigenstates of the Hamiltonian (1)
and microscopic mechanisms behind the parameters B and
C is presented in Ref. [45]. Here we focus on the exciton
pseudospin dynamics in the presence of strain and interplay of
the longitudinal-transverse and strain-induced contributions in
the spin beats.

The dynamics of the radiative doublet is conveniently de-
scribed in the density matrix approach [14,24,63,64] ox =
ng + (sg - o). Here ng is the average occupancy of the state
with the wave vector K, and sk is the average value of the
pseudospin in this state. Generally, ng and sk obey a set of
coupled kinetic equations,

81’11( _
? - Q{n, S}, (43)
8;_:( +sg X Qg = Q{s, n}, (4b)

where Q{n, s} and Qfs, n} are the collision integrals for the
exciton and pseudospin distribution functions, respectively.
It follows from Egs. (2) and (4) that the strain for excitonic
pseudospin plays the role of an effective magnetic field ap-
plied in the plane of the structure, thus coherent spin beats are
expected like those arising for electron spins in the presence
of a real magnetic field [50].

III. RESULTS AND DISCUSSION

A. Analysis of parameters

Before proceeding to the numerical and analytical results,
let us briefly estimate the parameters is question. The exciton
LT splitting QLT scales approximately linearly with the exci-
ton wave vector; see Egs. (2) and (3). Correspondingly, we
present

QT = AK)K? = VigK. (5)

The parameter Vi can be associated with the effective ve-
locity arising due to the K-linear LT splitting. For suspended
monolayer Vi = I'y/q, see Eq. (3). Depending on the system
parameters, Vit = 10°, ..., 107 cm/s.

Another parameter that has a dimension of velocity is the
coefficient C at the strain-induced K-linear Zeeman effect,
Eq. (2¢). According to Ref. [45], the parameter C ~ y3/Hh,
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where ys is related to the interband momentum matrix ele-
ment in the k - p model. For y3 ~ 3 eV A [65,66] we have
C ~ 107 cm/s. Since Q. in Eq. (2) is determined by the
product of C and strain components, the effective strain-
induced velocity can be introduced as Viyain = C(utyy — Uyy).
For reasonable strain values that do not exceed several per-
cent, Virain < Vir. Thus, in most cases, the effect of the
strain-induced K-linear terms are negligible for excitons as
compared to the LT splitting.

Next, let us compare the LT and strain-induced wave-
vector-independent splittings. The former depends on the
exciton center of momentum K that, in turn, depends on
the excitation conditions and temperature. It can vary, in
typical conditions, from fractions of meV to tens of meV
in atomically thin crystals for reasonable K ~ 10° cm™'.
From analytical estimates and experimental data reported in
Ref. [45] for reasonable values of uniaxial strain, the in-
duced splitting /B(uy, — uyy) ~ 1 meV. Thus, typically, LT
and strain-induced splittings can be comparable in magnitude.
It is noteworthy that while particular parameters vary between
different TMDC MLs, their orders of magnitude are similar
due to the similarity of the crystalline and band structure. That
is why we use generic values of parameters to illustrate the
basic effects in coherent spin dynamics of excitons.

The dynamics of pseudospin is controlled not only by
the magnitude of Rk in Eqgs. (2) and (4b), but also by two
more parameters that determine the kinetics of excitons: their
mean Kinetic energy £ and scattering rate t~!. Typically,
three parameters that have dimension of energy—#%<2 (with
2 being the characteristic value of |Rk]), E, and /i/tT—can
be comparable in magnitude for excitons in 2D TMDCs. This
makes kinetic processes quite involved in such systems; see,
e.g., Refs. [67-70]. Here we focus on the simplified descrip-
tion of the exciton pseudospin dynamics and assume that the
applicability condition of the kinetic equations (4), E > #/t,
is fulfilled. Also, for simplicity, we consider #Q < E, while
the product Q27 can be arbitrary. Depending on whether the
product Q7 is smaller or larger than unity, the pseudospin dy-
namics can be quite different. We stress that we are interested
in the situations in which excitons are excited resonantly or
quasiresonantly and the temperature is not too high. In this
case, E < E,, where E, is the band gap, and it is sufficient
to use the approximation of parabolic isotropic dispersion for
excitons and keep the lowest contributions in the wave vector
K to the precession frequency 2k; see Eq. (2).

B. Coherent spin dynamics of excitons
In what follows, we focus on the exciton pseudospin dy-
namics and take the collision integral in the form

Sk — Sk

Q{S,n} = (6)
T

where 7 is the scattering time and §k is the angular-averaged
pseudospin. The exciton lifetime and exciton energy relax-
ation are assumed to exceed by far t and Q~', which typically
occurs for exciton scattering by acoustic phonons [69,71]. We
also select the coordinate system where u,, =0, i.e., the x
and y axes are the main axes of the strain, and we introduce
the notation u = 1y, — Uy,.
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FIG. 1. Temporal dynamics of exciton pseudospin components
Se = X g Sax (@ =x,y,2) after pulsed circularly polarized excita-
tion calculated by numerically solving kinetic Eq. (4). Calculation
parameters are Q' = 1, But = 5,and C = 0.

Figure 1 shows the exciton pseudospin dynamics for the
uniaxial strain calculated numerically in the case of the reso-
nant circularly polarized excitation by a short pulse: We solve
the kinetic equation (4) numerically by decomposing the sk
in the series of angular harmonics with the initial condition
sek =Sy =0, s, g < 8(Ex — Ep) (cf. Ref. [72]). Here Eg
is the exciton dispersion, Ej is the excitation energy, and
inelastic processes are neglected, thus the energy dependence
of the pseudospin distribution function is preserved. The main
features of the exciton pseudospin dynamics in strained mono-
layers are clearly seen from Fig. 1: Pronounced beats are
present in the circular polarization S, and the conversion
between the circular and linear polarization in the diagonal
axes, Sy, is observed similarly to the polarization conversion in
conventional semiconductor nanosystems [63,73—75]. Linear
polarization in the (xy) axes, Sy, does not appear in this model,
but it may arise due to redistribution of the excitons between
the fine-structure split levels in the presence of inelastic pro-
cesses and because of the strain-induced modification of the
optical selection rules [45]; see also Ref. [76]. The band
mixing at high exciton momenta (away from the K, points
of the Brillouin zone for electrons and holes) also results in
a reduction of the degree of exciton optical orientation; see,
e.g., Ref. [59]. These factors can be taken into account in
our model by adjustment of initial conditions. Our model can
also be applied to anisotropic 2D semiconductors where two
close-in-energy excitonic states active in orthogonal linear
polarization are present.

In Fig. 2, the evolution of the exciton circular polarization
dynamics as a function of elastic strain is shown. At Bu — 0,
the effect of strain on the polarization beats is negligible and
the dynamics is solely controlled by the long-range exchange
interaction. In this case, it can be described by the following
analytical formula (see Ref. [25] and references therein):

t t t
SZL() = ¢7'/?( cosh wh + w!sinh vt , @)
s k(0) 27 21

where w = ,/(QK'7)2 — 1/4. In particular, for Qk'z > 1 the

beats due to the exciton LT splitting are observed, and their
damping is determined by the scattering time (the decay rate
is 27). This is because a single scattering of exciton results in
significant variation of 2k due to the change of the exciton
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The role of the LT splitting in the strain-induced exciton
pseudospin dynamics is illustrated in Fig. 3. Panel (a) shows 0
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and the components of the pseudospin relaxation rate tensor
are given by (cf. Ref. [79])

(@)’ r 1
r, — Kz (1 4 1+(Bu)212>, (10a)
() (CuK Yt
Fy = 2 2[1 + (Bu)?t?]’ (10b)
QLT 2 K
I‘xxz( £) T+ (CukPr (10¢)

2[1 + (Bu)*t?]

In this regime, generally, the pronounced spin beats with the
frequency Bu are observed and their damping is described by
the I' « ©, 77! in Eq. (9), similarly to the Dyakonov-Perel
spin relaxation in systems with Rashba and Dresselhaus spin-
orbit splitting [79-83].

Figure 3(b) shows an intermediate regime where QK't =
1. For QKTt ~ 1, one can use the following approximate for-
mula to describe the spin beats:

5. k()
s2,x(0)

=cos (Q.t)e ", (11)

FIG. 3. Temporal dynamics of z component of exciton pseu-
dospin after pulsed circularly polarized excitation calculated by
solving kinetic Eq. (4) at But = 15 (solid lines). (a) Q't = 0.3,
(b) QT = 1, and (c) QK T = 5 (see Fig. 1). Solid curves present nu-
merical results, dotted curves present analytical expressions: Eq. (8)
[panel (a)], Eq. (11) [panel (b)], and Eq. (12) [panel (¢)].

which captures the main features of the pseudospin dynam-
ics. The spin beats occur at the combination frequency 2, =
/ (Bu)? + (QK1)? and decay with the rate y ~ 1/(27).

Finally, in Fig. 3(c) the polarization dynamics in the regime
where QkTt =5 is presented. Here the pronounced beating
of exciton pseudospin is seen with two distinct frequencies. A
compact expression that describes the polarization dynamics
can be derived in the limit where 7! « QK « Bu:

qu[((t)
52,k (0)

with Jo(x) being the Bessel function. Equation (12) in the limit
of T — 00 can be readily obtained averaging the temporal
dynamics of the exciton spin-z with a given wave vector K:
s, k(t) o cos (2gt) over the directions of K. The damping
rate y ~ 1/(2t) in Egs. (11) and (12) can be qualitatively un-
derstood taking into account the approximately equal relative

= cos (But)Jo(Q'1)e ™", (12)
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weights of the zeroth angular harmonic, which is not affected
by the collision integral (6), and other harmonics, which relax
with the rate 7!,

C. Brief discussion

We have studied above the interplay of exciton LT splitting
and strain-induced splitting in coherent spin dynamics for
monoenergetic quasiparticles with the same K = |K|. Such
a simple regime can be realized in the absence of inelastic
processes, which are indeed weak if the dominant scattering
processes are related to the exciton interaction with the long-
wavelength phonons and static disorder [69,84].

Let us now briefly address the role of energy relaxation
processes. The spread of exciton energies in the course of the
energy relaxation leads to a spread of the LT splittings Q&'
and suppresses its contribution to the polarization beats. Thus,
in real systems the observation of the beatings described by
Eq. (12) can be hampered by the redistribution of excitons
over a range of energies.

On the other hand, the strain-induced splitting is wave-
vector-independent. Hence, the spin beats caused by the strain
are almost insensitive to the energy relaxation processes as
long as the dependence of B on the exciton energy can be
disregarded. The damping of these beats can be, however,
affected by the energy relaxation processes to the same ex-
tent as the energy relaxation processes affect spin relaxation
in conventional semiconductors. For instance, in the regime
1! « QFF « Bu, Eq. (12), a fast initial energy relaxation (or
thermalization) of excitons can be accounted for by averaging
Jo(QKt) over an appropriate energy distribution of excitons.
For fully thermalized excitons to the temperature 7, we obtain

QLT 2,2
(JO(Q?t)) = exp <_%>’ Ky = /2A/Ihkng'

Here M is the exciton translational mass (typically M ~ my
is the free-electron mass in TMDC MLs) and K7 is the ther-
mal wave vector. Correspondingly, QIIg gives the rate of the
polarization decay in this regime. By contrast, in the regime
Q' r <« 1, Egs. (8) and (9) hold but the rates I';; in Eq. (10)
should be appropriately averaged over the energy distribution
of the excitons in the regime of fast energy relaxation as com-
pared to the pseudospin relaxation, .I" < 1, or Eq. (8) should
be averaged over the thermal distribution in the opposite limit
7.[' > 1, with 7. being the energy relaxation time.

We also note that in real structures the components of the
strain tensor ¥;; can be random functions of coordinates due
to inevitable inhomogeneities of the systems. Such spatial
fluctuations of strain produce spatial fluctuations of the ex-
citon fine-structure splitting and act similarly to the random
Rashba fields and spin-orbit coupling disorder in quantum
wells [85,86]. The strain fluctuations produce a lower bound

to the exciton spin or valley relaxation rate,

- {62(8u2)1}, . L1, BSu)t? <« 1,

B*(su?) > v, 72 (13)

B/ (8u?),
Here (§u?) is the mean square of the strain fluctuation and
7. = I./(hK/M) is the correlation time, with /. being the cor-
relation length of the strain fluctuations, and we assumed that
(6u) = 0. A spatial dependence of strain and, hence, of the
exciton fine-structure splitting can be particularly important
in moir€ structures formed in TMDC bilayers [87].

IV. CONCLUSION AND OUTLOOK

In this work, we have focused on the temporal dynamics
of exciton spin polarization. Under the steady-state excitation
conditions, a pronounced effect of the strain on the exciton
optical orientation is expected. Similarly to Ref. [88], the
exciton optical orientation can be a nonmonotonous function
of the strain due to a competition of the LT and strain-induced
splittings of excitonic states. An interplay of the LT and strain-
induced contributions can also be observed in the exciton
pseudospin fluctuations, cf. [89,90], and it affects valley po-
larization bistability and its stochastic switching [64].

The exciton spin beats studied here can be observed in
time-resolved experiments where the superposition of the
strain-split states is created by a short circularly polarized light
pulse resonant or quasiresonant with the excitonic transition.
The dynamics can be monitored by the time-resolved circular
and linear polarization degree of exciton emission or via the
Kerr or Faraday rotation of the polarization plane of the addi-
tional linearly polarized probe pulse; see Refs. [23,50,51] for
details.

In conclusion, we have theoretically studied exciton
spin dynamics in two-dimensional semiconductors based on
transition-metal dichalcogenides focusing on the strain ef-
fects. We have demonstrated an interplay of the exciton
radiative doublet longitudinal-transverse and strain-induced
splittings in the spin beats of excitons. The regimes where
the exciton circular polarization beats are controlled by
the strain have been identified. In the case in which both
longitudinal-transverse and strain-induced splittings of the ex-
citon radiative doublet are sufficiently large, two frequencies
in the exciton spin beats appear. The damping of the exciton
spin precession has also been analyzed. Compact analytical
expressions that describe numerical results are presented. The
role of energy relaxation and strain fluctuations has been dis-
cussed.
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