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We report on the optical preparation of coherent superpositions of exciton and biexciton states
manifested in temporal nonlinear oscillations in interacting exciton gases. The effect is illustrated for
atomically thin semiconductors, where the reflected light reveals these interactions in a unique way. The
occurring nonlinear coherent oscillations are counteracted by incoherent excitation-induced dephasing, a
phenomenon which originates from a new type of quantum interference between excitons and the two-
exciton scattering continuum. To improve the experimental accessibility, we discuss different methods to
control the oscillation modulation depth by modifying the mutual interplay of the exciton-biexciton
superposition and excitation-induced dephasing. We find that the coherent optical response can be
manipulated by the polarization degree of the exciting light field, the laser detuning, external magnetic
fields, and quantum coherent feedback. The extraordinary temporal behavior and its control distinguishes
the nonlinear coherent oscillations from atomic Rabi oscillations and enables their engineering based on

our proposed control schemes.
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I. INTRODUCTION

The coherent manipulation of the superposition of
quantum states plays a central role for many novel,
especially quantum technological, applications [1]. A
typical example constitutes an atomic two-level system
where the electrical field controls the coherent super-
position of upper and lower state populations, observed
as Rabi oscillations [2]. Rabi oscillations constitute a
fundamental effect of coherent light-matter interaction
induced by the Pauli blocking nonlinearity. Rabi oscilla-
tions describe a sinusoidal time evolution of the population
difference in a two-level system controlled by the area ® =
J°, diQ(t) > 2z of the optical pulse [3]. The Rabi fre-
quency (1) = dE(t)/# is defined by the transition dipole
element d of the two-level system and the external optical
field E( (7). The simplest description for two-level systems
results in harmonic oscillations of the upper-level occupa-
tion n(t) = sin® [Qt/2] for resonant excitation with a
square pulse Eq(7) = const [3]. The direct control of these
oscillations by the pulse area is established for two- and
multilevel systems, such as atomic systems [3,4] and
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artificial atoms like semiconductor quantum dots [5—14]
constituting qubit control by electronic Pauli blocking in
quantum information science [15-18].

The search for coherent nonlinearities beyond strongly
localized electronic excitations and beyond Pauli blocking
directly leads to excitons as single, quasiparticle excita-
tions, which are built up from Coulomb bound electron-
hole pairs, for instance, provided by atomically thin
semiconductors, mesoscopic semiconductor quantum
wells, and bulk semiconductors [19]. The steering of these
excitonic quantum states requires the control of intriguing
many-body effects on ultrashort timescales due to nonlinear
exciton-exciton interactions. The latter include, but are
typically not dominated by, Pauli blocking. Previously, the
coherent manipulation of pure excitonic quantum states in
conventional semiconductor quantum wells was obscured
by electron-hole continuum transitions due to small exci-
ton-binding energies [20-30]. However, recent progress in
the fabrication of atomically thin semiconductors with
reduced environmental screening [31] can be used to
optically prepare almost pure exciton gases. A typical
example constitutes a monolayer of the transition metal
dichalcogenide MoS, [32,33] with exceptionally large exci-
ton-binding energies separated hundreds of meV from the
band gap [34-37]. Once optically excited close to the exciton
resonance, the large energy separation efficiently suppresses
electron-hole continuum transitions above the band gap. This
suppression results in almost pure excitonic nonlinearities
[38—43] which—already to lowest order—are influenced by
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strong many-exciton interactions. In particular, quantum
superpositions of excitons lead to bound two-exciton states,
referred to as biexcitons, and corresponding two-exciton
scattering continua. Whereas biexcitons form another ener-
getically localized excitation beyond the exciton, two-
exciton scattering continua induce a prototype of quantum
interference due to many dense states. The latter produces a
pronounced power-dependent dephasing [44,45] referred to
as excitation-induced dephasing. This result connects the two
central research areas of coherence and decoherence in
excitonic, quasibosonic quantum gases.

In this paper, we explore the occurrence and coherent
superposition of optically induced exciton density
oscillations resulting from excitonic nonlinearities. The
excitonic nonlinearities are provided by atomically thin
semiconductors characterized by interactions of excitons,
biexcitons, and the two-exciton scattering continua.
Coulomb correlations induce oscillations which resemble
a nonlinear excitation transfer between excitons and biex-
citons counteracted by and interplaying with excitation-
induced dephasing. Since the oscillations originate from
Coulomb correlation effects, they contrast Rabi oscillations
induced by Pauli blocking nonlinearities. In particular, the
different nature and properties of the observed oscillations
in atomically thin semiconductors identify fundamental
differences to excitons in semiconductor quantum dots
[6-8,15] and conventional semiconductor quantum wells
[23,25,26]. The distinguished character of Coulomb-cor-
relation-induced oscillations is also demonstrated by new
control parameters which can be used to steer excitonic
nonlinearities due to a detuning of the laser pulse energy,
magnetic fields, and quantum coherent feedback.

This paper is organized as follows: We start in Sec. II by
evaluating the excitonic Bloch equations [46,47], which
incorporate exciton-exciton interactions beyond the mean-
field approximation by explicitly including the nonlinear
coupling of excitons to biexcitons and their two-exciton
scattering continua [48-50]. Our energy- and time-resolved
simulations in Sec. III for a monolayer of MoS, as a
prototypical semiconductor with tightly bound excitons
reveal the suppression of Rabi-like mean-field-based oscil-
lations due to excitation-induced dephasing (EID). We
show that nonlinear coherent exciton oscillations beyond
the mean-field limit are induced by exciton-exciton inter-
actions for linearly polarized excitation of a monolayer of
MoS,, stimulating an excitation exchange between exci-
tons and biexcitons. However, these nonlinear coherent
oscillations are still counteracted by incoherent EID origi-
nating from the two-exciton scattering continuum.
Therefore, we subsequently explore the suppression of
EID and the manipulation of the biexciton resonance in
Sec. IV: First, in Sec. IV A, we investigate the influence of a
laser detuning with respect to the exciton resonance energy.
Depending on the chosen detuning, the ratio of excited
biexcitons to two-exciton scattering continua can be

manipulated, which allows one to enhance nonlinear coher-
ent oscillations and reduce EID. Second, in Sec. IV B, we
demonstrate that the excitation balance between biexcitons
and the two-exciton scattering continuum can be manipu-
lated by magnetic fields. Since the two-exciton scattering
continuum induces EID, nonlinear coherent oscillations can
be amplified or suppressed by a magnetic field. Third, in
Sec. IV C, we employ quantum coherent feedback to steer the
dynamics of exciton states in the presence of an external
mirror reflection geometry. Such half-sided cavities con-
stitute a model system for quantum optical feedback. Here,
the spatial distance between the atomically thin semicon-
ductor and the mirror introduces a time and phase delay
which enables the manipulation of the biexciton energy and
oscillator strength. Finally, we conclude by summarizing and
presenting an outlook in Sec. V.

II. OPTICALLY INDUCED NONLINEAR
EXCITON-EXCITON INTERACTIONS

To study purely excitonic nonlinearities, for instance, in
atomically thin semiconductors with tightly bound exci-
tons, we focus on the nonlinear optical response described
by a purely excitonic theory [46,47]. This limit is reached in
the weakly nonlinear, well-controlled excitation limit [51].
The geometry that we investigate is illustrated in Fig. 1(a).
We start from the incoming light field with o, circular
polarization E_ () or linear polarization E () describing
plane waves propagating perpendicular r| to a semicon-
ductor sample with the wave vector g,:

1 . .
E. (1) = EEo‘i(t)e’qpﬂe‘l“"pfe(,i +c.c., (1a)

1 . 4
E (1) = EEO,x(t)e’qﬁrie"“’P’ex +c.c. (1b)

Here, E  (t) and E, ,(t) are the field envelopes, w,, is the

laser frequency, e,, = (e, Tie,)/ V2 denote the normal-
ized o circular polarization vectors, and e, are the linear
polarization vectors perpendicular to the propagation
direction.

The incoming light field E, . (¢) induces a transmitted
E, . (t) and reflected E, . (7) field at the monolayer position
as illustrated in Fig. 1(a) [52,53]:

E+(1) = Eo1 (1) + iaP (1), (2)

E. (1) =E, 4(t) = Eg (1) = iaP’(t). (3)

E,.(r) and E,(t) are obtained by solving Maxwell’s
wave equation in the thin sample limit, i.e., sample thick-
ness < 4, = 2xcy/(n,w,), where 4, is the wavelength of
the incident light field depending on the vacuum speed of
light ¢, the refractive index of the dielectric environment
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FIG. 1. (a) Ilustration of the incoming light field E, . (¢)
driving the exciton transitions P (). Ey.(f) and P, () deter-
mine the transmitted E, , () and reflected E, o () light fields.
(b) Mlustrated are excitons P, (bound electron-hole pairs with
energy ¢,), biexcitons B, _, (two-electron and two-hole corre-
lations with energy < 2¢,), and two-exciton scattering continua
B,_, and B, , (two-electron and two-hole correlations with
energy > 2¢,). The optical selection rules for 6, and o_ circularly
polarized light are indicated.

n,, and the laser frequency w,. The transmitted light £, , (¢)
given in Eq. (2) couples to the polarization density d* P (r)
of the exciton gas and constitutes the light field at the
position of the sample. The coefficient & = w,d/(2&ycon,)
involves the excitonic transition dipole element d (see
definition below) and the vacuum permittivity &,.

For resonant excitation of the energetically lowest 1s
exciton resonance, the response is dominated by the 1s
exciton transitions P, . Here, the index + (—) denotes the
high-symmetry point K (K”) and corresponding spins 1 ({,)
of the electrons and holes forming the exciton after ground
state to single electron-hole pair excitation [47]. The
exciton transitions P, and P_ are illustrated as transition
amplitudes to bound electron-hole pairs on the lower
straight lines in Fig. 1(b). The excitonic response of the
coherent dipole transitions P is derived by employing a
dynamics controlled truncation for weakly interacting
excitons [51] to atomically thin semiconductors [50,54]:

(7O, + 7o + i(hew, — €, 4 )P+

i . .

= _EdEf,i(t) +idE; ((1)|PL|* + iVPL|P.?

+ iZ(W:t:t,nBi:t,ﬂP*i + Wi B, P). (4)
7

Equation (4) describes excitonic oscillators P with energy
hw, — €, ; in the rotating frame of the laser frequency w,,.
The exciton energies €, and wave functions ¢, , are
obtained by solving the Wannier equation for a monolayer

of MoS, [19]. This equation defines the excitonic transition
dipole element d = d"°¢ Zq ¢+ 4 With respect to the elec-
tronic dipole element d"“. Because of the optical selection
rules in monolayers of MoS,, P is coherently driven by the
o circularly polarized light field E; , (¢) [55] illustrated as
red and blue arrows in Fig. 1(b). The dipole oscillations are
damped by a microscopically calculated phonon-mediated
pure dephasing y, [56-58]. A self-consistent solution of the
Maxwell’s and excitonic Bloch equations (2) and (4) [52,53]
results in an additional radiative dephasing y, = a*d.

The second to fourth terms on the right-hand side of
Eq. (4) constitute nonlinear contributions to the exciton
dynamics, namely, Pauli blocking in the low-density limit
~E?  (1)|P+|* [59], exciton-exciton interactions on a mean-
field (Hartree-Fock) level ~P|P, |> (mean-field Coulomb
coefficient V), and the coupling of excitons P to two-
electron and two-hole Coulomb correlations B, and
B, _, resulting in source terms ~B,, ,P} and B,_,P%
(higher-order Coulomb correlation coefficients W, , and
W, _ ), respectively. Without spin and polarization mixing
at the K and K’ points, exciton-exciton interaction on a
mean-field (Hartree-Fock) level ~P, |P|> mediates only
intravalley scattering among exciton transitions P, or P_.
Intervalley interactions, i.e., cross interactions, between P,
and P_ on a mean-field level would require a Coulomb
potential including electronic intervalley scattering cross
sections which is typically negligible [54]. Therefore, the
dominating contribution to intervalley interactions are due
to terms ~B, _, P~ associated with the two-electron and
two-hole Coulomb correlations B _ .

The properties of B, , and B _, are determined by the
two-electron and two-hole Schrodinger equation [49,50].
Its solution provides bound states n = b with energy
€xx4—n—=b < €x 4 T €, _ (biexcitons) and unbound continu-
ous states n # b with energies €, 4,4, > 2€, 4 and
€xx4—ntb = €x+ T €, _ (tWo-exciton scattering continua).
The system of Heisenberg equations of motion is closed by
the equations for the Coulomb correlations B, ,
(41,4, = %) [51] described by phonon-damped (2y,)) oscil-
lators with energies €., ; ,, , Which are purely Coulomb
driven (Wil/lz,n) by two excitons P, P, [54]:

[0, + 2yo + i(2hw), — €y 1,2, 1)1 Bi iy
= iW,1,0Ps, Pry- (5)

Two excitons with the same polarization ~P, P, and
~P_P_ drive only the two-exciton scattering continua
B,z and B__,.,, respectively. These continua are
illustrated as parabolas in Fig. 1(b). In contrast, two
excitons with opposite polarization ~P, P_ simultaneously
drive biexcitons B+_,,7=b as two-exciton bound states and
the two-exciton scattering continuum B, _ ;. Biexcitons
B, _,— are drawn as a straight line and the two-exciton
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scattering continuum B, _ ,;, as a parabola in the middle of
Fig. 1(b). Since the repulsive interaction P, P or P_P_
precludes biexcitons for excitation with o, or o_ light
solely [60-62], no straight lines are drawn below the
parabolas on the left- and right-hand sides in Fig. 1(b).

The set of nonlinear equations of motion (4) and (5)
already successfully explained optical wave mixing experi-
ments performed on semiconductor quantum wells [63-66]
and heterostructures of larger thickness [67,68], as well as
semiconductor microcavities [69-71], surfaces [72], and
nanorings [73,74]. In particular, a nontrivial, nonperturba-
tive treatment is valid in arbitrarily high order in the field
[75,76], provided that the exciton occupation is small
enough to stay in the validity range [77]. The validity to
use these equations to study nonlinear interactions for
increasing field strength was already shown for excitation-
induced dephasing [45].

Note that a residual electron or hole doping in atomically
thin semiconductors due to external gate voltages [78],
surface functionalization [79], and substrates [80], as well
as impurities or vacancies [81], can induce trion resonances
[82—88] occurring besides charge-neutral exciton resonan-
ces. The influence of typically energetically lower trions
can be neglected as long as they are not resonantly excited
and the optical pulses are short compared to the long trion
formation times on the picosecond timescale [89-91].
Moreover, applying an external gate voltage allows one
to suppress charge-tunable states such as trion resonances
[92] and accesses charge-neutral atomically thin semi-
conductors, representing an excellent platform to study
exciton-exciton interactions dominated by charge-neutral
excitons and biexcitons [93-98].

III. COHERENT OSCILLATIONS
IN EXCITON GASES

We self-consistently solve the Maxwell’s and excitonic
Bloch equations [Egs. (2)—(5)] for a monolayer of MoS,
surrounded by hexagonal boron nitride at a temperature of
5 K as a prototypical atomically thin semiconductor with
tightly bound excitons [99]. All used material parameters
are summarized in the Appendix A.

A. Spectral characterization

To characterize the sample, the linear transmission spectrum
S |Ei2(@0)? />4 |Eo . (w)]? is depicted as a black curve
in Fig. 2(a). The exciton resonance exhibits a Lorentzian line
shape including radiative (2y, = 1.5 meV) and phonon-
induced linewidth contributions (2y, = 0.4 meV at 5 K [45]).

Note that we do not include an additional inhomogeneous
broadening, and, thus, our results apply to high-quality
samples: In particular, recent advances in fabricating high-
quality monolayers of MoS, demonstrate the possibility to
produce samples with low inhomogeneous broadening
[42,99]. In contrast, we expect that the nonlinear coherent

~
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FIG. 2. (a) Linear (pulse area ® — 0) and (b) nonlinear (pulse

area ® = 0.1x) transmission spectra near the exciton resonance
P for circularly (O) and linearly (1) polarized excitation with
40 fs pulses (intensity FWHM) for a monolayer of MoS, at 5 K.
The laser pump energy fw, = ¢, 4 is resonant to the exciton
resonance energy €, ..

oscillations cannot be observed for samples with large
inhomogeneous broadening exceeding the biexciton-binding
energy.

The linear response for negligible pulse areas
© = [ dtdE, .(t)/h — 0, plotted as a black curve in
Fig. 2(a), is equivalent for circularly and linearly polarized
light. The incoming light fields are chosen to ensure the
same intensity with respect to the K point. In contrast, the
nonlinear response for significant pulse areas ® = 0.1z as
plotted in Fig. 2(b) requires one to distinguish between
(1) circularly and (ii) linearly polarized excitation.

(1) The red curve in Fig. 2(b) represents the trans-
mission for ¢ circularly polarized excitation (D),
exciting P, solely. Compared to the linear trans-
mission in Fig. 2(a), the exciton resonance shows a
bleaching, a small blueshift, and the formation of a
two-exciton scattering-continuum-induced sideband
on the high-energy side of the exciton resonance.
The sideband is coherently controlled by quantum
interference between excitons P, and the two-
exciton scattering continuum B |, inducing exci-
tation-induced dephasing.

(ii) Linearly polarized light (1) simultaneously excites
P, and P_. Their attractive interaction drives the
biexciton B _ , along with the two-exciton scattering
continua By _ 4, By ,p, and B__,,; cf. Eq. (5).
Therefore, biexciton resonances B _ ;, P%. appear in
the nonlinear transmission spectrum plotted as
a blue curve in Fig. 2(b). [The transmission around
the biexciton resonance in Fig. 2(b) is 5-times
increased.] Note that we distinguish between biexci-
tons and biexciton resonances: Biexcitons B,_,
with energies e€,,,_, are governed by Eq. (5).
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The associated biexciton resonances B, _,P% with
energies €,, ._, — €5, couple to the exciton tran-
sitions P, by appearing on the right-hand side of
Eq. (4). Therefore, biexciton resonances B _ ;, P%. are
visible as resonances in the blue curve in Fig. 2(b)
below the exciton energies: €, ), —€x, < €4 ..
The two occurring biexciton resonances B, _ ,P*
associated with P and o circularly polarized light
and B, _, P’ associated with P_ and o_ circularly
polarized light are energetically degenerate.

The smaller biexciton-binding energy €, = €, , +
€y— — €y +—p compared to previous theoretical cal-
culations [100-108] originates from encapsulation
of the monolayer of MoS, in hexagonal boron nitride:
Enhanced environmental screening for encapsulated
monolayers compared to freestanding samples leads
to weaker Coulomb attraction between electrons
and holes [109], which reduces the exciton- and
biexciton-binding energies for monolayers encapsu-
lated in hexagonal boron nitride [110]. Ultrafast
optical wave-mixing experiments [61,62,111] find
biexciton-binding energies in the range of the
theoretically calculated values, whereas charged
biexcitons measured in incoherent photolumines-
cence spectroscopy have much higher binding ener-
gies [112-117].

B. Temporal dynamics

Since the intensity of the transmitted light |E, .. (7)]? is
dominated by the incoming pulse E, . (¢) with only slight
modifications due to the material response P, the trans-
mission described by Eq. (2) is unsuitable for our following
investigations of the details of the nonlinear response.
Therefore, we now investigate the nonlinear exciton time-
domain dynamics of the experimentally detectable intensity
of the reflected light |E,  (¢)|* ~|P.|*, which directly
monitors the coherent exciton density |P |*. Throughout
this subsection, the pulse area of the input field E, . (7) is
kept constant at @ = [ dtdE, . (t)/h = 2x, where the
Pauli blocking effect of a two-level system gives only one
complete Rabi flop. Note that an expansion in the many-
body hierarchy in Eqgs. (4) and (5) is justified only for
|P.|> <1 [77]. In this limit, a two-level atom does not
show any Rabi oscillations, and, therefore, the used
expansion does not apply. In our case, however, oscillations
of the density |P, |* are beyond Pauli blocking and solely
due to the exciton-exciton nonlinearities which at the same
time ensure |P.|> <1 and even allow for a 2z pulse
excitation.

At first, we study the mean-field dynamics [described by
the first and second lines of Eq. (4)] to understand the
nature of the mean-field exciton-exciton interaction-
induced nonlinear coherent oscillations. The black curves
in Fig. 3(a) represent the intensity of the reflected light

(@ (b) ©
Pulse ___ With four-particle
Coulomb corr
— Mean-field level ===+ Biexciton density
L) LI 008 \( 1T
10 Fou 100 fso 1 5~100 fs T
T osl /75N ] oosb A
! )\ o P3¢ 52
£ 00 I I I | Lty 1y () 0.00 P
£ -100 0 100 200 -100 O 100 200 0 10002000
N_JE
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2 10 Fou 300fs4 1 sn.. 300fsq = 004% -
2 1 1 75N 1 & X :
=} L dEk g 5 4 = |- i
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FIG. 3. (a),(b) Normalized intensity of the reflected light

|E,  (¢)]* as a function of time for a monolayer of MoS, at
5 K. The shaded areas illustrate the exciting (a) circularly () or
(b) linearly (1) polarized pulses with varying intensity FWHM as
indicated and fixed pulse areas ® = 2z, and the laser pump energy
hw, = €, 4 is resonant to the exciton resonance energy €, .. The
mean-field results and the dynamics including four-particle Cou-
lomb correlations (i.e., biexcitons and two-exciton scattering
continua) are shown as black and red solid lines, respectively.
The biexciton density |B,_,|* is shown as a blue dotted line.
(c) Temporal evolution of the oscillation frequency . () of the
intensity of the reflected light |E,_ (#)|> for linearly polarized
excitation including four-particle Coulomb correlations. The
frequencies approach the biexciton-binding frequency w, = ¢, /h.

|E, . (#)|* in the mean-field limit. Here, the exciton density
|P_.|* and, therefore, also the intensity of the reflected light
|E, . (1)|* almost adiabatically follow the pulse (shaded
area) with superimposed oscillations. These mean-field-
induced oscillations are identical for circularly and linearly
polarized excitation, since the dynamics of P, and P_ are
decoupled without correlation effects described by the last
contribution to Eq. (4). The oscillation frequency was
previously analytically approximated for a square pulse
Omeansield ~ 2[(€, — €5 )APE] )3 /h [118], where ¢,
denotes the band gap energy. With increasing pulse
duration, the number of oscillations rises, whereas the
oscillation frequency @ can-fieia declines [118—121]. These
mean-field-induced density oscillations represent an
approximation and are expected to dominate only for weak
correlation effects secured if a certain extent of free
electron-hole excitations occurs. Consequently, they can
be observed for conventional semiconductor quantum wells
with low exciton-binding energies [23,25,26].

041039-5



FLORIAN KATSCH and ANDREAS KNORR

PHYS. REV. X 10, 041039 (2020)

However, the mean-field limit does not apply to semi-
conductors with tightly bound excitons like monolayers of
MoS,, which exhibit pronounced excitonic Coulomb cor-
relation effects. This fact restricts the applicability of a pure
mean-field theory in the absence of (photo)doping-
induced screening and averaging mechanisms due to free
electron-hole pair excitations. In contrast, the inclusion of
an efficient coupling of excitons P to biexcitons B _ ; and
two-exciton continua B ., and B _ ,;, [described by the
last line of Eq. (4)] also induces a different exciton dynamics
for (i) circularly and (ii) linearly polarized excitation.

(i) The red curves in Fig. 3(a) display a complete
breakdown of the mean-field-induced oscillations
for circularly (O) polarized excitation: Quantum
interference of the exciton transition P, with the
two-exciton scattering continuum B, ., results in
excitation-induced dephasing (EID). Thus, the mean-
field-induced oscillations vanish. To provide an ana-
Iytic understanding of the observations, as developed
in Appendix B, the exciton dynamics for resonant
excitation iw, = €, , can be approximated by
(00, + 7o +1,1P, = —idE%(t) — 7P |PL>. (6)
Compared to the full dynamics described by Eq. (4)
and depicted in Fig. 3(a), Pauli blocking is neglected in
Eq. (6) [118], and the two-exciton scattering con-
tinuum B, | ., inducing EID is described by an
effective rate y,. For dominating EID y,, the intensity
of the reflected light |E, , (1)|> ~ |P_|* adiabatically
follows the pulse E(#) with the stationary solution P
of Eq. (6) given by (cf. Appendix B)

dEy(1)]%/3
2y, '

PP = | )

(i1) In strong contrast to circularly polarized excitation,
the red curves in Fig. 3(b), which characterize the
intensity of the reflected light |E,_, (¢)|? for linearly
(1) polarized excitation, again show pronounced
nonlinear oscillations. These oscillations are super-
imposed on the scattering-dominated background
which adiabatically follows the pulse. The oscilla-
tions occur since linear polarized excitation accesses
biexcitons B,_, in addition to the two-exciton
scattering continua B, ,.), and B, _ ;. In contrast
to the mean-field dynamics, these oscillations show
a nontrivial exciton-biexciton excitation exchange
with a nonlinear dependence on the time-dependent
field amplitude. The excitation exchange can be
recognized in the red solid and blue dotted curves
in Fig. 3(b), which show that the exciton density
|P.|>~|E,..(1)]* (red solid curve) exhibits a
maximum at minimal biexciton density B, _,_|*
(blue dotted curve) and vice versa.
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An analytical approximation of the full exciton
dynamics yields (cf. Appendix B)

[hat + 70 + yr]P(I)

dEy(t
§< )y PP
_%
h
X/t dt e—(270+i6b)/h(t—t’)[P(t/)]z. (8)

[Se]

=—i

P(1)

Because of the linear excitation, Eq. (8) does not
distinguish between the different polarizations
P =P, =P_. Compared to the circular exciton
dynamics in Eq. (6), linearly polarized light excites
biexcitons described by the last term in Eq. (8). This
term is obtained by formal integration of the
biexciton dynamics [cf. Eq. (5)], where €, = ¢, , +
€y— — €xy+—p denotes the biexciton-binding energy.
A perturbative solution of Eq. (8), as performed
in Appendix B, leads to oscillations described by
Re[e~@eor(!] with the approximate time-dependent
oscillation frequency o (?):

€p— 1270
2h

—i2y0)% 2W,_,W,_
—i\/—(eh l 70) _ +—-.b" + b|P0<t>|2

wcorr(t) =

47 n
©)

Similar to the discussion above, | Py () |* describes the
solution without biexcitons which is dominated by
EID and adiabatically follows the pulse; cf. Eq. (7).

The time dependence of the oscillation frequency
Weorr(t) s plotted in Fig. 3(c). In contrast to our
analytical solution in Eq. (9), the numerically evalu-
ated excitation exchange between the exciton and
biexciton in Fig. 3(c) includes memory effects
introduced by the two-exciton scattering continua.
The oscillation frequency w,,. () is not constant but
depends nonlinearly via |P(7)|* on the incident light
field: The frequency @, () is maximal at the pulse
center and decreases afterward. When the driving
pulse is gone, the oscillation frequency approaches
the constant biexciton frequency @y () = @), =
€,/h. The sophisticated time dependence of the
oscillation frequency @, () is beyond an exciton-
biexciton beating with a constant biexciton-binding
frequency w; observed in previous optical wave-
mixing experiments [122—124]. Since the nonlinear
coherent oscillations are determined by the inter-
actions of excitons, biexcitons, and the two-exciton
scattering continuum, once measured, the nonlinear
coherent oscillations allow one to extract (i) EID y,
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via Eq. (7), (ii) the biexciton-binding energy e,
in the limit of low pulse intensities or after the pulse,
where |P(#)]> = 0 implies @o(t) = @, = €,/h
[cf. Eq. (9)], and (iii) the exciton-biexciton interaction
strength W, _ ;, W+_.b using Eq. (9) as soon as €;, and
|P()]? are known.

Compared to conventional semiconductor quantum
wells, for instance, based on GaAs, atomically thin semi-
conductors exhibit more pronounced excitonic nonlinear-
ities with higher biexciton-binding frequencies w; and
larger exciton-exciton interaction parameters. Therefore,
atomically thin semiconductors provide a more pronounced
and faster oscillatory modulation of the exciton density
during experimentally realizable ultrashort pulses. In con-
trast, the decreased frequency .., (#) in conventional
semiconductor quantum wells does not suffice to achieve
a sufficient number of oscillations during an ultrashort
pulse while simultaneously avoiding a considerable exci-
tation of free continuum transitions, which generates addi-
tional dephasing. Consequently, the observed nonlinear
coherent oscillations in atomically thin semiconductors are
in contrast to previous experimental observations of Rabi-
like oscillations in conventional semiconductor quantum
wells [23,25,26]: In the latter case, the simultaneous
excitation of free continuum excitations above the band
gap obscures pure excitonic nonlinearities. Additionally,
weaker Coulomb interactions in conventional semiconduc-
tor quantum wells suggest a reduced exciton-biexciton
coupling W+_.bW+_‘b and imply only weak deviations of
the oscillation frequency @, () from the biexciton-bind-
ing frequency @,. As a result, the biexciton-binding
frequency w,, is expected to dominate even at high optical
excitation powers for semiconductors with weak Coulomb
interaction especially after the optical pulse [122—-124].

All in all, the observed nonlinear coherent oscillations
with frequency @, (f) originate from Coulomb inter-
actions of excitons with biexcitons and the associated
two-exciton scattering continua: The coherent superposi-
tion of excitons and biexcitons induces a coherent oscil-
latory excitation exchange, which is combined with
unavoidable decoherence due to quantum interference of
excitons with the two-exciton scattering continuum result-
ing from the same physical process, namely, exciton-
exciton interactions. This circumstance also demonstrates
the different nature of exciton-biexciton superpositions in
atomically thin semiconductors compared to Rabi oscil-
lations in quantum dots described by the Pauli blocking
nonlinearity [125-128]. Whereas Rabi oscillations in
quantum dots are damped by radiative decay [129],
phonon-assisted damping [130-133], or off-resonant exci-
tations in the wetting layer [126,134], the exciton density
oscillations in atomically thin semiconductors are damped
by quantum interference with the two-exciton scattering
continuum inducing EID. Therefore, new control param-
eters enable one to steer the exciton-biexciton oscillations

in atomically thin semiconductors by suppressing or
enhancing the influence of the damping due to the two-
exciton scattering continua.

IV. CONTROL OF NONLINEAR QUANTUM
SUPERPOSITIONS

In the following subsections, we demonstrate that the
nonlinear exciton-biexciton excitation exchange can be
coherently controlled by a steering of the two-exciton
scattering continua employing (Sec. IVA) a laser energy
detuning, (Sec. IV B) magnetic fields, and (Sec. IV C)
quantum coherent feedback.

A. Laser energy dependence

The first possibility to modify the coherent optical
response is to change the laser energy Aw, with respect
to the exciton energies and, thereby, also with respect to the
biexciton and two-exciton scattering continuum. We show
that the detuning can be chosen to either amplify or
suppress the modulation depths of nonlinear coherent
oscillations. This effect originates from the different under-
lying ratios of excited biexciton and two-exciton scattering
continuum densities depending on the laser detuning,
where the latter is responsible for EID.

Off-resonant excitation below the exciton energy fw, <
€, with o circularly polarized light reduces the exciton
density |P. |> and two-exciton scattering continuum den-
sities |B, , ,4p|* in a similar way. Thus, the intensity of the
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FIG. 4. Normalized time-dependent intensity of the reflected
light |E,  (1)]* for a monolayer of MoS, at 5 K for different
detunings of the laser energy 7w, with respect to the exciton
energy €, ,: hw,—e¢,, =0, =1, and +1 meV. The intensity
FWHM of the different linearly (1) polarized pulses with fixed
pulse area ® = 27 is indicated.
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v b .. = = 4
FIG. 5. Illustration of Zeeman shifts of exciton and two-exciton

scattering continua in the presence of an out-of-plane magnetic
field B, > 0 T; cf. also Fig. 1(b). For B, > 0 T, the exciton
transitions P, and continua B, ., shift to lower energies,
whereas P_ and B__ ., shift to higher energies. The biexciton
B, _, and continua B, _,., experience no shift.

reflected light |E, ()|* decreases but shows no new
qualitative behavior. Therefore, we focus on excitation
with linearly polarized light in Fig. 4. Here, the lower laser
energy hw, < €, . is closer to the energy €, , _j, — €, + of
the biexciton resonance B, _ , P%. This closeness enhances
the biexciton contributions at the expense of the EID
contribution. Consequently, the red curves in Fig. 4 display
more pronounced nonlinear coherent oscillations compared
to the case with zero detuning shown as gray shaded areas.
A laser energy above the exciton energy hw, > €, . is
shown as blue curves in Fig. 4. Here, EID increases, and
nonlinear coherent oscillations are suppressed due to a
lower biexciton contribution.

B. Influence of magnetic-field-induced Zeeman splitting

In the following, we investigate the nonlinear exciton
dynamics in the presence of a magnetic field B , oriented
perpendicular to the plane of the atomically thin semi-
conductor. We show that a magnetic field B | can be used to
amplify or suppress the modulation depths of nonlinear
coherent oscillations. This opportunity results from the fact
that B, induces opposite Zeeman shifts for the exciton
transitions P, and P_ [135-146]. The resulting variety of
partly competing energy shifts for the biexciton resonance
and their continua are illustrated in Fig. 5.

The shifted resonance energies €, ;. of the exciton tran-
sitions P in Eq. (4)read e, . — €, F gupB, /2, where gis
the exciton g factor and 5 the Bohr magneton; for details, see
Appendix C. The energies of the two-exciton scattering
continua B, ,., driven by two exciton transitions PP,
with the same polarization in Eq. (5), are shifted accordingly:
€xx ity = Exxity F gupBi; cf. Fig. 5. On the other
hand, the opposite shifts for P, and P_ cancel each
other for the biexciton B _ ,_;, and the two-exciton scattering
continuum B, _,,. Thus, their energies ¢, . _, —
€xx i — 9B /2 + gupB /2 = €, ., are unchanged.
This insight is most important for the possibility to control the
interplay of EID and nonlinear coherent oscillations for
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FIG. 6. (a) Linear (pulse area ® — 0) and (b) nonlinear (pulse

area ® = 0.1x) transmission spectra for linearly (1) polarized
excitation with 40 fs pulses (intensity FWHM) for a monolayer of
MoS, at 5 K for a magnetic field B, of 0 or 12 T. The laser pump
energy hw, = ¢, is resonant to the exciton resonance energy at
B, =0 T. The solid lines represent the linearly polarized trans-
mission and the shaded areas the underlying ¢, and ¢_ polarized
contributions.

linearly polarized excitation. In particular, the simultaneous
excitation of P, and P_ with linearly polarized light
inevitably introduces a detuning for at least one of the two
exciton transitions P or P_. This detuning leads to different
excitation ratios of biexcitons B, _,_, and two-exciton
scattering continua B, ,.,, B__,.,, and B, _,,. For
clarity and to support this qualitative discussion, we provide
the magnetic-field-dependent excitonic Bloch equations in
Appendix C.

Before we focus on the time dynamics, we discuss the
linear and nonlinear transmission spectra shown in Fig. 6
for different magnetic fields B, assuming linearly (1)
polarized excitation: The black curve in Fig. 6(a) shows
the transmission spectrum at zero magnetic field B, =0 T
in the limit of linear optics. For B| = 0 T, the same exciton
energies of P, and P_ lead to identical ¢, and o_ circularly
polarized contributions, and the transmission spectrum is
characterized by a single Lorentzian exciton resonance. For
B, =12 T, the opposite B -dependent Zeeman shifts for
P, (energy €, — gupB, /2) and P_ (energy €, + gupB, /2)
induce an energy splitting of gupB |, and their energetic
degeneracy is lifted. Therefore, the associated ¢, and o_
contributions to the transmission, illustrated as shaded areas
in Fig. 6(a), are shifted (repelled) with respect to each other.
The superposition of o and o_ contributions determines
the total signal and is plotted as a red curve in Fig. 6(a),
exhibiting two energetically separated exciton resonances.

The nonlinear transmission spectrum for linearly polar-
ized excitation and B, = 0 T is shown as a black curve
in Fig. 6(b). Here, nonlinear exciton-exciton interac-
tions arising from increased pulse areas lead to EID
with asymmetric exciton line shapes and, additionally,
a biexciton resonance appears. Again, the two underlying
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o, and o_ circularly polarized contributions to the trans-
mission spectrum are identical for B, = 0 T. This result no
longer holds true for B, = 12 T, where the shaded areas in
Fig. 6(b) display two energetically separated o, and o_
contributions, showing exciton resonances with asymmet-
ric line shapes. The two separate contributions also show
two biexciton resonances which are nondegenerate due to
a magnetic-field-induced splitting of gugB,: B _,P*
with energy e, _, —€, — gupB, /2 couples to P, and
B, _,P% with energy €,, ., — €, + gugB, /2 couples to
P_. The red curve in Fig. 6(b) describes the resulting
transmission spectrum for B, = 12 T and linearly polar-
ized excitation. The red curve combines the ¢, and o_
contributions illustrated by the shaded areas and reveals
two nondegenerate exciton and biexciton resonances.

Next, we focus on the temporal control of exciton-
exciton interactions by the magnetic field B, and study the
temporal dynamics of the intensity of the reflected light
|E,.(1)|*. We briefly discuss the case where we choose
circularly polarized excitation with the laser energy
how, = €, — gupB /2, i.e., decreasing or increasing with
the magnetic field B, to ensure resonant excitation of the
exciton transition P_. Since the energetic position of the
two-exciton scattering continuum B, | ,;, with resonances
B P at €y, — €, —gugB /2 decreases to the
same extent as the exciton resonance P, the corresponding
EID is unaffected by B, (not shown).

In contrast, the magnetic field induces changes for
linearly polarized excitation: In Fig. 7, we study only
the o, circularly polarized component of the intensity of
the reflected light |E,  (7)|* for excitation with linearly
polarized light. The reflected signal is obtained by filtering
out o_ circularly polarized components in the total reflected
light field. Again, in Fig. 7, the laser pump energy
hw, = €, — gupB, /2 is varied with the magnetic field to
ensure resonant excitation of the exciton transition P,.
Simultaneous excitation of the exciton transitions P, and
P_ by the linearly polarized incident light forms the biexciton
B, _;, and two-exciton scattering continuum B, _ .

Because of the opposite Zeeman shifts of P, and P_,
resonant excitation of P, inevitably implies off-resonant
excitation of P_; i.e., hw, = €, — gugB | /2 implies hw, <
€, +gugB /2 atB| > 0 T. Therefore, different results are
expected for the emission of the filtered reflected intensities
|E, . (1)]* and |E,_(7)|*. This implication also suggests a
different behavior of the same o, circularly polarized
component of the corresponding intensity of reflected light
|E, . (1)]* at magnetic fields with opposite orientations
(signs): For B, > 0T, off-resonant excitation of P_
decreases the EID induced by the two-exciton scattering
continua B__,, and B,_,,, observed in |E, (1)]?
whereas the biexciton density |B,_,|* increases, because
the pump energy #hw, is energetically closer to the
biexciton resonance B, _, P’ . The combination of reduced
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FIG. 7. Normalized time-dependent intensity of the reflected
light |E, _(¢)]* for a monolayer of MoS, at 5 K for different
magnetic fields B . The intensity FWHM of the different linearly
(1) polarized pulses with fixed pulse area ® = 27 is indicated,
and the laser pump energy hw, = €, — gugB, /2 is varied along
with B, to always ensure resonant excitation of the exciton
transition P, .

EID and an enhanced biexciton density induces a more
pronounced nonlinear coherent oscillation for B, =12 T
plotted as red curves in Fig. 7 compared to B, =0T
shown as gray shaded areas. In contrast, the blue lines in
Fig. 7 for B = —12 T show a lower modulation depth of
the nonlinear coherent oscillations, since a laser energy
resonant to P, implies that the laser energy is above the
resonance energy of P_;i.e., hw, = €, — gugB | /2 implies
ho, > e, +gugB, /2 at B, <0 T. Therefore, the EID
observed in |E,_ ()|* rises, and a lower biexciton con-
tribution reduces the nonlinear coherent oscillations.

Our results clearly show that coherent nonlinear effects
can be controlled by a magnetic field B, perpendicular to
the sample. The effect is based on the mutual increase or
decrease of the resonance energies of excitons, biexcitons,
and two-exciton scattering continua. In particular, this
effect enables one to manipulate the quantum interference
of excitons with biexcitons and the two-exciton scattering
continua and, therefore, allows one to suppress the EID
while enhancing the nonlinear coherent oscillations and
vice versa.

C. Coherent feedback control

A third possibility to control nonlinear coherent oscil-
lations is provided by quantum coherent feedback [147].
We show that feedback, as a polaritonic effect, controls not
only the radiative exciton dephasing but, more importantly,
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FIG. 8. (a) Illustration of a closed loop with a mirror placed in a
distance A from the two-dimensional semiconductor. The in-
coming light field £, (¢) drives the exciton transitions P, (r).
Ey . (t) and P (1) determine the transmitted E, () and reflected
E, .(t) light fields. (b),(c) Feedback phase w,7,-dependent
(b) linewidths and (c) resonance energies for exciton and
biexciton resonances in a monolayer of MoS, at 5 K for
excitation with low pulse areas ® — 0.

the exciton and biexciton resonance energies and associated
oscillator strengths. Thus, feedback can be used to steer the
mutual interplay between EID and nonlinear coherent
oscillations.

We study a half-sided cavity [148—151] by introducing a
reflecting mirror in front of the atomically thin semi-
conductor as illustrated in Fig. 8(a). These cavities were
already experimentally realized but so far studied only for
excitation conditions below the onset of nonlinear coherent
oscillations [152—-158]. The mirror introduces time-delayed
feedback of the transmitted light field E, . (¢), which enters
the Bloch equation (4). E,.(f) is derived using the
associated boundary conditions [52,53]:

E, (1) = Ey (1) — e Eq . (t —74)
+ialPL(1) = e P (t=14)],  (10)

with the feedback time 7, = (n,/cy)2A and the spatial
distance A between the atomically thin semiconductor and
the mirror; cf. Fig. 8(a).

Before providing numerical evaluations, we present an
analytical analysis for short feedback times 7, compared to
the pulse duration. Here, the retarded time arguments in
Eq. (10) can be approximately neglected:

E,o(t)~ (1= e™ms)[Ey (1) +iaPL ()] (11)

In this case, the prefactor (1 — ¢/®»™) constitutes the only
difference compared to the transmission E, . (r) of the
geometry without a mirror; cf. Eq. (2). As derived in detail
in Appendix D, Eq. (11) implies that a self-consistent

treatment of the light-matter interaction introduces a
radiative dephasing y,(ta) = 2a*dsin*(w,7,/2) and a
radiative energy shift §,(z,) = —a*dsin(w,7,) of the tran-
sition P, depending on the feedback time z,. The radiative
dephasing y,(7,) and radiative energy shift §,(z, ) originate
from the exciton-polariton formation by a coupled exciton-
light system: In particular, reradiation of the excitonic
polarization density modifies the external light field, while
the material properties are unchanged. Therefore, the optical
observable belongs to a polariton formed by the coupling of
excitons to the light field [159]. However, for convenience,
we still use the term exciton even if we actually discuss an
exciton-polariton resonance.

The total exciton linewidth including radiative and
phonon-mediated contributions 2[y,(za) + yo] is plotted
as a red line in Fig. 8(b). The exciton linewidth is minimal
for destructive interference ®,TA = 0,2r,4x, ..., where
the radiative contribution vanishes 2y,(7,) — 0 and the
phonon-mediated contribution of 2y, = 0.4 meV at 5 K
dominates. In contrast, constructive interference @,z =
7,37, ... leads to the largest radiative linewidths 2y,(z,).
The oscillating exciton linewidth is also mirrored in the
biexciton resonance B _ , P% with its linewidth shown by
the blue curve in Fig. 8(b). The offset compared to the
exciton linewidth is due to assuming a doubled phonon-
mediated contribution to the biexciton resonance linewidth.

The red line in Fig. 8(c) shows the w,7,-dependent
sinusoidal oscillations of the radiative exciton energy shift
5,(75) = —a*dsin(w,7, ). The biexciton resonance energy
is plotted as a blue line in Fig. 8(c) and oscillates with a phase
difference of z. The phase difference occurs since a blue-
shifted (6, > 0) exciton P_ (energy €, -+ 06,) yields a
redshifted biexciton resonance B, _,P% (energy €, .
—€, + — 0,) and vice versa. The feedback-dependent energy
separation between exciton P, and biexciton resonance
B,_,P: reads ¢,+26, (with ¢, =¢€., te,_—
€,x1—p)- A decreased exciton-biexciton energy separation
€, +20, < ¢, for 6 <0 suggests an increased biexciton
oscillator strength. This result can be understood by evalu-
ating the time integral in the last term in Eq. (8), which yields
a biexciton oscillator strength inversely proportional to €;, +
26, [160]. Oppositely, 6, > 0 implies an increased exciton-
biexciton energy separation €, + 26, > €,, which should
decrease the biexciton oscillator strength.

These analytical expectations are verified in the linear
reflection  spectra 3, |E, 1 (@)*/[321 [Eg+(@)]’] in
Fig. 9(a) (negligible pulse area ® — 0): The red curve in
Fig. 9(a) depicts the spectrum for a feedback phase w,7, =
0.3z with a decreased radiative broadening (y,) and a
redshifted exciton resonance (5, < 0). The black curve in
Fig. 9(a) represents complete constructive interference
w,7y = 7, Where the exciton radiative line broadening is
maximal and the shift vanishes (6, = 0). Increasing the
feedback phase to w,7y = 1.7x, as illustrated by the blue
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FIG. 9. (a) Linear (pulse area ® — 0) and (b) nonlinear (pulse
area ©® = 0.057) reflection spectra for linearly (1) polarized
excitation with 40 fs pulses (intensity FWHM) for a monolayer of
MoS, at 5 K for different feedback phases w,7r, = 0.3z, 1.0z,
and 1.7z. The laser pump energy fw, =€, is resonant to
the exciton resonance energy e,. at the feedback phase
w,ty = 1.07.

curve in Fig. 9(a), decreases the radiative linewidth and the
exciton shifts blue (5, > 0). Finally, the radiative broadening
and shift approach zero for destructive interference
w,75 = 27z, where the reflection vanishes.

Next, we discuss the influence of quantum coherent
feedback on nonlinear exciton-exciton interactions, such
as EID and biexciton formation, in the nonlinear reflection
spectra. The red curve in Fig. 9(b) represents w7, = 0.3z,
where the redshifted exciton P, (5, < 0) implies a blue-
shifted biexciton resonance B, _, P%; cf. Fig. 8(c). Perfect
constructive interference @, =z shown as a black
curve in Fig. 9(b) yields an electric field amplification
(1= €™ )Ey (1) = 2Eq . (1) inEq. (10). The electric field
amplification leads to a more pronounced power-dependent
exciton line broadening, due to enhanced EID from the two-
exciton continuum. At the same time, the biexciton oscillator
strength is enhanced.

For the feedback phase w,7, = 1.7z, plotted as a blue
curve in Fig. 9(b), the exciton line broadening and
biexciton oscillator strength are decreased, and the biexci-
ton resonance shifts red. In particular, the comparison of
feedback phases w,ry = 0.37 and 1.7z shows—as the
analytical discussion suggests—a larger biexciton oscilla-
tor strength for w, 7, = 0.37. Since the biexciton oscillator
strength is approximately inversely proportional to the
exciton-biexciton energy separation €, +25,, ®,75 =
0.3z with €, + 20, < €, (6, < 0) implies a larger oscillator
strength than w,7, = 1.7z with €, + 25, > ¢, (6, > 0).
Importantly, this result demonstrates the possibility to
manipulate nonlinear exciton-exciton interactions by feed-
back. Therefore, a feedback-introducing mirror will most
certainly allow one to modify the nonlinear coherent
oscillations in the time domain, which is discussed next.

In contrast to the geometry without feedback, the
experimentally accessible reflected light E, , (¢) includes
also the pure backreflected pulse —e™r™Ey , (t—1,),
which obscures the material response P,; cf. Egs. (3)
and (10). Therefore, we now examine the reflected light
minus the backreflected pulse, which corresponds to the
reflection difference AE,  (¢) with and without the atomi-
cally thin semiconductor:

AE, ((t) = E, (1) + e Ey (t—15).  (12)
Again, we choose laser energies hw, = €, + §, resonant
to the exciton energies.

The red curves in Fig. 10 are obtained for the feedback
phase W,Tp = 0.37z. Here, the effective electric field is
approximately decreased by the prefactor (1 — e™®»™) in
Eq. (11), which naively suggests weaker optical excitation
strength-dependent effects compared to the previous
results without feedback shown as gray shaded areas in
Fig. 10. Strikingly, the opposite holds true for the nonlinear
coherent oscillations, and the red curves in Fig. 10 show
larger oscillation depths compared to the response without
feedback shown as gray shaded areas. The enhancement
of the nonlinear coherent oscillations originates from a
decreased exciton-biexciton energy separation €, + 20, <
€, (6, <0) leading to increased biexciton oscillator
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FIG. 10. Normalized time-dependent intensity of the reflection
difference |AE,  (1)|* for a monolayer of MoS, at 5 K for
different feedback phases w,7, = 0.3z, 1.0z, and 1.77. The
exciton density in the absence of a mirror is shown as a gray
shaded area. The intensity FWHM of the different linearly (1)
polarized pulses with fixed pulse area ® = 27 is indicated. The
laser pump energy hw, =€, + 6, is varied along with the
detuning §, to always ensure resonant excitation of the exciton
transition P .
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strengths. Therefore, ®,7y = 0.37 combines enhanced
nonlinear coherent oscillations with decreased radiative
dephasing and EID. The oscillation depths for w,z, =
0.37 are even similar to complete constructive interference
w,75 = 7 shown by the black curves in Fig. 10. However,
the enhanced nonlinear coherent oscillations for w,7y = 7
are counteracted by increased radiative dephasing and EID.
For an increasing mirror distance of w,7, = 1.7z, plotted
as blue lines in Fig. 10, the effectively acting electric field is
again decreased. In combination with the increased exci-
ton-biexciton energy separation €, + 25, > ¢, (0, > 0) and
smaller biexciton oscillator strength, this decrease implies
weaker nonlinear coherent oscillations even though the
radiative dephasing is suppressed. This behavior is different
to the previously studied feedback phase w,7, = 0.37:
w,75 = 0.37 combines enhanced nonlinear coherent oscil-
lations and decreased radiative dephasing and EID, while
the oscillations are weakened for w,7, = 1.77.

Our results demonstrate that coherent feedback engi-
neers exciton-exciton interactions by the spatial distance
between an atomically thin semiconductor and a mirror.
In particular, the biexciton resonance energy and the
biexciton oscillator strength can be simultaneously modi-
fied. Therefore, the spatial distance between the atomically
thin semiconductor and mirror can be adjusted to suppress or
enhance nonlinear exciton-biexciton coherent oscillations.

V. CONCLUSIONS AND PERSPECTIVES

We report the manifestation of nonlinear exciton-
biexciton coherent oscillations activated by exciton-exciton
interactions in exciton gases based on optically excited
atomically thin semiconductors. The coherent oscillatory
exciton-biexciton excitation exchange induces oscillations
observed in the intensity of the reflected light with a
nonlinear frequency dependence. These oscillations are
determined by the mutual interplay of excitons and biex-
citons and counteracted by excitation-induced dephasing
due to destructive interference of quantum coherence from
the two-exciton scattering continua. An experimental
realization to measure the proposed nonlinear oscillations
requires one to resolve an ultrashort femtosecond timescale,
for instance, achievable by taking advantage of high time
resolutions realizable by frequency-resolved optical gating
[161]. Once measured, the nonlinear oscillations allow one
to deduce the excitation-induced dephasing, the biexciton-
binding energy, and the exciton-biexciton interaction
strength.

For the coherent manipulation of nonlinear exciton-
exciton interactions, we propose a number of different
control parameters, namely, the polarization of the light
field, the pulse detuning, magnetic fields, and quantum
coherent feedback. These control parameters pave the way
to corresponding experiments by influencing the quantum
interference between excitons and biexcitons with the two-

exciton scattering continuum, allowing one to enhance or
suppress nonlinear coherent oscillations. We expect that the
theoretical footing and underlying understanding of non-
linear coherent oscillations is extendable to not only other
inorganic and organic semiconductors which enable the
preparation of almost pure exciton gases but also other
quasibosonic quantum gases with strong Coulomb inter-
actions in condensed matter physics.
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APPENDIX A: MATERIAL PARAMETERS

The used material parameters for a monolayer of MoS,
are given in Table 1. The numerically evaluated matrix
elements which enter the excitonic Bloch equation (4) are
listed in Table II for a monolayer of MoS, encapsulated in

TABLE I. Material parameters for a monolayer of MoS,.
Lattice constant ap [nm] 0.318 [162]
Thickness dy [nm] 0.626 [162]
Effective electron mass m,/myg 0.44 [163]
Effective hole mass my,/my 0.54 [163]
Optical band gap g, [eV] 2.48 [162]
In-plane dielectric constant € 12.8 [164]
Plasmon peak energy E, [eV] 22.5 [164]
Exciton dephasing at 5 K 7o [meV] 0.2 [165]
Effective hopping integral ty [eV] 1.1 [55]
Refractive index of h-BN n, V4.5 [166]

TABLE II. Excitonic parameters for a monolayer of MoS,
encapsulated in hexagonal boron nitride.

Exciton-binding energy €5~ €1 [eV] 0.2
Phonon-mediated dephasing at 5 K 2y [meV] 0.4
Radiative dephasing 2y, [meV] 1.5
Excitonic dipole matrix element d [ep] 0.1
Pauli blocking parameter d [ey nm?] 1.3
Coulomb matrix element Vv [eV nm?] 1.0
Excitation-induced dephasing 7. [eV nm?] 0.5
Biexciton-binding energy €, [meV] 8
Exciton-biexciton coupling W._, W —b 0.006

[eV2 nm?]
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hexagonal boron nitride. Analytical approximations for the
different matrix elements are discussed in Ref. [50].

APPENDIX B: ANALYTICAL APPROACH

To provide a better understanding of the temporal
behavior, we derive an analytical description of the ultrafast
nonlinear exciton density in the following. Since the light-
matter interaction is much weaker compared to exciton-
exciton scattering, Pauli blocking is neglected d = 0 in
Eq. (4). Moreover, excitation-induced shifts are disre-
garded, i.e., V =0. In order to describe the exciton
dynamics by the Bloch equation [Eq. (4)] solely instead
of solving the coupled Maxwell’s and excitonic Bloch
equations, the radiative dephasing constant y, is explicitly
introduced.

(1) The exciton transition P, in the rotating frame of the
laser frequency w, for resonant excitation with
circularly polarized light, i.e., iw, = €, 4, is deter-
mined by

l.dEo(t)

PP (BY)

[hO, 47047, )P =—

Here, the two-exciton scattering continuum was
solved in a second-order Born-Markov approxima-
tion described by an exciton-scattering-induced
dephasing rate y, after neglecting energy renormal-
izations from the two-exciton scattering continuum.
Now, we assume that P_ adiabatically follows the
exciting pulse and both the phonon-mediated y,, and
radiative dephasing y, are small compared to the
exciton-scattering-induced dephasing y,. Accord-
ingly, the stationary solution P((7) of Eq. (B1) is
given by

Py(t) = =i [d%/(t)} 1/3. (B2)

(ii) For linearly polarized excitation, the equations of
motion for P, and P_ are identical, which allows
one to define P = P = P_. Again, the two-exciton
scattering continuum can be solved in a second-
order Born-Markov approximation. This solution
introduces exciton-scattering-induced dephasing as-
sociated with y,, while resulting energy renormal-
izations are neglected. The following equation of
motion results for the resonantly excited exciton
transition, i.e., iw, = €, ;, in the rotating frame P:

[h0; +yo + 1/]P
dEy(t)

=i v.P|PP? + iW,_,B,_,P*. (B3)

041039-13

In addition to the case of circularly polarized
excitation [described by Eq. (B1)], Eq. (B3) couples
to a single biexciton resonance B, _, with binding
eNergy €, = €y 4 + €, _ — €4y 4_,—p- Lhe biexciton
dynamics B, _, is described by

(hO, + 2y + ie,)B,_, = iW,_,P>.  (B4)

Formal integration of the biexciton dynamics
[Eq. (B4)] and inserting the result in Eq. (B3) gives
the following integro-differential equation for the
exciton transition P:

[70; + vo + 1,]P(1)

dE(t

B0 pioe(o)?
Wi yW.o_p

——'h = P*(1)

X/’ d[/e—(2y0+ieb)/h(t—t’)[P(t/)]Z. (BS)

(e8]

=i

We solve Eq. (B5) in a perturbation approach, where
the exciton transition is expanded as follows:
P = Py + AP, + O(2%), with the ordering parameter
A < 1. The resulting exciton density up to first order
in Ais given by |P|* = |Py|> + A12Re[PyPy] + O(4%).
Neglecting both the phonon-mediated y, and radiative
dephasing y, in aregime where the exciton-scattering-
induced dephasing y, dominates, the zeroth-order
Py(t) equation can again be described by a static
response; cf. Eq. (B2). Consequently, the first-order
equation is left to solve, which reads

hatpl(t)
= —1:{2[Po(t)[PP1 (1) + [Po(1)]* P} (1)}

W oWis 2

_ Db Bimb p ()2 P
et P
W, _ W,

- AWt p e
x / " dre-Cnri)M0-0p (7). (B6)

The most essential features of Eq. (B6) are approx-
imately captured by the following second-order dif-
ferential equation:

2y + iy P, +2W+—,bW+—.b
t

2
P
8[ 1+ A hz

IPof2P, =o0.
(B7)

The homogeneous solution of Eq. (B7) is determined
by P, ~e @) with the oscillation frequency
given by
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€p— 12}/0
2h

_il— (ep—i270)* _ 2W+—,bW+—,b
4n? h?

a)COIT (t) =

(B8)

The frequency @., () nonlinearly depends on the
zeroth-order solution which adiabatically follows
the exciting laser pulse. In the long time regime
t > tpwpm, the frequency approaches the biexciton-
binding frequency .., () = €,/h.

APPENDIX C: MAGNETIC FIELD

An out-of-plane magnetic field B | leads to Zeeman shifts
of the conduction and valence bands due to orbital and spin
magnetic moments which act with opposite signs at the K and
K’ points [140,167]. The Zeeman shift of P, excitons
associated with the K valley is given by gugB /2, while
—guB | /2 describes the opposite Zeeman shift of P_
excitons in the K’ valley. The Zeeman shifts ¢ gugB, /2
of P, excitons depend on the exciton g factor, the Bohr
magneton g, and the magnetic field perpendicular to the
monolayer sample B,. While a k- p perturbation theory
accurately determines the g factors of free electrons or holes
[140,168,169], the exciton g factors are obtained by taking
account of the quasiparticle nature of excitons [170-172].
For our simulations, we use a g factor of excitons of g =
—3.06 for a monolayer of MoS, determined by recent
ab initio calculations [171].

The resulting Bloch equations (4) and (5) renormalized
by a magnetic field B, read [173]

[0, + vo + i(hw, — e, £ gugB  /2)]P,
= —idE; . (1) + idE} . (1)|P+|* + iVPL|P,?

+ iZ(W:t:t.nB:I::t,ﬂP*i + W, B ,P%), (C1)
n
[hat + 270 + l(2hwp - exx.ii,n + gﬂBBL)]Biin
- iW:I:j:,r]Pj:Pi7 (CZ)
[hat + 2]/() + l(2hwp - exx.+—,i7)]B+—,i7
=iWw,_ ,P.P_. (C3)

APPENDIX D: ANALYTICAL APPROACH FOR
A MIRROR REFLECTION GEOMETRY

In the following, the radiative dephasing y,(z,) and
radiative energy shift §,(zy) of the resonance P, are
derived for an atomically thin semiconductor in the
presence of a feedback-introducing mirror. For short feed-
back times 7, compared to the pulse duration, the linear

[Po(1) .

transmission spectrum 1is still accurately reproduced by
neglecting the time retardation of the incoming light field
Ey+(t—75) = Ey+(t) and exciton transition P, (f — 75)~
P (1); cf. Eq. (11). Inserting the light field at the monolayer
position E, . (¢) defined in Eq. (11) into the excitonic Bloch
equation (4) modifies the excitonic Rabi frequency Q. (1) =
dE; ,(t)/h valid for short feedback times 7,:

1

Q. (1)~ %d(l - e‘i‘”lf’A)[Eai(t) —ia*P.(1)]. (D1)

Thus, the excitonic Bloch equation for the transition P,
restricted to the linear optical response reads

{10, +v,.(2a) + 10 +i[hw, — e, L — 8(75)]} Py

= —id(1 — e7™r)E; (1) (D2)
The differential equation (D2) can be analytically solved by
Fourier transformation. The resulting frequency-dependent
transition P_ (@) is described by a Lorentzian resonance with
afull width at half maximum of 2y,.(z, ) + 2y, determined by
the radiative dephasing y,(7) = 2a*dsin*(w,7,/2) and
the phonon-mediated dephasing y,,. The resonance energy of
P, (w)isgivenby €, . + 6(z,) including the exciton energy
€,+, which is renormalized by the radiative energy shift
8,(75) = —a*dsin(w,7, ). The radiative dephasing y,(z,)
and radiative energy shift §,(z,) both originate from rera-
diation of the excitonic polarization density which modifies
the external light field. The mirror modifies only the Rabi
frequency defined in Eq. (D1) and no material properties of
the atomically thin semiconductor. Therefore, the resulting
resonance P, (w) describes a polariton formed by the
coupling of excitons to the light field.
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