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We present zero-, one-, and two-quantum two-dimensional coherent spectra of excitons and trions in a
CdTe/(Cd,Mg)Te quantum well. The set of spectra provides a unique and comprehensive picture of the
coherent nonlinear optical response. Distinct peaks in the spectra are manifestations of exciton-exciton and
exciton-trion coherent coupling. Excellent agreement using density matrix calculations highlights the
essential role of many-body effects on the coupling. Strong exciton-trion coherent interactions open up the
possibility for novel conditional control schemes in coherent optoelectronics.
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Coherent phenomena in semiconductor nanostructures
have garnered considerable interest in recent years for
potential applications in spintronics [1], quantum optics,
and quantum information processing [2]. Among various
ensemble spin systems, a two-dimensional electron gas
(2DEQG) in a modulation-doped quantum well is particu-
larly interesting because a dense spin ensemble exhibiting
little to no inhomogeneity is readily grown using epitaxial
methods. At low temperature, the band-edge optical proper-
ties of a modulation-doped quantum well are dominated by
Coulomb-bound electron-hole pairs (excitons) and charged
excitons (trions) [3,4], analogous to H and H~ or H;’ in
atomic physics, respectively.

Exciton and trion resonances have been exploited for a
variety of coherent phenomena, including long-lived spin
oscillations [5,6], coherent spin rotations about the Bloch
sphere [7], quantum memories [8], electromagnetically
induced transparency (EIT) [9], and coherent control of
quantum Hall systems [10]. These processes rely on
manipulation of the 2DEG through coherent light-matter
interactions of the exciton and trion transitions, whose
optical properties are influenced by many-body -effects
(MBEs) inherent to semiconductors. For example, the
fidelity of collective electron spin rotations is hindered by
exciton-trion interactions, and excitation of the exciton can
reduce the polarized 2DEG spin coherence time by an order
of magnitude [7]. Additionally, Coulomb interactions can
limit the level of achievable transparency in EIT experiments
to a few percent [9]. In a quantum Hall system, Coulomb
correlations play a crucial role in the transient optical
properties and coupling between Landau levels [11].

These examples illustrate the impact of MBEs on the
coherent response of a 2DEG, which have not been
adequately characterized. Moreover, coherent coupling
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between excitons and trions is interesting, since it requires
the complexes to be in close proximity to be significant.
Typically, trions are localized at cryogenic temperatures,
while excitons can be spatially more extended [12]. The
effective spatial overlap of the wave functions determines
their coupling strength. Exciton-trion interactions have so
far been regarded as incoherent and therefore detrimental,
e.g., leading to enhanced dephasing. Conversely, coherent
exciton-trion coupling, which has not been previously
demonstrated, could lead to a paradigm shift in the under-
standing of the optical properties of 2DEGs, since it might
be exploited for conditional operations in coherent opto-
electronics. Thus, the development of novel devices
requires establishing the influence of MBEs on the non-
linear optical properties of 2DEGs.

Linear spectroscopies provide some insight in this
regard, revealing three-particle interactions that govern
trion formation [13,14] and oscillator-strength-stealing
phenomena [15,16]. Nonlinear spectroscopies such as
transient absorption and four-wave mixing (FWM) tech-
niques are sensitive to interactions mediated through
Coulomb forces [17] or local fields [18]. These techniques
have been used to probe for signatures of exciton-trion
correlations stemming from phase-space filling and fer-
mionic exchange [19,20]; however, MBEs such as
excitation-induced dephasing (EID) [21] and excitation-
induced energy shift (EIS) [22] cannot be reliably distin-
guished using one-dimensional techniques since the
numerous quantum pathways contributing to the nonlinear
optical response are not sufficiently separated [22,23].

In this Letter, we use optical two-dimensional coherent
spectroscopy (2DCS) [24]—an enhanced version of
three-pulse transient FWM—to overcome these limitations,
thus providing unique insight into MBEs of optically
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excited carriers in a 2DEG. We present a set of 2D spectra
from a nominally undoped CdTe/(Cd,Mg)Te QW, which
has not been previously studied using 2DCS. Specific
quantum pathways are isolated by the different types of 2D
spectra, enabling differentiation between many-body con-
tributions to the coherent nonlinear optical response [25].
Each type of spectrum better separates the quantum path-
ways associated with interactions in the system compared
to its one-dimensional counterparts; however, we demon-
strate that only when the collection of different types of 2D
spectra are considered can a comprehensive picture of the
nonlinear optical response be established. Excellent agree-
ment between density matrix calculations and the mea-
surements reveals the essential role of MBEs on coherent
excitonic interactions in the QW.

The sample consists of a single 20 nm wide CdTe/
CdMgTe QW grown by molecular beam epitaxy on a
(100)-oriented GaAs substrate. The QW is separated from
the substrate by a CdTe/CdMgTe superlattice grown on a
thick CdMgTe buffer layer and is isolated from the surface
by a 100 nm CdMgTe barrier. The sample is nominally
undoped, but due to residual impurities and charge redis-
tribution to surface states, the QW at low temperature
contains a dilute 2DEG (verified through magneto-
photoluminescence spectra, data not shown). The sample
is mounted on a sapphire disk and the substrate is
chemically removed for transmission experiments. In the
absence of MBEs, the exciton and trion can be considered
two independent two-level systems as shown in Fig. 1(a)
and reported in Ref. [19]. Optical excitation generates
excitons and trions with total angular momentum projec-
tions along the growth direction of Jy = +1 and
Jr- = £3/2, respectively. The optically active transitions
accessible using circularly polarized light (6+) are shown
in Fig. 1(a) for the exciton, comprised of a spin J, = —1/2
electron (thin arrow) and spin J;, = +3/2 heavy hole (thick
arrow), and for the negative trion, consisting of two
opposite spin electrons in a singlet state correlated with
a spin J, = +3/2 heavy hole.

2DCS experiments are performed using four phase-
stabilized pulses propagating in the box geometry [26].
The pulses, obtained from a mode-locked laser operating at
a 76 MHz repetition rate, have a ~150 fs duration and are
cocircularly polarized. Three of the pulses A, B, and C with
wave vectors k4, kg, and Kk, respectively, are focused to a
single ~50 ym spot on the sample, which is kept at a
temperature of 6 K. The exciton and trion excitation
densities are kept below ~5 x 10° cm™? to remain in
the y©® regime. The pulses generate a FWM signal that
is detected along the phase-matched direction
k, = -k, + kg + k¢, which necessarily requires that
pulse A acts as a conjugate pulse irrespective of pulse
time ordering, as shown in the schematic diagram in
Fig. 1(c). The signal is heterodyned with a phase-stabilized
reference pulse and their interference is spectrally resolved
with 20 ueV resolution. For a rephasing experiment,
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FIG. 1 (color online). (a) Exciton and negative trion optical
transitions accessible using circularly polarized light (o+).
(b) The exciton and trion nonlinear response is modeled using
a six-level energy scheme consisting of a ground state (|g)),
singly excited exciton (|X)) and trion (|T77)) states, doubly
excited exciton (|2X)) and trion (|277)) states with an energy
shift Ay and Az, respectively, and a doubly excited mixed
exciton-trion state (|X77)) shifted from the exciton + trion
energy by Ayr-. (¢) Geometry of the incident beams and the
FWM signal. The pulse time ordering and generalized double-
sided Feynman diagrams are shown for the (d) rephasing
zero- and one-quantum and (e) two-quantum sequences.

interferograms are measured while the delay 7 between
the first two pulses incident on the sample, A and B, is
scanned with interferometric precision, as shown in the
timing sequence in Fig. 1(d). The FWM signal is Fourier
transformed with respect to 7z to generate a rephasing one-
quantum spectrum that correlates the excitation and emis-
sion energies for a fixed delay 7 = 200 fs. A rephasing
zero-quantum spectrum, which is sensitive to population
dynamics and nonradiative coherent superpositions
between states [27,28], is acquired by scanning and
Fourier transforming the signal with respect to T, the delay
between pulses B and C. Alternatively, the pulse time
ordering can be adjusted so that pulse A is incident on the
sample last, as depicted in the timing sequence in Fig. 1(e).
The delay T between pulses C and A is scanned, and the
signal is Fourier transformed with respect to 7' to generate a
two-quantum spectrum correlating the two-quantum ener-
gies with the one-quantum emission energies.

The absolute value of the rephasing one-quantum spec-
trum is shown in Fig. 2(a). The vertical axis is plotted as
negative excitation photon energy since the coherences
oscillate at negative frequencies during 7 with respect to the
coherences during ¢. The spectrum features two peaks on
the diagonal line corresponding to excitation and emission
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FIG. 2 (color online). Normalized experimental rephasing
(a) one-quantum spectrum of the exciton (X), trion (77), and
their interaction (LP and HP). Two-quantum coherences of the
exciton (2X) and the mixed exciton-trion state (LX7~ and
HXT") appear in the experimental two-quantum spectrum shown
in (b). X and 7~ population peaks appear in the zero-quantum
spectrum in (c). The excitation laser spectrum for all experiments
is shown in the inset to (c). Panels (d)—(f) are the corresponding
simulated spectra. The color bar indicates the normalized
amplitude of each spectrum.

at the exciton (X) and trion (77) transitions. The cross-
diagonal and diagonal slices of each peak are simulta-
neously fit to analytical functions to determine the full
width at half maximum of the homogeneous and inhomo-
geneous linewidths [29]. For the exciton, the homogeneous
linewidth is ~0.15 meV, which is larger, but a similar order
of magnitude, compared to excitons in GaAs QWs for a
similar excitation density [30,31]. The trion homogeneous
linewidth is ~0.1 meV, and both the exciton and trion
resonances are inhomogeneously broadened by ~0.5 meV.
The trion resonance is redshifted from the exciton by a
2.7 meV binding energy. This energy is comparable to the
biexciton binding energy in In(Ga)As quantum dots, which
have been the primary semiconductor system for demon-
strating entangled photon pair generation and other non-
linearities such as photon blockade [32]. Although the

exciton and trion can be considered two independent
systems, the appearance of low (LP) and high (HP)
emission energy cross peaks in Fig. 2(a) reveals that the
exciton and trion are quantum mechanically coupled
through many-body interactions, since these peaks indicate
excitation at one energy and emission at the other. This
coupling is to be distinguished from polarization interfer-
ence between two independent systems, which would not
lead to LP and HP.

To establish the origin of LP and HP, we probe for
coherent coupling mechanisms by acquiring a two-quantum
spectrum, shown in Fig. 2(b), for which a nonzero signal
arises only if coherent many-body interactions between
resonances exist [33-36]. The spectrum features two cross
peaks (LXT~ and HXT™) attributed to a collective exciton-
trion two-quantum coherence and their appearance neces-
sarily implies that the exciton and trion interact coherently.
The peak (2X) on the diagonal line arises from coherent
interactions between two excitons in the QW. The absence
of a two-trion peak, which would appear on the diagonal line
at a two-quantum energy equal to twice the trion energy,
indicates that coherent coupling between trions is absent due
to spatial separation. Coherent coupling between resonances
is often accompanied by peaks associated with nonradiative
Raman-like coherences between transitions in a rephasing
zero-quantum spectrum[35], whichis showninFig. 2(c). The
spectrum features two peaks at zero mixing energy and at
the trion (7~) and exciton (X) emission energies, correspond-
ing to the system being in a ground or excited state population
during the delay 7. Simulations discussed later demonstrate
that Raman-like cross peaks at 2.7 meV mixing energy are
too weak to appear because MBEs enhance X and 7.

To quantify the strength of the exciton-trion coupling, we
follow a similar approach as Kasprzak et al. and define the
relative coupling strength (RCS) as the ratio of HP to the
geometrical average of X and 7~ in Fig. 2(a), which takes
into account differences in oscillator strengths and spatial
and spectral overlap of the excitation pulses with the
resonances [37]. The exciton-trion RCS measured here is
~0.33, which is similar to an RCS of <0.4 measured for the
majority of excitons in semiconductor quantum dots [37].
The similar RCS observed here suggests that many-body
interactions giving rise to coherent coupling between
excitons and trions have a similar impact on coherent
optoelectronic applications as for excitons in quantum dots.

The collection of 2D spectra provides a unique perspec-
tive into the coherent nonlinear optical response of excitons,
trions, and a 2DEG. To better understand the effects of
exciton-trion interactions, we simulate the spectra by ana-
lytically solving a perturbative expansion of the density
matrix for a six-level system, shown in Fig. 1(b). The energy
scheme consists of a ground state (|g)), singly excited
exciton (|X)) and trion (|77)) states, doubly excited states
representing exciton-exciton (|2X)) and trion-trion (|277))
correlations, and a doubly excited mixed exciton-trion state
(|XT~)). In the absence of MBEs, such a level diagram is
equivalent through a Hilbert space transformation [38] to
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four independent two-level systems, for which no signals
associated with coupling are expected. In this case, for the
six-level energy diagram, quantum pathways involving the
doubly excited states cancel pathways associated with
interactions between the singly excited states so that spectral
signatures of coupling are absent. Incomplete cancellation of
the interaction pathways, and therefore exciton-exciton,
trion-trion, and exciton-trion MBEs, is modeled by breaking
the equivalence of the lower and upper transitions, as was
suggested in Ref. [39] and previously applied to model
exciton-exciton interactions in quantum dots [37,40]. EID
and EIS are modeled by altering the dephasing rate and
transition energy, respectively, of the upper transitions
compared to the lower transitions.

Quantum pathways contributing to the nonlinear optical
response are characterized by the Feynman diagrams in
Figs. 1(d) and 1(e), written in a generalized form for which
the states labeled with |e) and |e’) can be replaced with |X)
or [T7), and the state labeled by |f) with |2X), |2T7), or
|XT~). Expanding the diagrams in Fig. 1(d) results in 14
pathways that contribute to the rephasing zero- and one-
quantum spectra. Similarly, for the two-quantum spectrum,
the diagrams in Fig. 1(e) can be expanded into 12 path-
ways. Perturbation calculations are performed using Dirac
delta function pulses in time. Inhomogeneity that allows for
uncorrelated broadening between transitions is included by
integrating the third-order polarization over a Gaussian
distribution of transition frequencies [41]. The homo-
geneous and inhomogeneous linewidths are adjusted to
match the measurements. The coefficient characterizing the
level of correlation between transition energy fluctuations
R is set equal to zero for all pathways that involve both the
exciton and trion transitions; otherwise it is set equal to
unity. The model cannot account for finite bandwidth
effects of the excitation pulses on the measurements.
Nonetheless, the amplitudes are matched by setting the
optical dipole moment of the trion transition equal to 80%
of the exciton transition for all simulated spectra.

Simulated spectra are shown in the right column of
Fig. 2. The measurements are reproduced for one specific
set of parameters for all spectra. We would like to stress this
point: the complete collection of 2D measurements is
necessary to provide enough constraints to identify the
type of couplings in the system. Without sufficient sepa-
ration of the quantum pathways, either by analyzing a
subset of the spectra or probing the sample using
one-dimensional methods, a comprehensive picture of
the coherent nonlinear optical response cannot be estab-
lished. The simulations demonstrate that the inclusion of
MBEs is essential to model the experimental data. Without
them, coupling peaks LP and HP would be absent and the
two-quantum signal would be zero.

Comparison between experiment and simulations reveals
that the cross peaks in both the one- and two-quantum
spectra originate from an EIS of the mixed |X7~) state equal
to  Ayxp- =450 peV. Similarly, the 2X peak in
Fig. 2(b) stems from an EIS equal to Ay = £0.12 meV.
The two-quantum coherence linewidths are reproduced by

setting the |g) — [2X) and |g) —» |XT~) dephasing rates
equal to 0.3 and 0.2 meV, respectively, indicating that the
correlated states dephase in a picosecond time scale.
Absence of a trion two-quantum peak (277) is modeled
by maintaining the equivalence of the |77) — |27~) and
|g) = |T~) transitions. The unequal strength of the LXT~
and HXT~ peaks in the two-quantum spectrum originates
from the EID of the exciton transition in the presence of the
trion, which is modeled by increasing the dephasing rate of
the |77) — |XT~) transition compared to the |g) — |X)
transition. Through EID, the HXT~ peak destructively
interferes with the 2X peak at the exciton + trion energy.
The same EID mechanism enhances H P compared to LP in
Fig. 2(a), and the symmetric shape of these peaks is
reproduced only when R =0 for the quantum pathways
involving both the exciton and trion, indicating that fluctua-
tions of their respective transition energies are uncorrelated.
In Fig. 2(a), MBEs also enhance the exciton peak relative to
the trion peak, which is weaker due the absence of
interactions between trions. The simulation demonstrates
that the nonradiative Raman-like coherences in the zero-
quantum spectrum are concealed by many-body effects.

In summary, coherent interactions between excitons and
trions in a CdTe/CdMgTe QW have been studied using optical
2DCS. The collection of zero-, one-, and two-quantum spectra
provides sufficient constraints for establishing how MBEs
influence the coherent optical response of excitons, trions and
a2DEGinaQW. Excellent agreement between density matrix
calculations and the experiment is obtained, from which
several conclusions can be drawn. First, cross peaks in the
spectra appear from an excitation-induced energy shift of
the mixed exciton-trion state. Second, an asymmetry in the
coupling peak amplitudes indicates that the presence of trions
enhances the exciton dephasing rate. Third, the shape of the
cross peaks in the rephasing one-quantum spectrum indicates
that fluctuations in the exciton and trion transition frequencies
are uncorrelated. Fourth, a two-quantum coherence signal at
the collective exciton + trion energy reveals that the inter-
actions are coherent in nature. Last, the absence of a trion two-
quantum signal reveals that trions do not coherently interact
due to their spatial separation. These observations cannot be
attributed simply to mixing of the exciton and trion wave
functions mediated by the 2DEG [42], which has been a useful
concept for explaining renormalization of the exciton and
trion energies and oscillator-strength-stealing phenomena;
instead, the results presented here necessarily require non-
linearities arising from coherent exciton-trion interaction
effects contributing to the nonlinear response. Optical
2DCS provides a unique perspective into the many-body
effects stemming from coherent exciton-trion coupling, which
we anticipate will motivate continued theoretical work based
on microscopic multiparticle interactions that fully capture the
many-body effects between neutral and charged particles
residing in a plasma.
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