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We study an asymmetric double InGaAs quantum well using optical two-dimensional coherent
spectroscopy. The collection of zero-quantum, one-quantum, and two-quantum two-dimensional spectra
provides a unique and comprehensive picture of the double well coherent optical response. Coherent and
incoherent contributions to the coupling between the two quantum well excitons are clearly separated. An
excellent agreement with density matrix calculations reveals that coherent interwell coupling originates

from many-body interactions.
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Coupled quantum wells (QWs) are one of the most
fundamental topics of quantum mechanics. They can be
realized in epitaxially grown semiconductor materials,
where the coupling can be exploited in optoelectronic devices
such as quantum cascade lasers [1]. Furthermore, since QW
and barrier sizes can be tailored, coupled semiconductor
QWs can serve as a model for other systems. For example,
the absence of vibrational coupling in semiconductor QWs
allowsisolation of electronic coupling; this distinctive feature
may help understanding extremely efficientenergy transferin
light harvesting complexes, where the roles played by
electronic and vibrational coupling are under debate [2-5].
Semiconductor double QWs (DQWs) have attracted theo-
retical and experimental attention for more than twenty years.
The roles of resonant transfer and wave function hybridiza-
tion [6-8], phonon-assisted tunneling [9,10], dipole-dipole
coupling [11], percolation of carriers through imperfect
barriers [12], and thermally activated charge transfer [13]
have been studied and discussed, as well as the formation of
indirectexcitons [14,15]. However, the role played by many-
body effects—which have been shown to dominate the
coherent response of semiconductor excitons [16,17]—in
the coupling mechanism has been neglected so far.

We use optical two-dimensional coherent spectroscopy
(2DCS) to characterize coupling between the QW excitons,
which areelectron-hole pairs bound together by their Coulomb
attraction. 2DCS is an extension of transient four-wave-mixing
(FWM) spectroscopy, with the addition of interferometric
stabilization of interpulse delays and measurement of the
signal field. Itis an ideal technique to study coupling between
resonances, since unfolding one-dimensional spectra onto a
second dimension distinguishes quantum beats from polari-
zation interferences [18]. Additionally, 2DCS has been dem-
onstrated as a powerful tool for revealing many-body effects in
semiconductor nanostructures [16,17]. Several types of
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two-dimensional spectra—isolating zero-, one-, and two-
quantum coherences—have been shown in previous work
to reveal information that one-dimensional techniques cannot
access [19-26], but these different types of spectra have never
been recorded and analyzed together for a single system so far.
Previously, multidimensional spectroscopy showed electronic
coherences between excitonic transitions of a GaAs/AlGaAs
DQW [27-29]. However, the presence of heavy and lightholes
ineach GaAs/AlGaAs well givesrise to a plethora of excitonic
transitions, thus inhibiting the ability to establish the roles
played by different coupling mechanisms.

In this Letter, we circumvent this issue by studying
strained InGaAs/GaAs QWs. In these structures, the light-
hole exciton is not confined in the QW [30,31]. Moreover,
the use of InGaAs/GaAs QWs rules out carrier percolation
through the barrier as a coupling mechanism [12].
InGaAs/GaAs QWs thus provide a semiconductor reali-
zation that is as close as possible to the fundamental double
well problem of quantum mechanics. We present a set of
two-dimensional spectra: zero-, one-, and two-quantum
spectra. Each two-dimensional spectrum reveals coupling
terms that one-dimensional techniques cannot access, and
the collection of them provides a comprehensive picture of
the different contributions to the interwell coupling. The
modeling of this unique data set using density matrix
calculations shows that the inclusion of many-body effects
is essential to reproduce the signatures of the coherent
interwell coupling.

Two samples containing two Ing o5 Gag 95 As QWs: an 8 nm
thick well (narrow well—NW) and a 10 nm thick well
(wide well—WW), are studied. The first sample features a
30 nm thick GaAs barrier between the two QWs. It serves
asareference sample, since no interwell coupling is expected
for this barrier thickness according to one-dimensional
Schrodinger equation calculations of the electron and hole
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wave functions [32]. The second sample features a 10 nm
barrier, for which electronic wave function coupling between
the two QWs is expected. For this barrier size, the hole wave
functions are localized in their respective QWs, whereas the
electron wave functions are partially delocalized between the
wells, as depicted in the simulations shown in Fig. 1(a). We
expect this confinement geometry to allow coherent super-
positions of the hybridized wave functions to be detected as
coherent oscillations in the FWM signal [7]. Since the
hybridization of wave functions is weak, excitons formed
from hole and electron wave functions mostly confined in the
narrow or wide well, respectively, are referred to as the narrow
well exciton (NW-X) and wide well exciton (WW-X).

To perform 2DCS experiments, we generate four phase-
locked pulses propagating in the box geometry [33]. The
pulses are cocircularly polarized, with a duration of
~150 fs and center photon energy of 1475 meV obtained
from a 76 MHz repetition rate mode-locked laser. Three of
the pulses, A, B, and C, with wave vectors ky, kg, and k.,
respectively, are incident on the sample, creating an
excitation spot of ~50 um diameter. The incident photon
density is ~2.7 x 10'" cm™ per pulse or lower, and the
coherent response was verified to be in the y®) regime by a
power dependence measurement. The sample is kept at a
temperature of 15 K in a cold finger cryostat. We detect the
FWM signal in the direction kpwy = —ks + kg + ke
which determines that pulse A acts as a conjugate pulse.
The signal is heterodyned with a reference pulse and their
interference is spectrally resolved (spectral resolution:
17 peV). Figure 1(b) shows the pulse ordering and time
delays (z, t, T) for one-quantum and zero-quantum 2DCS.
In a one-quantum (zero-quantum) two-dimensional experi-
ment, interferograms are recorded while stepping the
delay 7 (T'). The signal is Fourier transformed with respect
to this delay to produce a one-quantum (zero-quantum)
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FIG. 1 (color online). (a) One-dimensional single-particle
solutions of the Schrodinger equation for the electron and heavy
hole for the coupled DQW (8 nm and 10 nm thick InGaAs QWs
separated by a GaAs barrier of 10 nm thickness). Heavy hole
excited states are not shown, since their wave functions are
essentially orthogonal to electron states.(b) Pulse sequence used
in one-quantum and zero-quantum experiments. (c) Energy level
diagram used to model the DQW system.

two-dimensional spectrum that correlates the excitation
(mixing) and emission energies [19-22]. We can also obtain
information on two-quantum coherences using a pulse
sequence with the conjugated pulse A incident on the sample
last, providing a two-dimensional spectrum that correlates
emission and two-quantum excitation energies [23-26].

Figure 2 shows the absolute value of the one-quantum
spectrum obtained for the reference sample. The delay
between pulses B and C is T = 200 fs. The laser spectrum
is presented by the solid line in Fig. 2. The two-dimensional
spectrum is plotted as a function of the excitation photon
energy Aw, and the emission photon energy Aw,. Two peaks
are visible in Fig. 2. Located on the diagonal, they correspond
to the WW-X and NW-X. The line shapes of the two-
dimensional peaks are typical of inhomogeneously broadened
resonances [34]. The absence of cross peaks between the
NW-X and WW-X is indicative of an uncoupled system.

We show the one-quantum two-dimensional spectrum
obtained from the sample having a 10 nm interwell barrier
in Fig. 3(a), taken with the same experimental conditions as
for the reference sample spectrum in Fig. 2. We observe
two diagonal peaks, corresponding to the excitonic transi-
tions between electron and holes mostly confined in their
respective wells: NW-X and WW-X. We do not observe
additional indirect excitonic transitions, formed by electrons
and holes mostly confined in separated wells, which have a
weak oscillator strength due to the low value of the overlap
integral between their electron and hole wave functions.
The energy spacing between WW-X and NW-X is larger
than for the reference sample by ~1.1 meV. This number is
consistent with single particle Schrodinger equation calcu-
lations that predict an energy splitting of 1.4 meV due to weak
hybridization of the electronic wave functions.

The most interesting feature of this two-dimensional
spectrum is the cross peak (CP) appearing at the absorption
energy of the NW-X and emission energy of the WW-X.
This peak is an unambiguous signature of interwell
excitonic coupling. For this barrier size, the interwell
excitonic energy separation coincides with the heavy hole
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FIG. 2 (color online). Normalized absolute value of a one-
quantum two-dimensional spectrum measured on the reference
sample (30 nm interwell barrier), where no interwell coupling is
expected. Solid line: laser spectrum, in arbitrary units.
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FIG. 3 (color online). Normalized two-dimensional spectra of
theasymmetricDQW (10 nminterwell barrier). (a)—(d) Experimental
data. (e)—(h) Density matrix simulations. (a) and (e) Absolute value
of one-quantum spectrum. (b) and (f) Real part of one-quantum
spectrum. (c) and (g) Absolute value of zero-quantum spectrum.
(d) and (h) Absolute value of two-quantum spectrum.

binding energy in InGaAs QWs [35-37]. We rule out the
possibility of this CP being due to coherence between the
excitons and free electron-hole pairs in the WW, consid-
ering that (1) no CP is observed for the reference sample in
similar excitation conditions, and (2) the CP has a well
defined peak energy, contrary to the elongated features
characteristic of coherences with the continuum of free
electron-hole pairs [37,38].

In Fig. 3(b), we plot the real part of the data, revealing
the complex line shape of the excitonic resonances, which
are particularly sensitive to many-body effects, namely

excitation-induced dephasing (EID) and excitation-induced
shift (EIS) [16]. In particular, the clear dispersive line shape
of the CP is a strong indication that EIS plays a key role in
the interwell coupling mechanism.

To investigate the interwell coupling dynamics, we
measure one-quantum two-dimensional spectra for various
mixing times 7" [39]. The amplitudes of the diagonal and
cross peaks are plotted as a function of 7 in Fig. 4(a). While
the diagonal peaks mostly undergo a monotonic decay,
the CP starts from a nonzero amplitude at 7" = 200 fs
and increases during the first ~5 picoseconds. During
the first picosecond of the CP rise, there are damped
oscillations with a period of ~0.5 ps, corresponding to a
frequency that matches the energy difference of 8 meV
between WW-X and NW-X. Thus, two contributions to the
interwell coupling are evident: (1) a fast (decaying within a
few picoseconds), coherent contribution, originating from a
nonradiative coherence between the WW-X and NW-X
states, similar to what was observed in Ref. [7] and (2) a
slower, incoherent contribution, due to a population relax-
ation from NW-X to WW-X. Possible mechanisms for the
incoherent population relaxation are scattering with an
acoustic phonon or resonant interaction of NW-X with the
electron-hole continuum of the WW [11].

To probe coherences between excited states, we record a
zero-quantum two-dimensional spectrum [19,20,22]. This
two-dimensional spectrum is shown in Fig. 3(c), plotted as
a function of mixing energy fw; and emission energy Aw;.
Two peaks appear at zero mixing energy and at the
emission energy of the WW-X and NW-X, corresponding
to the system being in a ground or excited population state
during the delay time 7. In a zero-quantum spectrum,
coherences between excited states would appear as peaks at
nonzero mixing energy. Since no such mixing peak is
visible, the zero-quantum spectrum does not provide
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FIG. 4 (color online). Peak amplitudes extracted from (a) ex-
perimental, and (b) simulated one-quantum two-dimensional
spectra recorded for various values of the delay 7 between
pulses B and C. At longer T (not shown), the simulations predict
a monotonic decay of the peak amplitudes. Plain circles (dashed
line): WW-X peak amplitude. Squares (dotted line): NW-X peak
amplitude. Crosses (solid line): CP amplitude. Empty circles:
WW-X peak amplitude for a higher excitation power.
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conclusive evidence that the coupling mechanism giving
rise to the CP in Fig. 3(a) is coherent.

However, a third type of two-dimensional spectrum
confirms the coherent nature of the NW-WW coupling.
A two-quantum spectrum, as shown in Fig. 3(d) enables
access to signals associated with two-quantum coherences
[23-26], which have been shown to arise from many-body
interactions [40]. The two peaks on the diagonal of
Fig. 3(d) arise from coherent interactions between two
excitons in the same QW, whereas the two-quantum cross
peak (2QCP) at the NW-X—WW-X two-quantum energy
and emitting at the WW energy necessarily requires
coherent interactions between the NW-X and WW-X.

To determine the role played by many-body effects, we
simulate the nonlinear response by analytically solving a
perturbative expansion of the density matrix for a six-level
tree system [37], shown in Fig. 1(c). This energy level
scheme consists of a single ground state (GS), two states
corresponding to a single exciton in either the WW-X or
NW-X, two doubly-excited states representing the WW and
NW two-excitons (WW-2X and NW-2X), and a doubly-
excited state representing a mixed NW-WW two-exciton
(NW-WW-2X). Many-body interactions are introduced by
breaking the symmetry between transitions from the
ground state to singly excited states and the transitions
from singly to doubly excited states, as suggested in
Ref. [41]. The effect of EIS and EID is modeled by altering
the transition energy and dephasing rate of the X<«>2X
transitions compared to the GS<>X transitions. The simu-
lated spectra are shown in the right column of Fig. 3. They
accurately reproduce the experimental features, for a single
set of parameters for all simulations. Let us underline that
the analysis of any subset of spectra would not be
conclusive; only the full collection of data provides enough
constraints to reveal the dominant mechanisms responsible
for the DQW coherent response [37].

The simulations show that the inclusion of many-body
effects is essential to model the DQW coherent response in
general and the signatures of the coherent interwell
coupling in particular. Without many-body effects, there
would not be any off-diagonal peak in Figs. 3(e) and (f),
and no two-quantum signal at all [42]. More specifically,
the simulations reveal that the 2QCP in Fig. 3(h) arises
from an EIS of 0.15 meV of the NW-WW-2X state, and this
energy shift is also the origin of the CP in Fig. 3(e) and (f).
The dispersive line shape of the CP is also a direct
consequence of EIS: in an uncoupled system, the
GS<>WW-X and NW-X<NW-WW-2X transitions would
be equivalent but with opposite sign, leading to cancellation
of the CP signal; with the asymmetry induced by EIS,
they no longer coincide on the emission energy axis, and
give rise to the CP and its characteristic dispersive line
shape. Hybridization of the electronic states alone cannot
account for the interaction peaks: hybridization results in an
energy shift between the excitonic eigenstates, which does

not result in the aforementioned symmetry breaking, and
thus cannot produce the coupling peaks. It is also found
that EID on the NW-X«<NW-2X and WW-X<WW-2X
transitions is the dominant mechanism responsible for the
occurrence of the WW-2X and NW-2X diagonal peaks in
the two-quantum spectrum of Fig. 3(h) [37]. The absence of
an above-diagonal cross peak in Fig. 3(a) is also reproduced
by the simulations when EID provides a larger dephasing
for the NW-WW-2X<«NW-X transition than for the
WW-X<«<GS. At longer 7, the dominance of the
below-diagonal CP over the above diagonal one is further
enhanced due to the incoherent NW-X — WW-X popula-
tion relaxation, incorporated into the model by introducing
an additional decay of the NW-X population that becomes a
source term for the CP. The simulation of the T dependence
of the peak amplitudes in the one-quantum spectrum is
shown in Fig. 4(b), exhibiting the damped oscillations
of the CP, consistently with experimental findings.
The simulation also shows that the fast decay of the
NW-X—WW-X coherence (and the corresponding fast
damping of oscillations in the 7 dependence) prevents
the feature from appearing as a peak in the zero-quantum
spectrum of Fig. 3(g) because it is too weak with respect to
the dominant population terms.

It is interesting to note that at very low power the
diagonal peak amplitude does not oscillate as a function of
T [red curve in Fig. 4(a)]. This observation is significant
because oscillations in the diagonal peak amplitude as
function of 7 have been taken as evidence for quantum
coherence playing a role in photosynthesis [2]. If we
increase the excitation power, we do observe oscillations
in the diagonal peak, as shown by the green curve [WW-X
(HP)] in Fig. 4(a). We ascribe these oscillations to inter-
ference between the third-order and fifth-order contribu-
tions to the optical response of the sample.

In conclusion, the study of an asymmetric double
InGaAs QW using 2DCS has provided a comprehensive
picture of the interwell coupling mechanisms. 2DCS allows
for the clear separation of two contributions to the coupling
between the NW and WW heavy hole excitons: a fast
coherent coupling between NW-X and WW-X, and a
slower incoherent relaxation from NW-X to WW-X.
Modeling the coupled QW system using density matrix
calculations for a six-level system including many-body
effects reproduces the collection of experimental data for a
single set of parameters. Many-body effects, which had
been mostly neglected in previous work on coupled QWs,
are shown to be essential to reproduce the DQW coherent
response. In particular, it is found that the coherent
interwell coupling is a direct consequence of many-body
interactions between NW-X and WW-X. This result is
of interest for quantum cascade lasers, whose optical
properties have been predicted to be affected by many-
body interactions [43]. This work also highlights the
potential of InGaAs QWs as a model system to study
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interacting excitons: the absence of light hole excitons,
charge percolation through the QW barrier, and vibrational
coupling provides a cleaner picture of the interwell cou-
pling. Therefore, it may provide useful insights into the
coupling mechanisms that are responsible for energy
transfer between light harvesting complexes [3,4].
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