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In modulation doped quantum wells, the excitons are formed as a result of the interactions of the
charged holes with the electrons at the Fermi edge in the conduction band, leading to the so-called
‘Mahan excitons’. The binding energy of Mahan excitons is expected to be greatly reduced and
any quantum coherence destroyed as a result of the screening and electron-electron interactions.
Surprisingly, we observe strong quantum coherence between the heavy hole and light hole excitons.
Such correlations are revealed by the dominating cross-diagonal peaks in both one-quantum and
two-quantum two-dimensional Fourier transform spectra. Theoretical simulations based on the
optical Bloch equations where many-body effects are included phenomenologically, reproduce well
the experimental spectra. Time-dependent density functional theory calculations provide insight
into the underlying physics and attribute the observed strong quantum coherence to a significantly
reduced screening length and collective excitations of the many-electron system.

Optical excitations in semiconductors lead to the for-
mation of Coulomb bound electron-hole pairs know as ex-
citons. The excitons in GaAs quantum wells to first order
are well explained by the Wannier theory with binding
energies that vary with the quantum well thickness [1].
As a result of the lowering of the symmetry in the growth
direction of the quantum well structure, the orbital de-
generacy at the top of the valence band is lifted leading to
heavy (HH) and light hole (LH) excitons. The quantum
coherence between Wannier excitons in undoped semi-
conductor quantum wells has been studied extensively
using time-integrated, time-resolved and spectrally re-
solved four-wave mixing (FWM) spectroscopy. These
studies have provided important insight into the many-
body interactions taking place [2–4]. Quantum coher-
ence between the heavy and light hole excitons was first
observed as quantum beating in the FWM decay. How-
ever, one dimensional FWM spectroscopy could not un-
ambiguously distinguish between quantum and polariza-
tion beating. It is the advent of two-dimensional Fourier
transform (2DFT) spectroscopy that could differentiate
between the two processes [5].

As the quantum wells are doped, the Coulomb inter-
actions are screened and the many-body interactions are
altered. At low doping concentration, the spectra are
dominated by excitonic effects, and at moderate dop-
ings, charged excitons or trions can form. Recently, an
unexpected coherent coupling between exciton and tri-
ons in CdTe/CdMgTe quantum wells was observed [6].
This was rather surprising despite the rather weak effect,
since the screening provided by the charged carriers was
thought to destroy any coherent coupling. With increas-
ing doping, excitons are thought to quickly loose their
identity and eventually unbind, while the spectral weight
moves toward the Fermi level. The spectra start to dis-

play a broadened singularity at the Fermi level leading to
an energy shift between the photoluminescence and ab-
sorption spectra. Although the bound excitonic state is
no longer stable, in the ‘rigid Fermi sea’ picture a bound
state with respect to the Fermi level still exists. This
state was first discussed by Mahan in highly doped bulk
semiconductors and metals and is referred in the litera-
ture as the ‘Mahan exciton’ [7, 8].

The optical excitations not only introduce new elec-
trons in the conduction band that interact with the other
electrons, but also introduce positive charges in the va-
lence band that interact with the Fermi liquid. Upon
optical excitation from the HH and LH valence bands
the electrons should quickly loose their identity (Fig 1
(a)), where now bound states are formed between the
positively charged holes and the collective excitation of
the Fermi edge. Therefore, the binding energy of Mahan
excitons can be regarded as a shift of the energy of the
collective electron state due to the positive potential of
the hole. As a result of the collective nature of the Ma-
han exciton, any quantum coherence or memory effects
should be quickly extinguished.

Surprisingly, in the present study strong quantum co-
herence is observed, that is quantitatively stronger than
observed in undoped quantum wells between HH and LH
Wannier excitons [5]. This quantum coherence mani-
fests itself in cross-peaks in the 2DFT spectra, that are
stronger than observed in undoped quantum wells. The
relative intensities of the cross-peaks 2DFT spectra de-
pend on the polarization of the excitation pulses. As
a result, certain polarizations can enhance two-quantum
contributions to the 2DFT spectra and lead to stronger
cross-peaks. The one-quantum SI 2DFT spectra of Ma-
han excitons show stronger cross peaks using circularly
polarized excitation pulses. It should be pointed out here
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FIG. 1. (a) Schematic of the band structure. Electrons are
excited from the HH and LH valence bands into the partially
filled conduction band, leaving positively charged holes be-
hind. (b) The four phase stabilized linearly polarized beams
obtained from the MONSTR instrument described in Refs. 9
and 10 are focused on the sample, which is held in the cryo-
stat at 5 K. The cryostat is mounted at a small angle with
the perpendicular to the excitation beams in order to allow
for the FWM signal to be collected in reflection geometry.
The FWM signal is heterodyned with a portion of the laser
light (Ref) and dispersed in the spectrometer. The spectral
interferograms are Fourier transformed leading to the 2DFT
spectra. (c) The sequence of the laser pulses used in the SI

experiments, where A∗ corresponds to the phase conjugate
pulse. (d) The sequence of the laser pulses used in the SIII

experiments. (Sample ID: VA0605)

that we refer to quantum coherence as a coupling of the
excitons via a common state, which should be distin-
guished from polarization interference originating from
independent states [11]. Moreover, the SIII 2DFT spec-
tra originate solely from two-quantum contributions to
the nonlinear optical response [12]. Therefore, cross-
peaks observed in the SIII spectra unambiguously con-
firm the nature of the cross peaks in our 2DFT spectra of
Mahan excitons, which originate from quantum coherent
coupling and not from polarization interference [6].

Furthermore, the observed lineshapes of the cross-
peaks in the SI spectra extend energetically above the LH
excitonic resonance, which indicate contributions from
virtual ‘continuum states’ above the Fermi level. Such
collective excitations above the Fermi energy are a clear
demonstration of the many-body nature of the Mahan
exciton and are modeled here by a series of closely
spaced resonances above the LH energy that dephase
very rapidly [13, 14]. The experimental 2DFT spectra
are qualitatively well reproduced using the optical Bloch
equations, where the many-body effects such as excita-
tion induced dephasing and excitation induced shift are
included phenomenologically.

However, in order to gain deeper understanding into
the unexpected quantum coherence between the HH and
LH Mahan excitons, we performed time-dependent den-
sity functional theory (TDDFT) calculations [15]. The

FIG. 2. Upper row: Experimental SI 2DFT spectra
at four different polarizations namely (HHHH), (HVVH),
(σ+

σ
+
σ
+
σ
+), and (σ+

σ
−

σ
−

σ
+), where the polarizations cor-

respond to A∗, B, C and detection, respectively. The spec-
trally resolved FWM (black line) and the excitation laser
spectrum (red line) are shown above the experimental spectra.
Lower row: Theoretical spectra calculated using the optical
Bloch equations where many-body effects such as EID and
EIS are included phenomenologically.

TDDFT calculations confirm the existence of bound
states for both the HH and LH Mahan excitons at this
doping level with a binding energy that remains un-
changed over a large range of doping concentrations. The
occurrence of the quantum coherence between the HH
and LH excitons was attributed to the reduced screen-
ing length in quantum well. However, while the reduced
screening explains why the quantum coherence is pre-
served, it does not explain the fact that it is enhanced
when compared to the undoped quantum well excitons.
We conclude that it is a result of collective excitation
of the many-electron system that preserves or even en-
hances the quantum coherence, in analogy to strongly
correlated electron systems.

Our present data demonstrates that the two-
dimensional electron gas in modulation doped semicon-
ductors forms an interesting system for quantitatively
investigating many-body interactions [16, 17]. Further-
more, in a strong magnetic field, the two-dimensional
electrons form a correlated system that exhibits unique
electronic transport properties such as the integer and
fractional quantum Hall effect [18], which are also subject
of renewed interest as a result of the discovery of three di-
mensional topological insulators [19]. Early light scatter-
ing and photoluminescence experiments in the quantum
Hall regime have provided important insights into the
physics of optical excitations at high magnetic fields [20–
34]. The time-resolved coherent spectroscopy has also
provided interesting insights with one of most dramatic
signatures being the enhancement of the signal for ‘neg-
ative delay τ ’ with increasing magnetic fields in a two-
pulse FWM experiment [16, 35, 36].

The experimental setup used in the present study is
shown in Fig. 1 (b). Three laser pulses are incident
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on the sample and are separated by the time delays τ
and T. By varying the ‘positive’ time delay τ and mon-
itoring the FWM intensity, referred as time integrated
FWM, the dephasing time of excitons can be measured
(Fig. 1 (c)). When the phase conjugate pulse A∗ ar-
rives at the sample last, the ‘negative’ time delay leads
to two-quantum coherences (Fig. 1 (d)). In order to gen-
erate the 2DFT spectra, a Fourier transform is performed
with respect to two time variables, while the third is held
constant. For ‘positive’ delay τ the Fourier transform
leads to 2DFT spectra in frequency domain described by
SI(ωτ , T, ωt) (Fig. 1 (c)), whereas for ‘negative’ delay
τ two-quantum coherences appear in the SIII(τ, ωT , ωt)
spectra (Fig. 1 (d)) [37]. The advantages of multidimen-
sional spectroscopy are well documented in the literature
[38–41], where in semiconductor nanomaterials, 2DFT
spectroscopy has provided insights into the microscopic
details of the many-body interactions [12, 42–46].

The 2DFT measurements performed on a modulation
doped GaAs/AlGaAs single quantum well with 12 nm
thickness and in-well carrier concentration of ∼ 4× 1011

cm−2. The carrier concentration and the formation of
Mahan excitons in the present sample has been confirmed
by photoluminescence and time-integrated FWM (Sup-
plementary material) [47, 48]. At this doping level, the
nonlinear optical properties are dominated by the dy-
namical properties of the Fermi edge singularity or Ma-
han exciton. The experimental SI 2DFT spectra are
shown in Fig. 2 at four different polarizations namely
(HHHH), (HVVH), (σ+σ+σ+σ+), and (σ+σ−σ−σ+),
where the polarizations correspond to laser excitations
A∗, B, C and detection, respectively. The nonlinear op-
tical processes described by the density matrix in the
optical Bloch equations can be tracked much more con-
veniently using double sided Feynman diagrams in Liou-
ville space. Each polarization sequence selects specific
pathways in Liouville space and potentially reduces the
number of the double sided Feynman diagrams that con-
tribute to the nonlinear optical response [49–51]. As a
result, select polarizations can change the intensity ra-
tios between the diagonal and cross peaks. At (HHHH)
polarization the SI 2DFT spectra are dominated by the
HH exciton labeled as peak A, whereas the LH exciton is
labeled as B. A strong cross peak C below the diagonal
can also be observed. At (HVVH) the only contribution
allowed fall on the diagonal and the cross peaks are sup-
pressed. Therefore, only the HH exciton on the diagonal
(Peak A) is observed. The LH exciton peak B should
also be observed but it is likely very weak as a result of
the excitation laser being centered energetically toward
the HH exciton.

Most importantly, at (σ+σ+σ+σ+) and (σ+σ−σ−σ+)
two very strong cross peaks below the diagonal labeled C
and above the diagonal labeled D are observed which
dominate the 2DFT spectra. At these polarizations,
double sided Feynman diagrams that contribute to the

FIG. 3. Left: Experimental SIII 2DFT spectra at polariza-
tion (σ+

σ
+
σ
+
σ
+), where the polarizations correspond to A∗,

B, C and detection, respectively. Right: Theoretical spec-
tra calculated using the optical Bloch equations where many-
body effects such as EID and EIS are included phenomeno-
logically.

nonlinear 2DFT signal and involve two-quantum excita-
tions are more dominant. Therefore, the cross peaks are
stronger and are indicative of quantum coherence cou-
pling via a common state. However, impure polarizations
could potentially allow unwanted contributions to the SI
2DFT spectra. Therefore, we further investigate the SIII
2DFT spectra which originate purely from two-quantum
contributions. The appearance of cross peaks above and
below the diagonal in the SIII 2DFT spectra in this case
would confirm the quantum coherence.

The SIII 2DFT data at (σ+σ+σ+σ+) is shown in Fig.
3 (Left). Due to the fact that the SIII 2DFT spectra are
based on the negative delay signal, they are rather weak.
However, in addition to the two-exciton diagonal peaks A
and B, two cross peaks can be observed. The cross peaks
are enclosed in the white circles for clarity and are labeled
as C and D. It should be pointed out here that the ωT

axis corresponds to 2×ωτ because the SIII 2DFT spectra
originate from two-quantum transitions [12]. The exper-
imental spectra are reproduced in Fig. 3 (Right) using
the optical Bloch equations applying the same parame-
ters used to reproduce the SI experimental spectra.

Furthermore, in order to gain deeper understanding
into the physics behind the observed quantum coher-
ence, we performed state-of-the-art theoretical calcula-
tions which go beyond the phenomenological approach
using the optical Bloch equations. The 2DFT spec-
tra can be also theoretically modeled within the density
matrix version of TDDFT [15, 52–55]. In the density-
matrix TDDFT approach, the time-dependent Kohn-
Sham equation is solved using time-dependent Hartree
and exchange-correlation potentials. TDDFT has re-
cently been successfully applied to study the excitonic ef-
fects in the frameworks of the time-dependent optimized
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effective potential approach [56, 57]. This was achieved
in combination with the Bethe-Salpeter equation [58, 59]
and by solving the TDDFT version of the semiconduc-
tor Bloch equations in the density-matrix representation
[52, 53]. Furthermore, the last approach was recently
generalized to also include biexcitonic effects [54, 55].
In order to calculate the SI 2DFT spectra, we used the

density-matrix TDDFT technique [54] with the screened
Slater exchange-correlation kernel [55]. The TDDFT
analysis was performed by using the static DFT Kohn-
Sham wave functions and eigenenergies as input, which
were obtained using the Quantum Expresso package [60].
The corresponding SI 2DFT spectra at (HHHH) polar-
izations calculated using this approach is shown in Fig.
4 (Left). Excellent agreement is found with the exper-
imental data of Fig. 2, where not only both diagonal
resonances A and B originating from the HH and LH ex-
citons are reproduced, but also the strong cross peak C.
We obtain further confirmation by calculating the bind-
ing energy of the HH, the LH excitons, and the HH-LH
biexcitons as a function of doping. The results are shown
in Fig. 4 (Right) where at the doping levels studied here
the Mahan excitons form bound state with binding en-
ergies of ∼4.5 meV, ∼1.0 meV, and ∼0.9 meV for the
HH exciton, LH exciton, and HH-LH biexciton, respec-
tively. Even more surprising is that these quasi-particles
continue to form bound states at even much higher dop-
ing levels and show very moderate decrease in binding
energy with doping concentration.
The underlying physics leading to this effect is the re-

duced dielectric screening parameter due to the quan-
tum confinement in the 12 nm quantum well. Despite
a large number of additional scattering centers, namely
electron dopants, the attractive potential between the
electrons and holes remains strong even at rather high
doping levels in the order of 1012 − 1013 cm−2. This
can be simply demonstrated by estimating the Thomas-
Fermi screening radius using the well known relationship
rTF =

√

πεaB/4kFm which expressed in the relevant

quantum well units leads to rTF ≈ 0.366
√

ε/m(l/N)1/6.
Here ε is the dielectric constant, m is the particle mass
in units of m0, l is the width of the well in nm and N is
the number of electrons per cm−2 divided by 1011.
For a simple estimation of the Thomas-Fermi radius,

we use ε ∼ 12.9, the mass of the electron me ≈ 0.067, the
mass of the heavy hole mhh ≈ 0.45, the mass of the light
hole mlh ≈ 0.082, the quantum well width l = 12 nm and
number of electrons N = 1. We obtain for the electron
reTF ≈ 7.6 nm, heavy hole rhhTF ≈ 3.0 nm, and light hole
rlhTF ≈ 7.0 nm. Although this estimation is rather simple,
it demonstrates that the screening length is comparable
to the quantum well width l ∼ 12 nm. This indicates that
the screening is greatly reduced as compared to the bulk
case. Using this approach, we can estimate the increase
in doping needed to reduce the binding energy by half.
The number of electrons needs to increase by a factor of

FIG. 4. Left: Calculated SI 2DFT spectra at (HHHH) po-
larizations using TDDFT. Right: Calculated binding energies
for HH, LH excitons and HH-LH biexcitons as a function of
doping using TDDFT.

26 = 64, which corresponds to an increase from 1011 to
64× 1011 cm−2 which is nearly two orders of magnitude.
This simple estimation is in excellent agreement with the
TDDFT calculations shown in Fig. 4.
Finally, in order to gain insights into the dephasing

mechanism as a function of doping density from the
TDDFT calculations, we analyze the linear part of the
exciton polarization function, described in detail in the
supplementary material. The dephasing time τd obtained
was ∼1.3 ps for the excitons and ∼0.3 ps for biexcitons,
well in agreement with recent experimental results [48].
Analyzing this equation can immediately reveal that the
dephasing time τd is determined by a delicate balance be-
tween the screening parameter ε and the doping density.
Initially, the increasing doping density leads to an in-
crease in the dephasing time. This peculiar many-body
effect is likely related to a collective coupling of many
conduction electrons to a single hole. As expressed in
the equations, with increasing doping, electron-electron
scattering contributions become dominant and eventu-
ally lead to a decrease of τd.
In conclusion, we perform nonlinear optical 2DFT

spectroscopy on a high mobility two dimensional elec-
tron gas. Besides observing both the HH and LH Mahan
exciton resonances along the diagonal of the 2DFT spec-
tra, we also observe strong cross peaks above and below
the diagonal, indicating quantum coherent coupling be-
tween the two resonances. The quantum coherence ap-
pears to be stronger than observed in undoped quantum
wells between Wannier excitons. This is very surprising
since the Mahan excitons occur as a result of the inter-
action of the positively charged holes with the ensemble
of electrons in the conduction band. Therefore, screen-
ing and electron-electron interactions should destroy the
quantum coherence. Instead the reduced screening as a
result of the quantum confinement in the quantum well
combined with collective nature of the electronic excita-
tions at the Fermi edge enhance the quantum coherence.
The experimental results are in excellent agreement with
detailed TDDFT calculations.
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Rev. Lett. 65, 1340 (1990).

[36] P. Kner, S. Bar-Ad, M. V. Marquezini, D. S. Chemla,
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