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CONSPECTUS

oherent light—matter interactions of

direct-gap semiconductor nanostructures
provide a great test system for fundamental
research into quantum electronics and many-
body physics. The understanding gained from
studying these interactions can facilitate the
design of optoelectronic devices. Recently, we
have used optical two-dimensional Fourier-
transform spectroscopy to explore coherent
light—matter interactions in semiconductor
quantum wells. Using three laser pulses to
generate a four-wave-mixing signal, we
acquire spectra by tracking the phase of the
signal with respect to two time axes and then
Fourier transforming them. In this Account, we show several two-dimensional projections and demonstrate techniques to
isolate different contributions to the coherent response of semiconductors.

The low-temperature spectrum of semiconductor quantum wells is dominated by excitons, which are electron—hole pairs
bound through Coulombic interactions. Excitons are sensitive to their electronic and structural environment, which influ-
ences their optical resonance energies and line widths. In near perfect quantum wells, a small fluctuation of the quantum
well thickness leads to spatial localization of the center-of-mass wave function of the excitons and inhomogeneous broad-
ening of the optical resonance. The inhomogeneous broadening often masks the homogeneous line widths associated with
the scattering of the excitons. In addition to forming excitons, Coulombic correlations also form excitonic molecules, called
biexcitons. Therefore, the coherent response of the quantum wells encompasses the intra-action and interaction of both exci-
tons and biexcitons in the presence of inhomogeneous broadening. Transient four-wave-mixing studies combined with micro-
scopic theories have determined that many-body interactions dominate the strong coherent response from quantum wells.
Although the numerous competing interactions cannot be easily separated in either the spectral or temporal domains, they
can be separated using two-dimensional Fourier transform spectroscopy.

The most common two-dimensional Fourier spectra are Sj(w.,T,w,) in which the second time period is held fixed. The
result is a spectrum that unfolds congested one-dimensional spectra, separates excitonic pathways, and shows which exci-
tons are coherently coupled. This method also separates the biexciton contributions and isolates the homogeneous and inho-
mogeneous line widths. For semiconductor excitons, the line shape in the real part of the spectrum is sensitive to the many-
body interactions, which we can suppress by exploiting polarization selection rules. In an alternative two-dimensional
projection, S(z,wr,wy), the nonradiative Raman coherent interactions are isolated. Finally, we show Sy(z,«t,w)) spectra that
isolate the two-quantum coherences associated with the biexciton. These spectra reveal previously unobserved many-body
correlations.

Exciton Levels

‘ Absorption Emission
time time
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Introduction

Direct-gap semiconductors serve an important technological
function in connecting optics and electronics based on their
ability to convert light to an electronic excitation and vice
versa. The use of semiconductors in this manner motivates
efforts to understand many-body effects, which strongly influ-
ence the light—semiconductor interaction. At the same time,
semiconductors provide a unique system for studying the fun-
damental physics of many-body interactions. Thus there are
both applied and fundamental motivations for studying the
interaction of light with semiconductors. The power of multi-
dimensional spectroscopic techniques to disentangle a com-
plex spectral response is providing significant advances in our
understanding of how light interacts with semiconductors.
The rapid relaxation, on time scales of picoseconds to fem-
toseconds, of electronic excitations in semiconductors led to
the use of ultrafast optics to probe carrier dynamics. However,
it quickly became clear that many-body effects played an
essential role in nonlinear optical measurements of semicon-
ductors. The dominance of the many-body effects meant that
they had to be understood to achieve the goal of understand-
ing the interaction between light and semiconductors. For
example, theory shows that many-body effects can shift the
gain peak of a semiconductor laser." In addition, optically
excited semiconductors represent an ideal system for study-
ing many-body physics.> An understanding was developed
from one-dimensional experiments such as transient four-
wave mixing (TFWM). However, many details are obscured by
the presence of multiple competing phenomena. The applica-
tion of optical two-dimensional Fourier transform (2DFT) spec-
troscopy to semiconductors has allowed these phenomena to
be separated, thus improving our detailed understanding.

Linear Optics of Semiconductor Excitons

Absorption of light by a semiconductor creates an
electron—hole pair by promoting an electron from the valence
band to the conduction band. In a direct-gap semiconductor
such as gallium arsenide (GaAs), the maximum of the valence
band is aligned in momentum space with the minimum of the
conduction band. This alignment is important for making
direct-gap semiconductors good emitters of light, as well as
good absorbers. It also allows excitons to form. Excitons are
electron—hole pairs bound by their Coulomb attraction. The
relative coordinate of an exciton is hydrogenic, while the cen-
ter-of-mass coordinate is extended. The small masses and the
high dielectric constant combine to reduce the binding energy
to a few millielectronvolts; thus excitons only remain bound
at low temperatures. Excitons have a strong dipole moment
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FIGURE 1. The top panel shows the band diagram of bulk GaAs

(left) and magnetic substates of the three bands (right). The bottom

panel shows the linear absorption spectrum of a quantum well

where the degeneracy between heavy-hole and light-hole bands is

lifted by quantum confinement, resulting in two exciton resonances.

because of the increased overlap between the electron and
hole wave functions. At low temperature, the exciton reso-
nances dominate the absorption and emission spectra of
direct-gap semiconductors near the band edge.

The most common direct-gap semiconductor is GaAs. GaAs
is common because of the established technology for epitaxial
growth of high-quality heterostructures and because its band
gap corresponds to near-infrared wavelengths, which are eas-
ily accessible with available lasers. A thin (~10 nm) layer of
GaAs grown between two layers of AlGaAs will display quan-
tum confinement in the growth direction. Near the direct gap,
GaAs has two valence bands, known as the heavy-hole and
light-hole bands (see Figure 1, top). In bulk GaAs, the valence
bands are degenerate. However, quantum confinement lifts
the degeneracy. Consequently, the low-temperature linear
absorption spectrum of a GaAs quantum well displays two
peaks corresponding to excitons formed between conduction-
band electrons and heavy or light holes (see Figure 1, bot-
tom). In a quantum well, the heavy-hole exciton has a binding
energy of approximately 10 meV.
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Coherent Spectroscopy of Semiconductor
Excitons

Coherent spectroscopy has been used extensively to study
excitons in semiconductors during the last 20 years (see ref 3
and references therein). Originally the motivation was to mea-
sure the dephasing rate of excitons. However, it quickly
became clear that the signals were dominated by many-body
effects. Understanding the many-body effects became the pri-
mary goal of much of the work. Structural disorder also plays
a critical role in determining the optical properties of nano-
structures. Coherent spectroscopy provides an important tool
for separating out the effects of disorder because of its abil-
ity to “undo” the effect of inhomogeneous broadening using
photon-echo techniques.

The primary coherent technique used to study excitons has
been TFWM using two excitation pulses. Two pulses are inci-
dent on the sample with wavevectors k, and k;,, with delay ¢
between them. The coherent interaction of the pulses gener-
ates a signal in direction ks = 2K, — K,. For a two-level sys-
tem, the signal is only emitted when Kk, arrives before ky,*
which is defined to be r > 0. TFWM can be physically
described in three steps: (i) The first pulse creates a coher-
ence. (i) The second pulse converts the coherence to an excit-
ed-state or ground-state population depending on the relative
phase between the pulses, which varies across the sample
because of the angle between the pulses. Each population is
spatially modulated, creating an effective grating. (iii) The sec-
ond pulse scatters off of these gratings into the signal direc-
tion. The integrated TFWM signal intensity decays
exponentially as a function of 7 at twice the dephasing rate,
Vph-

The presence of signals for “negative delay” in TFWM
experiments on semiconductors was evidence for the pres-
ence of many-body interactions. These signals were phenom-
enologically attributed to local fields,® excitation-induced
dephasing,® biexcitonic effects,” and excitation-induced shifts.®
The relative strengths of these contributions could only be
inferred from TFWM experiments.

Using TFWM to study disorder in quantum wells was a nat-
ural step because the signal from an inhomogeneously broad-
ened system is a photon echo. Thus the decay of the
integrated TFWM signal is 4y, and not the inverse width of
the inhomogeneous distribution. In quantum wells, the pri-
mary form of disorder is fluctuations in the well thickness,
which result in fluctuations in the exciton confinement energy.
While improvements in epitaxial growth techniques have
improved sample quality, one monolayer of fluctuations is
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essentially inevitable. Localization effects of excitons in disor-
dered quantum wells were studied because the lack of Cou-
lomb interactions simplified the situation.® In quantum wells
where the monolayer fluctuations were organized into large
islands, the TFWM was observed to oscillate.'® Debate arose
as to whether these oscillations were due to quantum inter-
ference and thus were quantum beats or due to simple elec-
tromagnetic interference, which was dubbed “polarization
interference”. While the integrated TFWM signal could not
make this distinction, it was shown that either temporally'" or
spectrally'? resolving the signal could. Measurements on dis-
ordered quantum wells showed that the beats had signatures
of quantum interference, which was attributed to many-body
coupling between the localized excitons.'3

The TFWM signal was observed to depend on the relative
polarizations of the incident beams in surprising ways. Based
on the magnetic substates shown in Figure 1, the signal polar-
ization would depend on the incident polarizations, but other
aspects would not. However, experiment showed that com-
pared with the collinear excitation, the signal for cross-linear
polarization was weaker, decayed faster,'* and changed its
temporal behavior.'®> A connection to disorder was established
by comparing different samples.'® However, it was also
noticed that the excitation density mattered, suggesting that
many-body effects played a role.'” Biexcitonic effects also
contributed to these observations.” Ultimately, numerical sim-
ulations were able to reproduce many of these effects,'®
although it was difficult to extract significant insight.

It is easier to discuss polarization effects on an excitonic
basis rather than the single-particle basis presented in Figure
1. The excitonic levels for the heavy-hole exciton are shown
in Figure 2. This scheme can be extended to include light-
hole states.” An important aspect of the excitonic basis is that
it naturally includes biexcitonic states. Biexcitons are bound
pairs analogous to a hydrogen molecule.

The extensive work using 1D techniques, including vari-
ous forms of TFWM, provided a basic understanding of many-
body effects in semiconductors and how they influenced the
light—matter interaction, especially for the exciton resonances.
However, many aspects had to be inferred. The spectroscopic
techniques were simply inadequate to address the outstand-
ing questions.

Two-Dimensional Fourier Transform
Spectroscopy

The concept of multidimensional spectroscopy originated in
nuclear magnetic resonance (NMR).'® In multidimensional
spectroscopy, the nonlinear mixing of multiple electromag-
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FIGURE 2. Heavy-hole states in the exciton picture. The ground
state corresponds to all electrons in the valence band. For the one-
exciton states, one electron has been excited to the conduction
band, and it is bound to the hole it left behind to form an exciton.
For the two-exciton states, a bound biexciton forms only when the
electrons have opposite spin. While two excitons of the same spin
do not bind to form a biexciton, they do interact. Thus the two-
exciton states of same spin must be included in the level diagram.
Optical transitions between exciton states are denoted by the
arrows. The light must be circularly polarized to conserve spin; the
helicity is denoted as o or o™.
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netic fields in a sample produces a signal field. The signal field
is recorded as a function of either the relative delays, in the
case of pulsed fields, or the relative frequencies, in the case of
monochromatic fields. For pulsed excitation, a spectrum is
generated by a multidimensional Fourier transform, which
means that the phase of the signal must be recorded and the
delay scanned with steps that are equal and have subwave-
length precision.

Implementing 2DFT, also known as correlation spectros-
copy, with lasers was proposed in 1993.2° The proposal was
based on Raman excitation of vibrations in molecules. It was
discovered that infrared excitation of molecular vibrations was
experimentally preferable.?'22 2DFT spectroscopy was also
implemented in the visible to study electronic transitions in
dye molecules®® and photosynthesis.>*

Typically three excitation pulses are used. The incident
pulses have wavevectors K., Ky, and k.. The interaction of the
pulses in the sample produces a signal field in the direction K
= —k, + kp + k.. The first and second pulses have a delay =
between them, the second and third pulse have a delay T, and
the emission time is ¢. A three-dimensional spectrum, Sz, T 1),
can be produced where i denotes the time ordering of the
conjugated pulse, ka. For Sy(r, T 1), Kk, arrives first and dephas-
ing due to inhomogeneous broadening is canceled because
the phase accumulated during t is reversed during t. This
rephasing produces a photon echo in the presence of inho-
mogeneous broadening; thus it is possible to extract the
homogeneous width from S$\(z, T {). An Sy(z,T,{) spectrum has k,
arriving second. If K, arrives last, an Sy(z, T,t) spectrum is pro-
duced, which is sensitive to two-quantum coherences. The
time-domain spectra are usually Fourier transformed with
respect to two variables, while the third is held fixed. It is often

useful to take a series of 2DFT spectra as function of the third
time. The most common spectra are Si(w., T,wy), which mea-
sures homogeneous widths, Si(z,wr,wy), which isolates Raman
coherences, Sy(w., T,wy), which isolates coupling due to ground-
state bleaching, and Sy(z,wr,wy), which isolates two-quantum
coherences.

Experimental Procedures

A schematic diagram of the experiment is shown in Figure 3.
The excitation pulses propagate parallel to one another on
three corners of a square. After passing through a lens, they
focus to a spot size of 80 um and overlap. The signal direc-
tion, ks, corresponds to the fourth corner of the square. A sec-
ond lens collimates the beams and makes them parallel. The
wavelength is tuned to the excitonic resonances around 800
nm. The average power per beam is 0.1 to 1T mW. Polariza-
tion optics are used to produce the desired excitation and
detection conditions.

The results presented here are from a multiple quantum-
well sample consisting of four periods of 10 nm thick GaAs
and 10 nm thick A1¢3Gag 7As barriers. The sample is held at
8 K, and the incident pulses produce an excitation density
between 2.5 x 10° and 2.2 x 10" cm™2 per layer.

To perform a multidimensional Fourier transform on the
complex signal, its phase must be measured relative to a fixed
reference as a function of the delay between the excitation
pulses. The delay must be stable and stepped with subwave-
length accuracy. To decompose the complex spectrum into
real and imaginary parts, which can be related to the com-
plex third-order susceptibility, experimental phase shifts must
be removed by adjusting the “global” phase of the as-mea-
sured spectra. The spectra actually correspond to real and
imaginary parts of the signal field. The phase shift between
polarization in the sample and radiated field needs to be con-
sidered to determine the susceptibility.

Phase-Locked Excitation. The phase-locked excitation
pulses are produced by an actively stabilized apparatus.*®
The error signal for the servo loop is generated from the
interference of an auxiliary HeNe laser beam that copropa-
gates with the femtosecond pulses. Four phase-locked
pulses are produced by using nested and folded interfer-
ometers. The HeNe laser is retroreflected by a dichroic
beam splitter such that it double passes the interferometers.
Locking the interferometers using the servo loop provides
a fixed delay between the pulses. To change the delay, the
servo loops are disabled, and the delay is stepped while the
error signals are monitored. When the delay has been
changed by the desired amount and the error signal is close
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FIGURE 3. Experimental apparatus.

to a zero crossing, the servo loops are re-enabled, which
drives the error signal to zero. Three of the beams are used
as excitation beams. The fourth is used as a “tracer” beam.

Signal Field Measurement. The electric field of the sig-
nal is measured using spectral interferometry.?® Spectral
interferometry allows the phase and amplitude of an
unknown signal pulse to be extracted by comparing it to a
reference pulse. In principle, the tracer pulse could serve as
the reference for spectral interferometry because it copropa-
gates with the signal. However, excitation-induced effects in
the sample lead to artifacts if the reference pulse goes
through the sample. Thus, we derive a reference pulse from
the tracer and route it around the sample and cryostat.

Since the overall (constant) signal phase, not just its spec-
tral variation, is needed, the reference beam must have a
stable phase throughout the acquisition of a 2DFT spec-
trum. Unfortunately, the stability of the reference is com-
promised by routing it around the sample. Thus an
additional feedback loop is needed.

Global Phase. A 2DFT spectrum can be decomposed into
real and imaginary parts related to the third-order com-
plex susceptibility. However the decomposition requires that
the overall, or “global”, phase be correctly set. The real and
imaginary parts are useful because they reflect the under-
lying physical processes. Additionally, the spectral resolu-
tion can be enhanced by suppressing dispersive wings.
However, the as-measured 2DFT spectrum has phase off-
sets that must be corrected. In our apparatus, these phase
offsets arise from the relative phase of the excitation pulses
at zero delay, from the reference phase relative to the third
pulse, and from phase shifts between the signal and refer-
ence pulses. Previously, these phase offsets were deter-
mined by comparing the complex signal spectrum at zero
delay to an auxiliary transient absorption spectrum.?> How-
ever, this technique proved to be problematic in semicon-
ductors. Furthermore, the appropriate auxiliary experiment
is difficult for some 2DFT spectra such as cross-polarized
excitation or two-quantum coherences.

Recently, we developed an alternative method, based on
the spatial interference pattern at the sample position, for
determining the global phase.?” A similar method was inde-
pendently developed for use in infrared 2DFT experi-
ments.?® The spatial interference pattern between the
excitation beams, including the tracer beam, depends on
the relative phases in the same way as the 2DFT spectrum.
By recording the pattern, it is possible to determine the
phase differences. The phase shift between the reference
and tracer, as well as propagation-induced phases shifts, are
determined by recording appropriate spectral interfero-
grams.

Co-polarized S,

A typical S(w,,T,wy) of the heavy- and light-hole excitons is
shown in Figure 4. This figure shows the real spectrum. The
laser spectrum is tuned to be centered between the two
excitonic resonances. The excitation pulses are collinearly
polarized. The 2DFT spectrum displays two diagonal peaks
for the heavy- and light-hole excitons. The heavy-hole peak
line shape is “dispersive” in that it is negative above the
diagonal and positive below it. For a simple few-level sys-
tem, the real S\(w,,T,wy) should display an “absorptive” line
shape, that is, one that is purely positive. The dispersive line
shape occurs because the excitonic response is dominated
by many-body effects.?*3° The cross peaks between the
excitons are expected for collinear polarization. For this
laser tuning, their strength lies between those of the diag-
onal peaks. If the laser is tuned to be centered on the light
hole, the lower left cross peak (labeled “c” in the figure)
becomes the strongest feature. For a few-level system, a
cross peak can never be the strongest feature. Many-body
interactions between the two excitons can result in a dom-
inant cross peak.?' Similarly, the many-body interaction
between the continuum and heavy-hole exciton results in
a vertical feature, whereas a diagonal feature is expected
without many-body contributions.>'
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FIGURE 4. The lower panel shows the real 2DFT spectrum,

Silw,, T,wy), of the heavy- and light-hole resonances for collinearly
polarized excitation. The upper panel shows the linear absorption
spectrum (black line) and the spectrum of the excitation pulses (red
line). The photon energies of the exciton resonances are marked by
dashed lines. The 2DFT spectrum shows diagonal peaks due the
heavy- and light-hole excitons, labeled “a” and “b”, respectively.
Cross-peaks between the excitons are marked as “c’ and “d". The
feature “e” is the biexciton formed from heavy-hole excitons. The
continuum contribution is the vertical feature “f".

The elongation of the heavy-hole peak along the diag-
onal is due to inhomogeneous broadening. In a semicon-
ductor quantum well, inhomogeneous broadening occurs
because of unavoidable fluctuation in the well width. Since
the quantum confinement energy is inversely proportional
to the width, width fluctuations result in static fluctuations
of the resonance energy. Both the homogeneous and inho-
mogeneous widths can be extracted from the 2DFT spec-
trum. The extraction is aided by comparing S(w.,T,wy) to
Sulw,, T,wy).32 Disorder can localize the electronic states,
reducing the strength of many-body interactions.

One of the intriguing features is the peak “e”, which is
slightly negative due to the formation of biexcitons. For a few-
level system, the positive diagonal peaks correspond to a
reduction in the absorption. The generation of biexcitons
results in an increase in the absorption and thus should have
the opposite sign. Based on the level diagram in Figure 2, the
strength of the biexciton peak should be half that of the exci-
ton peak. It is much weaker than that because many-body
effects enhance the exciton peak but not the biexciton peak.

Cross-Polarized S,

The S, T,wy) spectrum is shown in Figure 5 for the same
conditions as Figure 4, except that the first pulse is cross-
polarized. The component of the signal that is co-polarized
with the first pulse is detected. The overall signal is much
weaker. More dramatic changes are the line shape of the
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FIGURE 5. The 2DFT spectrum, Si(w,,T,wy), of the heavy- and light-
hole resonances of a GaAs quantum well with cross-linearly
polarized excitation. The numerical values on the color bar are
relative to Figure 4.

heavy-hole exciton diagonal peak and its strength relative
to the biexciton peak. The line shape is now absorptive,
whereas for co-polarized excitation, it was dispersive.

These changes occur because cross-polarized excitation
suppresses many-body contributions, which can be
explained in terms of the physical picture for the TFWM sig-
nal given above. For cross-polarized excitation, the popu-
lation grating induced in the |+) exciton is & out of phase
with that for the |—) exciton. Consequently, there is no net
population grating. Since the many-body interactions are
thought to be spin independent,® they are spatially uni-
form and thus do not give a signal. While this understand-
ing had been inferred, the change in the line shape from
dispersive in Figure 4 to absorptive in Figure 5 confirms this
interpretation.

The biexciton peaks in Figures 4 and 5 demonstrate a
powerful feature of 2DFT spectroscopy. Biexcitonic features
have been observed in photoluminescence and TFWM
experiments. In photoluminescence, biexcitons appear as a
low-energy shoulder on the exciton line that grows qua-
dratically with excitation intensity. In GaAs quantum wells,
the biexciton peak is never resolved from the exciton peak.
In the 2DFT spectrum, both peaks show diagonal elonga-
tion, resulting in resolved peaks. The diagonal broadening
of the biexciton peak shows that it is inhomogeneously
broadened by well-width fluctuations. Moreover, it shows
that the two excitons making up the biexciton experience
correlated inhomogeneity. Thus they exist on the same
localization site.

The isolation of the biexciton allows its properties to be
studied. For example, the “ridge” of the biexciton line is not
exactly diagonal, suggesting that the biexciton binding
energy varies with the strength of the localization. The
homogeneous line width of the biexciton can be extracted
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as a function of position within the inhomogeneous distri-
bution, which was not possible using 1D spectroscopies.

Nonradiative Coherences

An advantage of 2DFT spectroscopy is its ability to isolate
nonradiative coherences, that is, coherences between states
that are not coupled by a dipole matrix element. While
these transitions do not interact directly with light, they do
result in oscillations in some 1D experiments.?3~3> How-
ever, in 1D experiments, they generally cannot be isolated
from other contributions, which means that care is nheeded
in interpreting the results.>®

In 2DFT experiments, a nonradiative coherence can be
created during one of the time periods, typically the sec-
ond period, and then converted to a radiative coherence.
The phase evolution while the system is in the nonradia-
tive coherence sets the initial phase of the radiative coher-
ence. Thus by recording the signal from the radiative
coherence and taking a Fourier transform with respect to
the time delay corresponding to the nonradiative coher-
ence, it can be isolated.

In GaAs quantum wells, there are two examples of non-
radiative coherences. The first is a coherence established
between the heavy-hole and light-hole exciton states.3*~36
Since these states are similar in energy, these coherences
are often known as “Raman” coherences. The other exam-
ple is a coherence established between the ground state
and a doubly excited state such as a biexciton.?*37 These
coherences are known as “two-quantum” coherences.

“Raman” Coherences in S, The Raman coherence
between the heavy- and light-hole excitons contributes to the
spectra in Figures 4 and 5. Specifically, they appear in the off-
diagonal peaks labeled “c” and “d” in Figure 4. These peaks
also contain contributions due to coupling between the two
excitons via bleaching of the ground state. By a scan of the
second delay, it is possible to produce a different spectrum,
Silt,wr,y), that separates these contributions and produces a
peak due only to the Raman coherences.®

Figure 6 shows an experimental S\(z,wr,wy) spectrum. The
peaks at Awt = 0 contain all the contributions from pathways
that correspond to excited-state emission or ground-state
bleaching. Theoretical results agree well with these experi-
mental results.>®

The widths of the Raman peaks give information about
scattering processes that affect the relative energy of the two-
exciton states. Comparison of the width of the peaks in the
corresponding Si(w,,T,wy) spectrum and their dependences on
parameters such as carrier density and temperature yield
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FIGURE 6. The magnitude 2DFT spectrum, S(t,wr,wy), of the heavy-
and light-hole resonances of a GaAs quantum well for collinearly
polarized excitation. The arrows point to spectral peaks due to
Raman coherence between the excitons. The intensity scale has
been set so that the central peaks (wr = 0) saturate.

greater insight into the nature of the scattering processes. For
example, it is possible to determine whether the fluctuations
in the energy levels that cause dephasing are correlated or
anticorrelated.®>

Two-Quantum Coherences in Sy. A two-quantum coher-
ence occurs between the ground state and a doubly excited
state. In our case, a two-quantum coherence between the
ground state and a biexciton is expected. However, two-quan-
tum coherences involving doubly excited many-body states
also occur.?”#%4! Two-dimensional spectroscopy allows these
contributions to be distinguished, which was not possible in
previous 1D experiments.3

To observe a two-quantum coherence, the conjugated
pulse must arrive third because the first two pulses both
increase the excitation level of the system to reach the dou-
bly excited state. The third pulse either de-excites the sys-
tem to establish a radiative coherence between the ground
state and a singly excited state or acts on the opposite side of
the density matrix to establish a radiative coherence between
singly and doubly excited states. Since the two-quantum
coherence exists during the second time period, the Fourier
transform is taken with respect to T. Thus a two-quantum
coherence appears in a Sy(r,wt,wy) spectrum at ot ~ 2wy
because the two-quantum coherence evolves at a frequency
corresponding to the energy difference between the ground
state and the doubly excited state.

The Sy(r,wr,wy) spectrum of the heavy-hole resonance is
shown in Figure 7 for circularly polarized excitation. In the left
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FIGURE 7. The 2DFT spectrum, Sy(z,or,wy), of the heavy-hole resonance of a GaAs quantum well for cross-circular (left) and codircular (right) excitation.

panel, the first pulse has opposite helicity compared with the
second and third pulses. In this case, bound-biexciton states
can be accessed, as per Figure 2. Based on the level scheme,
two-quantum resonances would be expected at coordinates
(hwt = 2E, — Ep, hwy = Ex — Ep) and (2E, — Ep, E,) where E, is
the photon energy of the exciton resonance and E,, is the biex-
citon binding energy. These peaks have opposite signs with
the first being negative, as expected from perturbation the-
ory. However, the strongest feature in the spectrum occurs at
(2E,E,) and has a dispersive line shape. This peak is attrib-
uted to two-quantum coherence involving a many-body state,
rather than a biexciton. To test the assignment, a spectrum
was taken with cocircularly polarized pulses (right panel). As
expected, the features ascribed to the biexciton are sup-
pressed, while the dispersive many-body peak remains,
although it is slightly shifted to higher energy.

2DFT spectra showing that two-quantum coherences occur
between the ground state and a many-body state demonstrate
the power of the technique. Previous measurements did not
provide evidence for the existence of two-quantum coher-
ences involving many-body states.

Summary and Outlook

The application of two-dimensional Fourier transform spec-
troscopy to semiconductors demonstrates the power of the

technique to separate and isolate the many contributions to
the coherent optical response. The results show that many-
body contributions dominate the response in most situa-
tions, although they can be suppressed using polarization.
Contributions from biexcitonic states can be isolated, even
in the presence of inhomogeneous broadening due to dis-
order. The ability to isolate them will aid in studies of their
energetics and dynamics. Isolation of nonradiative Raman
and two-quantum coherences also facilitates understand-
ing them. The presence of two-quantum coherences involv-
ing many-body states, rather than biexcitons, further
motivates future work using this technique.
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