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Exciton spin coherence and electromagnetically induced transparency in the transient optical
response of GaAs quantum wells

Mark C. Phillips* and Hailin Wang
Department of Physics and Oregon Center for Optics, University of Oregon, Eugene, Oregon 97403, USA
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We report experimental studies of electromagnetically induced transparency~EIT! arising from exciton spin
coherence in the transient optical response of GaAs quantum wells. The exciton spin coherence, which is a
direct result of Coulomb correlations between excitons with opposite spins, is induced via bound or unbound
two-exciton states. Theoretical analyses based on a three-level model illustrate the manifestation of EIT in a
transient regime and provide qualitative guidance for understanding the transient behaviors observed in the EIT
experiments. Additional studies of the effects of exciton energy renormalization on optical Stark splitting also
provide insights on how exciton many-body interactions can lead to unusual time-dependent asymmetric EIT
line shapes.
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I. INTRODUCTION

Coherent manipulation of nonradiative quantum coh
ences between states that are not directly dipole coupled
lead to a variety of remarkable coherent nonlinear opt
phenomena.1–3 Destructive interference induced by nonrad
ative coherences in a three-level system can render an o
wise opaque medium nearly transparent, leading to elec
magnetically induced transparency~EIT!.4,5 Other closely
related phenomena include lasing without inversion,6–8

stimulated Raman adiabatic passage,9,10 and slow light11,12

and stopped light.13,14 The tremendous success in exploitin
nonradiative coherences in atomic systems has stimul
great interest in extending these studies to semic
ductors,15–29for the understanding of quantum coherences
semiconductors and also for potential applications of th
phenomena.

There are two major obstacles for coherent manipula
of quantum coherences in semiconductors. First of all, w
the exception of electron-spin coherence,30,31quantum coher-
ences in semiconductors are extremely fragile against
namic processes such as exciton-exciton and exciton-pho
scattering.32 The resulting rapid decoherence necessita
that coherent manipulation be carried out in a transient
gime. By employing ultrafast optical pulses, one can gen
ate the large Rabi frequency~which sets the characteristi
time scale for coherent manipulation! necessary to overcom
the rapid decoherence. The use of ultrafast pulses, howe
also limits the coherent interaction time. As will be discuss
in this paper, the realization and manifestation of EIT in t
transient regime can differ considerably from that in
steady-state limit or in an adiabatic limit.

Second, the many-body Coulomb interactions inheren
semiconductors greatly complicate and in many instan
profoundly affect coherent nonlinear optical processes.33–48

Under properly designed conditions, however, these inte
tions can also be exploited for the generation and manip
tion of quantum coherences, as we will discuss in detai
this paper. In this regard, coherent nonlinear optical phen
ena such as EIT also provide a powerful tool to reveal
intricate relations between quantum coherences and m
body Coulomb interactions.
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r-
an
l

er-
o-

ed
n-
n
e

n
h

y-
on
s
-

r-

er,
d
e

to
s

c-
a-
n
-

e
y-

We have exploited Coulomb correlations between ex
tons with opposite spins to induce exciton spin coheren
which would not exist in the absence of the many-body c
relations. In this paper, we present studies of EIT aris
from the exciton spin coherence in the transient optical
sponse in GaAs semiconductor quantum wells~QW’s!. Ex-
perimental demonstration of EIT from the exciton spin c
herence has been reported in an earlier study.49 The primary
aim of this paper is to address the manifestation of EIT i
transient regime and how many-body Coulomb interactio
both induce and also complicate the transient EIT proce
The paper is organized as follows. In Sec. II, we discuss
conditions and behaviors of EIT in the transient optical
sponse in which the adiabatic condition is not satisfied. T
discussions are based on numerical solutions to the den
matrix equations for a three-level system. In Sec. III, w
present detailed experimental studies on the transient be
ior of EIT induced by exciton spin coherence via bound a
unbound two-exciton states in GaAs QW’s. In Sec. IV, w
present additional studies on effects of exciton-exciton in
actions on optical Stark splitting of excitons. These ad
tional studies provide important physical insight for unde
standing the asymmetric EIT line shape observed in
experimental study. Section V presents a summary.

II. EIT IN A TRANSIENT REGIME

EIT is a phenomenon whereby an optical transition in
multilevel system can be made nearly transparent due to
structive quantum interference. For simplicity, here we w
consider aL-type three-level system with no inhomogeneo
broadening. While theoretical analyses based on the ato
like three-level model do not provide an adequate descrip
for EIT in semiconductors, these analyses illustrate import
conditions for realizing EIT in a transient regime and al
reveal unusual transient behaviors of EIT, as we discus
detail in this section.

As shown in Fig. 1, theL configuration consists of two
lower statesua& andub& which are both dipole coupled to a
upper stateue&. Statesua& andub& are not dipole coupled, bu
can be coupled via a two-photon transition. EIT can be
served in this system when two optical fieldsEa andEb reso-
©2004 The American Physical Society37-1
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nant or nearly resonant with the two dipole optical transitio
are applied. In this case, a special coherent superpositio
statesua& and ub& can lead to a cancellation of the optic
absorption. For resonant optical fields, this so-called d
state is given by

uc&NC5V21@Vbua&2Vaub&], ~1!

whereV5(Va
21Vb

2)1/2, andVa(b) is the Rabi frequency for
the ua&↔ue& (ub&↔ue&) dipole transition. This dark stat
maximizes the destructive interference between the two
sorption pathways to stateue&.

In typical EIT experiments in atomic systems, the syst
is either adiabatically pumped into the dark state or e
evolves into the dark state in the steady-state limit. The
structive quantum interference underlying EIT, however,
curs even when the system is only partially in the dark st
Here, we will explore how coherent superpositions of sta
ua& and ub&, i.e., nonradiative coherences, can be induc
and controlled in a transient regime and how these trans
nonradiative coherences can lead to induced transparen
optical absorption spectra.

We assume applied electric fieldsEa andEb with

Ea~ t !5 1
2 Ea~ t !e2 inat1c.c., ~2!

Eb~ t !5 1
2 Eb~ t !e2 inbt1c.c., ~3!

whereEa is a weak probe field with center frequencyna and
pulse envelopeEa(t), applied to theua&↔ue& transition. We
make no restriction on the magnitude of the pump fieldEb ,
which has center frequencynb and pulse envelopeEb(t),
and is applied to theub&↔ue& transition. For convenience
we will refer to the applied fields in terms of their Ra
frequencies Va(t)5maEa(t)/\ and Vb(t)5mbEb(t)/\,
wherema and mb are the dipole transition matrix elemen
~taken to be real for convenience!.

We take stateua& to be the ground state, with statesub&
and ue& initially unoccupied. Therefore, to zeroth order
Va , raa

(0)51, whereraa is the population in stateua& with
the total population of the system normalized to one, and
other terms are zero. Note that this is a direct consequenc
statesub& andue& being unoccupied in the absence ofVa , so
that Vb is pumping on an ‘‘empty’’ transition. This would
not be the case for aV-type three-level system. To first orde

FIG. 1. Schematic of EIT scheme for aL-type three-level sys-
tem.
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in Va(t), and within the rotating wave approximation, th
equations of motion for the density-matrix elements~in a
rotating frame! are

]

]t
rea

(1)~ t !5~ ida2g!rea
(1)~ t !1 iVa~ t !/21 iVb~ t !rba

(1)~ t !/2,

~4!

]

]t
rba

(1)~ t !5@ i ~da2db!2gab#rba
(1)~ t !1 iVb~ t !* rea

(1)~ t !/2.

~5!

The matrix elementrea
(1)(t) describes the dipole coherenc

between statesua& and ue&, while rba
(1)(t) describes the non

radiative coherence between statesua& andub&. The decoher-
ence rates for the dipole and nonradiative coherences
given byg andgab , respectively. The detunings of the a
plied fields are given byda5na2va and db5nb2vb ,
whereva andvb are the resonance frequencies for the t
dipole transitions.

We solved the above coupled differential equations
merically using a fourth-order Runge-Kutta routine. The a
plied pump and probe fields were assumed to have a Ga
ian temporal envelope. The absorption spectrum of the pr
pulse was calculated from the relationshipa(da)
}Im@rea

(1)(da)/Va(da)#, whererea
(1)(da) andVa(da) are the

Fourier transforms ofrea
(1)(t) and Va(t), respectively. The

resulting spectrum was normalized so that the peak valu
the linear absorption~in the absence of the pump puls!
equaled one.

We can deduce some basic results from the form of
equations, even before considering the numerical solutio
First, in the absence of the nonlinear drive ter
iVb(t)rba

(1)(t)/2 in Eq. ~4!, the equation reduces to the line
response of a two-level system. Any changes to the pr
absorption, therefore, are the direct result of the nonradia
coherencerba

(1)(t). Second, the nonlinear drive term is als
zero when the pump fieldVb is zero, even thoughrba

(1)(t)
may still persist. A very short pump pulse effectively reduc
the coherent interaction time. In the context of Eq.~4!, EIT
can be viewed as the result of destructive interference
tween the polarization induced by the probe and the po
ization induced by both the pump and the nonradiative
herence.

The transient spectral response is obtained by applyin
probe pulse with duration shorter than the dipole decoh
ence time, or in other words, with a spectral bandwidth lar
than the absorption linewidth. In this case, the probe abs
tion is determined not only by the state of the system at
time of the probe pulse, but also by the temporal evolution
rea

(1)(t) after the probe pulse. As can be seen from Eq.~4!,
once the nonradiative coherence is generated, it will conti
to drive the dipole coherencerea

(1)(t) as long as bothrba
(1)(t)

and the pump field persists, even when the applied pr
field is zero.

We consider a model EIT system in which the nonrad
tive decoherence rate is small:gab50.01g. We take the
probe duration~Gaussian full width! to be 0.1g21 and the
7-2
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EXCITON SPIN COHERENCE AND . . . PHYSICAL REVIEW B69, 115337 ~2004!
pump duration to be 10g21. Figure 2 shows numerical solu
tions of the probe absorption spectrum under transient e
tation conditions at various delays between the pump
probe pulses, and withdb50 and Vb5g. The absorption
spectrum exhibits an EIT dip with a depth highly depend
on the pump-probe delayt (t.0 indicates that the prob
pulse arrives after the peak of the pump pulse!. We note that
the spectra are not symmetric aboutt50. Instead, the EIT
dip appears for large negative pump-probe delays, reach
maximum depth when the probe slightly precedes the pu
and then disappears rapidly for positive delays.

We can gain additional insight into the behavior of t
absorption spectra by considering the temporal evolution
Im@rea

(1)(t)# and Re@Vb(t)rba
(1)(t)#, plotted in Fig. 3 for the

same conditions as in Fig. 2. Figure 3 shows that the m
mum EIT signal is obtained when the nonlinear driving te
Re@Vb(t)rba

(1)(t)# is maximized during the decay o
Im@rea

(1)(t)#. This occurs when the probe slightly preced
the peak of the pump pulse. In this case, the nonradia
coherence can interact with the peak fields of the pu
pulse.

Figures 4~a! and 4~b! illustrate the importance of a pum
pulse which is long relative to the dipole decoherence tim
where we plot the absorption spectrum for different pu
durationstpump, and with t52tpump/2. Other parameters
including the peak pump intensity are the same as befor
the pump duration is too short, as in Fig. 4~a!, then the EIT
response is minimal. The pump duration must be lo
enough to allow the nonlinear drive term to influence t
dipole coherence, leading to the EIT dip. In the spectral
main, the corresponding explanation is that the pump sp
tral bandwidth must be smaller than the absorption linewi
in order to observe a spectrally sharp EIT dip.

FIG. 2. Dependence of EIT on pump-probe delays. The s
~dotted! curves show the absorption spectra of the probe in
presence~absence! of the pump. The pump spectrum is shown
the shaded area. The pump and probe durations are 10g21 and
0.1g21, respectively, and the pump-probe delayt is indicated in
the figure. We also tookVb5g andgab50.01g.
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The sensitive dependence of EIT on the nonradiative
herence is exemplified by the behavior of the EIT dip as
vary the nonradiative decoherence rate. Figures 4~c! and 4~d!
show absorption spectra for two different values ofgab , at
fixed pump intensity and duration. A largegab inhibits the
generation of a nonradiative coherence and there is no
dip present in the absorption spectra. In particular, the reg
where gab@g is equivalent to removing all coupling be
tween the two dipole transitions. Asgab decreases, the mag
nitude as well as the duration of the nonradiative cohere
increases, and the EIT dip becomes more pronounced. H
ever, decreasinggab below the pump spectral bandwidth ha
little additional effect on the absorption spectrum, as sho

d
e FIG. 3. Temporal evolution of the dipole and nonradiative c
herences. The nonlinear driving term Re@Vb(t)rba

(1)(t)# associated
with the nonradiative coherence is shown as the solid curve, and
dipole coherence term Im@rea

(1)(t)# is shown as the dashed curv
The pump field envelope is shown as the dotted curve. The pu
probe delayt is indicated in the figure and other conditions are t
same as for Fig. 2.

FIG. 4. Dependence of EIT on the pump duration and on
decay rate of the nonradiative coherence. For~a!, tpump52g21. For
~b!–~d!, tpump55g21. In all cases,Vb5g.
7-3
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MARK C. PHILLIPS AND HAILIN WANG PHYSICAL REVIEW B 69, 115337 ~2004!
in Fig. 4~d!. In this case, the pump field amplitude reach
zero before the nonradiative coherence, and is therefore
limiting factor in the coherent nonlinear response.

The above theoretical analysis provides important gu
ance for understanding as well as designing transient exp
ments to realize EIT in semiconductors. While attaining
large Rabi frequency necessary to overcome rapid deco
ence favors the use of very short pump pulses, the deco
ence time for the relevant dipole coherence also sets a lo
limit on the duration of the pump pulses that are suitable
the transient EIT experiment. In addition, in a somew
counterintuitive way, the maximum destructive quantum
terference and thus maximum EIT effects occur when
probe pulse slightly precedes the pump pulse. It should
added that transient behaviors of EIT in semiconductors
also strongly influenced by underlying many-body Coulom
interactions, as we discuss in detail in the following tw
sections.

III. EIT INDUCED BY EXCITON SPIN COHERENCE

Our experimental studies to realize EIT in semiconduc
QW’s have exploited the use of exciton spin coherence.
semiconductors such as a GaAs QW, the interband op
transitions are characterized by excitonic transitions betw
the doubly degenerate conduction bands withs561/2 and
the doubly degenerate heavy-hole~hh! and light-hole~lh!
valence bands withj z563/2 and j z561/2, respectively.
For the hh excitonic transitions, spin-upu1& (s1 transition!
and spin-downu2& (s2 transition! excitons can be excited
with s1 and s2 circularly polarized light, respectively, a
shown in Fig. 5~a!. Although theu1& andu2& excitons share
no common states, these excitons can interact with e
other via Coulomb correlations, leading to the formati
of bound and unbound two-exciton states~biexcitons!, as
shown by theN-exciton energy eigenstates in Fig. 5~b!. Ex-
citon spin coherence, i.e., coherent superposition of
u1& and u2& states, can be induced via the one-exciton
two-exciton transition. We stress that the exciton spin coh
ence is a direct result of correlations between excitons w
opposite spins. In the absence of these correlations, the
exciton states can be factored into product states of si

FIG. 5. ~a! Schematic energy-level diagram for a GaAs quant
well, along with the circular polarization selection rules for the
exciton transition.~b! EIT scheme using the bound two-excito
state. Energy levels shown are theN-exciton energy eigenstates
with ground stateu0&1u0&2 , one-exciton statesu1& and u2&,
bound two-exciton stateu12&b , and unbound two-exciton state
u12&u .
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excitons, the system is reduced to that shown in Fig. 5~a!,
and no exciton spin coherence can be induced.

Effects of Coulomb correlations on coherent nonlinear o
tical processes have been investigated extensively in ea
studies and can be described by microscopic theories b
on dynamics controlled truncation schemes and also on
use ofN-exciton many-body eigenstates.36,41–44,46These ear-
lier studies have primarily focused on effects of Coulom
correlations in a weakly nonlinear regime. In contrast, E
can involve nonlinear optical processes to all orders of
pump field, and thus high-order Coulomb correlations
expected to play an even larger role.

A. Experimental setup

The experimental setup for transient EIT studies w
based on a standard transient pump-probe configuration
with different pump and probe pulse durations. Pump a
probe pulses were split from the output of a mode-lock
Ti:sapphire laser with a pulse repetition rate of 82 MHz
spectral bandwidth of 15 meV, and a pulse duration of 1
fs. To obtain the spectrally narrow~and temporally long!
pump pulses needed for the experiments, we used an ext
pulse shaper with which nearly Fourier-transform limit
pulses can be obtained. The minimum filtered spectral ba
width obtained with this setup was'0.3 meV. For the ex-
periments presented here, the filtered pump spectral wi
were between 0.4 meV and 0.6 meV, with pulse durations
5–6 ps, as measured by cross correlation with the pr
pulses. The probe pulses were unfiltered unless specified
erwise.

The samples studied were~001! GaAs/AlGaAs QW struc-
tures grown by molecular-beam epitaxy. Three differe
structures with well width of 10 nm, 13 nm, and 17.5 n
were used and qualitatively the same results were obtai
For brevity, we present here results obtained from the sam
that contains ten periods of 10 nm GaAs well and 10
Al0.3Ga0.7As barrier. The GaAs QW samples were held at
K in a helium flow cryostat. The samples were etched
remove the GaAs substrate layer, and mounted on sapp
disks for transmission measurements.

The laser spot sizes at the sample were 331025 cm2 for
the pump and 431026 cm2 for the probe, so that the prob
sampled a region of nearly uniform excitation by the pum
Also, the probe energy flux was kept to less than 1% of
pump. The probe beam transmitted through the sample
collected through a spectrometer with 0.1 meV resoluti
and the resulting spectrally resolved signal was detected
ing a photomultiplier tube. In contrast to many transie
pump-probe experiments in which the differential absorpt
is measured, the magnitude of the nonlinear response
large enough in our experiments so that the full probe
sorption was more meaningful. Absorption spectra in
presence or absence of the pump were obtained u
a(\n)L52 ln@I(\n)/I0(\n)#, wherea(\n) is the absorption
coefficient as a function of the probe energy\n, L is the
thickness of the absorbing region of the sample,I (\n) is the
measured intensity of the probe after passing through
sample, andI 0(\n) is the intensity of the probe before pas
7-4
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EXCITON SPIN COHERENCE AND . . . PHYSICAL REVIEW B69, 115337 ~2004!
ing through the sample, approximated by measuring
probe spectrum when passed through the sapphire disk
We will refer to the quantityaL as the absorbance whe
presenting experimental data.

B. Spin coherence via bound two-exciton states

As shown schematically in Fig. 5~b!, the one-exciton
states u1& and u2&, and the bound two-exciton stat
u12&b resemble aL-type three-level system. In analogy
theL system, we apply a strong pump withs1 polarization
to the u2&↔u12&b transition and a weak probe withs2

polarization to theu1&↔u12&b transition. In this configu-
ration, the exciton spin coherence is the nonradiative co
ence which can lead to EIT in the optical transition betwe
the one-exciton and bound two-exciton states, i.e., in
biexciton resonance.

Since both of the one-exciton states are initially unoc
pied, we prepared an initial population in theu1& state by
applying as1 polarized prepulse with 3 ps duration to th
u1& excitonic transition. The prepulse was set to arrive 10
before the probe pulse, which is long compared to the e
ton dephasing time so that dipole coherences induced by
prepulse do not interfere with the observation of EIT. The
ps delay, however, is short compared to the exciton s
relaxation time~50–100 ps!,50 so that only theu1& exciton
state is occupied at the start of the EIT experiment. Figur
shows the absorption spectra obtained 10 ps after
prepulse~in the absence of the pump!. The biexciton absorp-
tion resonance corresponding to theu1&↔u12&b transition
was observed when the probe and the prepulse had the
posite circular polarization. The biexciton resonance v
ished when the probe and the prepulse had the same cir
polarization.

Figure 7 shows absorption spectra of as2 probe when
both thes1 prepulse ands1 pump were present. The pum
was resonant with theu2&↔u12&b transition and had an
energy flux per pulse of 800 nJ/cm2 ~corresponding to a pea

FIG. 6. Absorption spectra in the presence of as1 prepulse,
which is resonant with the hh exciton, has 3 ps duration, and
energy flux of 100 nJ/cm2. The solid ~dashed! curve shows the
absorption spectrum of a probe which is delayed 10 ps relativ
the prepulse and hass2 (s1) polarization. The dotted curve show
the linear absorption spectrum in the absence of the prepulse.
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intensity of 150 kW/cm2). The presence of the pump in
duces a distinct dip in the biexciton absorption resonan
This dip is not due to incoherent spectral hole burning sin
the pump and probe had opposite circular polarization
also since only theu1& exciton state was populated by th
prepulse. As shown in Fig. 7, the absorption dip was m
pronounced when the probe arrived 3 ps before the pea
the pump, which is consistent with the expected behavio
EIT in a transient regime as discussed in Sec. II. The
disappeared when the probe arrived 6 ps after the pu
further confirming that the absorption dip is induced by
coherent process. Figures 7~d!–7~f! show that the spectra
position of the dip follows the spectral position of the pum
thus satisfying the characteristic two-photon resonance c
dition expected for spin coherence in aL-type three-level
system.

As discussed above, the polarization configuration for
pump, probe, and prepulse selects a system from
N-exciton energy eigenstates which resembles aL system.
The observed temporal and spectral dependence of the
sorption dip in the biexciton resonance also shows the c
acteristics of transient EIT in aL system, and thus indicate
that the dip is due to EIT associated with the exciton s
coherence. However, it should be emphasized that altho
the EIT resulting from this spin coherence shares sim
properties with EIT in an atomic system, the spin cohere
itself is the direct result of many-body exciton-exciton co
relations. Without these correlations, no coherent superp
tion of exciton spin states could be induced.

The exciton spin coherence induced in the above exp
ment is at least to the fourth order of the applied opti
fields ~including the field of the prepulse!, as can be shown
by an order-by-order perturbation analysis using
N-exciton eigenstates in Fig. 5. Compared with the we

n

to

FIG. 7. EIT via bound two-exciton states. Solid curves show
absorption spectra of as2 probe in the presence of as1 pump and
s1 prepulse. The pump-probe delay is indicated in the figure. T
pump spectrum is shown as the shaded area. The dotted c
shows the absorption spectrum in the absence of the pump.
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known two-exciton coherence, which is to the second or
of the applied optical fields and is the result of four-partic
Coulomb correlations,37 the exciton spin coherence can b
viewed as due to eight-particle or higher-order Coulomb c
relations. Note that theoretical treatment based on the
namics controlled truncation scheme has thus far been
ited to coherences at the level of six-particle Coulom
correlations.38 Theoretical treatment based on theN-exciton
eigenstates has thus far been limited to four-particle C
lomb correlations.42,43Further theoretical development is st
needed for a satisfactory microscopic description of exci
spin coherence and its effects on coherent nonlinear op
responses.

C. Spin coherence via unbound two-exciton states

As we have discussed above, in addition to the bou
two-exciton state, Coulomb interactions between excit
can also lead to a continuum of unbound~but still correlated!
two-exciton states. In this section, we explore how these c
tinuum states can be exploited to induce exciton spin co
ence and to realize EIT at the exciton resonance. For th
experiments, the pump wass1 polarized and was tune
resonant with the exciton transition~no prepulse was used!.
The absorption spectrum was measured with as2 polarized
probe.

Figure 8 shows the absorption spectra obtained at var
pump-probe delays. An absorption dip now occurs at
exciton resonance. The dip becomes visible when the pr
precedes the peak of the pump by 6 ps and is the most
nounced when the probe precedes the peak of the pump
ps. The absorption dip becomes strongly asymmetric nea
zero pump-probe delay and disappears when the probe
rives after the peak of the pump by only a few picosecon
The absorption dip is not due to spectral hole burning si

FIG. 8. EIT via unbound two-exciton states. The solid~dotted!
curves show the absorption spectra of as2 probe in the presence
~absence! of a s1 pump with energy flux of 400 nJ/cm2. The
pump-probe delay is indicated in the figure and the pump spect
is shown as the shaded area.
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the delay dependence in Fig. 8 clearly shows that the di
due to a coherent process. In fact, aside from the stron
asymmetric spectral line shape near the zero pump-probe
lay ~which will be discussed in more detail in the followin
section!, the delay dependence is characteristic of the tr
sient EIT process discussed in Sec. II. In Fig. 9 we show t
the spectral position of the dip follows almost exactly t
spectral position of the pump, indicating the dip satisfies
two-photon resonance condition characteristic of exci
spin coherence.

The above observations of the spectral and temporal
sponse of the absorption dip in the exciton resonance exh
the characteristics of EIT in aL system under transien
pumping conditions. As was the case for the system invo
ing the bound biexciton state, these observations indicate
the exciton spin coherence is again responsible for the ob
vation of EIT. Furthermore, the properties of the spin coh
ence and the resulting EIT appear similar whether the s
coherence is induced via the bound or unbound two-exci
states.

Figure 10 shows the absorption spectra where we h
increased the pump intensity in an effort to increase the
gree of transparency. The depth of the EIT dip does not c
tinue to increase for higher pump intensities, but the ove
absorption spectrum begins to broaden due to increased
coherence induced by exciton-exciton scattering.

We have also performed experiments under conditi
more closely corresponding to the adiabatic conditions ty
cal of EIT experiments in atomic systems. To increase
duration of the probe pulse~and therefore reduce its spectr
width!, we added a pulse shaper to the probe beam. We
tained the absorption spectrum by scanning the center w

m

FIG. 9. Dependence of EIT dips on the pump spectral positi
with a pump-probe delayt523 ps. Other conditions are the sam
as for Fig. 8.
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EXCITON SPIN COHERENCE AND . . . PHYSICAL REVIEW B69, 115337 ~2004!
length of the probe pulse instead of spectrally resolving
probe pulse after its transmission through the sample.
these measurements, the probe pulse was detected s
with a photodiode, the probe duration was 8 ps, and
pump-probe delay was nominally zero. Figure 11 show
representative absorption spectrum obtained in this man
for a pump energy flux of 800 nJ/cm2. The absorption dip is
clearly visible but is less pronounced than that obtained
Fig. 8. This is in part due to the fact that the spectral reso
tion of the above experiment is limited to 0.3 meV, set by
spectral width of the probe pulse. The relatively short du

FIG. 10. Dependence of EIT dips on the pump energy flux, w
a pump-probe delayt523 ps. The pump energy flux is indicate
in the figure, withI 05400 nJ/cm2. The pump spectrum is shown a
the shaded area. The dotted curves show the absorption spectr
the absence of the pump.

FIG. 11. EIT obtained with a probe of duration of 8 ps and
spectral bandwidth of 0.3 meV. The solid curve shows the abs
tion spectrum obtained as a function of the center frequency of
probe pulse. The pump-probe delay is zero, and the pump ha
energy flux of 800 nJ/cm2. The dotted curve shows the absorptio
spectrum in the absence of the pump.
11533
e
or
ply
e
a
er,

n
-

e
-

tion for the probe is necessary in order to minimize effects
rapid decoherence. In this regard, for systems with short
coherence times, the adiabatic experiments are less desi
as a spectroscopic tool for probing nonradiative coheren
than the transient experiments discussed earlier.

It is important to recognize that in the EIT experimen
discussed in this section, thes1 polarized pump plays two
distinct roles. The first role is to couple to theu0&↔u1&
transition. The second role is to couple theu2&↔u12&u
transition. This second role can be easily overlook
since both of these states are initially unoccupied, bu
made apparent by comparison with spin coherence indu
via bound two-exciton states. In this case, the coupling of
u2& to u12&u states, along with the coupling of theu1& to
u12&u by thes2 polarized probe pulse, sets up an excit
spin coherence via the unbound two-exciton states. The
structive quantum interference between the polarization
duced by the probe and the nonlinear polarization induced
both the pump and exciton spin coherence then leads to
absorption dip observed in the exciton resonance.

Compared with two-exciton coherences associated w
unbound two-exciton states, which have been extensively
vestigated and have been shown to be extremely fra
against exciton-exciton scattering, the spin coherence inc
ing that induced via the unbound two-exciton states is re
tively robust. This is reflected in the narrow spectral width
the EIT dip shown in Fig. 8. In fact, the width of the ob
served EIT dip is limited by the spectral width of the pum
and not by the decay rate of the spin coherence, excep
the dip obtained at the highest pump intensity in Fig. 1
This relative robustness of the exciton spin coherence ma
it possible for the high-order Coulomb correlation underlyi
the exciton spin coherence to have such large effects on
overall optical response. Note that while the exciton s
coherence can be induced via either bound or unbound t
exciton states, the properties of the spin coherence are s
lar in both cases.

IV. EXCITON OPTICAL STARK SPLITTING

The EIT line shapes obtained in the above experime
studies display varying degrees of asymmetry, in contras
what would be expected for an atomic or atomiclike syste
The asymmetry depends sensitively on the pump-probe d
and becomes more pronounced as the probe pulse ar
near or after the peak of the pump pulse. While the prese
of the lh exciton resonance and the band edge can certa
contribute to the asymmetric spectrum, they cannot acco
for the observed dynamical changes in the asymmetry. Th
unusual behaviors, however, can be attributed to effects
exciton energy renormalization, as we discuss in this sect

To better understand the asymmetric EIT line shape
more generally how exciton-exciton interactions affect t
temporal evolution of coherent nonlinear optical respons
we have carried out additional experimental studies on e
ton optical Stark splitting. Both Rabi oscillations51 and opti-
cal Stark splitting52 of excitons have been observed in GaA
QW’s using transient pump-probe techniques. Our exp
ments focus on the transient behavior of the optical St
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MARK C. PHILLIPS AND HAILIN WANG PHYSICAL REVIEW B 69, 115337 ~2004!
splitting. These experiments were performed in the sa
manner as the experiments to observe EIT via unbound t
exciton states, except that the pump and probe had the s
circular polarization.

Figure 12 shows the absorption spectrum at vari
pump-probe delays. The Stark splitting first appears w
the probe arrives well before the peak of the pump~coherent
oscillation53 in the probe absorption spectrum precedes
appearance of Stark splitting!. The splitting initially in-
creases as the delay gets closer tot50. The magnitude of
the splitting is in general agreement with earlier experime
with comparable pump field amplitudes.52 Approachingt
50, however, the splitting becomes more and more as
metric and harder to discern. When the probe arrives 8
after the pump, features related to optical Stark splitting v
ish completely. The absorption spectrum now exhibits a la
exciton blue shift, along with some saturation of the over
exciton absorption. This confirms that incoherent spec
hole burning plays a negligible role in these measureme
~partly due to the fact that the Rabi frequency exceeds
inhomogeneous linewidth!. The overall transient behavior o
the optical Stark splitting is similar to that of the EIT d
discussed in the preceeding section.

Figure 13 shows the dependence of the optical Stark s
ting on the pump intensity where the probe precedes the p
of the pump by a fixed delay oft523 ps. With increasing
pumping intensity, the optical Stark splitting increases. Ho
ever, the Stark splitting also becomes increasingly asymm
ric. At the highest pump intensity used, the absorption sp
trum is primarily characterized by a large blue shift of t
exciton resonance, along with some small features of spe
oscillations.

The dependence of the optical Stark splitting on the pu

FIG. 12. Dependence of exciton optical Stark splitting on
pump-probe delay. The solid~dotted! curves show the absorptio
spectra of as1 probe in the presence~absence! of a s1 pump
pulse. The pump energy flux is 400 nJ/cm2, and the pump-probe
delay is indicated in the figure. The pump spectrum is shown as
shaded area.
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intensity indicates that the strong asymmetry in the St
splitting arises from exciton energy renormalization. Re
nant generation of excitons by the pump can result in a b
shift of the exciton energy due to exchange interactions
tween excitons.54 If we assume that the pump is resona
with the exciton transition in the low excitation limit, with
increasing exciton densities the pump becomes increasi
detuned to the lower energy of the actual renormalized e
ton resonance, leading to a strong asymmetry in the spe
line shape for the optical Stark splitting. The optical Sta
splitting can evolve to an optical Stark shift when the pum
is sufficiently detuned from the actual exciton resonan
Note that the induced large blue shift in the exciton re
nance can also clamp or limit the exciton density that can
generated by the resonant pump pulse.

For the experiment with a fixed pump-probe delay,
creasing the pump intensity results in increasing exciton d
sities. For the experiment with a fixed pump intensity, mo
ing the probe pulse from the leading edge to the center of
pump also results in an increasing density of excitons t
can interact with the polarization induced by the probe pu
The resulting exciton energy renormalization can acco
qualitatively for the delay-dependent asymmetric line sha
in the transient optical Stark splitting as well as in the tra
sient EIT.

While a detailed microscopic description of the effects
the exciton energy renormalization on optical Stark splitti
is beyond the scope of this paper, the much simpler modi
optical Bloch equations can provide qualitative guidance
understanding many coherent nonlinear optical phenom
in semiconductors.34,55 In particular, an exciton blue shift is
included in these equations through effects of renormali

e

FIG. 13. Dependence of exciton optical Stark splitting on t
pump energy flux. The solid~dotted! curves show the absorptio
spectra of as1 probe in the presence~absence! of a s1 pump pulse
at a pump-probe delayt523 ps. The pump energy flux is indi
cated in the figure, withI 05400 nJ/cm2. The pump spectrum is
shown as the shaded area.
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EXCITON SPIN COHERENCE AND . . . PHYSICAL REVIEW B69, 115337 ~2004!
electric fields due to exciton-exciton exchange inter
tions.56,57 The effective electric field is given by

E5Es1Ep5 1
2 @Es~ t !ei (ks•r 2nst)1Ep~ t !ei (kp•r 2npt)1c.c.#

1Lm~reg1c.c.!, ~6!

where thes andp subscripts refer to the pump~saturator! and
probe fields, respectively,L is the Lorentz local-field factor
and reg and m are the off-diagonal density-matrix eleme
and dipole matrix element between the ground and exc
states, respectively. In this model, the renormalized elec
field leads to a renormalized optical transition energy, w
the induced energy shift given by\hn/nsat , where h
52m2L/\, n is the exciton density, andnsat is the charac-
teristic exciton saturation density.

For simplicity and to highlight how the exciton blue sh
affects the transient behavior of optical Stark splitting,
have included only effects of renormalized electric field
and neglected effects such as excitation-induced depha
and additional excitation-induced shifts. We solved the mo
fied optical Bloch equations perturbatively to the first ord
in the probe field, but keeping all orders of the pump fie
We calculated probe absorption spectra for various pu
probe delays and with pump and probe durations of 10g21

and 0.1g21, respectively. The population relaxation rate f
the excited state was 0.01g and the pump Rabi frequenc
was 0.5g. The left column of Fig. 14 shows the absorptio
spectra withh50. The Stark splitting is the most pro
nounced for negative pump-probe delays, as expected
this type of coherent transient processes, and all the abs
tion spectra are symmetric. The right column of Fig.
shows the absorption spectra where we tookh52g. The
Stark splitting becomes highly asymmetric as the probe
proaches the zero pump-probe delay. The Stark splitting
appears but a blue shift of the transition energy rema
when the probe is at the trailing edge of the pump pulse.
above model illustrates qualitatively how the exciton bl
shift can lead to unusual transient behaviors similar to th
observed in the experiments.

V. CONCLUSION

We have demonstrated exciton spin coherence and
arising from the exciton spin coherence in the transient
tical response in GaAs QWs. The exciton spin coherence
direct result of Coulomb correlations between excitons w
opposite spins and can be induced via the one-exciton
two-exciton ~bound or unbound but still correlated! transi-
tion. Theoretical analyses based on a simple three-le
model, along with additional studies on optical Stark sp
ting, provide qualitative guidance for understanding the
usual transient behaviors of EIT processes in semicond

*Present address: Lasers, Optics, and Remote Sensing Depart
Sandia National Laboratories, Albuquerque, New Mexico 871
1423.

1M.O. Scully and M.S. Zubairy,Quantum Optics~Cambridge Uni-
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tors. These analyses also illustrate important conditions
realizing and observing EIT in a transient regime in semic
ductors.

The pronounced absorption dip in thes1 exciton reso-
nance induced by coherent resonant excitation ofs2 exci-
tons revealed in the EIT experiment provides a striking
ample on the profound effects of exciton-exciton correlatio
on coherent nonlinear optical processes, since thes1 and
s2 excitonic transitions involved are completely indepe
dent of each other in the absence of these correlations.
magnitude of the effect of the exciton spin coherence on
overall optical response underscores the dominant role
high-order~including eight-particle or higher! Coulomb cor-
relations. In this regard, EIT in semiconductors also provid
a new avenue for exploring the fascinating interplay betwe
correlations and quantum coherences in an interacting m
particle system.
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