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Coherent effects in spectrally resolved pump-probe differential reflectivity measurements
at exciton resonance in GaAs quantum wells

Bipul Pal* and A. S. Vengurlekar
Tata Institute of Fundamental Research, Mumbai 400005, India
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We perform femtosecond spectrally resolved pump-probe differential reflectivity measurements on excitons
in GaAs quantum wells in both coherent and incoherent regimes. The spectral signal is nonzero and oscillatory
at 2ve delay up to a few ps indicating persistent coherence between excitonic polarization induced by the
probe pulse and the delayed pump pulse. The signal for small1ve and 2ve delay (t) shows modulation
caused by quantum beats due to coexcitation of heavy and light hole excitons. The rise of the signal witht for
t,0 is rather nonexponential and is sensitive to detuning of the detection energy with respect to the exciton
energy. The signal decay witht for small1ve t shows dependence on pump-probe relative polarization. The
excitonic reflectivity shows a large reduction caused by excitonic absorption saturation for both1ve and
2ve t when the pump pulse intensity is increased to large values. To compare the experimental results with
theory, we obtain an expression for the PPDR signal in terms of the third order excitonic polarization. This has
an additional term not considered earlier to describe pump-probe experiments. The calculations are performed
using optical Bloch equations, modified to incorporate exciton inhomogeneous broadening, quantum beats, and
many body effects such as local field, excitation induced energy shift, and dephasing. These effects are found
essential in explaining the observed PPDR spectral data. The delay dependence of the signal near the exciton
energy is mainly controlled by inhomogeneous broadening for2ve t. The signal decay for large1ve t has
an exponential behavior determined by the lifetime of incoherent excitons. Experiments for collinear polariza-
tion reveal an additional exponential component for small1ve delay. Theoretically, this is found to be related
to exciton dephasing and is present only when many body effects are included.

DOI: 10.1103/PhysRevB.68.125308 PACS number~s!: 71.35.2y, 42.50.Md, 78.47.1p, 78.67.De
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I. INTRODUCTION

Pump-probe differential reflectivity~PPDR! measure-
ments have been extensively performed in the past on
carriers excited in semiconductors using ultrashort la
pulses to study hot carrier thermalization and relaxation,1 and
to estimate carrier recombination lifetime2 for materials suit-
able for efficient THz radiation generation and for ultrafa
photoconductive applications. In comparison, fewer and
detailed studies of modulated reflectivity are available in
case of resonant excitation at the exciton energy, relevan
some applications such as quantum well~QW! saturable ab-
sorber mirrors.3 The resonant excitation of excitons leads
excitonic coherent polarization, which can survive up to s
eral ps, unlike the polarization induced by excitation in t
continuum which dephases on the fs time scale due to r
free carrier scattering. The dephasing of excitonic polari
tion manifests as observable effects on the prim
emission4–8 in the specular reflection and transmission dire
tions in the ps time domain. In the literature, coherence
fects in excitonic reflectivity have not been studied as ext
sively as those in excitonic degenerate four wave mix
signals.9 Many of the notable previous PPD
measurements10–13 are concerned mainly with the behavi
of the reflected probe pulse in the real time domain.
though a few experimental and theoretical investigations
excitonic coherence in the frequency and delay depende
of the pump-probe differentialtransmission signal are
available,14–19 very few studies of the spectrally resolve
pump-probe differentialreflectionhave been reported. Man
0163-1829/2003/68~12!/125308~12!/$20.00 68 1253
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aspects related to the influence on the PPDR signal of in
mogeneous broadening, many body effects such as l
field, excitation induced dephasing and excitonic ene
shift, and quantum interference caused by coexcitation
heavy and light hole excitons remain to be fully clarified.

In this paper, we present the results of an experime
and theoretical study of the spectrally resolved PPDR sig
as a function of pump-probe delay. The experiments are
formed at 8 K on 1s heavy and light hole excitons~hh-xand
lh-x, respectively! in 17.5 nm GaAs multiple QWs~MQW!
using 180 fs laser pulses. The polarization of the pump
probe pulses is either collinear (i) or crosslinear ('). We
find several interesting features of the delay and pump in
sity dependent reflectivity spectra, to our knowledge, not
ported before. To compare these results with theory, we
an expression for the PPDR signal in terms of third ord
excitonic polarization. In addition to a term similar to th
usually used to analyze pump-probe differential transmiss
~PPDT! signals, the expression involves a second term wh
is found to be important for PPDR. We perform calculatio
of the PPDR signal in the frequency and delay domains
the framework of optical Bloch equations,9 taking into ac-
count exciton inhomogeneous broadening, quantum b
due to hh-x and lh-x coexcitation, as well as many bod
effects such as local field~LF!, excitation induced shift~EIS!
in exciton energy, and excitation induced dephasing~EID!.
The theory can explain the coherent oscillations in PP
spectra observed for2ve delay up to several ps. The calcu
lations show that the many body effects are essential to
produce the experimentally observed PPDR spectral
©2003 The American Physical Society08-1
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shape att.0. Inhomogeneous broadening is necessary
obtain the measured spectral width. The many body effe
contribute in determining the delay dependence of the sig
at small1ve delay. However, the signal rise at2ve delays
is mainly controlled by the inhomogeneous broadening. I
also sensitive to detuning of the detection energy with
spect to the exciton energy. The signal decay at large1ve t
is determined by the lifetime of incoherent excitons. T
calculation reproduces many of the major features of qu
tum beats observed in the PPDR signal when coexcitatio
hh-x and lh-x is included.

II. EXPERIMENTAL PROCEDURE

The molecular beam epitaxy grown MQW sample us
here consists of 20 periods of 17.5 nm GaAs QWs separ
by 15-nm thick Al0.33Ga0.67As barriers. The sample i
mounted in a closed cycle He refrigerator and all measu
ments are performed at 8 K. Continuous wave~CW! photo-
luminescence~PL! and PL excitation~PLE! spectra are mea
sured using low intensity excitation by a He-Ne laser an
CW tunable Ti-sapphire laser, respectively. The PPDR m
surements are performed using 180 fs pulses from a
sapphire laser at a repetition rate of 82 MHz. The laser pu
spectrum shown in Fig. 1 has a full width at half maximu
of about 11 meV. The pulse excitation is centered at thes
hh-xenergy. Coexcitation oflh-x ~and a small number of free
carriers! also occurs, as expected from Fig. 1. For PPD
measurements, the laser pulses are split into pump and p
parts which are cofocused~spot size ;50 mm) on the
sample after introducing a relative delay between them.
probe and pump beams make an angle of about 4 and
with the normal to the sample surface, respectively. Fo'
polarization case, the polarization of the probe beam is
tated by using a half wave plate. The relative angle betw
the probe and pump polarization was found to be 87°
given by an analyzer set for extinction~and also for maxi-
mum transmission! of the two beams. The pump beam
mechanically chopped and the probe reflection signal is
tected in a lock-in amplifier. The signal is spectrally resolv
using a 0.35 m monochromator before detection with a p
tomultiplier tube. The spectral resolution is about 0.3 m
The average intensity (I 1) of the pump beam is typically

FIG. 1. CW PL and PLE spectra measured at 8 K for 17.5
QWs. Also shown for comparison is the energy spectrum of
probe~and pump! pulses used in the PPDR measurements.
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kept one order larger than that for the probe beam (I 2),
except when the dependence of the PPDR spectra onI 1 is
investigated. In addition to the PPDR signal, we meas
absolute reflectivity spectra for the probe pulse at incre
ingly high pump intensity. For this, the probe beam
chopped instead of the pump beam.

III. EXPERIMENTAL RESULTS

Figure 1 shows the CW PL and the PLE spectra for
MQW sample measured at 8 K. The 1s hh-x identified at
1.5305 eV in the CW PL spectrum has a linewidth of abo
0.8 meV. The small exciton linewidth and the very sm
Stokes shift between CW PL and PLE spectra seen in Fi
indicate the high quality of the sample. Thelh-x is identified
at 1.5362 eV in the PLE spectrum. Energy of the first su
band edge (Eg'1.538 eV) is indicated in Fig. 1 with an
arrow.

We have performed extensive measurements of the PP
spectra as a function delay for bothi and' polarizations.
Figure 2~a! shows, as an example, PPDR spectra obtained
t51 and 3.6 ps fori polarization. Here,I 153.3 mW and
I 250.33 mW. The line shape mainly shows a2ve peak just
below the exciton energy (Ex) and a small1ve peak
slightly aboveEx . (Ex refers tohh-x or lh-x energy, as ap-
propriate.! This spectral line shape is different from that e
pected from simple Lorentz oscillator model for excitons. W

e

FIG. 2. Examples of PPDR spectra are shown fori polarization
at t51 and 3.6 ps~a! and for t522.4 and23.7 ps, showing
spectral oscillation at2ve delay ~b!. The oscillation frequencyn
~defined as the inverse of fringe spacing in units of ps! ~solid circle!
as a function of delay is plotted along with a linear fit~solid line! in
the inset.
8-2
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COHERENT EFFECTS IN SPECTRALLY RESOLVED . . . PHYSICAL REVIEW B68, 125308 ~2003!
find that the line shape is essentially the same for allt.0.
The spectra for' polarization~not shown here! have a very
similar line shape, though small differences in the spectra
the two polarizations are seen on the lower energy side of
2ve peaks. This is discussed later in Sec. IV.

In contrast to the case of1ve delay, the spectra ar
strongly delay dependent for2ve delay. Figure 2~b! shows
two examples of the spectra measured at2ve delays (t5
22.4 and23.7 ps) in the case ofi polarization. The follow-
ing interesting features are noteworthy in Fig. 2~b!. The
spectral signal persists for several ps on the2ve delay side
~at least up to25 ps). The delay dependence of the ene
positions of the dominant2ve peaks athh-x and lh-x is
negligible. The spectra show a remarkable oscillatory beh
ior. ~The spectra for the' case show a similar behavio
These are not shown here.! The oscillations occur not only in
the energy region in which the exciton related PLE signa
seen in Fig. 1, but extend beyond that, i.e., on lower ene
side ofhh-x, at energies betweenhh-xand lh-x and at higher
energies into the continuum states, covering a large par
the pulse spectral range. The frequency of oscillations
energy@defined as the inverse of fringe spacing in Fig. 2~b!
in units of ps# increases with increasing2ve t. As the delay
moves closer to zero, the oscillations begin to diminish a
no oscillations are seen fort>0. The inset in Fig. 2 shows
linear dependence of the oscillation frequency ont for
2ve delays, with a slopem'1.

The delay dependence of the absolute value of the PP
signal at the2ve peaks, marked as A and B in Fig. 2~a!, is
shown in Fig. 3 on semilogarithmic scale for bothi and'

polarization withI 153.3 mW andI 250.33 mW.~The larger
signal measured for' polarization is probably a conse
quence of larger efficiency of the monochromator grating
' polarization. We find that when the pump polarization
rotated instead of the probe to get the' polarization, the
signal strength is very similar fori and' polarizations.! The
delay dependence of the PPDR signal is similar forhh-xand
lh-x. It may be noted that the signal is nonzero even when
pump pulse arrives several ps after the probe pulse (2ve
delay!. This indicates that the polarization excited by t
probe pulse survives for several ps to interfere with the
layed pump pulse. The rise of the magnitude of the PP
signal at the2ve peaks ast (,0) approaches zero is no
quite exponential. Though the delay dependence of the si
for t,0 is very similar fori and' polarizations, differences
appear at small1ve delay for the two polarization condi
tions. For thei polarization case, an additional, fast decayi
component is seen at small1ve delay. This is absent for the
' polarization case.

For a sufficiently large1ve delay, beyond the coheren
regime, the excitation evolves into incoherent excitons. T
signal at larget decays very slowly witht for both polar-
izations, with a similar time constant of the order of a n
determined by the lifetime of the incoherent excitons. Due
inadequate delay range~measurements were made up
about 150 ps!, this may not be determined accurately in F
3. A small narrow peak is visible fori polarization in Fig. 3
at zero delay. This is presumably the manifestation of the
12530
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called coherent artifact fori polarization and is pulse width
limited. This sharp peak is suppressed for' polarization.

We may note that the PPDR signal in Fig. 3 at2ve t
shows beats superposed on the approximately expone
rise for both the polarization conditions. Beats are also s
for small 1ve delays. The observed average beat period
720 fs corresponds to an energy difference of 5.74 meV. T
is in exact agreement with the energy separation of thehh-x
andlh-x in our sample~Fig. 1!. Two interesting features ma
be noted. First, the beats for2ve delay seem to persist~un-
damped! as long as the signal is measurable. However,
1ve delay, the beats are quickly damped. Secondly,
beats are relatively more prominent when the signal is m
sured atlh-x energy. Later, in Sec. IV, we show that bo
these features can be explained theoretically. In addition,
observe some phase difference in the beat oscillations
tween certain conditions of signal detection~at hh-x or lh-x
and for excitation withi or' polarizations!. For example, a
phase difference of nearlyp is seen for signal detection a
hh-xandlh-x for the' polarization, as expected.18 However,
a somewhat smaller phase difference than expected is se
other situations. Here, we do not investigate this aspec
detail.

In the insets of Fig. 3 is plotted~on a linear scale! the
delay dependence of the signal at the1ve peaks in the
PPDR spectra forhh-x and lh-x, marked as C and D in Fig
2~a!, respectively. Fort,0 a marked difference can be see
between the delay dependence measured at1ve and 2ve
peaks. Although not apparent in Fig. 3~insets! on the linear

FIG. 3. Delay dependence of the absolute value of the PP
signal at the2ve peaks@marked as A and B in Fig. 2~a!# associated
with hh-x ~a! andlh-x ~b! for i and' polarization~semilogarithmic
scale!. Corresponding data measured at energies marked as C a
(1ve peaks! in Fig. 2~a! are shown in the insets on a linear sca
8-3
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BIPUL PAL AND A. S. VENGURLEKAR PHYSICAL REVIEW B68, 125308 ~2003!
scale used, we find that the decay is nonexponential fot
,0. The delay dependence in this case shows the si
changing sign with delay. It becomes2ve from 1ve at
aboutt523.5 ps, and then again become1ve at aboutt
526 ps. This feature appears especially when the detun
of signal detection fromEx increases. This can be explaine
by the theoretical model presented in Sec. IV, as shown la
Quantum beats due tohh-x and lh-x coexcitation are clearly
seen at2ve delay, and even for1ve delay ~up to about 2
ps! for the 1ve peak signal. Once again, the beats are m
clearly seen for measurements onlh-x.

It is interesting to investigate how the probe pulse refl
tivity behaves as the pump pulse intensity (I 1) is increased to
very large values. In Fig. 4~a!, the incident and reflected
probe pulse spectra are displayed for two cases: no pump
high pump intensity (t52 ps). Theabsolutespectral reflec-
tivity ( R5I R /I I , I I andI R are, respectively, the incident an
reflected spectral intensities! deduced from Fig. 4~a! is seen
in Fig. 4~b! ~inset!, showing complete bleaching of thehh-x
at high pump intensity. Saturation of the reflectivity of th
probe pulse measured at the spectral peak for increasi
dense preexcitation by a pump pulse (t52 ps) can be seen
in Fig. 4~b!. At saturation, the modulation of reflectivity a
the hh-x energy by the pump pulse is about 50%~and 100%
if the background is subtracted!. The saturation may be
caused by reduced photon to exciton conversion rate at
pump intensities due to nonlinear effects like phase sp
filling, stimulated population decay, etc. At only moderate
large I 1, the modification of the excitonic reflectivity re
sponse for the probe pulse may be adequately treated u

FIG. 4. ~a! The incident and reflected probe spectra for zero a
high ~33.3 mW! pump intensity fort52 ps and' polarization. The
absolute reflectivity spectra obtained from~a! is shown in the inset.
~b! The absolute reflectivity at thehh-x peak is plotted as function
of pump intensity (I 1).
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second order in pump pulse electric field. At largerI 1, higher
order nonlinear terms in the pump electric field may begin
contribute. We also obtain a series of PPDR spectra for b
1ve and2ve delay, and for bothi and' polarizations by
varying I 1 from 1 to 67 mW, keeping the probe intensity (I 2)
fixed at 0.33 mW. These spectra~not shown here! for differ-
ent pump intensities have basically similar line shapes. T
absolute value of the spectral signal at the main2ve peaks
for hh-x and lh-x obtained as a function ofI 1 shows satura-
tion beyondI 1' 15 mW for both 1ve and 2ve delays.
Previously, excitonic absorption saturation was studied
absorption/transmission measurements under quasicon
ous wave excitation of incoherent excitons in GaAs QWs
Masumotoet al.20

IV. DISCUSSION

In this section, we first obtain appropriate theoretical e
pressions for the PPDR signal. These are then evalu
within the framework of optical Bloch equations and com
pared with the experimental results of Sec. III.

A. Theoretical consideration

To obtain the PPDR signal, Maxwell’s equations have
be solved for the propagation of the probe pulse electric fi
(E2) in the sample structure including the effects of the e
citonic polarizationP induced in the MQWs by the prob
and pump pulses.P may be obtained by solving the sem
conductor Bloch equations~SBE! for the excitonic system
driven by the pump and probe electric fields. We calcul
the PPDR signal for near normal incidence for a model str
ture shown in Fig. 5. This consists of a MQW layer betwe
a semi-infinite substrate and a cap layer of thicknessd. The
effects of multiple reflection within the cap layer and th
MQW ~ignoring the small difference in refractive index o
the barrier and well regions! are neglected. Replacing th
MQW region by a single effective layer of excitonic res
nance for simplicity, we define the reflection coefficient
this layer to ber QW and that of the cap layerr 0 (r QW, r 0

d

FIG. 5. The model MQW structure considered for reflectiv
calculations is shown. Also, propagation directions of the incide
transmitted and reflected probe pulse electric fields are indic
schematically.
8-4
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COHERENT EFFECTS IN SPECTRALLY RESOLVED . . . PHYSICAL REVIEW B68, 125308 ~2003!
,1). Retaining only linear terms in the reflection coefficien
as an approximation, the reflectivity of the sample struct
for an optical pulse is given as

R'ur 01r QWeifu2, ~1!

wheref52dnV/c, n is the refractive index of the cap laye
c is the speed of light in vacuum, andV is the circular
frequency of the incident light. For the conditions shown
Fig. 5, Eq.~1! can be rewritten as

R}ur 0E21EQWeifu2, ~2!

whereE2 andEQW are amplitudes of the probe electric field
incident on and reflected from the MQW layer, respective
In absence of pump pulsesEQW} iP 2

(1) , P 2
(1) being the linear

polarization induced by the incident probe pulse. In this ca
Eq. ~2! takes the form

R}uE21 iCP 2
(1)eifu2. ~3!

The constantC is determined by the relative contribution
to R of the background reflectivity and the QW excitons.
may be obtained from the absolute reflectivity measurem
~Fig. 4!. The PPDR signalDR is defined asRon2Roff where
Ron (Roff) is obtained from Eq.~2! when the QWs are excite
~not excited! by the pump pulse. In calculatingRon we as-
sume that the pump pulse causes modulationDEQW in EQW
but r 0 remains unaffected.

For a thin sample, and small depletion of incident pu
intensities, under slowly varying envelope approximation
time, the modulationDEQW may be shown21,22 to be propor-
tional to iP NL, whereP NL is the amplitude of the nonlinea
polarization PNL induced by the pump and probe pulse
causing modulation of the probe pulse reflectivity. The lo
est order term inP NL is the third order polarizationP (3)(t)
which has products of the three amplitudesE2 , E1, andE1* in
the present case@E1 is the amplitude of the pump electri
field (E1)]. Note that theP (3)(t) appearing for the PPDR
signal calculation is different from that relevant for degen
ate four wave mixing~DFWM! signal, which has products o
the typeE2E2E1* for the measurements along 2k22k1 direc-
tion @k1 (k2) is the wave vector associated withE1 (E2)].

Taking the probe pulse to be delayed byt from the pump
pulse and keeping only the lowest order term inP NL, we get
the time resolved PPDR signal as

DR~ t,t!}2Im@E2* ~ t !P (3)~ t,t!eif#

1C Re@P 2*
(1)~ t !P (3)~ t,t!#. ~4!

Here t is the real time. Similarly, the spectrally resolve
PPDR signal is given by

DR~v,t!}2Im@E2* ~v!P (3)~v,t!eif#

1C Re@P 2*
(1)~v!P (3)~v,t!#, ~5!

whereE2(v), P 2
(1)(v), andP (3)(v) are the Fourier trans

forms of E2(t), P 2
(1)(t), andP (3)(t), respectively.

We emphasize that Eqs.~4! and ~5! for the PPDR signal
differ from the expression often used in the literature17,23 for
12530
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the pump-probe differential transmission~PPDT! signal
$2Im@E2* (v)P (3)(v,t)#%. For PPDT measurements, th
second term is generally much smaller than the first term
is usually not considered. But in the case of PPDR, both
terms have to be retained in general as the reflection from
surface may be comparable with that at the exciton re
nance, as seen Fig. 4.@In fact, if the background reflection
from the surface is made very small, as, for example,
applying antireflection coating or by performing measu
ments at the Brewster’s angle, then the second term in E
~4! and~5! will become dominant.# Therefore, in the presen
analysis, both the terms in Eqs.~4! and ~5! have been in-
cluded.

Both time and spectrally resolved PPDR signals can
obtained by calculatingP 2

(1)(t) andP (3)(t,t) first and then
using Eqs.~4! and ~5!. To obtainP 2

(1)(t) andP (3)(t,t), we
solve the optical Bloch equations for excitons, instead
using the SBE, as a simplification. In these calculations,
include exciton inhomogeneous broadening as well as e
tonic many body effects, such as the local field~LF!, excita-
tion induced shift~EIS! in exciton energy, and excitation
induced dephasing~EID!. Solutions to these equations for
realistic temporal profile of the subps pump and probe pu
can be obtained only by numerical computation. Howev
simplified expressions forP 2

(1) andP (3) can be obtained by
using the approximation ofd-like electric field pulses. Ex-
plicit expressions forP 2

(1) andP (3) thus obtained are given
in the Appendix. The essential physics can be adequately
conveniently illustrated using them. We find that the simp
theory considered here is able to explain most of our PP
measurements fairly well, without including the higher ord
Coulomb correlations related to biexciton transitions.

B. Simulation results and comparison with experiments

It is DR(v,t) that is measured in our experiments r
ported in Sec. III. Therefore, in what follows, we present t
results of calculations24 of DR(v,t), defined in Eq.~5!.

Note that the parametersV anda defined in the Appendix
to represent, respectively, the effects of LF and EIS enter
modified Bloch equations@Eq. ~A1!# in such a way that the
effect ofa cannot be separated from that ofV. Therefore, we
indicate these as a combination~LF1EIS! in what follows
and use a combined parameter@5(V1a)# to represent
them. Effect of EID is determined independently by the p
rameterb. In the calculationg5T2

21 andG5T1
21, whereT2

and T1 are the excitonic polarization dephasing time a
exciton lifetime, respectively, andG I represents exciton in
homogeneous broadening~Gaussian full width at half maxi-
mum!. The parameterg may be independently deduced fro
DFWM measurements. Alternatively, as shown presentlyg
can be obtained from the delay dependence of the PP
signal fori pump-probe polarization at small1ve delay.G I
is then estimated by fitting the PL spectrum at small inten
ties and low temperatures. The phase factorf plays an im-
portant role in determining the spectral line shape, wh
oscillates between absorptive and dispersive shape af
changes from 0 to 2p with increase in the cap layer thick
ness (d). f can be obtained ifd is known. It can also be
8-5
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BIPUL PAL AND A. S. VENGURLEKAR PHYSICAL REVIEW B68, 125308 ~2003!
deduced from theabsolutereflectivity spectrum for the probe
pulse in absence of pump excitation~Fig. 4! by using Eqs.
~3! and ~A11! for an inhomogeneously broadened excito
This procedure also gives an estimate ofC. With these con-
siderations, the PPDR signals in the spectral and delay
main are simulated usingg50.2 meV~corresponding toT2
53.3 ps), G I50.6 meV, C50.18, andf51.1p ~modulo
2p). (d corresponding tof51.1p is about 65 nm taking
n53.45 for AlGaAs.! Fixing T1 experimentally requires
measurement of the PPDR signal over a much larger rang
1ve delay (.1 ns) than used here. However, as the cal
lations are rather insensitive to the choice ofT1, we setG
50.001 meV~corresponding toT15660 ps).Ex for hh-x is
1.5305 eV~Fig. 1! (Ex corresponds to\Vx in the Appendix!.

Figure 6 shows a calculation of the PPDR spectra
tained at zero delay with inhomogeneous broadening
many body effects included. Values of the parametersV
1a)(52.0 meV) andb (52.2 meV) are so chosen as to
the experimental PPDR spectra.@Earlier, Wanget al.25 used
b515g ~compared tob511g used here! to illustrate EID
effects in DFWM signal in GaAs.# Both V anda are taken to
be 1ve, indicating enhanced Lorentz local field26 and the
blueshift27 of exciton resonance usually observed with
creasing exciton density, respectively. The simulations
compared in Fig. 6 with experimental PPDR spectra m
sured att50 ps as an example for bothi and' polariza-
tions ~normalized at the2ve peak!. The theory is seen to
explain the experimental results very well. Also shown
Fig. 6 is a calculation without including the many body e
fects. It is clear that a good matching of theory with expe
mental lineshape is not possible if the many body effe

FIG. 6. Calculated PPDR spectra including inhomogene
broadening, with and without many body~MB! effects@~LF1EIS!
and EID# are compared with the measured PPDR spectra at
50 ps for bothi and' polarization~normalized at the2ve peak!.
Parameters used for the fit are (V1a)52.0 meV, b52.2 meV,
Ex51.5305 eV,g50.2 meV,G I50.6 meV,G50.001 meV. Con-
tribution due to~LF1EIS! and EID each are separately shown
the inset.
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~LF1EIS! and EID are not both included. The two man
body effects~LF1EIS! and EID contributing to the PPDR
spectral fit in Fig. 6 are each shown separately in the in
Among the points to be noted in Fig. 6, we may mention t
the spectral data shows small features on the lower en
side of the exciton, not explained by the theory. This dep
ture is caused by effects not included in the model. Also
comparison of the~normalized! experimental spectra for th
i and' polarization cases shown in Fig. 6 suggests t
these small effects are polarization sensitive. We find tha
similar small difference occurs between PPDR spectra m
sured at2ve delay for i and' polarizations~not shown
here!. Recently, Meieret al.28 showed that the difference in
differential absorption spectra measured by them below
exciton resonance in InGaAs MQWs for cocircular a
crosscircular pump-probe polarization is caused by dynam
of two-exciton coherent states and related fifth order non
ear effects. Whether such effects, not included in the mo
used here, cause the above features in Fig. 6, or they o
nate due to other reasons~e.g., growth imperfection, impu
rity, etc.! is not clear.

Figure 7 shows calculations of the PPDR spectra at v
ous2ve delays. The oscillatory features are seen to simu
those seen in the experimental results of Fig. 2~b! very well.
The frequency of spectral oscillations in the PPDR sig
increases linearly with2ve delay, as observed experimen
tally @Fig. 2 ~inset!#. The calculations are performed by in
cluding the effects of~LF1EIS!, EID and inhomogeneous
broadening. However, we find that similar oscillatory fe
tures are obtained even when the effects of inhomogen
~LF1EIS! and EID are not included. The main effect of in
homogeneity in the PPDR case is to cause a reduction o
signal at the main2ve peak~nearEx) with respect to other
peaks whereas~LF1EIS! and EID have a compensating e
fect. The extent of the oscillation on the energy scale
mainly controlled byg (G I) for homogeneous~inhomoge-
neous! case. The origin of the oscillatory features in th
PPDR spectra for2ve delay is not related to the many bod
effects. The oscillations occur because of coherent inte
tion between the remnant polarization induced by the pr

s

FIG. 7. Simulated PPDR spectra at2ve delays (t522, 23,
and24 ps). These may be compared with the experimental dat
Fig. 2~b!. The parameters used for the calculation are the same a
Fig. 6.
8-6
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pulse with the delayed pump pulse. This does not explic
require any many body effects~although they do contribute
to PPDR signal att,0). This highlights an important dif-
ference between the2ve delay signal for PPDR and that fo
DFWM. The excitonic DFWM signal observed fort,0 can
be explained only by invoking Coulomb interaction induc
many body effects such as LF,29,30 EID,25 and biexcitonic
effects.31,32 In contrast, we find here that in case of PPD
one expects a signal att,0 even in the absence of man
body interactions@see Eq.~A4!#.

Spectral oscillations near the exciton resonance, wit
linear dependence of oscillation frequency ont having a
slope ~m! of unity were seen earlier by Sokoloffet al.15 in
pump-probetransmissionmeasurements on 10 nm GaA
AlGaAs QWs ~and also in bulk GaAs, CdSe, and CdS! at
2ve t. Excitation and detection conditions in those expe
ments, however, were different from that used in our exp
ments. In our measurements, both pump and probe are
nant with excitons. In contrast, a broadband probe puls
used in Ref. 15 to measure the differentialtransmissionsig-
nal in the vicinity of excitons for pump excitation~i! far
above the band edge~in the continuum! or ~ii ! well below the
band edge~in the region of transparency!. A theory16,17based
on optical Bloch equations was able to reproduce the spe
oscillations. Recently, Neukirchet al.19 found that while the
t dependence of the frequency of the spectral oscillation
the pump-probe differentialtransmissionspectra att,0 for
excitons in ZnSe QWs corresponds tom51 for energies
slightly above the exciton transition, deviation from this o
curs at energies below the exciton~near the exciton-biexciton
transition!. This was shown to be a result of four-partic
~biexciton! induced correlations. In the present case,m'1
obtained in Fig. 2~inset! was deduced from the spectral r
gion between thehh-x and lh-x energies.

Figure 8 shows the delay dependence of the PPDR si
calculated for both homogeneously and inhomogeneo
broadened cases at the energy corresponding to the2ve
peak of the PPDR spectrum att50. ~The 2ve peak occurs
at slightly different energies in the two cases.! For compari-

FIG. 8. Simulated delay dependence of PPDR signal at t
2ve peak of Fig. 6 is shown for homogeneous broadening w
many body~MB! effects included, and inhomogeneous broaden
with and without the MB effects.~Other parameters used for th
calculation are the same as in Fig. 6.! Also, reproduced from Fig.
3~a! is the experimental delay dependence of the PPDR signal a
hh-x 2ve peak energy fori polarization.
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son with the calculation, experimental data corresponding
the measurement of delay dependence at thehh-x2ve peak
@marked as A in Fig. 2~a!# for i polarization, is reproduced in
Fig. 8 from Fig. 3.

Consider first t.0. The theory predicts a two
exponential decay for1ve delays. The fast decay neart
50 is given as exp(22gt). Figure 8 which displays the de
cay of the calculated signal with and without including t
~LF1EIS! and EID clearly shows that the fast decay comp
nent is a consequence of the many body effects. Experim
tally, such a two-exponential decay behavior, with a sm
fast decaying component neart50 is indeed seen in the
measurements of Fig. 8 in the case ofi polarization.~Actu-
ally, this data is fitted to theory and the value ofg thus
deduced is used in the simulations.! A double-exponential
decay is, however, not evident in the measurements for th'

polarization case~Fig. 3!. The origin of this difference is no
known at present as we have not included the effects
pump-probe relative polarization on the PPDR signal in
theory. As expected, the decay for large1ve delay is gov-
erned by the exciton lifetime irrespective of the many bo
effects.

As for the delay dependence fort,0 at the2ve peak
energy, a comparison of calculations in Fig. 8 shows that
rise of the signal witht (,0) ast approaches zero become
faster in presence of inhomogeneity. In fact, the delay dep
dence fort,0 is mainly governed byG I , the inhomoge-
neous linewidth, and not byg and the many body effects
unlike the decay at small1ve delay.~On the other hand,G I
does not affect the delay dependence of the PPDR signa
t.0.! The delay dependence of the calculated signal
2ve delay is somewhat nonexponential. Figure 8 where
experimental data of Fig. 3~a! ~for i polarization! is also
seen, shows that the experimental curve is closely rep
duced by the theoretical calculations for inhomogene
broadening, with or without including~LF1EIS! and EID.

The above considerations are valid when the signa
measured at the2ve peak energy~Fig. 6!, which has only a
small 2ve detuning fromEx . Actually, we find that the
exact delay dependence of the calculated PPDR signa
2ve delay is sensitive to the detuning of the detection e
ergy Ed from Ex . This is seen in the examples of Fig.
where the signal is detected with different detuningD
(5Ed2Ex) within the 1ve and2ve peaks of Fig. 6. With
increasing detuning, the delay dependence shows a
change for2ve delay, the change occurring gradually clos
to t50. The signal begins to show oscillatory behavior w
delay as the detuning becomes large. This feature predi
by the theory is actually seen experimentally. This is evid
in the data shown in the inset of Fig. 9 where the PPD
signal is measured at thehh-x 1ve peak energy@marked as
C in Fig. 2~a!# with D50.6 meV, at thehh-x 2ve peak
@marked as A in Fig. 2~a!# with D520.1 meV, and at a
large2ve detuning ofD520.8 meV.

The data in Fig. 3 shows oscillatory modulation~beats!
superposed on the signal rise and decay with delay. To si
late this, the PPDR signal is calculated in the Appendix wh
hh-xandlh-x are coexcited. For simplicity, we do not includ

h
g
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BIPUL PAL AND A. S. VENGURLEKAR PHYSICAL REVIEW B68, 125308 ~2003!
the effects of inhomogeneity and the many body interactio
The calculation is performed following the model propos
by Schmitt-Rinket al.23 However, in Ref. 23,P (3) in the
pump-probe case is obtained only fort.0. We find that
P (3) has nonzero terms fort,0, even in absence of man
body effects, unlike the case of DFWM signal where inc
sion of many body effects such as LF, EIS, EID, and biex
tons is essential to explain the2ve t signal.25,29,31The re-
sults of the simulation are shown in Fig. 10 where we p
the delay dependence of the PPDR signal at thehh-xandlh-x

FIG. 9. Simulated delay dependence of PPDR signal fort,0 at
various1ve ~a! and 2ve ~b! detuningD5Ed2Ex ~linear scale!.
@1ve (2ve) D here corresponds to detection around the1ve
(2ve) peak of PPDR spectrum~Fig. 6!. Other parameters used fo
the calculation are the same as in Fig. 6.# The inset shows the
corresponding experimental data~linear scale!.

FIG. 10. Simulation of the delay dependence of the PPDR sig
at thehh-x and lh-x energies showing quantum beats due to co
citation of hh-x and lh-x. The parameters used for the calculatio
are Eh51.5305 eV, El51.5362 eV, gh5g l50.2 meV, G
50.001 meV, andG850.4 meV.
12530
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energies (Eh andEl , respectively!. Quantum beats, with bea
period corresponding toEl2Eh , are readily seen in both th
cases for1ve and2ve delays. The two main observation
noted from the experimental results in Fig. 3, namely,
prominence of beats atlh-x energy and the quick damping o
the beats for1ve delays, are well reproduced in the calc
lation ~Fig. 10!. The more prominent beat atEl is a conse-
quence of the lower transition probability for thelh-x com-
pared to that forhh-x. ~A ratio of 1:3 is used in the
calculation.23! Because of smaller transition probability fo
lh-x, PPDR signal is small and the effects of modulation
relatively more in this case. Also, we find that fort,0, the
envelope of the beat term is governed by the difference
hh-x and lh-x dephasing time. On the other hand, fort.0,
the envelope is basically governed by the dephasing rat
the coherence in heavy and light hole intervalence band t
sition. This being much faster compared to the exciton rad
tive recombination rate, a fast damping of the beats co
pared to the PPDR signal decay is seen on the1ve delay
side. The theoretical calculations do not show any phase
ference in the beat oscillations for detection athh-xandlh-x.
However, as noted in Sec. III, a phase difference is s
experimentally between certain conditions of signal det
tion and pump-probe relative polarization. Previously, t
aspect was studied in detail by Bartelset al.18 who found that
the phase difference was introduced by higher order C
lomb correlations including biexcitonic transitions, which a
not included in our calculations.

V. SUMMARY

In summary, we have performed experimental and th
retical investigations of excitonic coherent effects in pum
probe differential reflectivity~PPDR! in GaAs QWs. The sig-
nal is nonzero even at2ve delays. This arises because
nonlinear coherent interaction of the polarization left in t
QWs by the probe pulse with the pump electric field. T
signal rises rather nonexponentially as the delay approa
zero, with quantum beats due to coexcitation oflh-x andhh-x
superposed on the rise. The delay dependence fort,0 is
rather sensitive to detuning of the detection energy with
spect to the exciton energy. Spectral oscillations are seen
2ve delay with the oscillation frequency increasing with th
2ve delay. When the pump intensity becomes large,
spectra show excitonic saturation effects at both1ve and
2ve delays. To compare the experimental results w
theory, we obtain an expression for the PPDR signal in te
of the third order excitonic polarization. This has an ad
tional term not considered earlier to describe pump-pro
experiments. Using this expression, we calculate the PP
signal in the spectral and delay domain within the framew
of optical Bloch equations, incorporating quantum beats,
homogeneous broadening, and many body effects suc
local field, excitation induced energy shift and dephasi
Comparison with experiments shows that the many body
fects are essential to explain the observed PPDR line sha
and also the signal decay witht for small 1ve t but inho-
mogeneous broadening and detuning play a dominant ro
determining the signal delay dependence fort,0.
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APPENDIX

Here, we first present the calculation ofP 2
(1) andP (3) for

a single exciton state. The effects of coexcitation ofhh-xand
lh-x are considered latter. In the lowest order approximati
the resonantly excited excitons may be treated as a noni
acting two-level system. The dynamics of such a system
be described by optical Bloch equations. The many bo
effects such as local field~LF!, excitation induced shift
~EIS!, and excitation induced dephasing~EID! can then be
introduced phenomenologically as a modification of the
tical Bloch equation. We incorporate these effects for sim
lating the PPDR signals following the methods usually e
ployed in the literature25,29,33 for calculation of DFWM
signals. The modified optical Bloch equations are

@] t1g81 iv08#P5 i @N22n#umu2E8~ t !, ~A1a!

@] t1G#n52 i @PE8* ~ t !2E8~ t !P* #, ~A1b!

whereE8(t)5E(t)1LP is the total local electric filed,E is
the actual incident electric filed,v085v01a8n represents
effects of excitation induced shift of transition energy,g8
5g1b8n represents effects of excitation induced dephas
L is the Lorentz local field factor,n is the excited state den
sity, P is the polarization,N is the density of the two leve
system,m is the transition dipole moment,g5T2

21 and G
5T1

21, whereT2 andT1, respectively, are the transverse a
longitudinal relaxation times. Within rotating wave approx
mation, the incident electric field for the pump and probe c
be written as

E~ t !5E1~ t !ei (k1•r2Vt)1E2~ t !ei (k2•r2Vt). ~A2!

We solve the coupled Eqs.~A1a! and~A1b! iteratively up
to third order in electric filed to calculateP (3) keeping terms
containingE2uE 1u2 with the initial conditionP(0)50, n (0)

50. In the process, the linear polarizationP 2
(1) induced by

the probe pulse is also calculated. We emphasize that
P (3) calculated here is different from that relevant for t
calculation of DFWM signal.

Analytical expressions forP 2
(1) andP (3) can be obtained

in the short-pulse limitE1(t)5E1d(t) and E2(t)5E2d(t
2t). These are given below for various conditions.

1. Homogeneous broadening

P 2
(1)~ t !} iNumu2E2exp@2~g1 iV0!~ t2t!#Q~ t2t!,

~A3!
12530
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P (3)~ t,t!}2 iNumu4E2uE 1u2exp@2~g1 iV0!~ t2t!#

3FQ~2t!Q~ t !H 11 i
V1a2 ib

G
~12e2Gt!J

1Q~t!Q~ t2t!H 2e2Gt1 i
V1a2 ib

G

3~2e2Gt1e22gt!~12e2G(t2t)!J G . ~A4!

Here, V05v02V is the renormalized transition energ
V5Numu2L, a5Na8/2, andb5Nb8/2 are the LF, EIS, and
EID parameters, respectively, andQ(x) is the unit step func-
tion.

The above expression forP (3)(t) obtained for the PPDR
signal may be compared with that obtained by Wegeneret al.
@Eq. ~13! in Ref. 29# for DFWM signal to point out the
different effects of many body interactions in the two cas
Setting the many body interaction related term zero wo
result in a zero DFWM signal fort,0 as shown in Ref. 29
However, nonzero PPDR signal at2ve t will result due to a
nonzeroP (3) even whenV, a, andb are set to zero in Eq
~A4!. Also, note that the exp(22gt) term for t.0 in Eq.
~A4! occurs only when many body interactions are prese
This term gives rise to the additional fast decaying com
nent ~related to excitonic polarization dephasing! at small
1ve delays over the exciton lifetime related slow decay
t.0. In contrast, the DFWM signal decay fort.0 is al-
ways related to exciton dephasing~and not to exciton life-
time! irrespective of whether many body effects are includ
or not.

We take Fourier transform of Eqs.~A3! and ~A4! to get

P 2
(1)~v!} iNumu2E2

eivt

g1 i ~V02v!
, ~A5!

P (3)~v,t,0!}2 iNumu4E2uE 1u2exp@ ivt#exp@gt#

3F ei (V02v)t

g1 i ~V02v!
1 i

V1a2 ib

G

3S ei (V02v)t

g1 i ~V02v!
2

ei (V02v)t

G1g1 i ~V02v! D G ,
~A6a!

P (3)~v,t.0!}2 iNumu4E2uE 1u2exp@ ivt#

3F 2e2Gt

g1 i ~V02v!
1 i

V1a2 ib

G

3~2e2Gt1e22gt!

3S 1

g1 i ~V02v!
2

1

G1g1 i ~V02v! D G .
~A6b!
8-9
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2. Inhomogeneous broadening

The effect of inhomogeneous broadening can be incor
rated in our model assuming a Gaussian distribution

g~V0!5
A4 ln 2

G IAp
expF24 ln 2

~Vx2V0!2

G I
2 G ~A7!

for the transition frequencies (V0). Here Vx is the central
frequency of the inhomogeneously broadened exciton anG I
represents the inhomogeneous broadening. The third o
polarization in that case is given by

Pinh
(3)~ t,t!}E

2`

`

dV0g~V0!Phom
(3) ~ t,t,V0!. ~A8!

P2 inh
(1) (t) is also obtained similarly. UsingP2 hom

(1) (t,V0)
andPhom

(3) (t,t,V0) from Eqs.~A3! and ~A4! we get

P2 inh
(1) ~ t !} iNumu2E2exp@2~g1 iVx!~ t2t!#

3expF2
G I

2~ t2t!2

16 ln 2 GQ~ t2t!, ~A9!

Pinh
(3)~ t,t!}2 iNumu4E2uE 1u2exp@2~g1 iVx!~ t2t!#

3expF2
G I

2~ t2t!2

16 ln 2 G
3FQ~2t!Q~ t !H 11 i

V1a2 ib

G
~12e2Gt!J

1Q~t!Q~ t2t!H 2e2Gt1 i
V1a2 ib

G

3~2e2Gt1e22gt!~12e2G(t2t)!J G . ~A10!

Taking Fourier transform of Eqs.~A9! and~A10!, we get

P2 inh
(1) ~v!} iNumu2E2

A4p ln 2

G I
exp@ ivt#

3expS 24 ln 2
~Vx2v!22g2

G I
2 D

3expS i8 ln 2
~Vx2v!g

G I
2 D

3erfcSA4 ln 2

G I
@g1 i ~Vx2v!# D , ~A11!
12530
o-
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Pinh
(3)~v,t,0!

}2 iNumu4E2uE 1u2
A4p ln 2

G I
exp@ ivt#

3F S 11 i
V1a2 ib

G DexpS 24 ln 2
~Vx2v!22g2

G I
2 D

3expS i8 ln 2
~Vx2v!g

G I
2 D

3erfcS A4 ln 2

G I
@g1 i ~Vx2v!#2

tG I

A16 ln 2
D

2 i S V1a2 ib

G DexpS 24 ln 2
~Vx2v!22~G1g!2

G I
2 D

3expS i8 ln 2
~Vx2v!~G1g!

G I
2 D exp@2Gt#

3erfcS A4 ln 2

G I
@G1g1 i ~Vx2v!#2

tG I

A16 ln 2
D G ,

~A12a!

Pinh
(3)~v,t.0!

}2 iNumu4E2uE 1u2
A4p ln 2

G I
exp@ ivt#

3H F2e2Gt1 i S V1a2 ib

G D ~2e2Gt1e22gt!G
3expS24 ln 2

~Vx2v!22g2

G I
2 D expSi8 ln 2

~Vx2v!g

G I
2 D

3erfcSA4 ln 2

G I
@g1 i ~Vx2v!# D 2 i S V1a2 ib

G D
3~2e2Gt1e22gt!expS 24 ln 2

~Vx2v!22~G1g!2

G I
2 D

3expS i8 ln 2
~Vx2v!~G1g!

G I
2 D

3erfcSA4 ln 2

G I
@G1g1 i ~Vx2v!# D J . ~A12b!

3. Quantum beats

We now consider the effects of coexcitation ofhh-x and
lh-x. When lh-x and hh-x are coexcited, the exciton syste
can be modeled as a three-level system in which we h
transitions both from heavy and light hole valence band
the common conduction band. This case was investigate
Schmitt-Rink et al.23 However they had calculated onl
8-10
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those terms which contribute for1ve delay. Here, we addi-
tionally obtain terms which contribute for2ve delays.~For
simplicity, here the effects of inhomogeneous broaden
and many body interactions were not considered.! We solve
the optical Bloch equations for three-level system23 to get

P 2
(1)~ t !} i umu2E2Fe2(gh1 ivh)(t2t)1

1

3
e2(g l1 iv l )(t2t)G

3Q~ t2t!, ~A13!

P (3)~ t,t,0!}2 i umu4E2uE 1u2Q~ t !

3F7

3
e2(gh1 ivh)(t2t)1

5

9
e2(g l1 iv l )(t2t)

1
1

3
e2(gh1 ivh)te(g l1 iv l )t

1
1

3
e2(g l1 iv l )te(gh1 ivh)tG , ~A14a!

P (3)~ t,t.0!}2 i umu4E2uE 1u2Q~ t2t!2e2Gt

3F7

3
e2(gh1 ivh)(t2t)1

5

9
e2(g l1 iv l )(t2t)

1
1

3
e2(G82G)t~e2(gh1 ivh)(t2t)e2 i (vh2v l )t

1e2(g l1 iv l )(t2t)e2 i (v l2vh)t!G . ~A14b!

Here gh( l )5T2h( l )
21 is the transverse dephasing rate f

heavy ~light! hole excitons,G5T1
21 is the longitudinal
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