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Electronic four-particle correlations in semiconductors: Renormalization
of coherent pump-probe oscillations
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~Received 21 September 1999!

The nonlinear optical response of excitons in a single ZnSe quantum well is investigated by pump-probe
measurements. In the counter-circular polarization configuration at negative delay,Dt, spectral oscillations are
observed the periodEPP of which is energydependent. Whereas at energies above the 1S exciton the usual
EPP5h/uDtu dependence is found, the period strongly deviates from that value at energies below the exciton.
Model calculations reveal that this behavior is caused by the bound biexciton state in the four-particle
correlations.
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In 1987 it was shown that oscillatory structures appea
pump-probe~P&P! spectra of semiconductors at negative d
lay Dt, i.e., when the probe pulse arrives on the sample
fore the pump pulse.1 This seemingly noncausal behavior
due to the nonlinear interaction of the pump field with t
coherent macroscopic polarization still present from the p
ceding probe. The lowest-order nonlinear P&P contribut
is due to four-photon~5 third-order! processes which scatte
pump photons into the probe directionk1 (5k11k22k2;
with k1 and k2 being the respective wave vectors of t
probe and the pump beam!. The superposition of the first
order ~5 transmitted probe! and the delayed coaxial third
order contribution then leads to oscillations in the spec
domain the period of which was found to beEPP5h/uDtu.2,3

Note that within the usual four-wave mixing~FWM! nomen-
clature, the time sequence fornegativepump-probe delay —
k1 first, k2 second — corresponds topositiveFWM delay.
Because of their supposedly regular delay dependence,
oscillations have been used as an internal clock to eval
propagation effects in P&P experiments with spatially d
placed spots.4

Recently, it has been shown that electronic higher-or
correlations — which involve at least four particles — ha
a profound effect on the FWM response
semiconductors.5–10 Furthermore, the analysis of data from
microcavity revealed that its P&P response in count
circular polarization configuration is dominated by effec
caused by the bound biexciton,11 the latter being the mos
prominent consequence of correlation between four partic
In view of these results, the question naturally arises how
coherent P&P oscillations around a single exciton resona
are affected by four-particle correlations.

In this paper, the problem of coherent P&P oscillations
reexamined for a wide-band-gap ZnSe quantum well~QW!
which exhibits a strong biexciton binding. It is shown that
the counter-circular polarization configuration, which allow
for excitation of the bound biexciton state, the period of t
oscillations is strongly altered in the spectral vicinity of t
exciton-biexciton transition. Model calculations in whic
four-particle correlations are accounted for result in go
agreement with the experimental data. Moreover, the co
ent part of the response is shown to be qualitatively rep
duced when the only nonlinearity in the model is that
duced by the biexciton.
PRB 610163-1829/2000/61~12!/7835~3!/$15.00
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The sample was prepared by molecular beam epitaxy o
GaAs substrate and consists of a single 5 nm ZnSe quan
well ~QW! embedded in Zn12xMgxSySe12y barriers. For
measurements in transmission geometry, the sample
glued on a sapphire disc, then the substrate was part
ground down, and subsequently completely removed by
chemical etching. Measurements were performed at a sam
temperature of 12 K using carefully dispersion-compensa
70 fs pulses from a frequency-doubled Ti:sapphire laser.

In Fig. 1, differential transmission spectraDT/T of the
sample are shown in a contour plot for counter-circular p
larization. At negative delay, the expected oscillatory str
ture appears. It is very pronounced at energies below
exciton but considerably weaker at energies above. For p
tive delay, the main effect — which extends well into th
incoherent regime — is a bleaching and a slight blue shif
the exciton~at 2.825 eV!. A line of induced absorption ap

FIG. 1. Experimental spectrally resolved differential transm
sion DT(v)/T(v)ª(T* 2T)/T of the sample in dependence o
the delayDt between pump and probe pulses. Here,T* ~T! denotes
the transmission through the sample with the pump beam on~off!.
Polarizations of pump/probe/detection ares2/s1/s1. Note that
the strong response right at the exciton line is positive and is off
scale. Its maximum reads10.17.
R7835 ©2000 The American Physical Society
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pears around the exciton-biexciton transition ene
('2.818 eV! for Dt.0. From this excited-state absorptio
a biexciton binding energy of 6.6 meV is deduced in agr
ment with a thorough FWM investigation on another piece
the same sample.9 This absorptive effect develops aroun
zero delay smoothly out of the first minimum of the cohere
oscillations below the exciton line. The asymmetry in visib
ity of the oscillations is accompanied by an asymmetry
their spectral period. This is shown in Fig. 2 where the
cillation periods above~squares! and below~dots! the exci-
ton line are displayed versus the pump-probe delay. The
cillation periods shown in Fig. 2 were determined using
identical technique above and below the excitonic resona
In each case, the period was obtained from an average of
sequential cycles of oscillation, starting with the cycle ad
cent to the the exciton resonance. Whereas the period fo
at energies above the exciton follows theh/uDtu dependence
around the exciton-biexciton transition energy the period
less thanh/uDtu throughout the whole range of delays.

Because of the obvious biexcitonic contributions, a mo
of the above observations requires a theory which tre
exciton-correlation effects beyond the Hartree-Fock appro
mation. We base our analysis on the ‘‘average polariza
model’’12 derived by averaging over the nonlinear exciton
contributions from the dynamics-controlled-truncati
scheme13 developed for the coherent regime. Its coupl
equations of motion involve only spin-dependent polari
tion variables,P, and one four-particle correlation variab
~or biexciton two-photon coherence! B. The interaction pa-
rameters are not computed from first principles but are
justed by hand. The model was formulated before in a v
sion including the effects of a microcavity in which the sam
sample was placed.11 This formulation allows also for a
treatment of the bare sample where the outer boundarie
barrier layers act as mirrors with a correspondingly low
flectivity. The electric field inside the heterostructureE is
driven by the external fieldE ext through a coupling rateg.14

The coupling between the fieldE and the QW polarizationP
is described byk in both their equations of motion. Th

FIG. 2. Oscillation periodEPP at negative delayDt as deduced
from Fig. 1 at energies slightly above~squares! and below~dots! the
1S-hh exciton. The solid~dashed! line is the period above~below!
the exciton as it results from model calculations. The dotted lin
given byEPP52h/Dt.
y

-
f

t

-

s-
n
e.
o

-
nd

s

l
ts
i-
n

-

-
r-

of
-

first-order fields and polarizations obey

]

]t
E p/t

(1)5„i ~vC2v0!2GC…E p/t
(1)2 ikP p/t

(1)1gE p/t
ext , ~1!

]

]t
P p/t

(1)5„i ~vX2v0!2GX…P p/t
(1)2 ikE p/t

(1) , ~2!

wherep and t label the pump and probe~test! of frequency
v0, and vC , GC , vX , and GX are the frequencies an
dephasing rates of the photon mode~inside the heterostruc
ture! and the exciton. The third-order probe field is driven
the third-order polarization

]

]t
E t

(3)5„i ~vC2v0!2GC…E t
(3)2 ikP t

(3) , ~3!

and the third-order polarization in the probe direction for c
and counter-polarized pump evolves according to

]

]t
P 1t

(3)5„i ~vX2v0!2GX…P 1t
(3)2 ikE 1t

(3) ~4!

1 ikE 1t
(1)

uP 1p
(1) u2

PS
2

u 10

1 ikE 1p
(1)

P 1p
(1)* P 1t

(1)

PS
2

u 10

1 i ~Ṽ2Vs!P 1t
(1)uP 1p

(1) u2 u 2 iVsP 1t
(1)uP 2p

(1) u2

10 u 1 iVBBP 2p
(1)* .

Here the indices1 and2 label the polarization states. Fo
comparison, Eq.~4! is presented as a table with the nonline
source terms active for co- and counter-polarized pump w
ten, respectively, in the left and right column. The first tw
sources describe phase-space filling characterized by
saturation parameterPS and contribute only for co-
polarization.Ṽ includes the mean-field Coulomb interactio
and the exciton exchange, andVs the exciton screening.15

The last term characterized byVB accounts for the biexciton
exciton interaction and contributes only for counte
polarization. FinallyB, which is only nonzero for counter
polarized beams, evolves according to:

]

]t
B5„i ~vXX22v0!2GXX…B1 iP 2p

(1)P 1t
(1) ~5!

Here,vXX andGXX are the frequency and the dephasing
the biexciton. All terms in Eq.~4! are derived from a micro-
scopic basis.15,16 The equations of motion are numerical
integrated, with most parameters deduced from the exp
mental conditions (E ext,v0), the linear transmission of the
sample (vX ,GX ,k), and from the P&P response at larg
delay (vXX). The value of the photon damping rateGC is
estimated from the respective reflectivity of the barrie
Helium and the barrier-glue interfaces. It turns out to be
large (.60 meV! that the calculated result becomes insen
tive to this quantity. With that, the resonance frequency
the photon mode within the heterostructurevC only affects
the magnitude of the overall transmission but not its spec
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shape. For simplicity, it is set being equal to the excit
energyvX . The biexciton dampingGXX was set to twice the
exciton damping.

In counter-circular polarization the only nonlinear sourc
are exciton screeningVs and the exciton-biexciton interac
tion VB . In Fig. 3, a set of P&P spectra is displayed calc
lated with VB as the only nonlinearity. Obviously, this i
already sufficient to describe qualitatively all features o
served in the experiment for negative and around zero de
Compared to energies above the exciton, the visibility of
coherent oscillations is strongly enhanced around
exciton-biexciton transition energy. The first minimum b
low the exciton evolves into the induced absorption line
exciton-biexciton transitions. Finally, the asymmetry of t
period exactly corresponds to the experimental observat
This is shown in Fig. 2 where the solid~dashed! line shows

FIG. 3. Calculated spectrally resolved differential transmiss
DT/T in dependence on the delayDt between pump and prob
pulses. The only nonlinearity accounted for is the exciton-biexci
interactionVB . Note that the strongest response right at the exc
line is off the scale.
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the period obtained from the calculated spectra above~be-
low! the exciton energy. At positive delay the calculated
sponse rapidly decreases since effects due to incoheren
citons are not included here~see above!. To account for such
effects like exciton-biexciton transitions in the incoherent
gime requires the inclusion of six-particle correlations17,18

which is far beyond the scope of this paper.
Note that the rise time of the signal is larger than its dec

time. This is opposite to the FWM response19,20 and is just
due to the inverted definitions of the delay time axes
FWM and P&P experiments. Use of exciton screeningVs as
the only nonlinear source yields a perfectly symmetric
sponse around the exciton with similar visibility and a sing
oscillation period very close toh/uDtu. Moreover, the phase
of the coherent oscillations is then opposite to the one
served in the experiment. This sign inversion with respec
the response caused by the mean-field Coulomb interac
was recently also observed in the polarization dependenc
the optical Stark effect.10 So, the inclusion of a dominan
biexciton-induced nonlinearity is necessary to describe
experimental observations in agreement with findings o
ZnSe-based microcavity.11

In summary, we have shown that the period of coher
pump-probe oscillations is renormalized to smaller values
the vicinity of the exciton-biexciton transition energy. Th
calculation of this effect needs to account for four-partic
correlations beyond the Hartree-Fock approximation. Mo
over, the coherent part of the nonlinear response is qua
tively well described by a model accounting only for th
biexciton-induced correlation.
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