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Electronic four-particle correlations in semiconductors: Renormalization
of coherent pump-probe oscillations
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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 Alelapectral oscillations are
observed the perioBpp of which is energydependentWhereas at energies above th® éxciton the usual
Epp=h/|At| 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.

In 1987 it was shown that oscillatory structures appear in The sample was prepared by molecular beam epitaxy on a
pump-probgP&P) spectra of semiconductors at negative de-GaAs substrate and consists of a single 5 nm ZnSe quantum
lay At, i.e., when the probe pulse arrives on the sample bewell (QW) embedded in Zn ,Mg,S;Se _, barriers. For
fore the pump pulsé This seemingly noncausal behavior is measurements in transmission geometry, the sample was
due to the nonlinear interaction of the pump field with theg|ued on a sapphire disc, then the substrate was partially
cohgrent macroscopic polarization sti_II present from t_he Preground down, and subsequently completely removed by wet
ceding probe. The lowest-order nonlinear P&P contributionchemical etching. Measurements were performed at a sample
is due to four-photori= third-orde) processes which scatter emperature of 12 K using carefully dispersion-compensated
pump photons into the probe direction (=ki+kz—K2; 70 fs pulses from a frequency-doubled Ti:sapphire laser.
with k; andk, being the respective wave vectors of the |, gy 1 gifferential transmission spectteT/T of the

probe and the pump beaniThe superposition of the first- sample are shown in a contour plot for counter-circular po-

order (= tra}nsmltted probeand the d_elayed qoaX|aI third- arization. At negative delay, the expected oscillatory struc-
order contribution then leads to oscillations in the spectra

domain the period of which was found to E(,a‘P:hllAt|.2'3 ure ap%ears. It.(ijs v%rly pronkounced at gner%ies below th?
Note that within the usual four-wave mixifgWM) nomen- exciton but considerably weaker at energies a ove._For POSI-
i . tive delay, the main effect — which extends well into the
clature, the time sequence foegativepump-probe delay — . h t reqime — is a bleaching and a sliaht blue shift of
k, first, k, second — corresponds fositive FWM delay. incoheren reglzrnsezs 'S aA I_eac fg duced g .
Because of their supposedly regular delay dependence, P&Hge exciton(at 2. eV. A line of induced absorption ap-
oscillations have been used as an internal clock to evaluate
propagation effects in P&P experiments with spatially dis-  2.84
placed spot§.

Recently, it has been shown that electronic higher-order
correlations — which involve at least four particles — have
a profound effect on the FWM response of
semiconductors*° Furthermore, the analysis of data from a . 2831
microcavity revealed that its P&P response in counter—@
circular polarization configuration is dominated by effects 2
caused by the bound biexcitdhthe latter being the most @
prominent consequence of correlation between four particlest
In view of these results, the question naturally arises how the ~ 2-82
coherent P&P oscillations around a single exciton resonanct
are affected by four-particle correlations.

In this paper, the problem of coherent P&P oscillations is
reexamined for a wide-band-gap ZnSe quantum W@WV)
which exhibits a strong biexciton binding. It is shown that in
the counter-circular polarization configuration, which allows
for excitation of the bound biexciton state, the period of the
oscillations is strongly altered in the spectral vicinity of the [, 1. Experimental spectrally resolved differential transmis-
exciton-biexciton transition. Model calculations in which sjon AT(w)/T(w):=(T* —T)/T of the sample in dependence on
four-particle correlations are accounted for result in goodne delayAt between pump and probe pulses. H&Fe,(T) denotes
agreement with the experimental data. Moreover, the cohethe transmission through the sample with the pump bearfofin
ent part of the response is shown to be qualitatively repropolarizations of pump/probe/detection aré/o"/o". Note that
duced when the only nonlinearity in the model is that in-the strong response right at the exciton line is positive and is off the
duced by the biexciton. scale. Its maximum reads0.17.
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8 first-order fields and polarizations obey
hl|at| / J
71| —=—above E,, exp. data ™~ 9 L)y o 1) i (L) ext
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d . .
/ SPE=(i(wx—wo) =TOPH—ikEG, 2)

Period (meV)
b

wherep andt label the pump and probges) of frequency
wg, and wc, I'c, wy, and 'y are the frequencies and
dephasing rates of the photon mao(ieside the heterostruc-
ture) and the exciton. The third-order probe field is driven by
the third-order polarization

. ) ) d . .
Delay (ps) 0= ((wc—wo)—TeP=ixP, (3

FIG. 2. Oscillation periodpp at negative delajt as deduced  and the third-order polarization in the probe direction for co-
from Fig. 1 at energies slightly abovsquaresand below(dots the  and counter-polarized pump evolves according to
1S-hh exciton. The soliddashedl line is the period abovébelow)
the exciton as it results from model calculations. The dotted line isg @) 3 i o)
given byEpp=—h/At. E,P+t:(|(wx_w0)_rx)7j+t_IKngt (4)
pears around the exciton-biexciton transition energy (1)|2
(~2.818 eV for At>0. From this excited-state absorption, +i,<g(1)|p+p| | +0
a biexciton binding energy of 6.6 meV is deduced in agree- +t g
ment with a thorough FWM investigation on another piece of
the same sampfeThis absorptive effect develops around 7’(+1;))*7’(+lt)
zero delay smoothly out of the first minimum of the coherent P2
oscillations below the exciton line. The asymmetry in visibil- _
ity of the oscillations is accompanied by an asymmetry in +i(V=voPRIPA2 | —ivsP QP2
their spectral period. This is shown in Fig. 2 where the os- 40 Y BpWx
cillation periods abovésquares and below(doty the exci- BET e
ton line are displayed versus the pump-probe delay. The odHere the indicest and — label the polarization states. For
cillation periods shown in Fig. 2 were determined using ancomparison, Eq(4) is presented as a table with the nonlinear
identical technique above and below the excitonic resonancgource terms active for co- and counter-polarized pump writ-
In each case, the period was obtained from an average of twen, respectively, in the left and right column. The first two
sequential cycles of oscillation, starting with the cycle adje-sources describe phase-space filling characterized by the
cent to the the exciton resonance. Whereas the period fourghturation parameteiPs and contribute only for co-

at energies above the exciton follows thi¢At| dependence, polarization.V includes the mean-field Coulomb interaction
around the exciton-biexciton transition energy the period is;ng the exciton exchange, aMy the exciton screenintf,
less tharh/|At| throughout the whole range of delays. The last term characterized Mg accounts for the biexciton-
Because of the obV|o_us blexcnpnlc contrlbutlons,_ amodelyciton interaction and contributes only for counter-
of the above observations requires a theory which treat§garization. Finally3, which is only nonzero for counter-
exciton-correlation effects beyond the Hartree-Fock approXinglarized beams, evolves according to:
mation. We base our analysis on the “average polarization
model*? derived by averaging over the nonlinear excitonic
contributions from the dynamics-controlled-truncation =B= (i(wxx—2w0) Ty )B+iPHPH (5
schemé&® developed for the coherent regime. Its coupled
equations of motion involve only spin-dependent polariza-Here, wxx andI'xx are the frequency and the dephasing of
tion variables,P, and one four-particle correlation variable the biexciton. All terms in Eq(4) are derived from a micro-
(or biexciton two-photon coherencé. The interaction pa- scopic basi$>!® The equations of motion are numerically
rameters are not computed from first principles but are adintegrated, with most parameters deduced from the experi-
justed by hand. The model was formulated before in a vermental conditions £°*!,w,), the linear transmission of the
sion including the effects of a microcavity in which the samesample @x,I'x,«), and from the P&P response at large
sample was placett. This formulation allows also for a delay (wyy). The value of the photon damping raffe is
treatment of the bare sample where the outer boundaries ektimated from the respective reflectivity of the barrier-
barrier layers act as mirrors with a correspondingly low re-Helium and the barrier-glue interfaces. It turns out to be so
flectivity. The electric field inside the heterostructufeis  large (>60 me\) that the calculated result becomes insensi-
driven by the external field ®** through a coupling ratg.**  tive to this quantity. With that, the resonance frequency of
The coupling between the fielfland the QW polarizatio®  the photon mode within the heterostructusg only affects
is described byx in both their equations of motion. The the magnitude of the overall transmission but not its spectral

ke | +0
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2.84 +0.02 the period obtained from the calculated spectra abee

low) the exciton energy. At positive delay the calculated re-
sponse rapidly decreases since effects due to incoherent ex-
citons are not included hefeee above To account for such
effects like exciton-biexciton transitions in the incoherent re-
gime requires the inclusion of six-particle correlatithié
which is far beyond the scope of this paper.
Note that the rise time of the signal is larger than its decay
time. This is opposite to the FWM respof$# and is just
due to the inverted definitions of the delay time axes for
FWM and P&P experiments. Use of exciton screenfigas
the only nonlinear source yields a perfectly symmetric re-
sponse around the exciton with similar visibility and a single
oscillation period very close tb/|At|. Moreover, the phase
of the coherent oscillations is then opposite to the one ob-
served in the experiment. This sign inversion with respect to
the response caused by the mean-field Coulomb interaction
was recently also observed in the polarization dependence of
FIG. 3. Calculated spectrally resolved differential transmissionthe optical Stark effec® So, the inclusion of a dominant
AT/T in dependence on the delayt between pump and probe biexciton-induced nonlinearity is necessary to describe the
pulses. The only nonlinearity accounted for is the exciton-biexcitonexperimental observations in agreement with findings on a
interactionVg . Note that the strongest response right at the excitorznSe-based microcavif;}.
line is off the scale. In summary, we have shown that the period of coherent
npump-probe oscillations is renormalized to smaller values in
Lo . : the vicinity of the exciton-biexciton transition energy. The
energywy . The biexciton dampingx was set to wice the 1o of this effect needs to account for four-particle

exciton damping. . .
In counter-circular polarization the only nonlinear sourcescorrel""tIons beyond the Hartree-Fock approximation. More-

are exciton screeniny’s and the exciton-biexciton interac- ?i\\::{ ’ tvf\]/(szllc?:igiﬁinbte?jag Ogt?r?ogzplgci%ruﬁisnpogﬁ Isfoqrutaﬂga-
tion Vg . In Fig. 3, a set of P&P spectra is displayed calcu- y y g only

lated with Vg as the only nonlinearity. Obviously, this is biexciton-induced correlation.

already sufficient to describe qualitatively all features ob- This work was supported by the Director, Office of En-
served in the experiment for negative and around zero delayrgy Research, Office of Basic Energy Sciences, Division of
Compared to energies above the exciton, the visibility of theMaterial Sciences of the U.S. Department of Energy, under
coherent oscillations is strongly enhanced around th&ontract No. DE-AC03-76SF00098. The authors would like
exciton-biexciton transition energy. The first minimum be-to thank J. Nmberger and W. Fasching8univ. Wurzburg

low the exciton evolves into the induced absorption line offor providing the ZnSe heterostructure, and N. Fromer for
exciton-biexciton transitions. Finally, the asymmetry of theproviding the program code for the calculations. One of us
period exactly corresponds to the experimental observatior{U.N.) would like to thank the Max-Kade Foundation for
This is shown in Fig. 2 where the solidashedlline shows funding.
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shape. For simplicity, it is set being equal to the excito
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