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Identification of Higher-Order Electronic Coherences in Semiconductors by their Signature
in Four-Wave-Mixing Signals
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Four-wave-mixing signals from excitons under linear-circular polarized excitation exhibit an elliptical
polarization, depending on both the pulse delay and the spectral position. Besides the resonances cor-
responding to excitons and exciton-biexciton transitions, a breakup of the exciton line is found reflecting
the influence of correlations on the four-point level. An analysis accounting for the exciton density, the
bound biexciton, and the exciton-exciton scattering continuum reveals that these features are not due
to an antibound two-exciton state. Instead, they result from an interference of the correlated exciton
continuum with the exciton density. In addition, the modeling shows that the signals ellipticity is highly
sensitive to the influences of different correlations and, therefore, allows for a discrimination of their
contributions. [S0031-9007(98)08064-8]

PACS numbers: 71.35.Gg, 42.50.Md, 42.65.-k

Quantum kinetic effects have a key role in revealing theFWM signals. The almost perfect agreement between cal-
quantum nature of the matter light interaction. Thereforeculated and experimental data obtained from ZnSe quan-
the search for distinct experimental fingerprints of corretum wells allows one to draw a conclusive picture of the
lated quantum kinetics beyond the scope of the Boltzmanprocesses relevant for the signal generation.
equation or time-dependent Hartree-Fock theory has at- Spectrally resolved degenerate FWM experiments are
tracted much attention in recent years [1-7]. So far, firnperformed on a 7.5 nm thin Zn%eénS)06S& s Single-
evidence for phonon quantum kinetics has been found bguantum-well sample grown by molecular-beam epitaxy
demonstrating the occurrence and the controllability [2]lattice matched to subsequently removed GaAs substrates.
of phonon sidebands and by a demonstration of the limThe exciton binding energy amounts to 20 meV. Pulses
its imposed by the energy-time uncertainty [4,5]. Alsofrom a frequency-doubled Ti:sapphire laser are used for
for the case of Coulomb quantum kinetics in the highexcitation. The incident beams with wave vectkisand
excitation regime specific predictions have been madé, are adjusted to the same intensity. The time delay
[7], namely, that time-resolved four-wave-mixing (FWM) of the excitation pulses is defined to be positive if pulse
spectra should show a sideband having a frequency whichl with wave vectoik; precedes pulse #2 witk,. The
scales with the plasma frequency. However, this predicpolarization of the exciting fields is independently chosen
tion has not been experimentally verified up to now. to be circular ¢* or o) or linear (: electrical field os-

The dynamics of biexcitonic contributions to FWM on cillating in the scattering plane;: perpendicular toc) by
the other hand is a prominent example related to Coulomhse of longitudinal high-voltage KIP Pockels cells. The
quantum kinetics at moderate excitation densities [8—14Jextinction ratios exceed000:1. Zero time delay is pre-
Recently, the dependence of the exciton-exciton correleeisely determined by up-converting respective straylight
tion in the scattering state continuum on a magnetic fieldrom the two beams with the residual infrared beam of
has been investigated [11]. In this Letter we demonstratéhe Ti:sapphire laser. The chirp caused by the Pockels
that even for moderate excitation the correlated Coulomigells, polarizer cubes, and lenses has been carefully com-
quantum kinetics leads to significant effects the descrippensated for by means of a prism sequence. As a result
tion of which requires one to go beyond the coherent limitnearly transform-limited pulses of 115 fs duration are ob-
In particular, the combined dynamics of the correlatedained at the sample position. The self-diffracted beam
two-pair scattering continuum and exciton densities, thén direction 2k, — k; is sent through a sequence con-
latter having lost their interband coherence, leads to chassisting of two Pockels cells and a polarizer, allowing one
acteristic spectral signatures of the polarization state afo determine its polarization state. The FWM signal is
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subsequently spectrally resolved and detected by means where¢ = ¢ (hw, 7) is defined such that thecomponent

a grating spectrometer and a nitrogen-cooled CCD cameraf P s real and positive. Figure 1(b) shows the experi-
The sample is kept at 2 K in a helium bath cryostat. mentally determined imaginary part of theomponent of

Figure 1(a) shows FWM spectra obtained in 2 —  p 55 5 function of the delay time and the energy of the

k; direction for a delay time ofr = 0.25 ps for three  gnited light. The sign of this signal determines the sense
different polarization configurations. The results wereqt rotation of the elliptical polarization. Here, dark areas

obtained for colinear polarization| (= yy, dashed line), qrrespond to a positive sign and light areas to a nega-
cross-linear polarizationy( = X, dotted line), and a con- e sign. The most remarkable feature of the data is the
figuration with pulse+ #1 being ™ polarized and pulse #2 change of sign in the vicinity of the hh-exciton resonance.

beingx polarized ¢ x, solid line). In all cases only the 1, aqgition, the energetic position of the peaks changes for
y component of the signal was detected. Note that in thg,ving delay times. At negative delays the resonance is
case of| and L excitation this is already the total response.centered at the hh position while, for later times, it is shifted

In contrast, ther " x signal is dynamically elliptically po- i to the lower- and then to the higher-energy side. The
larized; i.e., the ellipticity and the sense of rotation depengqat,re due to the biexciton exhibits no such conspicuous
on the frequency as well as on the delay time. Thereforegpifis or sign changes.

the o " x excitation is most sensitive to the influences of | order to understand this characteristic signature we
different contributions to the microscopic dynamics. Theperformed calculations taking into account higher-order
L spectrum shows two resonances corresponding 1o therrelations. Our approach is based on the concept of a dy-
bound biexciton and the heavy-hole (hh) exciton, respecagmically controlled truncation of the hierarchy of higher-
tively, while thf” spectrum is dominated by the hh-exciton oger density matrices [13,14]. The relevant variable for
line. In theo™x case a breakup of the hh-exciton reso-gicq| experiments is the single-pair transition density
nance is observed. Similar structures have been found prggcause it is directly related to the interband polariza-

viously and attributed to an antibound two-exciton statgion  The pertinent equation for, in the exciton basis
[15-17]. The analysis described below reveals that in oufa5qs “

case this phenomenologically based explanation does not
apply. In order to allow for a more conclusive distinction = B »
we have additionally performed a detailed analysis of thet —i1(0: + 7)) + hwalys = Z M Eopt

polarization state. From measurements of different polar- r
ization components*, o, x, y, and linearly polarized + 2)’ + Q5+ Qﬁ,
at +45° with respect tox) the FWM signal is fully deter- M
minec/l\ excle\pt for an overall phase factor. The polarization = Lnonlinear » 3)
stateP = P(w, 7) displayed below is connected to the \yhere 7iw, is the interband transition energy of exci-
complex FWM polarizatio? = P(/iw, 1) by ton a and y, is a phenomenological damping constant.
Po,—x, = exp—i¢)Pox,k, » (1) The sources on the right-hand side are split into the lin-
ear source and contributions of third and higher order
b — arctan|: Im[P(2kz—k1),x]:|’ @ 9 vonlinear- I;I'he linear part comprises the dipole matrix
R Pk, —k,)x] elementM& and the field of the laser pulsé,: while
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FIG. 1. (a) Experimental FWM spectra for = 0.25 ps, normalized to the same height. The excitation polarizations ere
1, ando*x; only they .component of the polarization was detected; (b) contour plot Qf’}l}nas defined in Eq. (1) for " x
excitation. The estimated carrier density amount$ to 10° cm™2, corresponding to about/100 of the Mott density.
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where B is the matrix element of the blocking sources
and Vy, Vp are the Coulomb matrix elements of Hartree FIG. 2. The left panels show the Hartree (a) and Fock (b) part
and Fock type, respectively. The ter@, contains the ©f the memory kernel obtained for a two-dimensional ZnSe-
Hartree-Fock contributions as well as the source for thguantum-well model. The right panels show the contributions
Pauli blocki ) ts for the t . tri due to exciton-exciton scattering for the Hartree (c) and the
auli blocking. 9} accounts for the two-pair contri- rqck (d) parts of the memory kernel.

butions including the bound biexciton and the two-pair
scattering continuum. Here we have made use of th
memory kernel representation of two-exciton transition
introduced in Ref. 8. The kernet is determined by
an integral equation as described in [8]. Finally inco-
herent and intraband coherent exciton densitiesnter

olarization introduced in Eq. (1). Part (a) has been
calculated using only the bound biexciton in the memory
kernel while in part (b) also the two-exciton scattering con-
tributions have been included. Both results reproduce the
. . ; _. . experimentally found negative contribution on the spec-
the equations Qf motion Vid. . Here,n' IS the_ EXC T tral position of the biexciton. In contrast the signal at the
ton [epresg'r]tat;orl Pf the fgl_J/rA-pomt denS|tAy rrlamx, = hh exciton position does not show the observed behavior.
((d'e; —(d'¢;)"(d ¢y — (d"¢j))), wheree; (d') anni-  \wjithout continuum [part (a)] no negative contributions are
hilate an electron (hole) [14]. The diagonal p@itta  found at all, while in the case with continuum [part (b)]
represents the occupation density of_ext_:ltonzst:atex— the positive contributions to the signal are missing, in par-
cept for the interband coherent contributibp. |*. Fur-  joyjar, at positive delay times. Consequently, the experi-

thermore iz, is identical to the mean square fluctuation ena|ly observed change in sign between the resonances
of the exciton transitiory,. In our case it is built up ex- is not reproduced on this level of the theory.

clusively by carrier-carrier interaction and is therefore of |, o der to include the influence of fluctuations of the

fourth order in the laser field. exciton amplitude represented by the exciton dersitye

Let us first focus on the influence of bound and un-g4rceo . introduced via Eq. (6) has to be evaluated. This
bound two-exciton contributions. We have calculated th‘?equires one to follow the time evolution afdetermined

memory kernel for a two-dimensional ZnSe-quantum-weIIby the equation of motion
model restricting the basis set to the states on lthe
exciton parabola, which is expected to be a good approxi{—i7i(d; + yz) + hwe — hwgligae
mation due to the large exciton binding energy in ZnSe. — o* 4 Y5O on @)
As described in [8] the kernel is decomposed into com- nonlinearYa’ T Ya X-nonlinear -
ponents exhibiting either a Hartree- or a Fock-like depenThe FWM polarization calculated taking into account
dence on the band indices. Figures 2(a) and 2(b) displagll sources in Eq. (3) including the bound biexciton, the
the corresponding parts of the resulting memory kernelexciton-exciton continuum, as well as the exciton densities
The resonance of the bound biexciton is easily identifiedz does not exhibit the shortcomings of the previous results.
To isolate the influence of the correlated scattering conAs can be seen in Fig. 3(c) we now obtain a very good
tinuum the bound biexciton has been extracted from thagreement with the experimental result of Fig. 1(b). The
memory kernel by fitting a single Lorentzian to the full distinct peaks in the vicinity of the exciton line exhibit
kernel. The result is displayed in Figs. 2(c) and 2(d). Anthe same complex dependence of the sign on energy and
antibound state would have to show up as a resonance delay as found experimentally. Also the slight energetic
the continuum which is obviously not present. shifts with respect to the exciton line are well reproduced
Figures 3(a) and 3(b) contain the numerical results foby our calculation. Even the detailed shape of the contours
the imaginary part of they component of the FWM displayed in Figs. 1(b) and 3(c) are in good agreement.
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FIG. 3. Theoretical results for Iffry} calculated considering (a) only excitonic and biexcitonic bound states and no exciton
densities; (b) the bound states and the two-exciton scattering continuum; (c) the bound states, the two-exciton continuum, and
the exciton densities. An inhomogeneous broadening of the band gap of 0.7 meV has been included phenomenologically by
convoluting the homogeneous result with a Gaussian. The gray levels are set linearly, with black (white) corresponding to positive
(negative) signal contributions with the same absolute v&jye in arbitrary units.
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