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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
cal-
an-

he

are

xy
tes.
es
for

y
se

en

ht
of
els
om-
sult
b-

am
n-
ne
is
Quantum kinetic effects have a key role in revealing th
quantum nature of the matter light interaction. Therefor
the search for distinct experimental fingerprints of corr
lated quantum kinetics beyond the scope of the Boltzma
equation or time-dependent Hartree-Fock theory has
tracted much attention in recent years [1–7]. So far, fir
evidence for phonon quantum kinetics has been found
demonstrating the occurrence and the controllability [
of phonon sidebands and by a demonstration of the li
its imposed by the energy-time uncertainty [4,5]. Als
for the case of Coulomb quantum kinetics in the hig
excitation regime specific predictions have been ma
[7], namely, that time-resolved four-wave-mixing (FWM
spectra should show a sideband having a frequency wh
scales with the plasma frequency. However, this pred
tion has not been experimentally verified up to now.

The dynamics of biexcitonic contributions to FWM on
the other hand is a prominent example related to Coulom
quantum kinetics at moderate excitation densities [8–1
Recently, the dependence of the exciton-exciton corre
tion in the scattering state continuum on a magnetic fie
has been investigated [11]. In this Letter we demonstra
that even for moderate excitation the correlated Coulom
quantum kinetics leads to significant effects the descr
tion of which requires one to go beyond the coherent lim
In particular, the combined dynamics of the correlate
two-pair scattering continuum and exciton densities, t
latter having lost their interband coherence, leads to ch
acteristic spectral signatures of the polarization state
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FWM signals. The almost perfect agreement between
culated and experimental data obtained from ZnSe qu
tum wells allows one to draw a conclusive picture of t
processes relevant for the signal generation.

Spectrally resolved degenerate FWM experiments
performed on a 7.5 nm thin ZnSeyZnS0.06Se0.94 single-
quantum-well sample grown by molecular-beam epita
lattice matched to subsequently removed GaAs substra
The exciton binding energy amounts to 20 meV. Puls
from a frequency-doubled Ti:sapphire laser are used
excitation. The incident beams with wave vectorsk1 and
k2 are adjusted to the same intensity. The time delat

of the excitation pulses is defined to be positive if pul
#1 with wave vectork1 precedes pulse #2 withk2. The
polarization of the exciting fields is independently chos
to be circular (s1 or s2) or linear (x: electrical field os-
cillating in the scattering plane;y: perpendicular tox) by
use of longitudinal high-voltage KDpP Pockels cells. The
extinction ratios exceed5000:1. Zero time delay is pre-
cisely determined by up-converting respective straylig
from the two beams with the residual infrared beam
the Ti:sapphire laser. The chirp caused by the Pock
cells, polarizer cubes, and lenses has been carefully c
pensated for by means of a prism sequence. As a re
nearly transform-limited pulses of 115 fs duration are o
tained at the sample position. The self-diffracted be
in direction 2k2 2 k1 is sent through a sequence co
sisting of two Pockels cells and a polarizer, allowing o
to determine its polarization state. The FWM signal
© 1998 The American Physical Society
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subsequently spectrally resolved and detected by mean
a grating spectrometer and a nitrogen-cooled CCD came
The sample is kept at 2 K in a helium bath cryostat.

Figure 1(a) shows FWM spectra obtained in the2k2 2

k1 direction for a delay time oft ­ 0.25 ps for three
different polarization configurations. The results we
obtained for colinear polarization (jj ; yy, dashed line),
cross-linear polarization (' ; yx, dotted line), and a con-
figuration with pulse #1 beings1 polarized and pulse #2
beingx polarized (s1x, solid line). In all cases only the
y component of the signal was detected. Note that in t
case ofk and' excitation this is already the total respons
In contrast, thes1x signal is dynamically elliptically po-
larized; i.e., the ellipticity and the sense of rotation depe
on the frequency as well as on the delay time. Therefo
the s1x excitation is most sensitive to the influences o
different contributions to the microscopic dynamics. Th
' spectrum shows two resonances corresponding to
bound biexciton and the heavy-hole (hh) exciton, respe
tively, while thek spectrum is dominated by the hh-excito
line. In thes1x case a breakup of the hh-exciton reso
nance is observed. Similar structures have been found p
viously and attributed to an antibound two-exciton sta
[15–17]. The analysis described below reveals that in o
case this phenomenologically based explanation does
apply. In order to allow for a more conclusive distinctio
we have additionally performed a detailed analysis of t
polarization state. From measurements of different pol
ization components (s1, s2, x, y, and linearly polarized
at 645± with respect tox) the FWM signal is fully deter-
mined except for an overall phase factor. The polarizati
statebP ­ bPsh̄v, td displayed below is connected to the
complex FWM polarizationP ­ Psh̄v, td bybP2k22k1 ­ exps2ifdP2k22k1 , (1)

f ­ arctan

"
ImfPs2k22k1d,xg
RefPs2k22k1d,xg

#
, (2)
FIG. 1. (a) Experimental FWM spectra fort ­ 0.25 ps, normalized to the same height. The excitation polarizations werek,
', and s1x; only the y .component of the polarization was detected; (b) contour plot of ImhP̂yj as defined in Eq. (1) fors1x
excitation. The estimated carrier density amounts to1 3 109 cm22, corresponding to about 1y100 of the Mott density.
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wheref ­ fsh̄v, td is defined such that thex component
of bP is real and positive. Figure 1(b) shows the exper
mentally determined imaginary part of they component ofbP as a function of the delay timet and the energy of the
emitted light. The sign of this signal determines the sen
of rotation of the elliptical polarization. Here, dark area
correspond to a positive sign and light areas to a neg
tive sign. The most remarkable feature of the data is th
change of sign in the vicinity of the hh-exciton resonanc
In addition, the energetic position of the peaks changes f
varying delay times. At negative delays the resonance
centered at the hh position while, for later times, it is shifte
first to the lower- and then to the higher-energy side. Th
feature due to the biexciton exhibits no such conspicuo
shifts or sign changes.

In order to understand this characteristic signature w
performed calculations taking into account higher-orde
correlations. Our approach is based on the concept of a d
namically controlled truncation of the hierarchy of higher
order density matrices [13,14]. The relevant variable fo
optical experiments is the single-pair transition densityya ,
because it is directly related to the interband polariz
tion. The pertinent equation forya in the exciton basis
reads

h2ih̄s≠t 1 gyd 1 h̄vajya ­
X
p

Mp
a E

p
opt

1 Qy 1 Qb̄ 1 Qn̄| {z }
; Qnonlinear , (3)

where h̄va is the interband transition energy of exci-
ton a and gy is a phenomenological damping constan
The sources on the right-hand side are split into the li
ear source and contributions of third and higher ord
Qnonlinear . The linear part comprises the dipole matrix
elementM

p
a and the field of the laser pulsesE

p
opt while
5881
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the nonlinear sources are given by

Qy ­ 2
X

p āā0

B
ā0p
a āy?

āyā0E
p
opt

1
X

āā0ā00

sVHā0 ā00

a ā
2 VFā0 ā00

a ā
dy?

āyā0yā00 , (4)

Qb̄ ­
Z t

2`

dt0
X

a0āā0

yāstd?Ka0ā0

a ā st 2 t0dya0st0dyā0st0d ,

(5)

Qn̄ ­ 2
X

p āā0

B
ā0p
a ā n̄āā0 E

p
opt

1
X

āā0ā00

sVHā0 ā00

a ā
2 VFā0 ā00

a ā
d s yā0 n̄āā00 1 yā00 n̄āā0d ,

(6)

where B is the matrix element of the blocking source
andVH , VF are the Coulomb matrix elements of Hartre
and Fock type, respectively. The termQy contains the
Hartree-Fock contributions as well as the source for t
Pauli blocking. Qb̄ accounts for the two-pair contri-
butions including the bound biexciton and the two-pa
scattering continuum. Here we have made use of t
memory kernel representation of two-exciton transition
introduced in Ref. 8. The kernelK is determined by
an integral equation as described in [8]. Finally inco
herent and intraband coherent exciton densitiesn̄ enter
the equations of motion viaQn̄. Here, n̄ is the exci-
ton representation of the four-point density matrixN̄ii0

jj0 ;
ksd̂i ĉj 2 kd̂i ĉjldysd̂i0

ĉj0 2 kd̂i0

ĉj0ldl, whereĉi (d̂j) anni-
hilate an electron (hole) [14]. The diagonal partn̄aa

represents the occupation density of exciton statea ex-
cept for the interband coherent contributionj yaj2. Fur-
thermore,n̄aa is identical to the mean square fluctuatio
of the exciton transitionya. In our case it is built up ex-
clusively by carrier-carrier interaction and is therefore o
fourth order in the laser field.

Let us first focus on the influence of bound and un
bound two-exciton contributions. We have calculated t
memory kernel for a two-dimensional ZnSe-quantum-we
model restricting the basis set to the states on the1s-
exciton parabola, which is expected to be a good appro
mation due to the large exciton binding energy in ZnS
As described in [8] the kernel is decomposed into com
ponents exhibiting either a Hartree- or a Fock-like depe
dence on the band indices. Figures 2(a) and 2(b) disp
the corresponding parts of the resulting memory kern
The resonance of the bound biexciton is easily identifie
To isolate the influence of the correlated scattering co
tinuum the bound biexciton has been extracted from t
memory kernel by fitting a single Lorentzian to the fu
kernel. The result is displayed in Figs. 2(c) and 2(d). A
antibound state would have to show up as a resonance
the continuum which is obviously not present.

Figures 3(a) and 3(b) contain the numerical results f
the imaginary part of they component of the FWM
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FIG. 2. The left panels show the Hartree (a) and Fock (b) pa
of the memory kernel obtained for a two-dimensional ZnSe
quantum-well model. The right panels show the contribution
due to exciton-exciton scattering for the Hartree (c) and th
Fock (d) parts of the memory kernel.

polarization introduced in Eq. (1). Part (a) has bee
calculated using only the bound biexciton in the memor
kernel while in part (b) also the two-exciton scattering con
tributions have been included. Both results reproduce t
experimentally found negative contribution on the spec
tral position of the biexciton. In contrast the signal at th
hh exciton position does not show the observed behavio
Without continuum [part (a)] no negative contributions ar
found at all, while in the case with continuum [part (b)]
the positive contributions to the signal are missing, in pa
ticular, at positive delay times. Consequently, the exper
mentally observed change in sign between the resonan
is not reproduced on this level of the theory.

In order to include the influence of fluctuations of the
exciton amplitude represented by the exciton densityn̄ the
sourceQn̄ introduced via Eq. (6) has to be evaluated. Thi
requires one to follow the time evolution ofn̄ determined
by the equation of motion

h2ih̄s≠t 1 gn̄d 1 h̄va0 2 h̄vajn̄aa0

­ Q?
nonlinearya0 1 y?

aQnonlinear . (7)

The FWM polarization calculated taking into accoun
all sources in Eq. (3) including the bound biexciton, th
exciton-exciton continuum, as well as the exciton densitie
n̄ does not exhibit the shortcomings of the previous result
As can be seen in Fig. 3(c) we now obtain a very goo
agreement with the experimental result of Fig. 1(b). Th
distinct peaks in the vicinity of the exciton line exhibit
the same complex dependence of the sign on energy a
delay as found experimentally. Also the slight energet
shifts with respect to the exciton line are well reproduce
by our calculation. Even the detailed shape of the contou
displayed in Figs. 1(b) and 3(c) are in good agreement.
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FIG. 3. Theoretical results for ImhP̂yj calculated considering (a) only excitonic and biexcitonic bound states and no ex
densities; (b) the bound states and the two-exciton scattering continuum; (c) the bound states, the two-exciton continu
the exciton densities. An inhomogeneous broadening of the band gap of 0.7 meV has been included phenomenolog
convoluting the homogeneous result with a Gaussian. The gray levels are set linearly, with black (white) corresponding to
(negative) signal contributions with the same absolute valueSmax in arbitrary units.
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In conclusion, this Letter demonstrates that the pola
ization state in FWM spectra clearly reveals the influenc
of three distinct electronic four-point coherences: viz. th
biexciton amplitude, the exciton-exciton scattering contin
uum, and fluctuations of the exciton amplitude. All ba
sic features of the complex spectral signature observed
measurements on ZnSe are satisfactorily explained with
an extended density-matrix dynamics where the abo
mentioned four-point coherences are accounted for on
quantum-kinetic level. In particular, the additional spec
tral features at the exciton position are perfectly repro
duced, although there is no antibound two-exciton sta
entering the description. These spectral structures can
naturally explained within our theory as an interference o
the four-point exciton densitȳn with the correlated part of
the exciton-exciton scattering continuum.
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