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Dephasing of coherences betweens¿ and sÀ exciton states in a ZnSe single quantum well

H. P. Wagner and S. Tripathy
Department of Physics, University of Cincinnati, Cincinnati, Ohio 45221-0011, USA

~Received 18 September 2003; revised manuscript received 19 December 2003; published 18 March 2004!

We investigate interband coherences as well as coherences betweens1 ands2 exciton states in a 10 nm
thick ZnSe/ZnMgSe single quantum well by spectrally resolved three-pulse degenerate four-wave mixing using
circularly polarized 100 fs pulses. Polarization and intensity dependent measurements are performed to identify
the coherent processes responsible for the nonlinear signal into thek31k22k1 direction and to study the
influence of Coulomb scattering on the dephasing rates. The experiments reveal nearly equal zero-density
dephasing rates for coherences betweens1 ands2 heavy- and/or light-hole exciton states as compared to the
dephasing rate of the interband coherence between these states and the ground state. The measurements also
demonstrate that exciton–exciton scattering destroys the phase coherence between heavy- and light-hole ex-
citons about three times more effectively than the coherence betweens1 and s2 heavy-hole excitons. The
characteristic features of the experimental results are explained and reproduced by numerical calculations of
the optical Bloch equations for a ten-level model including excitation induced dephasing.

DOI: 10.1103/PhysRevB.69.125325 PACS number~s!: 71.35.2y, 71.55.Gs, 42.50.Md
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INTRODUCTION

The technique of degenerate four-wave mixing~FWM!
represents a powerful tool to study fundamental cohe
transient phenomena in bulk semiconductors and quan
well ~QW! structures. In particular, FWM provides an e
perimental approach for the investigation of quantum b
phenomena,1–3 scattering processes of excitons with fr
carriers,4,5 with excitons6–9 and with phonons.9–11 A general
theoretical approach to analyze these coherent optical
nomena is based on the semiconductor Bloch equat
~SBE!,12 which consider the fermionic nature and the Co
lomb interaction of carriers in a semiconductor. Howev
under certain excitation conditions the important mec
nisms can be obtained also if the complexity of the SBE
simplified by phenomenological multilevel models, esse
tially representing extended optical Bloch equations~OBE!.
These models consider e.g., local-field effects~LFE!,13

excitation-induced dephasing~EID!,14–16 and biexciton for-
mation ~BIF!.17–19 The off-diagonal elements of the densi
matrices in these models describe the coherence betwee
citon states, which decays with their characteristic relaxa
time. Most investigations concentrate on interband coh
ences between the ground state and the heavy-holeXh or
light-hole Xl exciton states or between the ground state
two-exciton states~biexciton transitions! using standard two-
pulse degenerate four-wave mixing. Much less studied, h
ever, are coherences between two heavy-hole or two li
hole excitons of opposite spin and between heavy-hole
light-hole excitons with opposite or equal spin,20,21which are
generated in a two-photon coherent process. Their inte
tions with excitons, phonons and impurities may differ fro
that of interband coherences leading to different decay r
of both types of coherent excitations.21 Coherences betwee
two excitons will be called interexciton coherences in wh
follows.

In this paper, we investigate interband and interexci
coherences in a ZnSe single quantum well by applying
larization dependent three-pulse degenerate four-wave
ing experiments. Since ZnSe possesses an exciton osci
0163-1829/2004/69~12!/125325~8!/$22.50 69 1253
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strength, which is about 10 times higher than that of Ga
this SQW structure is well suited for the study of the me
tioned coherent phenomena. The higher biexciton bind
energy in II–VI semiconductors compared to III–V semico
ductors also enables a spectral isolation of the heavy-h
biexcitonXXh transition as well as of the mixed heavy-hole
light-hole biexciton XXm transition.19,22 The zero-density
dephasing rates as well as exciton–exciton scattering pa
eters for different interband and interexciton exciton coh
ences are obtained by intensity dependent measurements
a more detailed understanding of the different FWM p
cesses, the optical Bloch equations of a 10-level system
cluding excitation induced dephasing~EID! have been
solved numerically and the calculations are compared w
our experimental results.

EXPERIMENTAL DETAILS

The investigated ZnSe single quantum wells were pseu
morphically grown on~001! oriented GaAs substrate by mo
lecular beam epitaxy~MBE!. The structures include a ZnS
quantum well of 10 nm width sandwiched between two
nm thick Zn0.90Mg0.1Se barriers defining a type-I quantu
well structure. A detailed description of the growth and
sample characterization is given in Ref. 23. A frequen
doubled mode locked Ti–sapphire laser providing ultrash
pulses of spectral width of 22 meV at a repetition rate of
MHz was used to excite the sample. The temporal width
the frequency doubled pulses was determined to 10364 fs
using an autocorrelation technique that is based on t
photon-absorption in a SiC photodiode. The three-beam fo
wave mixing experiments, which involve three excitatio
pulsesk1 , k2 , and k3 , have been performed in the bac
scattering geometry with the sample mounted in a heli
cryostat at a temperature of 55 K. In the experiments
delay time betweenk1 and k2 was kept to zero (t125t2
2t1'0) while the time delayt135t32t15t was varied be-
tween pulsesk1 and k3 . The zero delay between pulsesk1
andk2 as well as betweenk1 andk3 has been determined b
maximum contrast of the light interference pattern appear
©2004 The American Physical Society25-1
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on the sample surface during temporal overlap of the pul
The 1/e2 focus diameter of the pulses on the sample was
mm. The time integrated and spectrally resolved four wa
mixing signal was detected in directionk31k22k1 by a
combination of a spectrometer and an optical multichan
analyzer. The experiments have been performed for var
polarization configurations of the three incident pulses. In
present discussion we use the notation (s1s1s1),
(s1s1s2), and (s1s2s1) where the first, second, an
third symbol in the parentheses indicates the polarization
the k1 , k2 , andk3 pulse, respectively.

EXPERIMENTAL RESULTS

In the performed three-beam four-wave mixing expe
ments a positive delay (t.0) refers to the case where puls
k3 arrives last whereas a negative delay (t,0) refers to
pulsek3 arriving first. Figure 1 shows the spectrally resolv
FWM signal in thek31k22k1 direction obtained from the
10 nm ZnSe SQW at a delay timet520.55 ps for configu-
rations (s1s1s1), (s1s1s2), and (s1s2s1). The in-
tensity of pulsesk1 andk2 together was 1.3 MW cm22 and
the intensity of the third pulsek3 was 0.3 MW cm22. The
center of the 22 meV broad excitation pulse was set to 2.
eV, in order to avoid continuum contributions and predom
nantly excite the 11H Xh heavy-hole exciton at 2.806 eV an
weakly excite the light-hole 11L Xl exciton transition at
2.821 eV. In addition the heavy-hole biexciton induced sig
XXh at (2.806 eV2Dh) ~Ref. 19! and the mixed heavy-light
hole biexciton induced signalsXXm at (2.806 eV2Dm) and
(2.821 eV2Dm) ~Ref. 22! are observed, both being ident
fied from their polarization dependence as described in
next paragraph. In the parenthesesDh54.8 meV is the bind-
ing energy of the heavy–heavy-hole biexciton,Dm
52.8 meV refers to the binding energy of the mixed heav
light-hole biexciton. The weak 12H heavy-hole exciton tran

FIG. 1. Spectrally resolved three-beam FWM signals of a 10
thick ZnSe SQW intok31k22k1 direction for polarization con-
figurations (s1s1s1), (s1s1s2), and (s1s2s1) at 55 K. The
spectra were taken at a delay timet520.55 ps. The excitation wa
centered at 2.808 eV, the intensity of pulsesk1 and k2 was
1.3 MW cm22 and of pulsek3 was 0.3 MW cm22. The exciton
(Xh , Xl) and biexciton transitions (XXh , XXm) are labeled.
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sition visible at 2.815 eV was not considered in the followi
treatment. Two pulse four-wave mixing experiments19,22 fur-
ther indicate that the exciton transitions are nearly homo
neously broadened in this ZnSe SQW.

The FWM responses as a function of delay timet for
configurations (s1s1s1), (s1s1s2), and (s1s2s1) at
the energetic position of theXh transition and for the
(s1s2s1) configuration at the biexciton inducedXXh tran-
sition are displayed in Fig. 2. For negative delay timet
,0), pulsek3 builds up an exciton polarization, which, to
gether with the subsequent pulsesk1 and k2 leads to the
generation of a FWM signal into the direction ofk31k2
2k1 . In all configurations the observed FWM signal deca
with the dephasing rate of the interband exciton polarizati
While clear quantum beats between heavy-Xh and light-hole
Xl excitons with a periodDt'270 fs ~corresponding to an
energy splitting ofDEhl5h/Dt'15 meV) are observed in
(s1s1s1) and (s1s2s1) configuration, no oscillations
are visible in (s1s1s2) configuration. The observed quan
tum beats reveal a constant oscillation amplitude indicat
very similar Xh and Xl single exciton interband dephasin
times.

For positive delay time (t.0) in configurations
(s1s1s1) and (s1s1s2) pulsesk1 andk2 have the same
circular polarization so that an exciton population grati
with grating vectork22k1 is generated. The electric field o
the delayed pulsek3 ~with same or different circular polar
ization! generates a nonlinear FWM signal into directionk3
1k22k1 . The FWM signal persists as long as the grati
exits i.e., the signal decays with the inverse of the exci
lifetime T1 and decreases also due to the diffusion of ex
tons within the population grating leading to a reduced c
trast of the population grating with increasing delay timet.24

Only in the (s1s1s1) configurationXh–Xl quantum beats
with damped oscillating amplitude are observed. Furth
more the FWM signal in (s1s1s1) configuration shows an
increase near zero delay, which is not observed in
(s1s1s2) configuration. As outlined in the next paragrap
this behavior is explained by excitation induced dephas

FIG. 2. FWM traces intok31k22k1 direction at the spectra
position of the heavy-holeXh exciton transition for polarization
configurations (s1s1s1), (s1s1s2), and (s1s2s1) and at
the heavy-hole biexciton induced transitionXXh for configuration
(s1s2s1) at 55 K. The intensity of pulsesk1 andk2 was set to
1.3 MW cm22, the intensity of pulsek3 was 0.3 MW cm22.
5-2
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DEPHASING OF COHERENCES BETWEENs1 AND s2 . . . PHYSICAL REVIEW B69, 125325 ~2004!
~EID! which is present for (s1s1s1) polarized fields but is
inactive in the (s1s1s2) configuration.

The FWM signal observed in the (s1s2s1) configura-
tion for t.0 behaves significantly different. In this cas
pulsesk1 andk2 cannot create a population grating becau
they act on differents1 ands2 exciton transitions. Instead
they create an interexciton coherence betweens1 and s2

excitons that has a structure of an orientational grating w
momentum k22k1 . Again together withk3 a nonlinear
FWM signal is generated into directionk31k22k1 . The
nonlinear signal decays with the same rate as the coher
between twos1 ands2 excitons is lost, thus enabling th
determination of the not otherwise accessible interexc
exciton dephasing time. A closer look to the FWM trac
however, shows that the decay cannot be fitted with a sin
exponential function. Also theXh–Xl beating clearly ob-
served in this configuration shows a slight damping for po
tive delay. In the following paragraph these observations
explained by the decoherence betweenXh andXl excitons of
opposite spin as well as by EID both contributing to t
FWM signal at resonanceXh . The FWM trace at the biex
citon inducedXXh transition is~up to third order perturba
tion! neither affected by theXh–Xl interexciton decoherenc
nor by EID so that theXh interexciton dephasing time can b
directly evaluated from this signal.

The FWM traces at the energetic position of theXl exci-
ton ~see Fig. 3! show very similar features as observed at
Xh transition energy. In the (s1s2s1) configuration fort
.0 the decay rate of the FWM signal is faster as compa
to the decay rate of the FWM signal at the spectral posit

FIG. 3. FWM traces intok31k22k1 direction at the spectra
position of the light-holeXl exciton transition for polarization con
figurations (s1s1s1), (s1s1s2), and (s1s2s1) at 55 K. The
intensity of pulsesk1 andk2 was set to 1.3 MW cm22, the intensity
of pulsek3 was 0.3 MW cm22.
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of Xh indicating a faster loss of the coherence between
s1 ands2 light-hole excitonsXl as well as betweenXh and
Xl excitons of different spin.

THEORETICAL MODEL

For a more quantitative understanding of the experime
data we have modeled the FWM response by solving
optical Bloch equations~OBE! of a 10-level system up to
third order in the external fields ford-shaped laser pulses
The 10-level model~see Fig. 4! with the ground levelu1&
initially populated takes into account the interaction ofs1

ands2 Xh heavy-hole~levels u2& and u3&! andXl light-hole
excitons~levelsu6& andu7&! and also allows for the formation
of bound heavy-hole biexcitonsXXh and biexciton con-
tinuum ~levels u4& and u5&!. Furthermore the formation o
mixed biexcitonsXXm ~levels u8& and u9&! as well as of a
light-hole biexciton continuum~level u10&! is introduced into
this model. The corresponding OBE are further extended
encompass EID, as discussed in Ref. 16. Local field effe
~LFE! have not been considered since they are less impor
in ZnSe quantum wells as shown in previous two-be
FWM experiments.19 After Fourier transformation the third
order polarization intok31k22k1 direction for negative (t
,0) and positive (t.0) delay reads

FIG. 4. Ten-level scheme describing a system of interact
heavy-holeXh and light-holeXl exciton with ground levelu1&, s1

and s2 Xh heavy-hole~levels u2& and u3&!, Xl light-hole excitons
~levels u6& and u7&!, heavy-hole biexcitonsXXh and biexciton con-
tinuum ~levels u4& and u5&!, mixed biexcitonsXXm ~levels u8& and
u9&! and a light-hole biexciton continuum~level u10&!. The arrows
represent the optical transitions~full line s1 transition, dashed line
s2 transition! and their selection rules.
Pk31k22k1
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N

\3
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In Eqs.~1! and~2!, ej denotes the polarization unit vecto
of the s1 and s2 polarized laser pulses withs6

5220.5(1, 7 i ) in Jones notation andj 51,2,3 corresponding
to the three laser pulses. The indicess ands8 correspond to
the single exciton states~u2&, u3&, u6&, u7&! whereast refers to
the two-exciton states~u4&, u5&, u8&, u9&, u10&, g being the
ground stateu1&. The optical matrix elements from groun
stateg to statess are mgs where mgs5mgss

1 or mgss
2

wheremgs accounts for the magnitude of the dipole tran
tions. Furthermore we have used the following abbrev
tions:

Vsg5vsg2 igsg5vsg2 i ~gsg
0 1bsgN3!,

Vs8s5vs8s2 igs8s5vs8s2 i ~gs8s
0

1bs8s~N11N2!!,

Ṽsg5Vsg2 ibsg~N11N2!,

Ṽ ts5v ts2 i ~g ts
0 1b ts~N11N21N3!!. ~3!

The dephasing ratesgsg are given by gsg5(Tsg)
21,

whereTsg are the interband dephasing times of differentXh
andXl exciton to ground transitions. ForsÞs8 the interex-
citon dephasing rategs8s is given by gs8s5(Ts8s)

21. The
time constantTs8s describes the loss of coherence betwe
two Xh , two Xl andXh2Xl exciton states with different spin
(T32, T76, T63,T72, respectively! as well as betweenXh–Xl
exciton states with equal spin (T62,T73). Fors5s8 the decay
rate of the exciton population grating is given bygs8s
5(Tc)

21. Tc is a combined time constant taking into a
count the exciton lifetime as well as the exciton diffusi
inside the population grating. The quantitiesvsg , vs8s , v ts
are the angular frequency between statesg, s, s8 andt, N is
the total density of the exciton system.gsg

0 andgs8s
0 denote

the dephasing rates at zero exciton density andbsg and
bs8s ,b ts are the exciton–exciton scattering parameters t
12532
-
-

n

-

ing into account an increased dephasing rate of various t
sitions with exciton densitiesN1 , N2 , andN3 created by the
three-laser pulsesk1 , k2 , andk3 , respectively. The exciton–
exciton scattering parameterb5bsg is also responsible for
the EID terms in Eqs.~1! and ~2!.

Numerical calculations have been performed for config
rations (s1s1s1), (s1s1s2), and (s1s2s1). The en-
ergetic positions of exciton and biexciton induced transitio
were taken from the experimental FWM spectra. From
FWM traces we evaluated the combined lifetimeTc to Tc
535 ps as well as the interband dephasing ratesg215g31
50.75 ps21 and g615g7150.75 ps21. The interexciton
dephasing rateg3250.85 ps21 between two heavy-hole ex
citons of opposite spin was extracted from the (s1s2s1)
trace at the XXh transition. Dephasing ratesg635g72
51.2 ps21 between heavy and light-hole excitons with o

FIG. 5. Calculated FWM spectra intok31k22k1 direction for
polarization configurations (s1s1s1), (s1s1s2), and
(s1s2s1) for the same conditions as in Fig. 1.
5-4
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posite spin were approximated from the (s1s2s1) FWM
trace at theXXl transition. We assumed the same dephas
rates between heavy and light-hole excitons with equal s
e.g.,g625g7351.2 ps21. For simplicity we further assume
that the dephasing ratesg ts between two-exciton and singl
exciton states are equal tog21. The magnitude of the groun
to heavy-hole dipole matrix elementsm215m31 and that of
the ground to light-hole exciton dipole matrix elementsm61
5m71 were set to 1 and 0.57, respectively, according to th
relative oscillator strength-ratiosm21

2 :m71
2 of 3:1 in relation

to their valence band functions. Furthermore the spec
shape of the excitation pulse was considered as describe
Ref. 9. The exciton–exciton scattering parameterb was de-
termined from intensity dependent measurements tob
522 s21 cm2 as outlined in the following paragraph. Th
still unknown parametersN, g67, andm ts were fitted toN
52.8•1010 cm22, g7651.2 ps21, andm ts50.3 for all two-
exciton transitions to give reasonable agreement between
perimental data and calculated spectra and traces.

As demonstrated in Fig. 5 the calculated FWM spectra
configurations (s1s1s1), (s1s1s2), and (s1s2s1) at
a delay timet520.55 ps reveal the same polarization d
pendence as observed in the experimental spectra show
Fig. 1. In addition the relative signal intensities between
different exciton and biexciton transitions as well as betwe
different polarization configurations are well reproduced.

The calculated FWM traces at the heavy-hole exci
transitionXh and atXXh are shown in Fig. 6. According to
the theoretical expression for the (s1s1s1) configuration
at t.0 the slow signal decay at long delay times is det
mined by the combined lifetimeTc . Occurring oscillations
close to zero delay are generated by a term containing
exponential function exp(iV62* t) and~weaker! by EID terms
containing Xh and Xl transitions. The complex frequenc
V62* 5v621 ig62 indicates the coherence betweens1 –Xh

and s1 –Xl excitons with a beating frequency ofv62.
Dephasing rateg62 is responsible for the observed dampi
of the beats. The rise of the FWM intensity near zero dela
caused by EID since pulsesk1 andk3 create an exciton grat
ing so that thek2 exciton polarization is diffracted into di

FIG. 6. Calculated FWM traces intok31k22k1 direction at the
energetic position of the heavy-holeXh exciton transition for con-
figurations (s1s1s1), (s1s1s2), and (s1s2s1) and at the
biexciton induced transitionXXh for configuration (s1s2s1) for
the same conditions as in Fig. 2.
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rectionk31k22k1 . The contributing terms fort,0 at reso-
nancev21 contain the exponential functions exp(iV21t) and
exp(iV61t), leading to the appearance ofXh–Xl quantum
beats. Since dephasing ratesg21 andg61 were chosen equa
the FWM trace shows a single exponential decay and a c
stant oscillation amplitude with delayt in agreement to the
experimental observation.

In (s1s1s2) configuration for delayt.0 the calculated
FWM polarization is again governed by the exponent
function exp(2t/T1). There is no term accounting for quan
tum beats at resonancev31. Since the polarization direction
are opposite for pulsesk1 and k3 EID is inactive for pulse
k2 . Hence no EID signal close to zero delay is generated
agreement to the experimental observation. In contrast lo
field effects~LFE! arising from pulsesk2 andk1 are active in
(s1s1s2) configuration and can lead to an addition
FWM signal close to zero delay.20 Since we do not observe
noticeable signal increase in our experiments we concl
that local field effects are of minor importance in consisten
to our previous investigation.19 The contributing terms for
t,0 at resonanceXh contain only an exponential functio
exp(iV31t), explaining the lack ofXh–Xl quantum beats in
this polarization configuration.

In (s1s2s1) polarization configuration fort.0 the
calculated FWM polarization at resonancev31 is determined
by terms containing exponents exp(2iV32t) and exp(iV63* t)
as well as EID~with dephasing rate 2g21), thus leading to a
multiexponential decay of the FWM signal and a damping
theXh–Xl oscillation amplitude. In contrast the FWM pola
ization at theXXh is generated by a term containing only th
exponent exp(2iV32t). As mentioned earlier EID is inactive
at transitionXXh . For t,0 the leading terms at resonanc
Xh contain the exponential functions exp(iV21t) and
exp(iV61t), explaining the appearance ofXh–Xl quantum
beats.

The calculated FWM traces at the energetic position
the light-hole exciton transitionXl are demonstrated in Fig
7. The traces for (s1s1s1), (s1s1s2) configuration are
very similar to the traces calculated at theXh resonance and
can be explained in a similar way. In polarization configu
tion (s1s2s1) for t.0 the calculated FWM polarization

FIG. 7. Calculated FWM traces into thek31k22k1 direction at
the energetic position of the light-holeXl exciton transition for
configurations (s1s1s1), (s1s1s2), and (s1s2s1) for the
same conditions as in Fig. 3.
5-5
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H. P. WAGNER AND S. TRIPATHY PHYSICAL REVIEW B69, 125325 ~2004!
at resonanceXl is determined by terms containing expone
tial functions exp(2iV72t), exp(2iV76t) and by EID terms.
Due to the larger dipole moments the magnitude of
exp(2iV72t) term is significantly larger than that of th
exp(2iV76t) term so that an exact determination of the
terexciton rateg76 from the experimental data is very diffi
cult. However, the experimental trace can be modeled c
sistently assumingg765g72.

INTENSITY-DEPENDENT MEASUREMENTS

Despite some deviations from experimental results as e
the weaker FWM signal in the (s1s1s2) configuration for
t.0 or the strongerXh–Xl beating in the (s1s1s1) con-
figuration for t,0, the model calculations successfully r
produce the experimental data and significantly contribut
the understanding of the complex FWM processes. In co
parison with theory the experiments also provide relia
values for the interband dephasing rateg21(N3) as well as
for the interexciton dephasing ratesg32(N11N2) and
g72(N11N2). However, since these values are obtained
different exciton densities a direct comparison between th
dephasing rates is not admissible.

We therefore performed intensity dependent meas
ments in (s1s2s1) configuration using the same expe
mental setup. In the first measurement series the intensi
pulsesk1 andk2 was kept constant at 1.3 MW cm22 and the
intensity of the third pulsek3 was varied. In the second se
ries the intensity of pulsek3 was kept constant a
0.3 MW cm22 and the intensities of pulsesk1 and k2 were
varied. These measurements enable us to determine
dephasing ratesg21

0 ,g32
0 ,g72

0 at zero exciton density and pro
vide values for the exciton–exciton scattering parame
b21,b32, andb72.

Figure 8 shows the normalized FWM traces f

FIG. 8. Normalized FWM traces intok31k22k1 direction for
the (s1s2s1) configuration at theXh exciton transition for a fixed
k1 and k2 pulse intensity of 1.3 MW cm22 and variablek3 pulse
intensity labeled as ratioI 3 /I 03. The k3 reference intensity isI 03

50.6 MW cm22, temperature was 55 K.
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(s1s2s1) configuration at positionXh . The varied inten-
sity of the third pulsek3 is specified as ratioI 3 /I 03 with
respect to a reference intensityI 0350.6 MW cm22. For t
,0 pulsek3 arrives first so that exciton densityN3 is re-
sponsible for the density dependent dephasing of the non
ear response according tog21(N3)5g21

0 1b21N3 . For t.0
the decay rateg32(N11N2) of the FWM polarization re-
mains nearly constant since the exciton density created
pulsesk1 and k2 is constant. The observed increase of t
FWM signal close to zero delay is attributed to higher ord
FWM processes which are not further discussed in this c
text.

Figure 9 depicts the extracted dephasing ratesg21(N3) as
a function of the exciton densityN3 . The two-dimensional
exciton density created by an excitation pulse with intens
1 MW/cm2 was estimated to 2.5•109 cm22.9,19 Up to an ex-
citon density ofN352•1010 cm22 we find a linear depen-
dence of dephasing rateg21(N3) in accordance to an
exciton–exciton scattering parameterb21'22 s21 cm2.
Above N352•1010 cm22 the density dependence begins
saturate due to bleaching which is in agreement with FW
experiments performed on GaAs quantum wells at high
citation intensities.25 Finally, a dephasing rateg21

0 was ex-
trapolated tog21

0 50.73 ps21. Figure 9 also includes the
dephasing rates obtained from traces at positionXXh andXl .
They reveal similar density dependence in particular nea
equal zero-density dephasing ratesg21

0 'g61
0 as well as

equivalent exciton–exciton scattering parametersb21'b61
for Xh andXl exciton transitions. The same scattering para
etersb21'b61 and zero density ratesg21

0 'g61
0 are found if

the constantk1 and k2 intensities are changed in these e
periments.

Figure 10 shows normalized FWM traces for configu
tion (s1s2s1) varying the intensity ofk1 andk2 with I 01
1I 0250.7 MW cm22 being the reference intensity for th
different traces. In this situation the dephasing rate of
FWM signal remains constant fort,0 ~constant exciton
densityN3) while the dephasing rate fort.0 increases with
increasing intensities of pulsesk1 and k2 . Deviations from
this behavior are again attributed tox (5) and higher order

FIG. 9. Measured dephasing rates from FWM traces at theXh ,
XXh , andXl transition energy as a function of the exciton dens
N3 generated by pulsek3 . The dashed line gives a linear increase
the dephasing rateg21 with an exciton–exciton scattering paramet
of b21522 s21 cm2.
5-6
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effects. Figure 11 depicts the extracted dephasing time
spectral positionsXh andXXh . At positionXh the extracted
values represent an average dephasing rate involving
dephasing ratesg32 ~dominating term!, g63 and 2g21 ~from
EID!. The rate at positionXXh only accounts for the inter
exciton dephasing rateg32 and is therefore somewhat lowe
as compared to the average value obtained from theXh trace.
In linear approximation the density dependence of depha
rate g32 is given byg32(N11N2)5g32

0 1b32(N11N2). Up
to a density ofN11N2'2•1010 cm22 we find a linear in-
crease ofg32 in accordance to an exciton–exciton scatter
parameterb32'22 s21 cm2 indicating the same Coulom
scattering efficiency for heavy-hole interband and interex
ton coherences. Above densityN11N252•1010 cm22 the
dependence starts to saturate as already observed in the
surements before. The zero-density dephasing rateg32

0 was

FIG. 10. Normalized FWM traces into thek31k22k1 direction
for the (s1s2s1) configuration at theXh exciton transition for a
fixed k3 pulse intensity of 0.3 MW cm22 and variablek1 and k2

pulse intensity labeled as ratio (I 11I 2)/(I 011I 02). The k1 and k2

reference intensity isI 011I 0250.7 MW cm22, temperature was 55
K.

FIG. 11. Measured dephasing rates from FWM traces at theXh ,
XXh , andXl transition energy as a function of the exciton dens
N11N2 generated by pulsesk1 and k2 . The dashed and dotted
dashed lines give a linear increase of the dephasing rateg32 andg72

with scattering parameterb32522 s21 cm2 and b72560 s21 cm2,
respectively.
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determined to g32
0 50.8 ps21 indicating similar exciton-

phonon and exciton-impurity scattering mechanisms for b
types of coherences. The same scattering parameterb32 and
zero density rateg32

0 are found if the constantk3 intensity is
changed in these experiments.

Figure 11 also contains dephasing rates which have b
extracted from the FWM trace at the spectral position ofXl .
From similar arguments as at positionXh the extracted rates
are average values between ratesg72 and 2g21. The contri-
bution of theg76 containing term can be neglected due to
weak dipole matrix elements. In comparison with our mod
calculations we estimate an exciton–exciton scattering
rameter of b72>60 s21 cm2. This significantly stronger
exciton–exciton interaction for theXh–Xl interexciton co-
herence as compared to theXh–Xh coherence is also notice
able in Fig. 10 by the increasing damping of theXh–Xl
oscillations with rising exciton density. Finally, the zer
density rateg72

0 is estimated tog72
0 50.9 ps21 indicating

similar exciton-phonon or exciton-impurity interactions f
all coherences. The enhanced exciton–exciton scatterin
rateb72 might be explained by an increased Pauli repuls
betweens1 Xh2s2 Xl coherences ands1 Xh excitons~or
betweens2 Xh2s1 Xl coherences ands2 Xh excitons!,
where all interacting excitons carry electrons of equal s
momentumms521/2 ~or ms511/2, respectively!.

Although an evaluation of the interexciton dephasingg76
is not feasible from our experiment we may expect that
zero-density dephasing rateg76

0 is similar tog32
0 . Since only

two electrons of equal spin momentum are involved
Xl –Xl coherence scattering events~same as for theXh–Xh
interexciton coherence! we might further conclude that th
exciton–exciton scattering parameterb76 is smaller than that
of the Xh–Xl coherence. Further spectrally resolved thre
pulse FWM experiments using spectrally narrow 1 ps pul
for individual excitation of eitherXh or Xl exciton transitions
may help to clarify this assumption.

CONCLUSIONS

We have performed spectrally resolved and polarizat
dependent three-pulse FWM experiments to study the in
band (g21,g61) and interexciton dephasing rates (g32,g72) in
a homogeneously broadened ZnSe/Zn0.90Mg0.1Se single
quantum well. The characteristic features of the experime
FWM spectra and traces have been successfully reprod
by calculations based on extended optical Bloch equati
for a 10-level system. In particular we find a significant E
contribution from its polarization dependence. Intensity d
pendent three-pulse FWM measurements show that the z
density dephasing rate ofXh and Xl interband coherence
(g21

0 5g61
0 50.73 ps21) is nearly equal to that of the interex

citon coherence between twoXh excitons (g32
0 50.8 ps21)

and betweenXh–Xl excitons (g72
0 50.9 ps21) of opposite

spin. This result indicates similar exciton-phonon a
exciton-impurity interaction for all types of coherences.
addition the Coulomb scattering for interband excitons (b21
'22 s21 cm2) and that for the interexcitonXh–Xh coher-
ence (b32'22 s21 cm2) is found to be equal while the inter
5-7
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excitonXh–Xl coherence shows a significant higher scatt
ing rate (b72'60 s21 cm2). The enhancement for theXh–Xl

coherence is attributed to an increased Pauli repulsion
scattering events where three electrons of equal spin mom
tum are involved.
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