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Interaction-induced processes are studied using the third-order nonlinear polarization created in polarization-
dependent four-wave-mixing experiments~FWM! on a ZnSe single quantum well. We discuss their influence
by a comparison of the experimental FWM with calculations based on extended optical Bloch equations
including local-field effects, excitation-induced dephasing, and biexciton formation. The investigations show
that, for copolarized input fields, excitation-induced dephasing is the dominant FWM mechanism, followed by
the conventional density-grating FWM process, biexcitonic contributions, and local-field effects. For cross-
linear polarized input fields the excitation-induced dephasing mechanism is canceled so that the conventional
density-grating FWM process and biexcitonic contributions are dominating.@S0163-1829~99!05428-4#

Ultrafast degenerate four-wave mixing~FWM! techniques
have been applied successfully to study the fundamental
quantum coherent processes in bulk semiconductors and
quantum well ~QW! structures. A general theoretical ap-
proach to analyze these coherent optical phenomena is based
on the semiconductor Bloch equations~SBE!, which con-
sider the fermionic nature and the Coulomb interaction of the
carriers in a semiconductor. However, under certain excita-
tion conditions the important mechanisms can be obtained
also if the complexity of the SBE is simplified by phenom-
enological models, essentially representing extended optical
Bloch equations~OBE!. These models consider, e.g., local-
field effects~LFE!,1 excitation-induced dephasing2–4 ~EID!
and biexciton formation~BIF!.5,6

In this paper, we investigate the relative importance of
these many-body effects by polarization-dependent degener-
ate FWM experiments on a ZnSe single QW~SQW!. Since
ZnSe possesses an exciton oscillator strength which is about
10 times higher than that of GaAs, this SQW structure is
well suited for the study of the mentioned coherent phenom-
ena. The higher biexciton binding energy in II-VI semicon-
ductors compared to III-V semiconductors also enables a
spectral isolation of the BIF process.7–10 Using a SQW, in-
terference between different QW’s~Ref. 11! and propagation
effects vertical to the sample surface, as observed in optically
thick layers12 are excluded.

We investigate the dominantly homogeneously broadened
lowest excitonic transition in a high-quality ZnSe SQW
pseudomorphically grown on~001! GaAs by molecular-
beam epitaxy. The SQW has a thickness of 10 nm and is
sandwiched between two 25-nm thick Zn0.9Mg0.1Se barriers,
defining a type I structure. A frequency-doubled, mode-
locked Ti-sapphire laser was used as excitation source, pro-
ducing 100 fs pulses~full width at half maximum irradiance!

of 22 meV spectral width at a repetition rate of 76 MHz. The
FWM is performed in reflection geometry using a two-pulse
degenerate configuration. The FWM signal is detected in the
direction 2k22k1 time-integrated and spectrally resolved by
a combination of a spectrometer and an optical multichannel
analyzer, as function of the time delayt between the two
incident pulses in the directionsk1 andk2 . The sample was
kept in a helium cryostat at a temperature of 50 K.

In the investigated SQW, the biaxial strain and the two-
dimensional~2D! confinement gives rise to a series of 1s
excitons below the continuum, which are identified as the
heavy-hole (11h,13h) and light-hole (11l ) exciton states, as
discussed in Ref. 13. A coherent excitation of these excitons
leads to pronounced quantum beats~QB! described in Ref.
14. In the following, we have tuned the center laser wave-
length energetically below the lowest excitonic transition
(11h) in order to minimize the excitation of higher exciton
states and excitonic continua. The FWM spectra at a delay
time of t520.5 ps for collinear~↑↑!, cross-linear~↑˜!, and
cocircular (s1,s1) polarized input fields are shown in Fig.
1. The exciton densitynX created by the excitation pulses of
2 MW/cm2 intensity is estimated14,15 to nX'53109 cm22.
Besides the 11h FWM signal ~X!, a low-energy peak~XX!
appears, that is attributed to the exciton-biexciton transition,
according to its polarization dependence, showing a relative
intensity increase in~↑˜! configuration and a strong sup-
pression in (s1,s1) configuration. The deduced biexciton
binding energy isEbXX54.7 meV60.2 meV.

The FWM traces at theXX andX center transition energy
for different input polarizations are given in Figs. 2~a! and
2~b!, respectively. The intensities of the traces are normal-
ized to theX FWM trace maximum in~↑↑! configuration. In
all FWM traces, weak QB are observed, originating from the
remaining excitation of the 13h and 11l excitons. Striking
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features in theX trace in~↑↑! configuration at negative delay
time are oscillations with a period ofT'0.85 ps, which are
fanning out with increasing delay. The spectrally resolved
FWM response given in Fig. 3~a! reveals the phase shift of
these oscillations versus energy and an increase of the modu-
lation depth with increasing energy separation from theX
center transition energy. These oscillations vanish in
(s1,s1) configuration, implying that BIF is necessary for
it’s formation @Fig. 2~a!#. In ~↑˜! configuration@Fig. 2~b!#,
where EID is inactive, the FWM signal is reduced by a factor
of 40. The oscillations at negative delay time are phase
shifted compared to the~↑↑! configuration and show an in-
creased modulation depth with increasing negative delay.
The FWM signal intensity scales with the cube of the exci-
tation intensity up to an exciton density ofnX51
31010cm22. At higher excitation intensities the FWM signal
saturates andX-XX oscillations in theX trace appear for
positive delay times, which are clear evidence for fifth-order
effects.16 For the used density the FWM signal is thus domi-
nated by third-order processes.

To evaluate the results more quantitatively, we model the
FWM response by the extended OBE. Besides a weak QB
structure originating from the excitation of higher exciton
states, the investigated exciton-biexciton system can be de-
scribed fors1 ands2 transitions by a five-level system of
ground, exciton, biexciton, and unbound two-exciton levels,
with the ground level initially populated. The corresponding
OBE are further extended to encompass LFE~Ref. 1! from
first-order polarizations and EID,3 as discussed in Ref. 17.
Solving this extended OBE with infinitely short excitation

FIG. 1. FWM spectra att520.5 ps for collinear~↑↑!, cross-
linear~↑˜!, and cocircular (s1,s1) polarized input fields obtained
from the ZnSe SQW. The excitation was centered at 2.806 eV, the
excitation intensity per pulse was 2 MW/cm2.

FIG. 2. ~a! FWM traces at the energetic position of the 11h
exciton transition ~X! for collinearly ~↑↑! and cocircularly
(s1,s1)-polarized fields and at the exciton-to-biexciton transition
~XX! for collinearly ~↑↑! polarized fields.~b! FWM traces at the
energetic position of the 11h exciton ~X! and the exciton-to-
biexciton transition~XX! for cross-linearly~↑˜! polarized fields.

FIG. 3. ~a! FWM intensity vs energy and delay timet for ~↑↑!
polarized fields in a contour plot on a logarithmic scale over four
decades.~b! Calculated spectrally resolved FWM intensity vs delay
time in a contour plot on a logarithmic scale for~↑↑! polarized
fields.
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pulses, linearly polarized alongk1i2sinu12ê11cosu12ê2 , andk2i ê1 , the third-order polarizationP(3)(t,t,0) for negative
delay timest5t22t1 in the 2k22k1 direction reads

P2k22k1

~3! ~ t,t,0!52 ikQ~ t1t!Q~2t!H F ~ h̃1 i j̃ !
12exp~2gee~ t1t!!

gee
exp@2g~ t1t!#exp~2gt!1B2H~ t !exp~2gt!

2B2$K~ t !1M ~ t !%exp@~gbg2 iD!t#Gcosu12ê11F2 i j̃
12exp~2gee~ t1t!!

gee
exp@2g~ t1t!#exp~2gt!

1B2H~ t !exp~2gt!2B2
ˆK~ t !1M ~ t !‰exp@~gbg2 iD!t#Gsinu12ê2J ~1!

H~ t !5
j̃2

G11 iD S $12exp@2~G31 iD!~ t1t!#%exp@~ iD2gb…„t1t!#

G31 iD
2

$12exp@22g~ t1t!#%exp@2g~ t1t!#

2g D
2

i j̃$12exp@2~G41 iD!~ t1t!#%exp†~ iD2gb…„t1t!]

G41 iD
~2!

K~ t !5S 11
i j̃•$12exp@~G11 iD!t#%

G11 iD
D exp@2g~ t1t!#2exp@2~gb2 iD…„t1t!# ~3!

M ~ t !5S i j̃2
j̃2

G11 iD
D S $12exp@~ iD2gbg…„t1t!#%exp@2g~ t1t!#

gbg2 iD
2

$12exp@2G2~ t1t!#%exp@~ iD2gb…„t1t!#

G2
D . ~4!

P2k22k1

(3) (t,t.0) for positive delay times is given by Eqs.

~8!–~10! in Ref. 17. In the equationsQ is the Heaviside
function, \D is the biexciton binding energy,B25un/mu2,
wherem andn are the dipole matrix elements for the ground-
to-exciton and exciton-to-biexciton-transition, respectively.
k52Nm4E2

2E1* /\3 exp(2iVt) with V5vX2v02 j̃ where
vX is the circular frequency corresponding to the exciton
transition energy andv0 is the center frequency of the laser.
The dephasing rates are given byG152g2gbg , G25g
1gbg2gb , G353g2gb , and G45g2gb1gee where g
andgb are the dephasing rates of the exciton-to-ground and
biexciton-to-exciton-transition, respectively,gbg is the
dephasing rate associated with the biexciton-to-ground-state
coherence andgee51/T1 is the decay rate for excitons. The
LFE contribution is quantified byj̃5(NmX

2L)/\, with the
Lorentz local field factorL and the density of two level sys-
tems N.1 The EID parameterh̃5N]g/]n accounts for the
density-dependent dephasing rate. The dephasing rate was
taken to be dependent on the total exciton density given by
nX .3 Since there is no biexciton density up to third-order
perturbation, EID effects are not present in the exciton-to-
biexciton transitions. Furthermore, we have assumed that the
dephasing rates and the dipole matrix elements between the
unbound biexciton state and the single-exciton states are the
same as for the exciton-to-ground-state transitions, i.e., equal
to g andm, respectively. The time-integrated, spectrally re-
solved, third-order polarization for positive and negative de-
lay P2k22k1

(3) (v,t) was derived analytically by Fourier-

transforming the nonlinear polarizationP2k22k2

(3) (t,t) with

respect to the real timet.
The relative influence of the different many-body effects

can now be deduced by a comparison of the experiment-
ally observed FWM signal intensities at the exciton (I X)

and biexciton (I XX) with the calculated intensities
I (3)(vX,XX ,t)}uP2k22k1

(3) (vX,XX ,t)u2 at the transition fre-

quenciesvX,XX of the ground-to-exciton~X! and exciton-to-
biexciton ~XX! transition, respectively. For negative delay
times, the calculated intensity ratio in~↑˜! configuration is
approximately given by

I X

I XX
U

t,0

'
gb

2

g2 F112j̃
m2

gn2 sin~Dt!G ~5!

and is observed to be about 1.5@Fig. 2~b!#, giving gb

'1.2g. The LFE parameterj̃ is estimated to 0.2g from the
modulation of the signal taking into account the increase of
the modulation depth with increasing delay.

The calculated intensity ratio between theX and XX
FWM-signal in ~↑˜! configuration for positive delays is

I X

I XX
U

t.0

'
m4

n4

gb
2

g2 ~6!

and is experimentally found to about 3, giving a dipole mo-
ment ration'0.8m. Using the experimentally determined
exciton dephasing rate in the (s1,s1) configuration for
positive delay times ofg5531011s21, the LFE parameter
corresponds to a static Lorentz shift of«5\j̃50.07 meV.

The EID parameter is determined by the intensity ratio of
the FWM traces at theX transition in~↑↑! and~↑˜! configu-
ration for positive delay times. The experimentally observed
intensity ratio of 40 yieldsh̃52.6531012s21. The calculated
FWM intensities as a function of the delay-time are shown in
Figs. 4~a! and 4~b! using the deduced parameters. The curve
in (s1,s1) configuration was obtained by settingB50 and
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increasing the conventional FWM and the LFE terms by a
factor of 2, since the exciton-to-unbound biexciton transition
is prohibited. In addition, Fig. 3~b! gives the calculated spec-
trally resolved FWM intensity for negative delay in~↑↑! con-
figuration. Except for the weak QB structures and a slightly
higher decay rate in the excitonX trace for negative delay
and in the biexcitonXX trace for positive delay, the experi-
mentally observed FWM traces are in good agreement with
the calculations. The oscillations in the FWM trace for nega-
tive delay in~↑↑! configuration can be attributed to the inter-
ference of the strongX EID with the BIF contribution. Since
the dephasing rategbg of the biexciton-to-ground-state co-
herence is higher than the dephasing rate 2g of the EID con-
tribution the oscillations are fanning out with increasing de-

lay. The oscillations vanish in the (s1,s1) configuration
since the BIF is suppressed. In~↑˜! configuration the oscil-
lations are due to the interference of theX LFE with the BIF
being the dominant FWM contribution in this case. The ob-
served increase of the modulation depth with increasing
negative delay is explained by the growing importance of the
LFE having a dephasing rate of 2g, which is lower thangbg .
The observed slightly higher dephasing rate at theX position
for negative delay and at theXX position for positive delay
compared to the calculations is related to small inhomoge-
neous broadening effects which are not included in the the-
oretical model.

In conclusion, we have isolated the contributions of the
various interaction effects in the FWM response of a nearly
homogeneously broadened, quasi-two-dimensional excitonic
resonance. A five-level model for the FWM response includ-
ing the EID, LFE, and BIF processes has been presented to
quantify the influence of the individual mechanisms. For the
investigated ZnSe SQW, the EID, e.g., a spatial modulation
of the dephasing by the exciton density, dominates the FWM
signal in ~↑↑! configuration. For positive delay the relative
FWM amplitude ratios of the EID: conventional FWM:LFE
effects at the X position is found to be h̃/g:1:j̃/g
55.3:1:0.2 using the assumption of equal dipole matrix el-
ements for the unbound biexciton-to-exciton and for the
exciton-to-ground-state transitions. For negative delay the
relative FWM amplitude ratios of the EID:BIF:LFE effects is
determined toh̃/g:B2: j̃/g55.3:0.64:0.2. In the~↑˜! con-
figuration, the EID vanishes and the conventional FWM,
BIF, and the weaker LFE remain. The evaluated amplitude
ratio is modified if different dipole matrix elements are con-
sidered whereas the process hierarchy is not changed. Within
certain restrictions, the deduced importance of the different
FWM effects can be transferred to III-V MQW structures.
The reduction of LFE due to the smaller dipole moments and
the lower EID parameter5 lead to a reduction of both effects
in the total FWM-signal. As noted in Ref. 5, this could em-
phasize the importance of the biexciton-induced contribu-
tions.
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FIG. 4. ~a! Calculated delay time-dependent FWM intensities at
the energetic position of the 11h-exciton transition~X! for ~↑↑! and
(s1,s1) polarized fields and at the exciton-to-biexciton transition
~XX! for ~↑↑! polarized fields.~b! Calculated FWM intensities at the
energetic position of the 11h exciton ~X! and the exciton-to-
biexcition transition~XX! for ~↑˜! polarized fields.
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