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Interaction-induced processes are studied using the third-order nonlinear polarization created in polarization-
dependent four-wave-mixing experimeflBBVM) 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 domindt8@L63-18209)05428-4

Ultrafast degenerate four-wave mixitiGWM) techniques of 22 meV spectral width at a repetition rate of 76 MHz. The
have been applied successfully to study the fundament&WM is performed in reflection geometry using a two-pulse
guantum coherent processes in bulk semiconductors ardkgenerate configuration. The FWM signal is detected in the
guantum well (QW) structures. A general theoretical ap- direction X,—k; time-integrated and spectrally resolved by
proach to analyze these coherent optical phenomena is basaadombination of a spectrometer and an optical multichannel
on the semiconductor Bloch equatiofSBE), which con-  analyzer, as function of the time delaybetween the two
sider the fermionic nature and the Coulomb interaction of theéncident pulses in the directios andk,. The sample was
carriers in a semiconductor. However, under certain excitakept in a helium cryostat at a temperature of 50 K.
tion conditions the important mechanisms can be obtained In the investigated SQW, the biaxial strain and the two-
also if the complexity of the SBE is simplified by phenom- dimensional(2D) confinement gives rise to a series of 1
enological models, essentially representing extended opticalxcitons below the continuum, which are identified as the
Bloch equationgOBE). These models consider, e.g., local- heavy-hole (1t,13n) and light-hole (1) exciton states, as
field effects(LFE),! excitation-induced dephasifig (EID) discussed in Ref. 13. A coherent excitation of these excitons
and biexciton formatioriBIF).>® leads to pronounced quantum be&®B) described in Ref.

In this paper, we investigate the relative importance ofi4. In the following, we have tuned the center laser wave-
these many-body effects by polarization-dependent degenelength energetically below the lowest excitonic transition
ate FWM experiments on a ZnSe single QBQW). Since  (11h) in order to minimize the excitation of higher exciton
ZnSe possesses an exciton oscillator strength which is abostates and excitonic continua. The FWM spectra at a delay
10 times higher than that of GaAs, this SQW structure istime of 7= — 0.5 ps for collineaK1?), cross-lineaf{—), and
well suited for the study of the mentioned coherent phenomeocircular *,o ") polarized input fields are shown in Fig.
ena. The higher biexciton binding energy in 1l-VI semicon- 1. The exciton densitpy created by the excitation pulses of
ductors compared to I1I-V semiconductors also enables & MW/cn? intensity is estimatéd!® to ny~5x10°cm 2
spectral isolation of the BIF proce§si® Using a SQW, in- Besides the 11 FWM signal (X), a low-energy peakXX)
terference between different QUWRef. 11 and propagation appears, that is attributed to the exciton-biexciton transition,
effects vertical to the sample surface, as observed in opticallgccording to its polarization dependence, showing a relative
thick layers? are excluded. intensity increase iT—) configuration and a strong sup-

We investigate the dominantly homogeneously broadenegression in ¢*,0") configuration. The deduced biexciton
lowest excitonic transition in a high-quality ZnSe SQW binding energy i€,xx=4.7 meV0.2 meV.
pseudomorphically grown orf001) GaAs by molecular- The FWM traces at th&X and X center transition energy
beam epitaxy. The SQW has a thickness of 10 nm and ifor different input polarizations are given in Figsa? and
sandwiched between two 25-nm thick ZVg, 1Se barriers, 2(b), respectively. The intensities of the traces are normal-
defining a type | structure. A frequency-doubled, mode-ized to theX FWM trace maximum ir(17) configuration. In
locked Ti-sapphire laser was used as excitation source, pr@al FWM traces, weak QB are observed, originating from the
ducing 100 fs pulsefull width at half maximum irradiande  remaining excitation of the ¥8and 11 excitons. Striking
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FIG. 1. FWM spectra atr=—0.5 ps for collinear(17), cross-
linear(1—), and cocircular ¢*,o ™) polarized input fields obtained

from the ZnSe SQW. The excitation was centered at 2.806 eV, the

excitation intensity per pulse was 2 MW/ém
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FIG. 2. () FWM traces at the energetic position of thehll
exciton transition (X) for collinearly (11) and cocircularly
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FIG. 3. (a) FWM intensity vs energy and delay timefor (11)
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 f6r7) polarized
fields.

features in theX trace in(11) configuration at negative delay
time are oscillations with a period df~0.85 ps, which are
fanning out with increasing delay. The spectrally resolved
FWM response given in Fig.(8 reveals the phase shift of
these oscillations versus energy and an increase of the modu-
lation depth with increasing energy separation from e
center transition energy. These oscillations vanish in
(o*,0™) configuration, implying that BIF is necessary for
it's formation [Fig. 2@@)]. In (T—) 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 th& 1) 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 ofiy=1

X 10%cm™2. At higher excitation intensities the FWM signal
saturates andk-XX oscillations in theX trace appear for
positive delay times, which are clear evidence for fifth-order
effects!® 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 fore™ and o~ transitions by a five-level system of
ground, exciton, biexciton, and unbound two-exciton levels,

(ot,0")-polarized fields and at the exciton-to-biexciton transition With the ground level initially populated. The corresponding

(XX) for collinearly (11) polarized fields.(b) FWM traces at the
energetic position of the kil exciton (X) and the exciton-to-
biexciton transitionXX) for cross-linearly(1—) polarized fields.

OBE are further extended to encompass L[Ref. 1) from
first-order polarizations and El®as discussed in Ref. 17.
Solving this extended OBE with infinitely short excitation
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pulses, linearly polarized alorig || — sin 6,8, + cos#,&,, andk,|#&,, the third-order polarizatio®)(t,7<0) for negative
delay timesr=t,—t; in the Z,—k; direction reads

1—exp(— yedt+ 1))

P i (1,7<0)= —ik®(t+ O (= 7){| (7+iE) . exf — y(t+ 7)]exp(2y7) +B2H(t)exp(2y7)

2 . . ~1—exp(— vedt+ 7))

—BHK(t) +M(t)}exd (ypg—i1A) 7] |COSO1 8 +| —i& 5 exg — y(t+7)]exp2y7)

+B2H(t)exp(2y7) — BHK(t) + M (t)}exf (ypg—iA) 7] sinalzézl (1)

8 {1-exd —(Tag+id)(t+D]lexd (IA—yp)t+ )] {1—exd —2y(t+ ) ]jexd — y(t+7)]
HO=F "3 ForiA - 2y
iZ{1—exd — (T, +iA)(t+ D) texd (iA— y)(t+7)]
- T, HiA @
K(t)= 1+ig‘{l_e?qiirfm)ﬂ})exq—y(t+T)]—exp[—(yb—iA)(tJrr)] 3)
1

2
M(t):(ig_ rlim

4

({1—9XF[(iA— Yogt+ D ]jexd —y(t+ )] {1-exd —Tp(t+7)]jexd (iA—yp)(t+7)]
‘ybg_iA FZ ’

P(Zi)z—kl(t!7>o) for positive delay times is given by Egs. and biexciton [xx) with the calculated intensities

(8)—(10) in Ref. 17. In the equation® is the Heaviside I(S)(“’X’XX'T)MP(Zi)z—kl(wX’XX’T)P at the transition fre-
function, #A is the biexciton binding energyB?=|v/u|?,  duencieswy xx of the ground-to-excitoriX) and exciton-to-
whereu andv are the dipole matrix elements for the ground- iexciton (XX) transition, respectively. For negative delay
to-exciton and exciton-to-biexciton-transition, respectively.fimes, the calculated intensity ratio ifi—) configuration is
K= 2N E2E 153 exp(-iQt) with Q= wy— wo—E where aPProximately given by

wy is the circular frequency corresponding to the exciton

transition energy and, is the center frequency of the laser. Ix
The dephasing rates are given by =2y—y,4, I';=7v Iyx
+ Yog— Yo, '3=3¥— vy, and I'y;=7y—yp+ yee Where y

and vy, are the dephasing rates of the exciton-to-ground an
biexciton-to-exciton-transition, respectivelyy,, is the

dephasing rate associated with the biexciton-to-ground-stafg 1-27- The LFE parameteg is estimated to 0.2 from the
coherence ang,.= 1/T, is the decay rate for excitons. The modulation of the signal taking into account the increase of
ee .

LFE contribution is quantified b= (Nu2L)/%, with the theTﬂfdé’;?é'lj’lgtggpit?t;’ﬂi‘t)'/"i;etﬁ‘f'Egt\?vz':%' e and XX
Lorentz local field factot and the density of two level sys- FWM-signal in(1—) configuration for positive delays is
temsN.! The EID parametef=Ndy/dn accounts for the

density-dependent dephasing rate. The dephasing rate was

taken to be dependent on the total exciton density given by Ix _
ny .2 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_ 4 .o experimentally found to about 3, giving a dipole mo-
dephasing rates and the dipole matrix elements between t ent ratio v~0.84. Using the experimentally determined

unbound biexciton state and the single-exciton states are citon dephasing rate in ther(,o") configuration for
same as for the exciton-to-ground-state transitions, i.e., equg sitive delay times ofy=5x 10113’_1 the LFE parameter

to y and u, respectively. The time-integrated, spectrally re- . hi ~
solved, third-order polarization for positive and negative de-COTreésponds to a static Lorentz shift of#£=0.07 meV.
The EID parameter is determined by the intensity ratio of

(3) - - ]

lay P2k2*_kl(w’7) Was. derived f-;ma!ytICjIIy by Fogrler- the FWM traces at th¥ transition in(]1) and(]—) configu-

transforming the nonlinear polarizatioRs;) i (t,7) With  ration for positive delay times. The experimentally observed

respect to the real time intensity ratio of 40 yield$=2.65x 10*?s™%. The calculated
The relative influence of the different many-body effectsFWM intensities as a function of the delay-time are shown in

can now be deduced by a comparison of the experiment-igs. 4a) and 4b) using the deduced parameters. The curve

ally observed FWM signal intensities at the exciton)( in (o*,0") configuration was obtained by settiBg=0 and

2 2

- 1+2~gyiyzsin(AT) ®)

7<0

%nd is observed to be about 1[Fig. 2(b)], giving vy

4 .2

Vb
©)

7

=

N

IXX >0 v
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lay. The oscillations vanish in thes(,o*) configuration
since the BIF is suppressed. (h—) configuration the oscil-
lations are due to the interference of il&FE 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 of2which is lower thanyy.

The observed slightly higher dephasing rate at{position

for negative delay and at théX 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(17) configuration. For positive delay the relative
FWM amplitude ratios of the EID: conventional FWM:LFE

effects at the X position is found to be%/y:l:?/y
=5.3:1:0.2 using the assumption of equal dipole matrix el-
delay [ps] ements for the unbound biexciton-to-exciton and for the
exciton-to-ground-state transitions. For negative delay the
FIG. 4. (a) Calculated delay time-dependent FWM intensities atre|ative FWM amplitude ratios of the EID:BIF:LFE effects is
the energetic position of the thiexciton transition(X) for (1) and determined tG7/ y: BZ:E/y=5.3:0.64:O.2. In theé—) con-

(o",0") polarized fields and at the exciton-to-biexciton transition . . . .
(XX) for (11) polarized fields(b) Calculated FWM intensities at the g?ll:“'ratlodn’hthe EHI:() V?_r;:';hes af‘d _tl_me Comllen“%nal F¥th,
energetic position of the hl exciton (X) and the exciton-to- > and the weaker remain. The evaluated amplitude
biexcition transition(XX) for (1—) polarized fields. ratio is modified if different d|p(_)Ie maitrix elements are con-
sidered whereas the process hierarchy is not changed. Within
increasing the conventional FWM and the LFE terms by acertain restrictions, the deduced importance of the different
factor of 2, since the exciton-to-unbound biexciton transitionFWM effects can be transferred to IlI-V MQW structures.
is prohibited. In addition, Fig.®) gives the calculated spec- The reduction of LFE due to the smaller dipole moments and
trally resolved FWM intensity for negative delay(nf) con-  the lower EID parameteiead to a reduction of both effects
figuration. Except for the weak QB structures and a slightlyin the total FWM-signal. As noted in Ref. 5, this could em-
higher decay rate in the excitox trace for negative delay phasize the importance of the biexciton-induced contribu-
and in the biexcitorXX trace for positive delay, the experi- tions.
mentally observed FWM traces are in good agreement with We thank H. Preis and W. Gebhardt for providing the
the calculations. The oscillations in the FWM trace for nega-Zny Mg, 1Se/ZnSe SQW structure. This work was supported
tive delay in(17) configuration can be attributed to the inter- by the Deutsche Forschungsgemeinschaft and by the Danish
ference of the stron EID with the BIF contribution. Since Ministries of Research and Education in the framework of
the dephasing ratey of the biexciton-to-ground-state co- CNAST. The work at the University of lowa was supported
herence is higher than the dephasing rag@®Pthe EID con- by the U.S. Army Research Office and the National Science
tribution the oscillations are fanning out with increasing de-Foundation.
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