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We report on the study of quantum beats in the time-integrated four-wave mixing signal in reflection
geometry from a pair of excitons with different valence orbitals in GaN and ZnSe. We obserphase shift
between quantum beats in the co- and cross-linear polarization configuration, and nearly 100% modulation of
the signal for both materials. In the co-circular polarization configuration, the observed phases of the quantum
beats at the frequency of theexciton in GaN and heavy-hole exciton in ZnSe arens0ghd 0.%r, respec-
tively. The phases of the quantum beats change sign for co- and counter-circular polarization configurations
and also forA- (heavy-hol¢ and B-(light-hole) excitons in GaNZnSe. We describe the third-order coherent
optical response of the exciton pair with different valence orbitals by taking into account the finite memory
depth of the four-particle correlation. In particular, our experimental findings indicate that excitons with
different valence orbitals and equal angular momentum attract each other similar to excitons with the same
valence orbitals but opposite angular momentum. Excitons with different orbitals and opposite angular mo-
menta repel one another. The comparison between experimental and theoretical results allows us to develop a
guantitative analysis of the four-particle correlation in the presence of an exciton pair with different valence
orbitals. We show that the observedphase shift and nearly 100% modulation of the signal in the co- and
cross-linear polarization configuration impose restraints on the memory functions, which describe the exciton-
exciton interaction. These restraints imply, in particular, that electron spins play a more important role in the
exciton-exciton interaction in comparison to hole spins. We show that a striking similarity, which we observe
in the quantum beat signal from GaN and ZnSe, originates from the strong four-particle correlation contribu-
tion to the third-order excitonic nonlinearity.
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[. INTRODUCTION of the signals from two independent oscillatdiis other
words, whether the observed effect is quantum beats or po-
The strong potential of quantum beats for the study oflarization interference) was a central issue of the discussion
dephasing processes has been widely recognized at the vegf a long time. This is because although excitonic optical
beginning of quantum electronics. This effect, which indi- response may be described in spirit of atomic systems, the
cates the presence of quantum coherence in the system, H&@ny-body origin of the excitonic nonlinearity makes dis-
been observed in the resonance fluorescence of two opticgfimination of the quantum beats and the polarization inter-
transitions with common ground state in mercury atdrhs. ference a difficult experimental problem..The method, Whlc_h
Although there have been few observations of quantum bealS Pased on the dependence of the beating phase on the time
of excitons in resonance fluoresceriogyantum beats have J€ly between two pulses, has been proposed to diminish

- - ‘e i ] olarization interference and quantum beating in time-
been studied extensively from the early 1990’s in four Wave?esolved(TR) FWM.26 In the TI FWM, the quantum beats

. _can be identified from the spectral dependence of the oscil-

ited by t hort | | delaved with tt%ating signal near the resonanln particular, it has been
are excited by two short laser puises delayed with reSpect I,y that in the case of the polarization interference no

one gnother anq the time-integratel) FWM signal as & oscillations are observed in TI FWM signal at the exciton
function of the time delay between the pulses shows oscillazegonance frequencies. More recently, the problem of the ori-
tions with a period corresponding to the exciton energy dif-gin of the oscillations in the FWM signal from a two-exciton
ference. The first observation of this effect in the FWM Sig'system has been revisited because—in contrast to the polar-
nal from excitons has been reported in Ref. 4, where FWMgzation interference—the quantum beats of excitons is one of
in quantum wellSQW’s) of variable width has been inves- the manifestations of the mutual coherence of the electron-
tigated. TI FWM measurements for a pair of excitons withhole pairs due to the Coulomb-induced correlation among
different valence orbitals has been performed for the firsphotoexcited carriers. Correspondingly, the study of the beat-
time in GaAs QW's>® Here,hh andlh excitons excited by ing signal can provide us with important information on the
an ultrashort light pulse give rise to oscillations in the Tl many-particle correlation, the role of which in the nonlinear
FWM signal with a period corresponding to thé-lh split-  optical response at the band edge has become widely recog-
ting in the transmission spectrum. nized. In particular, by utilizing the method developed in
The question whether these oscillations arise from thdRef. 16, it has been showhthat when the TR FWM signal

coupling of the excitonic transitions or from the interferencein GaAs-ALGa _,As multiple quantum well is produced by
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pulses of the same circular polarization, the dynamic beatingrder to clarify the exciton-exciton interaction effects in the
behavior at thenh-lh frequency provides evidences of the nonlinear optical response we perform precise measurements
four-particle correlation contribution to the third-order non- of the phase of the quantum beats in various polarization
linearity. In order to study the four-particle correlation by configurations. This allows us to investigate the role of the
using the TI FWM technique, we have proposed the methocglectron and hole spin in the four-particle correlations. We
which utilizes dependence of the fourth- and higher-ordeinterpret our experimental findings by developing a theory
correlations on the carriers spifi.Such dependence gives Pased on the third-order optical response of the two-exciton
rise to a sensitivity of the amplitude and phase of the quanSyStém accounting for a finite correlation time of the exciton
tum beats to the polarization configuration, i.e., on the polarinteraction. The analysis of the experimental data allows us
ization of the light waves involved in the FWM procéSs. 10 conclude that the interaction between excitons depends
The polarization dependence of quantum beats has bedhainly on the electron spin rather than on hole spin. This
reported in Ref. 7, where the quantum beats betweeand ~May considerably simplify the description of the temporal
lh excitons in GaAs quantum wells have been studied fovolution of the 2» coherence in the continuum of two-
parallel and orthogonal linear polarized incident pulses€Xciton states, which can be studied by time-resolved FWM
These polarization configurations of the TI FWM experimentSPECtroscopy. _ _
are referred to as co- and cross-linear polarization configu- 1he reminder of the paper is organized as follows. In the
rations, respectively. The observedphase shift, which has Next section, we present the results of our measurements on
been accompanied by a lower intensity and faster decay ifuantum beats in the TI FWM signal associated with pairs of
the cross-linear compared to the colinear polarization con€Xcitons with different valence orbitals in GaN and ZnSe. In
figuration, is the most prominent feature of the beating sigS€¢: Ill we discuss our experimental findings in terms of the
nal. The experimefthas been interpreted in the spirit of evolution equation for the coherent excitonic polarization.
atomic systems using a six-level model, which accounts foft NiS equation, which accounts for a finite memory depth of

the spin degree of freedom of the carriers in the conductiof® four-particle correlation, is derived in the Appendix,
and valence bands. The model allows to reproducesthe where we present a phenomenological theory of the coherent

phase shift when changing the polarization configuratiorfhird-order optical response at the semiconductor band edge
from co- to cross-linear. However, since this model is based! the presence of two excitons with different valence orbit-
on the one-electron picture, it may not be employed to stud'S- BY assuming that the incident pulses are much shorter
many-body effects, which have become of particular interest?@n the exciton dephasing time and beating frequency, we
recently. calculate the amplitude of the excitonic polarization at the
Our recent experiments have revealed that the phase §¢duencies of the excitons and, correspondingly, the inten-
the quantum beats at positive time delays is determined b§'ty of the Tl FV\Q{' signal. In Sec. Ill, we obtain constrains
the interplay of various mechanisms of the third-order non/mposed by the™ regime on the amplitudes and phases of
linearity at the fundamental band ed@é® This makes phase the quantum beats in different polarization configurations.
measurements a suitable tool for studying four-particle corBY t@king the finite correlation memory time of the exciton-
relation effect®=2% in the third-order optical response of exciton interaction into account, we extend the treatment of

semiconductors. In the spectral window close to the excitoin® Polarization-sensitive Tl FWM measurements in GaN
resonance the effects of four particle correlation, whichPresented in Ref. 19. In particular, we show implications of

originate from the Coulombic interaction between photoge-2Ur experimental findings on properties of the memory func-
nerated carriers and the Pauli exclusion principle, can b&9NS, which describe the interaction between excitons. We

classified in terms of a spin-dependent interaction betweefiNOW that in the short-memory approximation, i.e., when the
excitons®2 |n particular, the weakly interacting boson unbound two-exciton states dominate the third-order optical

model?® in which the interaction betweerskexcitons is de- 'esponse of the system, the phase of the quantum beats is

scribed by using two parameters to acount for excitons WitHj.ete'rmlned by both'excnon—excnon interaction an_d excita-

different angular momenta, has allowed us to reproduce thHon induced dephasin@EID). In Sec. IV we summarize our

overall features of polarization-sensitive FWM spectra. Re£XPerimental and theoretical results.

cently, we have extended this model to describe the TI FWM

;ignal frl%m a p_air of excitons with different valence orbita_ls Il EXPERIMENT

in GaN:* In this model, we have suggested that the major

contribution to the third-order nonlinearity originates from  We perform FWM measurements in GaN and ZnSe crys-

the continuum of unbound two-exciton states assuming thagls. GaN is grown by hydride vapor phase epitaxy on a

the interaction between excitons is instantaneous. Howevesapphire substrate to a thickness of about 2203 The

the description of the TI FWM experiment requires an ex-sapphire substrate is removed after growth. ZnSe is grown

tension of this model to elucidate the role of non-Markovianby molecular-beam epitaxy on @00 surface of a GaAs

memory effect®°in the exciton-exciton interaction and, in substrate to a thickness of @ . The samples are mounted

particular, the role of the long-living correlation between car-in a closed-cycle helium cryostat and kept at 12 K. The lin-

riers, which are associated with the bound two-excitorear reflection spectra reveAl and B-exciton resonances in

states®> 28 GaN at 356.3 nm and 355.8 nm, respectively, and light- and
In this paper, we report the observation of polarization-heavy-hole exciton resonances in ZnSe at 439.7 nm and

sensitive quantum beats from excitons in GaN and ZnSe. I1441.5 nm, respectively.
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FIG. 1. Experimental setup. §
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A sketch of the experimental setup is shown in Fig. 1. In =~ "
our FWM measurements we use a frequency-doubled Kerr-
lens mode-locked Ti-sapphire laser, which produces 120 fs
pulses at a repetition rate of 76 MHz. In the experiments
with the GaN and ZnSe crystals, second-harmonic pulses,
which are generated by a beta-barium bord80) or a
lithium tribonate(LBO) crystal, respectively, excite both ex-
citons simultaneously. P
We use two-pulse TI FWM in reflection geometry. In this | I I I I I |
geometry, two pulses with wave-vectdeg andk, are inci- 0.5 0.0 0.5 1.0 1.5 2.0 2.5
dent on the sample witk; normal to the sample surface. Time Delay (ps)

The FWM signal in the direction R —k, traces back the ) . . o
FIG. 2. TI FWM signal in GaN in the directionkZ —k, as a

incident path of th&, pulse and is reflected at a half-mirror function of i | h _ for th
set in thek, path. The signal is time integrated and spectrallyfunction of time delayr at theA- andB-exciton resonance for the

resolved by a monochromator. This allows us to detect th(gonn.ealr “.)’ Cms?'."ne"’." ©), and.CO'Cir.CUIar ©) p°|ariz.aﬁ°n

- . onfiguration. Positive time delay is defined as putsearriving
signal at the frequency of each exciton resonance separate st

We use five polarization configurations, which will here- ™

after be abbreviated by superscrigit§) according to the incident pulses is determined by monitoring the signal in the
polarization of the incident pump pulgp) with wave-vector directions X;—k, and X,—k,, which are equivalent yet
k,, the test pulsgt) with wave-vectork,, and the signal reversed with respect t6. The symmetry point of the two
pulse(s) with wave-vector X;—k,. Correspondingly, in the traces is defined a&=0. By examining the dependence of
(xxx) configuration, the two incident pulses and the signalthe signal intensity on the excitation power, we confirm that
pulse are linearly polarized along tixedirection (this con-  all the measurement are performed strictly in e re-
figuration is also referred to as the colinear configuratiom  gime.
the (xyy) configuration, the pump pulse with wave-veckagr Figures 2a) and 2b) show the TI FWM signal in GaN at
is linearly polarized along thedirection, while the test pulse the frequency of théA and B excitons, respectively, as a
with wave-vectork, and the signal pulse are linearly polar- function of the delayT in the (xxX), (xyy), and (++ +)
ized along they direction (cross-linear configurationSimi-  configuration. The TI FWM signal in thexx), (x-++),
larly, in the (+ + +) configuration, the pump, test, and sig- and (x+ —) configuration is presented in FiggdaBand 3b).

nal pulses are . polarized(co-circular configurationinthe  The results of the measurements in tkeX) configuration
(x++) configuration, the pump pulse lspolarized, while are shown in both figures to enable an easy comparison be-
the test and signal pulses asg polarized, and, finally, in tween the relative magnitudes of the signal. In particular, one
the (x+ —) configuration, the pump pulse Xspolarized, the can observe that the magnitude of the signal in tex,
test pulse isr, polarized, and the signal pulseds polar-  (xyy), and (++ +) configurations is several times larger
ized. In the &+ +)-configuration, axn/4 plate turns the po- than that in the X+ +) and x+ —) configurations.

larization of thek, pulse o, , and additionally turns the One can see from Figs. 2 and 3 that the TI FWM signal in
polarization ofo, signal pulse to the direction on its pass all configurations shows a typical quantum beats behavior.
back. Therefore, ar, component can be selectively mea- At T>0, the overall TI FWM signal intensity shows an ex-
sured by passing the signal though an analyzer before detepenential decay with the exciton dephasing rate, and oscil-
tion. In the k+ —) configuration, the signal is detected simi- lates with a frequency given by the energy difference be-
larly by turning the analyzer 90 degrees with respect to théween theA and B excitons. One may notice that a local
(x+ +) configuration. maximum in the xxx) configuration coincides with a local

The zero position of the time delay between the two minimum in the kyy) configuration, and at =0, the signal
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FIG. 3. TI FWM signal in GaN in the directionk —k, as a FIG. 4. TI FWM signal in ZnSe as a function of time delayt

function of time delatyT at the A- and B-exciton resonance;] the light-hole and heavy-hole exciton resonance for the colinear
—(x+ +) polarization configurationx — (x+ —) polarization con- (M), cross-linear ¢), and co-circular ©) polarization configura-
figuration; l — (xxX) polarization configuration. tion. The solid line provides guidance for the eye.

the graphs that the polarization-sensitive TI FWM for light-

magnitude is maximum in thexkx) configuration and mini- and heavy hole excitons in ZnSe shows a similar behavior as

mum in the &yy) configuration. _ for A andB excitons in GaN.

ptEy reprepstsentmg the rpt;agmtude of the TI FWM signal as 56 may notice that the decay time of the TI FWM signal
lag*[1+2an 5 COSAT—¢pp)lexp(—2yT), where subscripts s aimost same in all polarization configurations. Such insen-
“A”and “B" indicate A andB excitons in GaN antthand  itjyity of the dephasing to the polarization configuration in-
Ih excitons in ZnSe, respectively, and superscriptss] [a-  gjicates that inhomogeneous broadeffingoes not play an

bel the polarization configuration\(and y are the beat pe-  jmportant role in the phenomena we study in our experiment,
riod and exciton dephasing ratemne can conclude that the i.e., both GaN and ZnSe samples are homogeneously
phase of the signal in theckx) and (xyy) configurations is  proadened??'3*0One may recall that in the case of a homo-
0 and, respectively, for both excitons. Correspondingly, geneously broadened system, the signal is emitted in the
the beats in thexxx) and (xyy) configuration show a cés  form of a free induction decay. Since this is equivalent for
and sirf-like behavior, respectively, because the modulationoth the co- and cross-linear polarization configurations, the
depth in these configurations is as high as 98%fz~a)’}  same decay rate should be expected. In the case of an inho-
~0.95. mogeneously broadened system, on the other hand, the sig-

In the (x+ +) and x+ —) configuration(see Fig. 3, the  nal is emitted in the form of a photon echo. Therefore, from

TI FWM signal has neither a maximum nor a minimum atthe arrival of the test pulse at timeup to the signal emission
T=0, and thus, the phase of the quantum beats is neither &t time 2r the system is in one-exciton states for the colinear
nor 7. Furthermore, the phase of the beats is different forand in two-exciton states for the cross-linear polarization
signals measured at ti#e and theB-exciton resonance. One configurations, respectively. Correspondingly, in the pres-
can also see that in thext +) and x+ —) configuration, ence of inhomogeneous broadening, the decay rate for the
the modulation of the signal is considerably less than in theross-linear polarization configuration is faster than that for

co- and cross-linear configuratiorss; 5" ~ax's ~0.8. the colinear, reflecting the faster two-exciton states dephas-
Figures 4 and 5 show the TI FWM signal in ZnSe in theing.
(xxx), (xyy), and (+ ++) configuration and in thexxXx), The results of our phase measurements of the beating sig-

(x++), and k+ —), respectively. One can observe from nal in GaN and ZnSe are summarized in Tablef:ﬁfg is
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ZnSe B XXX interplay of excitation-induced dephasin@&ID) and the
O Xotot polarization-sensitive interaction within the continuum of
X Xoto— unbound exciton states. In the next section, we extend this

light-hole exciton resonance treatment of the TI FWM by accounting for memory effects
in the polarization-sensitive exciton-exciton interaction.

IIl. THEORY AND DISCUSSION

A. TI FWM signal in the x® regime

We have shown in the previous section, that the TI FWM
signal in both GaN and ZnSe shows similar features indicat-
ing that in they® regime, the quantum beats are determined
by fundamental mechanisms of optical nonlinearity at the
band edge, where four-particle correlation effects play a cru-
heavy-hole exciton resonance cial role. In this section, by extending the treatment of the
excitonic nonlinearity in terms of a polarization-sensitive
exciton-exciton interactidi®*~*"we will analyze the results
of our phase measurements accounting for memory effects.
By using the evolution equation for the excitonic polariza-
tion, which is derived in the Appendix, we analyze properties
of the TI FWM signal in they® regime. This allows us to
obtain certain restraints, which our experimental findings im-
pose on the memory functions.

We assume that there are two exciton resonances with
4 different valence orbitals, which will be labeled below by
subscriptsA and B. They are excited by a laser pulse with
central frequencyw. We start from the equation of motion
for the complex amplitudes of the right- and left-circular

FIG. 5. TI FWM signal in ZnSe as a function of time defayat ~ components of the excitonic polarization at that frequency.
the light hole and heavy hole and exciton resonaree;(x++)  Following Ref. 34 we introduce normalized excitonic polar-
polarization cor_lfiggrationx_f(xff) polarizatio_n config_uration_; izations associated with thé& and B excitons p g =
l — (xxX) polarization configuration. The solid line provides guid- <bA,Bt>/(VUA,B)1/21 where b 5. are the Correshonding
ance for the eye. exciton annihilation operatorsubscripts= denote circular

polarization$, v 5 g are the effective exciton volumes, akd
obtained by fitting the experimental data for different polar-is the crystal volume. With an account for terms up to the
ization configurations. By using the weakly interacting bosonthird order in the light field, the temporal evolution pf -
model we have shown in Ref. 19 that the amplitude andcan be described by the following equation, which is ob-
phase of the beating signal in GaN are determined by th&ined in the Appendix:

Intensity (arb. units)

05 1.0 1.5
Time Delay (ps)

i IPax
ot

1 Ua , 1 Ua , o Ay
=E.—| Calpa:l®+5 V. C |pBI|2)Et__ \V —C pg:pA:E:_pK:f Faa(7)Pa-(t—1)e” 2277
2 Up 2 UB 0

foa (= ) % )
- p’ér U_:jo Fas(7)Pa+(t—7)pg+(t— T)e_I(AA+AB)Td7'_ PK: fo Gan(T)Pa+(t—T)paz(t— T)e_2|AATd7'

+ApPA+

~Pg= \/%fo Gag(7)Pa(t=7)pgs(t—7)e (2aTe)7dr, (1)

HereApg=wap—w—ivy, wap, andy are the exciton fre- ponents of the electric field at the frequeneyand the ef-
guencies and dephasing rate, respectively, Bndare the fective interband dipole momerisee the Appendjx The
Rabi frequencies, which are proportional to the product ofevolution equation fompg. can be obtained by replacing
the amplitudes of the right- and left-circular polarized com-subscriptA with B and vice versa in EqJ).
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TABLE |. Measured phase of the quantum beats for each polarization configuration at each resonance. A
phase offset of 0& due to the finite pulse width has been subtracted for the numbers in brackets.

Polarization Phase
configuration GaN ZnSe
Pa furs ®hn PDin

(xxx) 0.17 (0.0m) 0.17 (0.0m) 0.17 (0.0m) 0.0 (—0.17)
(xyy) —0.97 (1.0m) —0.97 (1.0m) —0.97 (1.0m) —0.97 (1.0m)
(+++) 0.47 (0.3m) —0.17 (—0.27) 0.27 (0.17) —0.27 (—0.37)
(x++) 0.4 (0.3m) —=0.17 (—0.2m) 0.27 (0.17) —0.27 (—0.37)
(x+-) —0.27 (—0.3m) 0.4 (0.3m) —0.17 (—0.2m) 0.27 (0.17)

The first term on the right-hand side of Ed) gives the In this paper, we will consider the case ef<r, i.e., the
linear optical response of th& exciton at the frequency, pulse with the wave-vectok, arrives first. The time-
while the second and third term describe the phase-spadetegrated FWM signal
filling (PSH effect®® The PSF paramete@® andC’, which
are introduced in the Appendix, account for the reduction of pts (T e (@)pts 24 3
the exciton-photon coupling due to the existing exciton as(M=] lpag (t)]dt, 3
population in the medium.

The last four terms on the right-hand side(df describe  can be presented in the following form at positive time delay
the effects of the @ coherence in the nonlinear response of(T=7,— 7,>0):
the two-exciton system. Thea? coherence, which is due to
the presence of bound and unbound two-exciton states, i g(T)x[ 1555+ Re[SR'gIcosAT £ IM{S§}sinAT]e 27T
determined by first- and higher-order exciton-exciton inter- (4)
action effects. The memory functiodsya(7) and Gaa(7) | pts ots .
describe the @ coherence, which is associated with the in- €€, A=wg—wa, while Igx's and Sy 5 are determined by
teraction between two excitons of tievalence orbital A the memory functiongsee Appendix
excitong with equal and opposite angular momentum, re- Eduation (4) indicates that the phases of the quantum
spectively. Similarly, the memory functionsg(7) and b_eats at the frequency of thheandB exciton hav_e opposite
Gag(7) describe the @ coherence due to the interaction SI9NS: As one can observe from Figs. 2-5 this well corre-
between excitons of different valence orbitals 4ndB ex- ~ SPONdS to our experimental findings for_a_ll_polanzsauon con-
citons with equal and opposite angular momentum, respecﬁguranons. Moreover, by using the definitions I@,&B and
tively. SR’y from the Appendix, one can find that thé*) regime

The characteristic time of the memory functions are deimposes the following constrainsompare with Ref. 28
termined by the memory depth of the four-particle correla-

tion. In the meanfield approximation, when only instanta- 2(1a8+10a8) =10oaa 10Xz ®
neous interaction between excitons with the same spin and
the same energy is allowed,Fapgs=Raed(7), Fas(7) 2(SAE +ShE )=SNE+SE. (6)

=Gaa(7)=Gap(7)=0 andC’'=0, Eq. (1) reduces to the
modified semiconductor Bloch equatipsee Eq.(A11) in  These constrains, which are due to the third-order nature of
the Appendi}. If the long-living 2w coherence, i.e., the the nonlinear effect, also hold in our experiment.

bound biexcitons, plays an important role in the nonlinear

optical response, the memory functions should have pro- B. Comparison with the results of the phase measurements
nounced harmonic components, oscillating with the frequen-

cies corresponding to the relevant biexciton binding ener- In this section, we will analyze the experimental results,
. P 9 . . 9 which have been presented in Sec. Il, in terms of @yfor
gies. For example, when only the interaction between

; ; ; S
excitons with opposite angular momentum is allowed, thethe Tl FWM signal. By using the expressions I(S'}*B and

memory function Gaa(r) may be reduced toGua(7) S obtained in the Appendix, we show that our experimen-
<W4(7)—iK expliwy7, Wherewy, is the biexciton binding tal findings a_IIow us to obtain the relationship between
energy? memory functions.

We assume that the incident light pulses of the duration Let us start from the r.esults. of the phase measurements. In
7, With wave-vectors, , are shorter than the exciton coher- the (xxx) and (xyy) configuration, the observed phase of the

ence time and use th&function approximation for the inci- duantum beats is O and, respectively, for both excitons
dent electric field: (see Fig. 2 Therefore, from Eq(4), we can conclude that in
these polarization configurations {8} s} =Im{Syg}=0.
) Moreover, the zero phase of the beating signal in thvex)
)eXp{'er}' configuration implies RESY3}>0, while the s phase shift

(2)  inthe (xyy) configuration gives RS} <0.

-7

t ) t_'TZ
Ei:Eli5 eXp[Iklr}+E2t5 -
Tp Tp
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In the (x++) and (+ —) configuration, the beating consists of an electron with spih 1/2 and a hole with spin
phase is neither 0 nofr and, therefore, Eq(4) does not =+ 1/2, while theo.-polarizedB exciton consists of an elec-
impose any constrains 08;'s" and Si'z . However, con-  tron with spin+1/2 and a hole with spir-3/2. Since the
strains(5) and(6), along with thew phase shift between the Pauli exclusion principle forbids two equivalent electrons
beating signals in thexxx)- and (xyy)-configuration allow and/or holes with the same coordinates, one can expect that
us to obtain information on the properties of the TI FWM two excitons cannot be excited simultaneously, regardless of
signal in the -+ +) and (x+ —) configuration. Specifically, the fact if one or two of their constituents have the same
since m{s;fé :|m{sZ¥BV}:o, Eq. (6) results in "T{Sf\,?} spin. Correspondingly, the reduction of the coupling of the
=—Im{S}; }. o (o-)-polarizedA exciton with the relevant photon due to

In order to interpret the results of the experiment further,PSF 1S proportional to the total volume occupied by
we consider the modulation depths. One can observe froff+(0-)-polarizedA excitons andr_ (o, )-polarizedB ex-

Fig. 2 that the modulation depth of the signal in thexg)  Citons, which include electrons with the same spin. One can
and (yy) configuration is much higher than that in the (readily find that the relatio€,/C’ = Jva/vg from Eq.(10)

++) and k+ —) configuration. Specifically, in thexkx) ensures thls by reducing the interaction HamiltoniAf) to
configuration, we find nearly 100% modulation of the T the following form:

FWM signal, i.e.,ayg~ap’3~0.95. Therefore, in a first ap-

proximation RESKE}=I305 and RéSYE=—15s and, Hu=—Mubl,

therefore, the signal inxkx) and (xyy) configuration can be
XXX XXX

1—&( bl . b, +vgbl bg_)|E
4V UaAPA+BPa+ TUBDR-Vp-)|c+

represented in the following form:I,"5(T)xlgx g(1 Ca

+cosAT)e 27T and I ¥3(T) =1 §x(1—cosAT)e 2. ~Mabj_| 1~ W(UAbL—bA— +ughf,bg.) [£_+h.c.
The 100%-modulation depth and tlephase shift of the

TI FWM signal in the kxX) and (kyy) configuration impose (11)

severe restrictions on the amplitude and phase of the signal
in the (x+ +) and k+ —) configuration. Specifically, defi-
nitions (A19)—(A24) from the Appendix allow one to arrive
at the following equations:

In addition to the relationshifl0) for the PSF factors, the
100% modulation and the-phase shift of the TI FWM sig-
nal in the kxx) and (kyy) configuration implies the follow-
ing constrains on the memory functions, which describe the
P (Yo [ 167 4+ RS T 1cosAT 2w coherence in a system of two excitons with different
ag (D=[loa S valence orbitals:

+Im{Sy" "1sinAT]e 2T, (7)
UaB
F t)=\/—Gup(1), 12
1 (T)oc[ 155" +Re[S " 1cosAT anes(t UpA ae(t) 12
FIm{Sy "}sinAT]e 2T, (8) UAB
. Gange(t) =\ —Fas(t). (13
Therefore, the phase of the quantum beats in the TI FWM UB,A
. . . . . 3
signal in the ++) and (+—) configuration in thex) |, 5der to examine the implications of these constrains, one

regime have an opposite sign but the same magnitudé for gpoyid recall that a memory function may consist of short-
andB excitons: and long-memory correlation parts. In particular, the
o it — Xtt Xt memory functiond=,, gg(t), which describe the interaction
A TTda =—de =de mardy . (9 poneen excitons with the same energy and polarization, do
One can observe from Table | that the relationglipholds ~ hot contain a long-memory paft. Therefore, Eq(12) im-
well in our experiment both for GaN and ZnSe. plies thatGag(t) also has no long-memory part, i.e., inter-
The relationg7)—(8), which have been obtained from the action betweemr, (o _)-polarizedA excitons is described by
100% modulation and ther phase shift of the TI FWM the samdup to a constant factor, which depends on material
signal in the &xx) and (xyy) configuration, impose the fol- parameters memory function as the interaction between

lowing constrains on the PSF parameters: o (0_)-polarizedA excitons andr_ (o )-polarizedB ex-
citons. This indicates that—similar to the case discussed
UaB above—the memory functions are the same for excitons,
Cag= EC'- (100 which include electrons with the same spin. Therefore, the

obtained constrains on the memory functions indicate a more
These relations can be understood if one recalls that the PSfportant role of the electron spin in comparison to the hole
parameterC, (Cg) can be interpreted as the ratio of the spin for the exciton-exciton interaction. In the simplest ap-
region occupied byr, -polarizedA(B) excitons to the vol- proximation, if the correlation time is the shortest character-
ume, into which anothes , -polarizedA(B) exciton can be istic time in the system, the short-memory part can be written

excited. Similarly, the PSF paramet€f gives the ratio of as Faa(t) =V (valvg)Gag(t) =(valvg)Fgp(t)=(R’
the region occupied by am, -polarizedA(B) excitons to the  —iR")5(t).
volume, into which ar_-polarizedB(A) exciton can be ex- In contrast to excitons with parallel spins, the exciton

cited. Being a composite particle, the -polarizedA exciton ~ memory functionG(t), which describes the interaction be-
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tweeno - and o_-polarizedA excitons and is of second- living memory effects, which are associated with the biexci-
and higher-order in exciton-exciton interaction, consists ofon state, do not play an important role in the TI FWM signal
short- and long-memory part&.The short-memory part is for our experimental conditions and may be accounted for by
responsible for the correlation within the continuum of un-rénormalizing the excitonic anharmonicity due to the con-
bound two-exciton states, while the long-memory part delinuum of unbound two-exciton states. Note that this ap-
scribes the bound biexciton. If onky excitons would exist, Proximation has allowed us to interpret the results of a
the memory function could be written in the following fréquency-domain FWM experiment in a strongly coupled
form4041 G \(1) =W, (1) ~iAG, explicft}. Here, Wa(t)  exciton-cavity systerf .

describes the short-memory correlations due to the con- !N the spirit of the short-memory approximation, we ne-
tinuum of unbound statesy? is the relevant biexcitonic 9/€Ct the effects of the bound exciton states assuming

binding energy. However, in the presence of two excitons Y
with different valence orbitals, the structure of the two- Caal)=V(valve)Fas(t)
exciton manifold may be complicatéd depending on the =(valvg)Gga(t) = (W —iW")8(t),

material parameters. For example, mixed biexcittnshich ) . , . .
are formed fromhh and Ih excitons of same polarization where W’ and W’ describe the exciton-exciton interaction

have been observed in ZnSe @\From Eq.(13) one can and E_ID, respectivel_§‘.1 In_ such+f case, ?he an:_;tlysis devel-
see that the interaction between,- and o_-polarizedA ~ OPed in the Appendix gives,™ "= (R’ —iR"+3iCy)(W’
excitons is described by the same memory function as the iW") and, correspondingly, from E¢9) one can derive
interaction betweemwr . -polarizedA excitons and excitons. . o
By recalling that the electronic constituencies of the above X+ _ an,1(3C7—R )W +R'W
R'W' —(3Cy—R)W"

exciton pairs are the same, one may conclude that the role of A t
the electron spin in exciton-exciton interactions is more im- _
3yC>R’,R” (we have shown that these conditions are sat-

isfied for the GaAs systef), Eq. (14) reduces togs *
~tan [ —W'/W"]. Correspondingly, the fact thapx’"

The above analysis of our experimental data, which ac=0 in Table | support®V’ <0 for GaN and ZnS¢note, that
counts for the finite memory time of the four-particle corre-the EID parametew”>0 by definition). This implies that in
lation, allows us to obtain restraintsl2,13 on the memory these crystalsr, - and o_-polarized excitons of the same
functions, which describe polarization-sensitive interactions/alence orbital attract one another, as well as two excitons of
between excitons. In particular, the combination of the phaséhe same polarization and different valence orbitals. The
and amplitude measurements of the beats in the TI FWMneasured value of the phase shift in the- +) configura-
signal reveals that these general properties of the memomjon gives the relative amplitude of the anharmonicity of the
functions are responsible for the change in sign of the beatow-density exciton gas due to exciton-exciton interaction
ing phase for the co- and counter-circular polarizationsand EID. Specifically, by using data from Table I, one can
However, the magnitude of the beating ph&gis an inte- estimateW”/(—W’)~0.7 for GaN andW"/(—W’)~3 for
gral characteristic. That is, the experimental measurement gfnSe. That is despite the striking similarity of the signal in
the beating phase, which is a function of the memory deptlitsaN and zZnSe of Figs. 2—5 the analysis of the beating phase
and exciton dephasing rate, does not allow one to obtain theyeals an important difference in the mechanism of the co-
memory functions themselves. In order to reveal the tempoherent optical nonlinearity in these materials. Specifically,
ral profile of the memory functions, time-resolved FWM one may expect the contribution from EID to the excitonic
measurements are necessary. nonlinearity to be several times stronger in GaN than in

The relative contributions to the TI FWM signal from znSe. Importantly, however, in ZnSe the role of the bound
different mechanisms of coherent excitonic nonIinearity SUC}biexciton is known to be more pronounced in Comparison to
as exciton-exciton interaction, EID and PSF can be estimategaN_ Correspondingw, one may expect that the biexciton
if the memory functions for the particular structure havestates affects the ratiw”/(—w’) in ZnSe more Strong|y

been calculated using the dynamically controlled truncationhan in GaN. This, however, should be confirmed by time-
schem&® or Hubbard operators approathHowever, the resolved FWM measurements.

temporal profile of the memory functions, which is deter-

r_nlned by the memory depth_ of the correlations in thel con- IV. CONCLUSION

tinuum of unbound two-exciton states and the biexcitonic

binding energy, may also be approximated on the basis of We investigate the polarization dependence of the phase
simple qualitative argumerffsand/or experimental data. In of the quantum beats in TI FWM signal in ZnSe and GaN.
this section, in order to clarify how the phase measurementé/e observe phases of 0 amdfor co- and cross-linear po-
can be employed to estimate the relative contributions frontarizations, respectively, at the resonance of fhéheavy-

the different mechanisms to the excitonic nonlinearity, wehole) andB- (light-hole) exciton for GaN(ZnSe. In co- and
consider the simplest, short-memory approximation. Specificounter-circular polarizations, the observed phases of the
cally, we assume that the role of long-living correlations inbeating signals are 02(0.17) and —0.27 (—0.17) at the
one-exciton systems is not decisf/¢®i.e., that the long- resonance of thé\-exciton in GaN(heavy-hole exciton in

(14

C. Short-memory approximation
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ZnSe, respectively. The phase of the signal changes sigl’APPENDIX: EVOLUTION EQUATION OF THE EXCITON
when switching from the to theB exciton in GaN(from the POLARIZATION IN THE  x® REGIME: MEMORY
heavy- to the light-hole exciton in ZngeWe describe the EFFECTS
quantum beat Process in t!lé regime by accounting for In this Appendix, we introduce the major mechanisms of
memory effects in the nonlinear optical response at the fun; : o )
) ; . tthe coherent nonlinearity in a two-exciton system. We as-

damental band edge. It is shown that the interaction of exci- . :

- . : sume that two exciton resonances, which are labeled by sub-
tons with different valence orbitalg.g.,hh andlh excitong

. scriptsA andB, are excited by an ultrashort laser pulse with

may be described by the same memory functions as the Ir}Fequencyw. The optical response of the two-exciton system

teraction of excitons with the same valence orbitals provi ‘at the frequencys can be described by the complex ampli-

th me. This imolies that the excitonic anharmonicit Rides of the excitonic polarization associated with Ahand
€ same. This Implies that the excitonic anharmonicily carn, excitons,Pa g€~ '=Ma g(ba g+ )/V, whereb, g are

be clas_smed In terms Of the Spins of the elecirons fo_rmmg[he corresponding exciton annihilation operattssbscripts
the excitons rather than in the spin of the holes. In partlcularL_F denote circular polarizationsM , g are the exciton dipole

the repuI§|ve interaction between excitons W'.th the same V%oments, and/ is the crystal volume. The angular brackets
lence orbital and equal angular momentum implies a repul-

. : I : denote statistical averaging. The dipole moment of three-
sion between excitons with different valence orbitals and opy; oo 0o es sitons is determined by the well-known rela-

posite angular momenta. Similarly, since excitons with thei A M s o (Vimal o) Y2 where anda. - are cor-
same valence orbital and opposite angular momenta attrage" MAB= #aslViTasg KAB AB

one another, excitons with different valence orbitals and théesp_ondlng |_nterband dipole moments and exciton Bohr
same angular momentum will also attract one another, givin adil, respegtlvely. In order to make _the analy5|§ more frans-
rise to the formation of a mixed biexciton. Note that in con- P2re"Nt We introduce the a\{eraged |pterband dipole moment
trast to biexcitons, which are formed from a pairtdf or Ih 4~ VAA™ K5 a2nd effective  exciton  volumesv,g
excitons with opposite angular momentum and can be ob= 7@ag(#/xag)", Which allows us to reduce the exciton
served only in thexxx), (xyy), and &+ —) configurations, dipole moments td/ g=u(V/vag) 2 In order to describe
mixed biexcitons can be also observed in the{+) and the PSF effsfect we write the exciton-photon  coupling
(x+ +) configurations. Hamiltoniart® for the case of the two-exciton system as
It is necessary to emphasize that the striking similarity,Hint=Ha+Hg+h.c., where
which we observe in the quantum beat signal from GaN and
ZnSe, originates from the strong influece of the four-particle
correlation on the nonlinear optical response at the semicon-, + VA T
ductor band edge. In particular, the interaction between exHa=—=Maba, | 1- WCAbeM
citons with different valence orbitals, which is mainly deter-

mined by the spin of the electronic constituents, gives rise to VUaUB c'bl b M.bl
the change of sign of the quantum beats phase when switch- gy B-Dg— | €+ ~Maba-

ing from the co- to the cross-circular polarization configura-

tion. This property does not depend on the particular mate- VA b b VUAUB bt b h
rial, however, the magnitude of the beating phase is X 1_WCA A-FA-T Ty C'bg.bg. |£_+h.c.

apparently material dependent. We demonstrate, in particu-
lar, that the difference in quantum beat phases, which we (A1)
observe in ZnSe and GaN at positive time delay in tke (

++) and x+ —) configurations, can be explained by the Here, &,

;:iiffererr:ce in_ relativg CO’?t”b““O_”S to éheh Tl FW'\]{'f sign]:all the light wave, while the PSF paramet&sndC’ describe
rom the exciton-exciton interaction and the EID effects fory,q 1o qyction of the exciton-photon coupling due to the finite

these semiconductors. This experimental finding, along Witl?excitation density. In terms of the few level modeGand

the developed theoretical description of the third-order OPti-' 4re measures of the reduction of the dipole moment of the

cal effects at the fundamental band edge, makes the beati'?lgansitionst 0>—>bT bt 10) and b 0)—>bT bg 10) in
A+ AxMAx A+ A+ *

phase measurements a promising technique for the quantita- : 3 . . .
tive study of the four-particle correlation effects. comparison t40)—bj..|0), respectively. Since in the states

bl .bk.|0), both electrons and holes have the same angular
momentum while in the states) . bl.|0), only electrons
have the same angular momentughand C’ are generally
different from one anotheHy can be obtained frorkl 5 by

We are grateful to H. Sunakawa and A. Usui of NEC replacing subscripf with B in Eqg. (Al). By recalling that
Corporation, and Professor K. Ohkawa of the Science Unithe free energy, associated with the light-matter interaction is
versity of Tokyo for providing the samples. We would like to given by F=(H;,)=—P,.&, —P_E_, where P. are the
thank Dr. A.A. Yamaguchi and Dr. H. Suzuura for fruitful circular components of the electric polarization in the me-
discussions. This work was partially supported by a grant-indium, one can see from E¢Al) that when accounting for
aid for COE Research of the Ministry of Education, Sciencethe PSF effect, the amplitude of the macroscopic polarization
Sport and Culture of Japan. associated with thé exciton can be introduced as

are the circular components of the electric field of
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U two-exciton states with angular momenla=*+2 andJ,
Pa==My 1—WCAbI\¢bAi =0, respectively. These amplitudes can be written as the
following:
VU AU
— 2B bl _bg= |bas IV (A2)
4V .

(Bag)=—5 f Fas(7)Pas(t—17)
We describe the coherent interaction between excitons by pe SO
extending the treatment developed in Ref. 34 to the two- _ Na—i(opt+og—20—2iy)T
- ' 4 - . ! X Pg+(t—7)e7'\@AT B dr,
exciton case. The Hamiltonian, which describes the interac-

tion between optically active excitons, can be written as (A6)
Hy,=HaatHggt+Hag, WhereH,, and Hgg describe the . vaUg [

contribution to the total Hamiltonian arising from two-body (Bag )= _2f Gpg(T)Pax(t—17)

interactions within ensembles & and B excitons, while IR

H g accounts for the interaction between thédtn,, consists X Pg(t—7)e i(@atop=20-207q

of three terms:

1t t 1y e Here, the memory functiors,g(7) andGag(7) describe the

Haa=3BAx ba. oA, + 3Ban bA-DL+BAa b b, amplitude of theyZ) coherer?cBé ;ssocia/i\gt(j \)/vith the interac-
+h.c., (A3)  tion betweenA andB excitons with equal and different po-

larization, respectively.

where the operato§ ;4 andB,, describe the two-exciton The temporal evolution of the annihilation operators are

coherence due to the interaction Afexcitons with spino given by the Heisenberg equation

=+1, respectively, while3 1, represents the two-exciton

coherence due to the interaction Adfexcitons with opposite

spin. The expectation valués ,, ) and(B . ) give ampli- —ih

tudes for the & coherence, which are due to unbound and

bound two-exciton states with angular momeda =2 and

J,=0, respectively. Since thes?2 coherence arises from the _ i

relevant circular components of the excitonic polarization aBY Using Egs.(Al), (A3), and (A5) one can find that the

the frequencyw, these amplitudes can be written from the evolution equation for the exciton annihilation operator re-

bp g+
ot

+hopgba g+ =[Hxxt Hint,bag+].
(A7)

causality principle as duces to
(Baa)= " J Faa(7)Pa-(t—r)e 2@a=e"rg "
0 . A+ ++ _
(Ad) —ih— = +hoabas =~ Biibh, ~Basbhs
2
(Ban )= ;) fo Gaa(T)Pas(t=17) —Bagbl.—Bagbh-
XPa-(t=mje om0y, M| 1= 5 CabA-bA:
wherew, andy are theA-exciton frequency and dephasing
rate, respectively, whild=,5(7) and Gaa(7) are memory . \/UAUBC,bT be | £
functions, which are associated with the interaction between 4V BT o=
two A excitons with equal and opposite spin, respectively.
Similarly, the amplitude of the @ coherence associated with -M U_AC brsbasEn
the interaction betweeB excitons can be described by the Agy TATAEEAZCE
memory functiondgg(7) andGgg(7). oo
The coherent interaction betwedrandB excitons can be -M UAaUB C'bl _ba. &
described by the following Hamiltonian: B 4v FUAREE
Hag=Bag bA:bL, +Bag by bh_+Brgbi, b —MBVZ“V”BC'bB;bAis;.
+Bgabh_bl, +hec., A5
BA Pa-Dp+ (AS) (A8)

where operatord3,; and B,z describe the two-exciton

coherence due to the interaction Afand B excitons with  Statistical averaging and EqéA2) and (A4) allow us to
equal and opposite polarization, respectively. The expectaarrive at the following equation for the amplitude of the nor-
tion values(B 5 ) and(B 55 ) give the amplitudes of the? =~ malized optical polarizatiorpy.=Pa+(va/p) at the fre-
coherence, which are due to the relevant bound and unbourgiencyw:
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. IPA= _ ,, 1 fva_, 5 1 Joa_,
- +AppPa+=E-+ (CA|pA+| + > \/vBC |pe+|*|Ex > \/UBC Pe-Pa-E=
—pﬁi JO FAA(T)p,ZL\t(t_T)eizlAATdT_ p;i \Y} U_:fo Fas(7)Pa+(t—17)

Xpg(t—7)e” (3aT20)7dr— pio f Gaa(7)Pax (1= 7)Paz (t—r)e”#247d 7
0

foa (= _
—Pp= ﬁfo Gag(7)Pa=(t—7)pg=(t— e (Bat28)7dr, (A9)

Here,Apg=wapg— w—iv, wapg, andy are the exciton fre- In this paper, we will consider the case of positive time de-
quencies and dephasing rate, respectively, Bndare the lay, T=7,—7,>0, i.e., the pulse with wave-vectdr, ar-
Rabi frequencies, which corresponds to the amplitudes of thaves first. The exciton polarizations linear i ,.. can be
right- and left-circular components of the electric field at thereadily obtained as

frequencyw, E.e”'“'+c.c=ul. Ih .

To clarify the meaning of the memory functions in Eq. pt) =i7,Eq 20 exp{— (I Qap)+
. ) . . 2+ 1,2+ A®)T7)
(A9), let us consider the mean-field approximation, when ABIL, P ®)
only instantaneous interaction between excitons with the X(t—=71)}O(t— 71 ),

same spin and the same energy is allofeds g

=Rag8(7), Fap(7)=Gaa(7)=Gas(7)=0 and C’'=0. where® (x) is the Heviside function, anf, g= wa g— w.

One can derive from EqA9) that the evolution equation The circular components of the nonlinear polarization as-

reduces to sociated with the wave propagating along #he — k., direc-
tion can be obtained from the evolution E&9) as follows:

i IPa=
ot

+ApPA+=(1—Cplpa<|?)E+ —Ra|pa=|®pas - p(Asi(t) = Tge_ e (9arN=m)Q (1 1)

(A10) . v .
X rAA(t_Tl)elﬂAT+ v_ArAB(t_Tl)eIQBT
B

However, since in the coherent reging’.b.)=|(b.)|?,
the excitonic polarization determines the population of exci-
tons: N+ =|pas|?/v. This allows us to reduce EgA10)

to the standard modified semiconductor Bloch equétitor

A excitons in terms of the normalized excitonic polarization, n \/Es (t—7y)el 2T
Pas , and populationna. =Na.va: vg ABU T T

XEZ,ES. +|spaa(t— 7)€ AT

Ei+E1- L} . (A12)

HereT=7,—1, and
IPa+ v

+[i(wa— )+ y]pas

at . /
|t
2Nnp+ 2€p Faa(t)=iCa+ foe_zyt JO Faa(t”)dt"dt’,
=i<1_ _)E+_<0'A_i_>|pA+|2pA+- (A11)
Nao Nao
t L[t
— =2y " T
Here we have introduced the exciton saturation density rag(t)= foe 7 fo Fag(t")dt"dt’,

=2/C,, the Lorentz shift of the exciton frequency,

=Re[Ra}/ Cx, and the EID correction to the exciton dephas-

ing rate,op=— |m{RA}.34 SAB(t):iC/+ fte—Zyt'ft,GAB(tl/)dt//dt/’
We assume that the incident light pulses of duratign 0 0

with wave-vectors, , are shorter than the exciton coherence

time and use the&-function approximation for the incident

t , ’
electric field: sAA(t)=J’Oe*27t Jot Gana(t")dt"dt’.
E.=E,. 5<t_71)exp[ik1r}+E2+ 5<t_72)exp[ik2r}. p&)(t) can be obtained from EqA12) by replacing sub-
- p T script “A” with “ B.”
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the nonlinear polarization associated with tAeexciton, |SX,E;=
pEXsity =[p) (t) +p (t)1/ /2, for different polarizations

of the pump and test waves, which are abbreviated by super-

scripts “p” and “t,” respectively. Specificalgég;/vhen the

pump and test wave are cocircularly polarized " (t) X+ — % A2t

can be obtained from EqA12) at E;_=E,_=0. In the Sae = UB,AfO 2Sanea(DlSas(t)]7e 7 dt,
(x+ —) configuration, i.e., when the pump and test wave are (A22)
counter-circular polarized,  p&** (1) =[p&(t)

+p(1)1/\2 atE;_ =E,, =0. Similarly, by substituting in JW

By using Eq.(A12), one can obtain th& component of f+oc

v
|saaga(t)]?+ £|5AB(U|2 e 2dt,
UB,A

(A21)

vaB [T7

Eq (A12) E, =E,,=E,/\2, E, =E,,=E,/y2, and IaaeYY= Ir anea(t) = Sanes(t)|?
El—: _E1+:E1/\/§, E2_: - E2+: Ez/\/z we arrive at
the third-order polarizati.on for 'ghe<(<x) and Kyy) _configu- Uag 5
rations, respectively. Finally, in thé+++) configuration + ——[rap(t) £Spp(t)]
p(s)“*(t) p) (t) from Eq.(A12) atE;_=E,_=0. The vB.A

equations for the third-order polarization, which is associated

with the A exciton, in the various polarization configurations QUxXYY_ UAB +°°2[r () *s 0]
can be represented as follows: A,B \V vealo AABB\L) —SAA BB

Faa(t—7p)€ AT+ \/QrAB(t_ e 8T

U8 One can readily find from the above equations that @
xe e (At Nt=1)@(t— 7)), (A13)  regime imposes the following relationships between the pa-
rameters of the TI FWM signal in different polarization con-
figurations(compare with Ref. 28

e 2"dt, (A23)

@) X[ ap(t) = spp(t) ¥ e 2"dt. (A24)
pa T ()

P (e

. Ua .
Saa(t— 7)€ AT+ \/ —Sas(t— 7)€ 08T
U

2(15a8 T 15n8)=10A5T 108 (A25)
xe e (N (t— 1), (A14) ’ ’
2(SAs +Sae )=Shet S (A26)

PN =pP* () +pP (1), (AL5)

The observed phases of the quantum beats in xie)(

3), _ ~(3), 3) X+ —
PR () =P (1) = (), (A16)  and (yy) configuration allows us to conclude that in these

polarization ~ configurations K8y ga}=Im{Syg}=0,
P () =2p " (b). (Al7)  Re[SFE}>0, and R¢SPE}<0. Moreover, since Il{r(SXXX

=Im{SY§}=0, Eq.(A26) returns I{S; 5"} = —Im{S} 5
The obtained equations for the third-order polarization at The almost 100% modulation depth of the TI FWM signal
the frequencies of thé and B excitons give us the time- in the (xxX) and (xyy) configurations implies R‘SXXQ}
integrated FWM signal =I5 and RéSYY}=—150s. By using expressions
(A19)—(A24) one can arrive at

UaB
rangs(t) +Saase(t) — \/a

2
e 2Mdt=0, (A27)

IRIS(T) e f |pELP(1)[2dt

+ oo
=[1§s+Re[SRE}cosAT J 0

+ pts —29T
+Im{S'3}sinAT]e (A18) X1 ag(t) +Sag()]

e UaB
Jo raage(t) —Saass(t) + VE
UaB _ ,
|1 aag(t)|?+ EHAB(UF e 2Mdt,

2
(A19) X[rag(t) —sap(t)]

Here, 1§’ and SR'g take the following form for different

polarization conf|gurat|ons
“+ 00
[ Xt =
0A,B™
0

Sx++ UA’BfWZr (D[ ap(t) ] e~ 27dt Since the underintegral functions in the above equations can-
UB AABE AP ' not be negative, we have to conclude that they are zero.
(A20)  Therefore, ther-phase shift of the quantum beats and the

e 2"dt=0. (A28)
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100%-modulation depth of the FWM signal in thex() and
(xyy) configuration imply the following relationships: Faase(t) =\ —Gas(t),

B.A
(A31)
UaB UAaB .,
Ua Ua Ganaga(t) =1\ U_FAB(t)r Cas=V U_C .
raa(t)= ESAB(U: Saa(t) = v_BrAB(t)’ B.A B.A

(A29) It is necessary to note that in contrast to the Hg®5)—
(A26), which reflect the third-order nature of the coherent
excitonic nonlinearity associated with the four-particle cor-
relation, restraint¢A31) are essentially based on our experi-
faa(t)= /U_BS (1), saa(t)= /@r (t) mental findings. Specifically, these are thephase differ-
BB vp ABY TBB vy PBV ence and 100%-modulation depth of the beating signal in the
(A30) (xxx) and (yy) configuration, which hold well in our ex-
perimental condition. As it is shown in Sec. Il of the paper,

the obtained relationships between memory functions and
Correspondingly, we arrive at the following constrains for PSF parameters imply that the electron spin influences the

the memory functions and PSF parameters: exciton-exciton interaction more than the hole spin.
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