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Dephasing of coherences betweear* and o~ exciton states in a ZnSe single quantum well
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We investigate interband coherences as well as coherences beiemmd o~ 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 intlksthk,—k, direction and to study the
influence of Coulomb scattering on the dephasing rates. The experiments reveal nearly equal zero-density
dephasing rates for coherences betweérandos~ 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 betwéeand o~ 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.
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INTRODUCTION strength, which is about 10 times higher than that of GaAs,
this SQW structure is well suited for the study of the men-
The technique of degenerate four-wave mixiffg/Vm) tioned coherent phenomena. The higher biexciton binding
represents a powerful tool to study fundamental coherergnergy in lI-VI semiconductors compared to IlI-V semicon-
transient phenomena in bulk semiconductors and quantuuctors also enables a spectral isolation of the heavy-hole
well (QW) structures. In particular, FWM provides an ex- biexcitonXX, transition as well as of the mixed heavy-hole—
perimental approach for the investigation of quantum bealight-hole biexciton XX, transition!®?” The zero-density
phenomend; scattering processes of excitons with freedephasing rates as well as exciton—exciton scattering param-
carriers*® with exciton§~° and with phonong=** A general ~ eters for different interband and interexciton exciton coher-
theoretical approach to analyze these coherent optical ph&nces are obtained by intensity dependent measurements. For
nomena is based on the semiconductor Bloch equationd more detailed understanding of the different FWM pro-
(SBE),'? which consider the fermionic nature and the Cou-cesses, the optical Bloch equations of a 10-level system in-
lomb interaction of carriers in a semiconductor. However,cluding excitation induced dephasin@EID) have been
under certain excitation conditions the important mechasolved numerically and the calculations are compared with
nisms can be obtained also if the complexity of the SBE isour experimental results.
simplified by phenomenological multilevel models, essen-

tially representing extended optical Bloch equati¢B8E). EXPERIMENTAL DETAILS
These models consider e.g., local-field effe¢tsE),*®
excitation-induced dephasingID),'*~® and biexciton for- The investigated ZnSe single quantum wells were pseudo-

mation (BIF).1"~*® The off-diagonal elements of the density morphically grown or{001) oriented GaAs substrate by mo-
matrices in these models describe the coherence between dgcular beam epitaxyMBE). The structures include a ZnSe
citon states, which decays with their characteristic relaxatiomuantum well of 10 nm width sandwiched between two 25
time. Most investigations concentrate on interband coheram thick Zm ggVigg 1Se barriers defining a type-l quantum
ences between the ground state and the heavyXgler  well structure. A detailed description of the growth and a
light-hole X, exciton states or between the ground state angample characterization is given in Ref. 23. A frequency
two-exciton stategbiexciton transitionsusing standard two- doubled mode locked Ti—sapphire laser providing ultrashort
pulse degenerate four-wave mixing. Much less studied, howsulses of spectral width of 22 meV at a repetition rate of 82
ever, are coherences between two heavy-hole or two lightMHz was used to excite the sample. The temporal width of
hole excitons of opposite spin and between heavy-hole anthe frequency doubled pulses was determined to10%
light-hole excitons with opposite or equal spiit*which are  using an autocorrelation technique that is based on two-
generated in a two-photon coherent process. Their interaghoton-absorption in a SiC photodiode. The three-beam four-
tions with excitons, phonons and impurities may differ fromwave mixing experiments, which involve three excitation
that of interband coherences leading to different decay rategulsesk,, k,, andksz, have been performed in the back-
of both types of coherent excitatiofsCoherences between scattering geometry with the sample mounted in a helium
two excitons will be called interexciton coherences in whatcryostat at a temperature of 55 K. In the experiments the
follows. delay time betweerk,; and k, was kept to zero £,=t,

In this paper, we investigate interband and interexciton—t,;~0) while the time delayr;;=t;—t,;= 7 was varied be-
coherences in a ZnSe single quantum well by applying potween pulsek,; andk;. The zero delay between pulsks
larization dependent three-pulse degenerate four-wave mixandk, as well as betweek; andk; has been determined by
ing experiments. Since ZnSe possesses an exciton oscillatotaximum contrast of the light interference pattern appearing

0163-1829/2004/692)/12532%8)/$22.50 69 125325-1 ©2004 The American Physical Society



H. P. WAGNER AND S. TRIPATHY PHYSICAL REVIEW B69, 125325 (2004

FWM signal

FWM signal

delay  [ps]

FIG. 2. FWM traces intd;+k,—k; direction at the spectral
position of the heavy-hole&,, exciton transition for polarization
configurations ¢*o*¢™), (cto o), and @to ¢") and at

FIG. 1. Spectrally resolved three-beam FWM signals of a 10 nmthe heavy-hole biexciton induced transitidiX,, for configuration
thick ZnSe SQW intd<3+ k,—k; direction for polarization con- (0'+0'70'+) at 55 K. The intensity of pu|sebl and k2 was set to
figurations ¢" 070 "), (¢7c"07), and @ o o ") at55 K. The 1.3 Mw cm 2, the intensity of pulsés was 0.3 MW cmi 2.
spectra were taken at a delay time —0.55 ps. The excitation was

centered at 2.808 eV, the intensity of pulsks and k, was . o ) ) )
1.3MWecm 2 and of pulsek; was 0.3 MW cm2. The exciton  Sition visible at 2.815 eV was not considered in the following

(X, X;) and biexciton transitionsXX,,, XX,,) are labeled. treatment. Two pulse four-wave mixing experiménts fur-
ther indicate that the exciton transitions are nearly homoge-
on the sample surface during temporal overlap of the pulseieously broadened in this ZnSe SQW.
The 1£? focus diameter of the pulses on the sample was 100 The FWM responses as a function of delay timdor
um. The time integrated and spectrally resolved four wavesonfigurations §* o o), (6" 6" 07), and ¢ o ¢ ") at
mixing signal was detected in directicky+k,—k, by a the energetic position of the, transition and for the
combination of a spectrometer and an optical multichanne{c " ¢~ ¢ ™) configuration at the biexciton inducédX,, tran-
analyzer. The experiments have been performed for variougition are displayed in Fig. 2. For negative delay time (
polarization configurations of the three incident pulses. In the<0), pulseks builds up an exciton polarization, which, to-
present discussion we use the notatioort¢tot), gether with the subsequent pulsies and k, leads to the
(c7oto7), and @To o") where the first, second, and generation of a FWM signal into the direction &g+k,
third symbol in the parentheses indicates the polarization of- k. In all configurations the observed FWM signal decays

2.80 2.81 2.82
energy [eV]

thek,, k,, andks pulse, respectively. with the dephasing rate of the interband exciton polarization.
While clear quantum beats between heaygyand light-hole
EXPERIMENTAL RESULTS X, excitons with a period\ 7=~ 270 fs (corresponding to an

energy splitting ofAE,;=h/A7~15 meV) are observed in

In the performed three-beam four-wave mixing experi-(c*o*¢™) and ("o~ ¢") configuration, no oscillations
ments a positive delayr0) refers to the case where pulse are visible in ¢* o o) configuration. The observed quan-
ks arrives last whereas a negative delay<(Q) refers to  tum beats reveal a constant oscillation amplitude indicating
pulseks arriving first. Figure 1 shows the spectrally resolvedvery similar X, and X, single exciton interband dephasing
FWM signal in thek;+k,—k; direction obtained from the times.
10 nm ZnSe SQW at a delay time= —0.55 ps for configu- For positive delay time £>0) in configurations
rations @ o*o™), (670 07), and o o"). Thein- (o"o' o) and (' o' o) pulsesk; andk, have the same
tensity of pulsek, andk, together was 1.3 MW cii¥ and  circular polarization so that an exciton population grating
the intensity of the third puls&; was 0.3 MWcm?2. The  with grating vectork,—k; is generated. The electric field of
center of the 22 meV broad excitation pulse was set to 2.80¢he delayed puls&; (with same or different circular polar-
eV, in order to avoid continuum contributions and predomi-ization) generates a nonlinear FWM signal into direction
nantly excite the 18 X, heavy-hole exciton at 2.806 eV and +k,—k;. The FWM signal persists as long as the grating
weakly excite the light-hole 11 X, exciton transition at exits i.e., the signal decays with the inverse of the exciton
2.821 eV. In addition the heavy-hole biexciton induced signalifetime T, and decreases also due to the diffusion of exci-
XXy, at (2.806 eV-A;) (Ref. 19 and the mixed heavy-light- tons within the population grating leading to a reduced con-
hole biexciton induced signakX,, at (2.806 eV-A,,) and trast of the population grating with increasing delay tinfé
(2.821eV-A,) (Ref. 22 are observed, both being identi- Only in the (c*o* ™) configurationX,—X, quantum beats
fied from their polarization dependence as described in thevith damped oscillating amplitude are observed. Further-
next paragraph. In the parentheggs=4.8 meV is the bind- more the FWM signal in¢* o o) configuration shows an
ing energy of the heavy—heavy-hole biexcitoy,, increase near zero delay, which is not observed in the
=2.8 meV refers to the binding energy of the mixed heavy—(o" o ¢ ~) configuration. As outlined in the next paragraph
light-hole biexciton. The weak 12 heavy-hole exciton tran- this behavior is explained by excitation induced dephasing
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FIG. 3. FWM traces intd;+k,—k; direction at the spectral
position of the light-holeX; exciton transition for polarization con-
figurations g* o o), (670 7), and to ¢") at 55 K. The
intensity of pulsek, andk, was set to 1.3 MW cm?, the intensity
of pulsek; was 0.3 MW cm2. FIG. 4. Ten-level scheme describing a system of interacting
heavy-holeX, and light-holeX; exciton with ground levell), o*
and o~ X, heavy-hole(levels [2) and [3)), X, light-hole excitons
(levels|6) and|7)), heavy-hole biexcitonXX;,, and biexciton con-

|1>

(EID) which is present for¢*o* o) polarized fields but is

. o P . .
Ina_lc_:ﬂvelzlcvme (T UI CL ) corglgu:ﬁtlo(r:. _ . tinuum (levels |4) and |5)), mixed biexcitonsXX,, (levels|8) and
e signal observed in ther( o~ o) configura- |9)) and a light-hole biexciton continuuitievel |10)). The arrows

tion for >0 behaves significantly d'ﬁ?rem' lr? this case represent the optical transitioffsill line o* transition, dashed line
pulsesk; andk, cannot create a population grating because; - yansitior and their selection rules.
they act on different-* and o~ exciton transitions. Instead
they create an interexciton coherence betweénand o~ of Xh indicating a faster loss of the coherence between two
excitons that has a structure of an orientational grating witty ~ ando ™ light-hole excitonsx; as well as betweeN;, and
momentumk,—k;. Again together withk; a nonlinear X excitons of different spin.
FWM signal is generated into directioks+k,—k;. The
nonlinear signal decays with the same rate as the coherence
between twos " ando ™ excitons is lost, thus enabling the  For a more quantitative understanding of the experimental
determination of the not otherwise accessible interexcitoriata we have modeled the FWM response by solving the
exciton dephasing time. A closer look to the FWM trace,optical Bloch equation$OBE) of a 10-level system up to
however, shows that the decay cannot be fitted with a singléhird order in the external fields fof-shaped laser pulses.
exponential function. Also the(,—X, beating clearly ob- The 10-level modelsee Fig. 4 with the ground levell)
served in this configuration shows a slight damping for posidnitially populated takes into account the interactionoof
tive delay. In the following paragraph these observations arand o~ X, heavy-hole(levels |2) and|3)) and X, light-hole
explained by the decoherence betwegrandX, excitons of  excitons(levels|6) and|7)) and also allows for the formation
opposite spin as well as by EID both contributing to theof bound heavy-hole biexcitonXX;, and biexciton con-
FWM signal at resonanck,. The FWM trace at the biex- tinuum (levels |4) and |5)). Furthermore the formation of
citon inducedXX;, transition is(up to third order perturba- mixed biexcitonsX X, (levels [8) and |9)) as well as of a
tion) neither affected by th&,—X; interexciton decoherence light-hole biexciton continuundlevel |10)) is introduced into
nor by EID so that thé&;, interexciton dephasing time can be this model. The corresponding OBE are further extended to
directly evaluated from this signal. encompass EID, as discussed in Ref. 16. Local field effects
The FWM traces at the energetic position of theexci-  (LFE) have not been considered since they are less important
ton (see Fig. 3show very similar features as observed at thein ZnSe quantum wells as shown in previous two-beam
X}, transition energy. In theo™ o~ ¢ *) configuration forr FWM experiments? After Fourier transformation the third-
>0 the decay rate of the FWM signal is faster as comparedrder polarization intk;+k,—k; direction for negative £
to the decay rate of the FWM signal at the spectral position<0) and positive ¢>0) delay reads

THEORETICAL MODEL

N
Pl k(@ 7<0)= 50 (1) > oh —— (g &) (1l - € ) (psg €3)eXRi Qsgm) +[ (11l € (pus - €2)
s,s’t w— sg
* * . ZM:CS * * .
+(Msg'ez)(ﬂsfg'el)](/‘s’g'e3)eXFK|Qs’g7')]_(w_—ﬁ)(/‘ts"ez)(ﬂsg'el)(/‘S’g'e3)equﬂs’g7')
ts
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3) N . 2”’;9
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X(psrg-€) 1y g €1)+expl—iQsgn) (Msg €) (Ksg- €3) (g, €1 eXpi QL )] | @

In Egs.(1) and(2), g denotes the polarization unit vectors ing into account an increased dephasing rate of various tran-
of the ¢ and o~ polarized laser pulses witho™ sitions with exciton densitieN;, N,, andN; created by the
=2"9%1, Fi) in Jones notation an®=1,2,3 corresponding three-laser pulsds, , k,, andks, respectively. The exciton—
to the three laser pulses. The indiceands’ correspond to exciton scattering parametg@= S, is also responsible for
the single exciton state$?), |3), |6), |7)) wheread refers to  the EID terms in Eqs(1) and(2).

the two-exciton stateg|4), |5), |8), |9), |10), g being the Numerical calculations have been performed for configu-
ground statgd1). The optical matrix elements from ground rations @ o o), (c70707), and @ o~ o™). The en-
stateg to statess are pgs Where pys= pgs0" OF pgs0 ergetic positions of exciton and biexciton induced transitions

where uqs accounts for the magnitude of the dipole transi-were taken from the experimental FWM spectra. From the
tions. Furthermore we have used the following abbreviaFWM traces we evaluated the combined lifetiffg to T,

tions: =35ps as well as the interband dephasing rates= v3;
=0.75ps! and yg=17v,,=0.75 ps’. The interexciton
Qg™ 05— Ysg= 0sg— 1 (Y3 BsNa), dephasing ratey;,=0.85 ps * between two heavy-hole ex-
citons of opposite spin was extracted from the' ¢ o)
Ogrs=wgs—ives= wsrs—i(yg,va Bs's(N;+N3)), trace at the XX, transition. Dephasing rate%gs=v7,

=1.2 ps'! between heavy and light-hole excitons with op-

ng:ng_ iIBsg(Nl+ N,),

+

(c'c'c )

Q5= 05— i (Yt Brs(N1+Ny+Ny)). 3)

The dephasing rateys, are given by ygg=(Tsg) '
whereTg, are the interband dephasing times of differxpt
and X, exciton to ground transitions. Far~s’ the interex-
citon dephasing rate. s is given by yos=(Tss) 1. The
time constanfT ¢ describes the loss of coherence between
two X;,, two X; andXy— X, exciton states with different spin
(T3, T, Te3,T72, respectively as well as betweeK,,—X|
exciton states with equal spiff§,,T+3). Fors=s’ the decay
rate of the exciton population grating is given by
=(T.) L T.is a combined time constant taking into ac-
count the exciton lifetime as well as the exciton diffusion , , il
inside the population grating. The quantitiegy, g, ;s 2.80 2.81 2.82
are the angular frequency between states, s’ andt, N is energy [eV]
the total density of the exciton Systemﬁg and 'y(s)’s denote FIG. 5. Calculated FWM spectra into;+k,—k; direction for
the dephasing rates at zero exciton density #hg and  polarization configurations o«*o*o*), (¢*0*0”), and
Bs's,Bis are the exciton—exciton scattering parameters tak¢s* o~ o) for the same conditions as in Fig. 1.

FWM signal
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FIG. 7. Calculated FWM traces into thg+k,—k direction at
FIG. 6. Calculated FWM traces intg+k,—k, direction atthe  the energetic position of the light-hob§, exciton transition for
energetic position of the heavy-halg, exciton transition for con-  configurations §* 0" o), (¢*o* o), and @+ a*) for the
figurations ¢*o"o"), (670 0"), and ("o o") and at the  same conditions as in Fig. 3.
biexciton induced transitioX X, for configuration ¢*o~ ™) for
the same conditions as in Fig. 2.
rectionks;+k,—Kk,. The contributing terms for<0 at reso-
posite spin were approximated from the (o~ o*) FWM nancew,, contain the exponential functions ek¢,7) and
trace at theXX transition. We assumed the same dephasingxp((s,7), leading to the appearance ¥f,—X, quantum
rates between heavy and light-hole excitons with equal spibeats. Since dephasing ratgs, and yg; were chosen equal
e.g., ¥e2= ¥73= 1.2 ps 1. For simplicity we further assumed the FWM trace shows a single exponential decay and a con-
that the dephasing rateg, between two-exciton and single stant oscillation amplitude with delayin agreement to the
exciton states are equal g,. The magnitude of the ground experimental observation.
to heavy-hole dipole matrix elements,;= u3; and that of In (¢ o" o) configuration for delay=>0 the calculated
the ground to light-hole exciton dipole matrix elemeptsy  FWM polarization is again governed by the exponential
= u71 Were set to 1 and 0.57, respectively, according to theifunction exp#T,). There is no term accounting for quan-
relative oscillator strength-ratiog3,: 3, of 3:1 in relation  tum beats at resonanesy; . Since the polarization directions
to their valence band functions. Furthermore the spectradre opposite for pulses, andk; EID is inactive for pulse
shape of the excitation pulse was considered as described k3. Hence no EID signal close to zero delay is generated in
Ref. 9. The exciton—exciton scattering paramedenas de- agreement to the experimental observation. In contrast local
termined from intensity dependent measurementspto field effects(LFE) arising from pulse&, andk; are active in
=22 s'cn? as outlined in the following paragraph. The ("o to ™) configuration and can lead to an additional
still unknown parameterBl, yg;, and us were fitted toN FWM signal close to zero del&}.Since we do not observe a
=2.810"cm 2, y,,=1.2 ps'!, andu,s=0.3 for all two-  noticeable signal increase in our experiments we conclude
exciton transitions to give reasonable agreement between etiat local field effects are of minor importance in consistence
perimental data and calculated spectra and traces. to our previous investigatioff. The contributing terms for
As demonstrated in Fig. 5 the calculated FWM spectra forr<0 at resonance;, contain only an exponential function
configurations § "o "o ™), (6" o7), and @ o o) at  exp(Qs;7), explaining the lack oX,—X, quantum beats in
a delay timer= —0.55 ps reveal the same polarization de-this polarization configuration.
pendence as observed in the experimental spectra shown inIn ("o~ o) polarization configuration forr>0 the
Fig. 1. In addition the relative signal intensities between thecalculated FWM polarization at resonaneg, is determined
different exciton and biexciton transitions as well as betweerby terms containing exponents exfi€s,7) and expi(X,r)
different polarization configurations are well reproduced.  as well as EID(with dephasing rate 3,;), thus leading to a
The calculated FWM traces at the heavy-hole excitormultiexponential decay of the FWM signal and a damping of
transitionX, and atXX;, are shown in Fig. 6. According to the X,,—X, oscillation amplitude. In contrast the FWM polar-
the theoretical expression for the- (o "o™) configuration jzation at thexX;, is generated by a term containing only the
at 7>0 the slow signal decay at long delay times is deterexponent expfi{s,7). As mentioned earlier EID is inactive
mined by the combined lifetim&.. Occurring oscillations  at transitionXX;,. For <0 the leading terms at resonance
close to zero delay are generated by a term containing aR, contain the exponential functions ei§;7) and
exponential function expQg,7) and (weakej by EID terms  exp(Qs,7), explaining the appearance &,—X, quantum
containing X;, and X, transitions. The complex frequency beats.
O§,= wgytiye, indicates the coherence betweer! —X, The calculated FWM traces at the energetic position of
and o™ =X, excitons with a beating frequency abg,. the light-hole exciton transitioX, are demonstrated in Fig.
Dephasing rateyg, is responsible for the observed damping 7. The traces for¢ oo ™), (¢" 0" o) configuration are
of the beats. The rise of the FWM intensity near zero delay ivery similar to the traces calculated at tig resonance and
caused by EID since puls&s andk; create an exciton grat- can be explained in a similar way. In polarization configura-
ing so that thek, exciton polarization is diffracted into di- tion (c* o~ ¢ ™) for 7>0 the calculated FWM polarization
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FIG. 9. Measured dephasing rates from FWM traces aXihe
XX, andX, transition energy as a function of the exciton density
N3 generated by pulde;. The dashed line gives a linear increase of
the dephasing rate,; with an exciton—exciton scattering parameter
of B»=22 s Lcn?.

normalized FWM signal
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FIG. 8. Normalized FWM traces inth;+k,—k, direction for
the (¢ o~ o*) configuration at the;, exciton transition for a fixed (o "o~ ¢ ") configuration at positiorX,. The varied inten-
k, andk, pulse intensity of 1.3 MW cri? and variablek; pulse  sity of the third pulseks; is specified as ratid;/ly; with
intensity labeled as ratibs/1o3. The k; reference intensity iso;  respect to a reference intensity;=0.6 MW cm 2. For 7
=0.6 MW cri 2, temperature was 55 K. <0 pulsek; arrives first so that exciton density; is re-
sponsible for the density dependent dephasing of the nonlin-
at resonance, is determined by terms containing exponen-ear response according $;(N3) = ygl+ B21N3. For 7>0
tial functions exptiQ,,7), expiQ,7) and by EID terms. the decay rateys,(N;+N,) of the FWM polarization re-
Due to the larger dipole moments the magnitude of themains nearly constant since the exciton density created by
exp(—iQ,,7) term is significantly larger than that of the pulsesk,; andk, is constant. The observed increase of the
exp(—iQ,7) term so that an exact determination of the in- FWM signal close to zero delay is attributed to higher order
terexciton ratey,s from the experimental data is very diffi- FWM processes which are not further discussed in this con-
cult. However, the experimental trace can be modeled context.
sistently assuming/76= y7,. Figure 9 depicts the extracted dephasing ratgéN;) as
a function of the exciton densiti;. The two-dimensional

exciton density created by an excitation pulse with intensity
INTENSITY-DEPENDENT MEASUREMENTS 1 MW/cn? was estimated to 2:30° cm~2.9:19 Up to an ex-

Despite some deviations from experimental results as e.gCiton density 0fN3=2.10'cm™? we find a linear depen-
the weaker FWM signal in theo{" o* ™) configuration for den_ce of dephasing rate,(Ns) in accordanc_el to_an
7>0 or the strongeX,—X; beating in the ¢ "o *o*) con- ~ €XCiton—exciton _ scattering  parametef~22 s e,
figuration for 7<0, the model calculations successfully re- Above N=2- 10*cm ~ the density dependence begins to
produce the experimental data and significantly contribute t§aturate due to bleaching which is in agreement with FWM
the understanding of the complex FWM processes. In coméXPeriments performed on GaAs quantum wells at high ex-
parison with theory the experiments also provide reliablecitation intensities® Finally, a dephasing rate5; was ex-
values for the interband dephasing ratg(Ns) as well as  trapolated t0y5,=0.73 ps*. Figure 9 also includes the
for the interexciton dephasing rategs(N;+N,) and dephasing rates obtained from traces at posiiaf andX .
y7{N;1+N,). However, since these values are obtained affhey reveal similar density dependence in particular nearly
different exciton densities a direct comparison between thesequal zero-density dephasing rated,~»3, as well as
dephasing rates is not admissible. equivalent exciton—exciton scattering parametgss~ Bg1

We therefore performed intensity dependent measurefor X;, andX, exciton transitions. The same scattering param-

ments in g0~ o) configuration using the same experi- etersB,,~ B and zero density rategglw ygl are found if
mental setup. In the first measurement series the intensity afe constank, andk, intensities are changed in these ex-
pulsesk, andk, was kept constant at 1.3 MW ¢rh and the  periments.
intensity of the third puls&s; was varied. In the second se-  Figure 10 shows normalized FWM traces for configura-
ries the intensity of pulsek; was kept constant at tion (oo~ o™) varying the intensity ok, andk, with I,
0.3 MW cmi 2 and the intensities of pulsds andk, were  +1,,=0.7 MW cm 2 being the reference intensity for the
varied. These measurements enable us to determine thkfferent traces. In this situation the dephasing rate of the
dephasing rate$,, ¥3,,75, at zero exciton density and pro- FWM signal remains constant for<0 (constant exciton
vide values for the exciton—exciton scattering parameterslensityN3) while the dephasing rate far>0 increases with
B21,B32, and B,. increasing intensities of pulség andk,. Deviations from

Figure 8 shows the normalized FWM traces forthis behavior are again attributed 3¢ and higher order
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determined to y22=0.8 ps ! indicating similar exciton-
phonon and exciton-impurity scattering mechanisms for both
types of coherences. The same scattering paranggseand
zero density rat(g/g2 are found if the constarid; intensity is
changed in these experiments.

Figure 11 also contains dephasing rates which have been
extracted from the FWM trace at the spectral positioiXof
From similar arguments as at positidp the extracted rates
are average values between rages and 2y,,. The contri-
bution of they,g containing term can be neglected due to its
weak dipole matrix elements. In comparison with our model
calculations we estimate an exciton—exciton scattering pa-
| rameter of 8,,=60 s *cn?. This significantly stronger
‘ ‘ ‘ . exciton—exciton interaction for th¥,—X, interexciton co-

4 2 0 -2 -4 herence as compared to tkg—X,, coherence is also notice-
delay t [ps] able in Fig. 10 by the increasing damping of thg—X|
oscillations with rising exciton density. Finally, the zero-

density ratey?, is estimated toy%,=0.9 ps® indicating

normalized FWM signal

FIG. 10. Normalized FWM traces into tha + k,—k direction

for the (" o~ o) configuration at theX,, exciton transition for a . . . - o .
fixed ks pulse intensity of 0.3 MW cm? and variablek, and K, similar exciton-phonon or ex0|ton-|mpur|ty |'nteract|ons'f0r
pulse intensity labeled as ratio,(+ 1,)/(1o;+ | op). The ky andk, all coherences. The en_hanced exqton—exc;lton s.catterln_g of
reference intensity isy;+ | g,=0.7 MW crm 2, temperature was 55 rate B, might be e_Xpla'ned by an increased PaL_’“ repulsion
K. betweens " X,—o~ X, coherences ana™ X, excitons(or
betweens~ X,—oc" X, coherences and~ X, excitong,

effects. Figure 11 depicts the extracted dephasing times yfhere all interacting excitons carry eIectro_ns of equal spin
spectral positions;, andXX,,. At position X;, the extracted Mmomentumm,=—1/2 (or ms=+1/2, respectively _
values represent an average dephasing rate involving the Although an evaluation of the interexciton dephasing
dephasing ratess, (dominating tern yes and 27y, (from 1S not feasible from our experiment we may expect that the
EID). The rate at positioiX X, only accounts for the inter- Zero-density dephasing rajé_e is similar toy3,. Since only
exciton dephasing ratgs, and is therefore somewhat lower WO electrons of equal spin momentum are involved in
as compared to the average value obtained fronXfreace. ~ Xi—X; coherence scattering everigame as for th&,—Xy
In linear approximation the density dependence of dephasinijterexciton coherengave might further conclude that the
rate ys, is given by ya(N;+N,) = yg2+ BaAN;+Ny). Up exciton—exciton scattering paramefy; is smaller than that
to a density ofN,+N,~2-10" cm 2 we find a linear in- of the X,—X| cohgrence. Fyrther spectrally resolved three-
crease ofys, in accordance to an exciton—exciton scatteringPt!S€ FWM experiments using spectrally narrow 1 ps pulses
parameterBs,~22 s *cn? indicating the same Coulomb for individual excitation of enhe)(r1 or X, exciton transitions
scattering efficiency for heavy-hole interband and interexciMay help to clarify this assumption.
ton coherences. Above densily; +N,=2-10 cm 2 the
dependence starts to saturate as already observed in the mea- CONCLUSIONS
surements before. The zero-density dephasing 735&was
We have performed spectrally resolved and polarization
A X dependent three-pulse FWM experiments to study the inter-
40 m XX, P band (y,1,vs1) and interexciton dephasing rategs§, y;,) in
* X a homogeneously broadened ZnSe/dvigyqSe single
3.0k quantum well. The characteristic features of the experimental
FWM spectra and traces have been successfully reproduced
by calculations based on extended optical Bloch equations
T a for a 10-level system. In particular we find a significant EID
' e contribution from its polarization dependence. Intensity de-
1 o‘ - pendent three-pulse FWM measurements show that the zero-
. . . density dephasing rate of;, and X, interband coherences
0 2 4 68 (¥3,=v%,=0.73 ps %) is nearly equal to that of the interex-
density N+N, [10~em] citon coherence between twg, excitons ¢3,=0.8 ps )
32

FIG. 11. Measured dephasing rates from FWM traces axthe ~and betweenX,—X, excitons (79_2=_0-9 ps %) of opposite
XX, andX, transition energy as a function of the exciton density SPiN.  This result indicates similar exciton-phonon and
N;+N, generated by pulsds, andk,. The dashed and dotted— €Xciton-impurity interaction for all types of coherences. In
dashed lines give a linear increase of the dephasingyatendy;,  addition the Coulomb scattering for interband excitofs, (
with scattering parametgBz,=22 s ' cn? and 8,,=60 s Lcn?, ~22 s tcn?) and that for the interexcitoiX,—X;, coher-
respectively. ence (3;,~22 s Lcn?) is found to be equal while the inter-

201
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