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Observation of the ultrafast two-photon coherent biexciton oscillation
in a GaAs/Al,Ga, _,As multiple quantum well
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H. M. Randall Laboratory of Physics, The University of Michigan, Ann Arbor, Michigan 48109
(Received 13 May 1996

Polarization-dependent heterodyne four-wave-mixing measurements with a phase-conjugate Michelson in-
terferometer reveal a macroscopic nonradiative 770-THz oscillation in the nonlinear optical susceptibility of
GaAs multiple quantum wells. The oscillation is interpreted as the temporal evolution of the two-photon
nonradiative biexcitonic coherendé&0163-182806)50932-X]

The role of the biexciton in semiconductor optical inter- Detecting the TPC requires careful discrimination of sev-
actions has been studied intensely for over two decades, pagral signals, especially contributions from two-level FWM,
ticularly in wide-gap materials. Extension of this work to including concomitant exciton-exciton interactiofgEl),
GaAs-based materials has been a relatively recent developsich partially relax nominal time ordering. In phase-
ment, complicated by the relatively small biexciton binding conjugate FWM, two pulse&(w,k;) andE,(w,k,), inter-
energy. Observation has been difficult even in multiple-act with the sample at timets andt,, respectively, to pro-
guantum-well(MQW) structures, for which the binding en- duce an excitation grating. A third pulsd;(w,—ky),
ergy is typically enhanced by an order of magnitude over theliffracts from the grating to produce a signal polarization
bulk value. The first report of a biexciton in a GaAs/ propagating in the background-free directiotk,. Except as
Al,Ga,_,As MQW was made by Millef, who obtained a noted, we take the arrivals &, andEj to be simultaneous,
heavy-hole biexciton binding energy of approximatelyt,=t,, a timer=t,—t, afterE,. The appearance of a signal
1 meV in luminescence. This value was soon corroborate¢or negative delaysy<O, is evidence of EEI such as local
by variational calculation$.Since then, luminescence has fields?® excitation-induced dephasifig,and (in three-level
confirmed many properties of the biexciton in GaAs systemsthe TPC, which has no grating analogy. In the data
MQW's.>® Most recently, detailed thermodynami@nd pelow, we demonstrate the ultrafast TPC oscillation and
polarizatiort® studies have underscored the importance ofyresent polarization-dependent data to assess the influence of
biexcitonic processes. Although detailed agreement witthon-TPC EEI on the experiment.
theory cannot be claimed generally, many basic properties of A density matrix representation illuminates key features
biexcitons in GaAs are now well established. of the SW and TPC paths as manifested in FWM; subscripts

The first indication of a biexcitonic nonlinearity in GaAs denoteground'exciton’ andbiexciton amp"tudes_ The non-
MQW's was discovered recently by Feuerbackerl™ in  interacting two-level FWM signalér>0) are represented in

self-diffracted four-wave mixingFWM). Vigorous discus-  the rotating wave approximation by the perturbation se-
sion of the details of biexcitonic nonlinearities in GaAs hasquence

ensued?~?! The biexcitonic nonlinear response in FWM
arises from two competing and fundamentally different exci-
tations paths that have analogs in the theory of three-level
atoms?? The path that dominates in studies of biexcitons in Pgg™ Pge™ Pee™ Peg:

long-time-scale measurementsg., luminescengds an in-

coherent stepwiséSW) generation of biexcitons excited di- (The notation emphasizes that the time ordering=gfand
rectly from a population of excitons. The other path excitesEs is irrelevant, even i, andE; are not coincident.The
biexcitons through a totally coherent excitafionia a non- ~ SW biexcitonic pathway7>0) is

radiative two-photon coherend@PC) induced between the

ground and biexciton state, which oscillates at the biexciton ez
frequencyQ,g=2Q0.,— A, wherefiA is the biexciton bind-

ing energy. This path becomes important for time scales
comparable to the TPC dephasing time. Here, we qualita-

; ! . L e t
tively demonstrate the unique features of the TPC path in ""'ﬁ BS-1 ! 4/‘/
GaAs by using heterodyne FWM to identify the ultrafast )bé t3

*
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' Delay Line :

770-THz TPC oscillation. The utility of interferometric mea- BS2 , :
surements in the vicinity of a single-photon resonance has 4 : B2
been established in recent measurements of nonlinear phase I.
shift$*2%and pulse distortiof&?” in GaAs MQW's. Identi- 1., signal

fication of the TPC, however, requires a very different inter-
ferometer specifically designed for investigating two-photon FIG. 1. Geometry of the phase-conjugate Michelson interferom-
resonances, as described below and shown in Fig. 1. eter.
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FIG. 3. Typical simultaneous scafaffset for clarity of signal

| peg | pbg | _ and calibration interferometers fer= — 3 ps. Lines are guide to the
| I I o eye. The approximate 2:1 ratio of the TPC and lgsesonant with
to ty ty time the exciton is clear.

ements for the SW and TPC biexcitonic FWM signals. of the interferometer. The delay line is dithered over several
optical cycles using a piezoelectric element. This special ge-

E]l B3 Esp ometry, in whichE, andE, are delayed in equal increments,
Pgg—Pge™ Pee™ Phe> assures that the interferogram is sensitive only to the delay,

7=t,—1t,, and not to the time interval; —t, . In contrast to
earlier interferometric studies, which were not sensitive to
the temporal oscillation of the TPC, this geometry produces
no interference fringes near the laser frequency, independent
Pgg— Peg Pbg—1Pbe.Peg- of the origin of the nonlinear response. An auxiliary Mich-
elson interferometefusing BS-2 produces conventional la-
ser fringes to simultaneously calibrate the delay line.

and the TPC pathwar<0) is

*
Exs Esz2 B

A close inspection of the two-level, SW, and TPC paths

re_veals a crucial distinction. The popula}ticme, v_vhich con- A typical single scan is displayed in Fig. 3, with solid
tributes to the two-level and SW paths, is quasistationary, buf,es 1o guide the eye. The scatter is due to small laser fre-

the electronic phase of the T_PC evolves via th(_a ”Itrafasauency instabilities affecting the FWM signal. Trepproxi-
quantum coherenceypg~exp(~i€lyy), after the arrival of  n5te) two-to-one ratio between the signal and calibration
the flrst_ two pgls.es.. The TPC_ is |.ndependent of any excitonariods is apparent, and ensemble averaging gives a beat
population. This is |IIustr_ated in Fig. 2, where a no_n_essentla eriod of approximately 1.3 fs, corresponding to a 770-THz
delay, t;—tp, has been introduced only for exposition. Re-pc ggcillation. The 10% uncertainty precludes a measure of
laxation of the TPC rgpresents a |°SS, of _co.herence betvyeeme biexciton binding energy, which would require precision
the ground and biexcitons states and is distinct from excitoRy o 0305, As indicated above, interpretation of this data in
dephasing, which  reflects the homogeneous exCitoRgms of the TPC oscillation requires care to eliminate po-
linewidth. Although the TPC is nonradiativ@.e., direct igniia| alternative origins of the oscillation. For example, the
biexciton creation is not dipole allowgdthe phase of the g |evel subsystem comprising only the exciton and ground
TPC is sampled byE, and impressed upon the radiative giate5 produces a nearby competing oscillatiom atQc,

signal polarizationsppe andpey. The TPC can therefore be g non-TPC EEI as well as finite pulse width effects. These
detected interferometrically by heterodyne mixing of thesignals arise from “ordinary” interferometry of two-level

FWM signal with a local oscillatorE, . The total signal gy, rather than from the electronic phase of the TPC.
measured by a slow detector is modulated at the TPC fre- Signals induced by EEI generally introduce some ambi-
quency with respect to delay This principle was used by guity into all time orderings. For example, a class

H 0
Kuwata-Gonokamigt al., to study CuCF _ , of negative-delay EEI signals described by
We employ the femtosecond phase-conjugate Michelson

interferometer in Fig. 1 to observe the TPC as a function of

the delay,r. Since this method detects a phase shift, not the Ess EY  Eg

envelope of the emission, pulses need not be short on this Pgg— Peg— Pee— Peg

time scale, and we use picosecond pulses to avoid hh-lh

beats(where hh and |h are heavy hole and light hole, respect- —

ively). A single synchronously pumped mode-locked dye la-whereE, sdenotes a fieldE, or E3) which actually arrives
ser tuned to 800 nm provides approximately Gaussian pulsd#st but persists in the sample via EEI, might be confused
with 4 ps autocorrelation width and 0.7 meV bandwidthWwith the TPC. These “local field” signals are strongly sup-
resonant with the hh1 exciton resonance at 5 K. The MBEpressed by polarization interference in our strongly inhomo-
grown sample contains ten 100-A GaAs wells separated bgeneously broadened sampfeLocal fields decay with the
100-A Aly {Ga, /As barriers. The absorption line width is 1.0 inverse inhomogeneoudinewidth, T; . The TPC signal,
meV, and the Stokes shift is 0.3 meV. The main interferom-however, decays with the invers@mogeneoudinewidth,
eter (using BS-1 in Fig. 1is a modified Michelson design; T,. For our MQW, T3 <T,.
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function of delay,r. For cross-polarized fields, the oscillation
Cross Signal favors negative delay, as expected for the TPC. This obser-
B (x10) /3~ vation strongly supports the interpretation that the negative-
delay signal is in fact the TPC.

For completeness, we note that the spectrally resolved
FWM reveals two peaks: a “free” exciton peak and a
Stokes-shifted peak, similar to an earlier observatfom
our experiment, however, the relationship between the
0.5-meV Stokes shift and the biexciton binding energy is
complex, since the “free” exciton emission is dominated by
excitons localized by disorder. More generally, experimental
10 determination of the biexciton binding energy is complicated

Probe Delay (ps) by strong inhomogeneous broadening. Therefore, spectrally
resolved FWM does not provide a simple determination of
FIG. 4. Intensity of the approximately(2. 4 oscillation for co- the biexciton binding energy in this sample.

Signal Intensity at 2Q
(arb. units)

-10

and cross-polarized fields versus delays=t,—t;. The cross- The observation of the TPC oscillation shows the pres-
polarized signal favors negative delay, as expected for the TPCENCE Of the nonradiative b|ex0|to_n cqherence and demon-
Lines are guides to the eye. strates its importance for observation time scales comparable

to the TPC dephasing time. Continued refinement of tech-
niques to quantitatively characterize the TPC oscillation will
enable measurements of coherent nonradiative biexciton dy-

: t But f deratel I idith I', " dnhamics not accessible in conventional optical measurements
our experiment. but even for moaderately pulse-width-limitedg,,.n 5 |uminescence, where the relative contribution of the

data, the non-TPC signals favor positive rather than negatiw?PC is generally negligible compared to the incoherent SW
delay. Moreover, the signal fat>0 has a strong polarization contribution.

dependence in GaAs MQW's and is substantially reduced for
E, cross-linearly polarized with respect to bdfy and Es, The authors thank Professor M. Kuwata-Gonokami for
EJIE,LE,3. In Fig. 4 we plot the Fourier spectral power helpful discussions and for sharing his work on CuCl prior to

density of the heterodyne signal in the vicinity 8f,4 for  publication. This work was supported by the AFOSR, ARO,
both co- and cross-linearly polarized configurations, as and NSF.

Finite pulse width effects, however, may be significant if
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