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Nondiffusive excitonic transport in GaAs and the effects of momentum scattering
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Measurements of exciton transport using frequency-domain nearly degenerate four-wave( NID#WM)
show a failure of Fick’s law and near-ballistic excitonic motion for scale lengths less thaml@® solution
of the Boltzmann transport equation assuming a simple momentum-changing collision model is in agreement
with the observed NDFWM line shapes and apparent subquadratic dependence on inverse scale length. The
measurements show the surprising result that exciton-exciton interactions lead to a large increase in exciton
linewidth with little corresponding change in exciton center-of-mass momentum, unlike exciton interactions
with phonons and impurities.

The nature of exciton motion in crystals such as semiconleads to questions of the fundamental relationship between
ductors has been a topic of great interest for over six demomentum scattering and exciton dephasing.
cades. Although it is clearly established that exciton motion EXxciton transport was investigated in several high-quality
results in significant transfer of energy in a lattictie un-  molecular-beam-epitaxy grown GaAs layéssirrounded by
derstanding of the microscopic details of the dynamics intwo AlgsGaAgAs layers and a multiple-quantum-well
volved remains incomplete. Several theoretical pictures havétructure of various thicknesse§200, 300, and 500 nn
been developed to describe exciton motion in crystals; ~ The samples were mounted on a sapphire disk and placed in
ginning with the early ideas of FrenRebased on coherent @ helium immersion cryostathe temperature was varied
transfer between lattice sites. The transport properties of th&om 4 to 60 K. The light-hole—heavy-holéh-hh) degen-
exciton polariton, the coupled exciton-photon mode which iseracy was lifted by uniaxial straitt. The typical full width at
an eigenstate of an ideal crystal, have also been consideredfi@lf maximum (FWHM) linewidth of the homogeneously
detail? broadened absorption spectrum at the 1s |h exciton is 0.3

Because of the numerous strong interactions of exciton§1€V at 4 K. The experiments employed argon-ion pumped
with the crystal environmer(e.g., phonons, impurities, etc. ~ frequency-stabilized Styryl 9 dye lasdlmewidths <5 neV)
the consideration of classical transport equations provides #ned to the exciton resonance. Exciton densities were ap-
useful formalism for describing the motion, irrespective ofProximately 16> cm™ (estimated with a 40@m spot ra-
the underlying microscopic transfer moti@he description  dius, intensity of 10 W/crhand 1 ns radiative lifetime
of the exciton as a diffusing particle, obeying Fick’s law, has In the NDFWM configuration, as shown in Fig(a}, two
proved especially relevant. In semiconductors, the study ofser beams, represented by fields;(w;,k;) and
exciton diffusion has furthered understanding of exciton in-Ex(w2,kz)  (Jw—wi|=[8|<wy,w,), intersect in the
teractions with interface roughness in multiple quantumsample at a small angl producing a traveling wave modu-
wells3~8 exciton scattering with phonons and impurities in lation of absorption and dispersion. The resulting exciton
bulk materials’~*? and the dynamics of biexcitor3. population grating is probed by a third beaf(ws,ks)

In the consideration of classical transport, it is known that{@s= 1), giving rise to a nonlinear signal propagating in
the diffusive limit is valid only when the mean free path is the —k; direction(the contribution from the grating formed
much less than any spatial variation in the derdity.is by E; and E; was minimized by settingEsl E;,E,.")
expected that a regime of near-ballistic transport will be obFor small angles, the grating spacing is given By
served if the scale length resolution of the experiment ap=X\/2 sin(@2) (\ is the wavelength One of the powerful
proaches the mean free path. In this paper we report thieatures of the NDFWM optical-grating experiment is that a
observation of such transport for excitons using a travelinglarge range of scale lengths can be probed for the study of
wave grating technique based on frequency domaim) exciton transport along the gratirin the directionk; —k5)
nearly degenerate four-wave mixifDFWM) in GaAs at by simply varying6; in these experiments grating spacings
low temperature. In this case, description of the motion byfrom 2 to 40 um were accessed. The population grating de-
the Boltzmann transport equation is more appropriate. It isays by energy relaxation, radiative recombination, and spa-
found that the observed motion is sensitive to the amount ofial motion that washes out the grating. These dynamics are
momentum scattering, and that for increased scattering thegtudied by measuring the nonlinear signal as a function of
transport becomes diffusive. Moreover, it is shown that exthe frequency differencé.
citon interactions with phonons and impurities lead to an In the limit of purely diffusive motion, the cw nonlinear
increase in both the exciton linewidtiwvhich measures the signal for a single excitation grating is a Lorentzian with a
dephasing rate of the dipole coherenaad exciton momen- full width given by 2" (I' is the grating decay ratewhere
tum scattering rate, unlike exciton-exciton interactions,I'= y,ect+4m2D/A? (D is the diffusion coefficient angtis
which appear to lead to large dephasing with little corre-the recombination rajeand I is quadratic with the inverse
sponding effect on exciton momentum. This observatiorgrating spacing £ ~) (for examples of diffusion studies us-
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FIG. 1. Decay rate of the optical grating sigdaks a function sorption linewidth (meV)

of AL, Data taken at the Iils) exciton in GaAs 84 K with an FIG. 2. Dependence fo the exponenbf the power-law fit on
exciton density of & 10 c¢cm 3. Dashed line, the illustrative the absorption linewidtihalf width at half maximum Note the
power-law fit mentioned in the text with=1.6 (nondiffusive be-  transition to diffusive behavior for larger linewidtiassumed as a
havion. Solid line, a quadratic fit, shown for comparison. Inséds: ~ measure of scattering rajesSolid circles, linewidth variations due
Optical grating experiment in the cw-phase conjugate geom@glry. to sample variations in impurity scattering rates. Open circles, line-

FWHM signal as a function ofi; — v,)= /27 for A=23 um and ~ Width variations by an increase in temperature from 4 to 60 K
(c) for A=3 um. Solid lines are a fit to a Lorentzian. (acoustic-phonon scatteripgnset, dependence of transport behav-
ior at 4 K onincreased exciton-exciton interactions. Solid circles,

ing optical gratings, see Refs. 7 and 10%TRe experimen- data taken at |h at density 0P210™ cm™* with no pump. Dotted
tal nonlinear signal, fitted with a Lorentzian, is shown in line, a fit with n=1.6. Open circles, with s;[gong_lgcoherent, reso-
Figs. 1b) and Xc), where the dependence on grating spacinq1ant pump(at Ihg, increasing density to X 10" cm " (and dephas-
is clearly seen. It is observed, however, as shown in Fig. 19 (;ate. bfy 7fO/I] DOtteq line, a fit withn=1.4. Solid line is a
that the dependence bfon A ! deviates from quadratic for Quadratic fit, for comparison.

small A (A<10 um).’® The subquadratic dependence on
A~1is clearly shown in Fig. 1 with the illustrative power-
law fit (not related to any modebf I'=A+B(1/A)", with
n=1.6. The deviation from quadratic dependence indicates

i +v-V
— 4V
ot

N(V,r,t)= — yed V)N(v,r,t)

that the scale length resolution of the experiment is ap- +G(v,r )+ —]| (1)
proaching the mean free path and the diffusive limit is no It/
longer valid.

The observation of near-ballistic transport is dependent Otherze Vref(vig(k'fk t)h:eﬂregor%mnatpn rate an@(v,r,t)
the momentum scattering ratehich determines the mean *|#|°EiE5 ettt @ T{ezmedlE(v) is the generation rate
free path. For example, when the exciton-phonon scattering®f the optical gratingto lowest order in the applied fiells
rate was increased by raising the temperature from 4 to 60 Kl he velocity-dependent recombination and generation rates
a transition was observed from the near-ballistic behavior t&ccount for momentum conservatian the dipole approxi-
diffusive behaviowith D =120 cn¥/s at 60 K. This depen- mation only excitons withv| =[#K/mg,/=0 are optically
dence on momentum scattering rate is a general trend, @&cessible For the following solution it is assumed that
shown in Fig. 2, where the exponembf the power-law fitis ~ YredV) = ¥rec @nd F(v)=1 when [v|<Avand y.dv)
shown as a function of exciton linewidth, and a clear transi-=F(v) =0 when|v|>Auv (Av represents a small spread in
tion between the near-ballistic and diffusive regimes is seervelocity aroundv|=0 due to a relaxation in the momentum

It is found, however, that not all interactions which in- Selection rulg'’ The consideration of other forms of
crease the linewidth contribute strongly to exciton- ¥redV) andF(v) does not change the predicted form for the
momentum scattering. As shown in the inset of Fig. 2, whergXciton transport obtained below.
the exciton density was increased by a fourth resonant laser The last term in Eq(1) describes the evolution of the
beam, increasing the exciton linewidth and dephasing rate bgopulation due to momenturivelocity)-changing collisions
about 70% through exciton-exciton interactidfshe trans- and is given by
port behavior changes little. In fact, where a transition from
near-ballistic to diffusive behavior is expected, the motion N , 3
becomes slightlynore ballistic, most likely due to a satura- (E) = _Fm(V)N(V)JFf AV —=V)N(V")d%
tion of impurity scattering. coll

To phenqmenologically gnd qualitatively understand = —FMN+FMW(V)N_, )
these experiments we consider the Boltzmann transport
equation for excitons as a dilute gas of particles with centerwhere A(v’' —v) is the collision kernel and’y, is the mo-
of-mass velocitiesy undergoing momentum¢or velocityy =~ mentum(velocity)-changing collision rate. For the solution
changing collisiongwith unspecified perturbexsThe opti-  below, the final form of Eq(2) is taken in the so-called
cally excited exciton density is described by strong collision limit¥ where T'y, is independent ofv,
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N=/N(v)d3 andW(v)=(mu) 3e """ is a Maxwellian 30
distribution withu=2kT/mj,. A full consideration of the diffusive A>> 27l
scattering kernel for excitonic interactions with various per- 57 - 12 < >

turbers(i.e., phononswould be a refinement of this model;
however, the basic qualitative features of the transport data
are adequately described with the limiting assumption of an
effective collision ratd™, .

The third-order contribution to the cw polarization in the
phase-conjugate geometry is proportionalN¢v,r,t) inte-

10 |

I'/2n (GHz)
o

<" near-ballistic

grated over the optically accessible states. While the com- 5+t A=In
plete expression is complex, it simplifies considerably in the
limit that "> v, as in GaAs(essentially, only the quasi- 0 =
thermalized population contributes significantly to the polar- 0 00501 01502025 03 035 04
ization). In this limit, AN
FIG. 3. Decay rate of the optical grating as a functiom\of*,
@) K|,u|4E1E’2‘ E, predicted by a solution of the transport equati@ with T"y,/ku
P ()~ i . (3 =0.1 (dashed ling Solid line is a quadrati¢diffusive limit), for
yfévaLFM 1+Ty k_) Z(€) J comparison. Inset: calculated dependence of the expanearita
ug power-law fit of grating decay rates for various ratidg/ku. In

where y&" = (Av/\7u)3y,ec is an effective recombination these plotsku=0.46 ps™.
rate of the quasithermalized populatitt is a constant, and
scribed in general by the unexpanded solufi@) including

1 [+= g W the subquadratic dependencdodn A ~* for I'y,/ku<1 and
2(6)= uvmt -« (v fu)—§ du the continuous transition to diffusive behavior with increas-
g ing momentum scattering.
is the plasma dispersion function wih=(—o+il"y)/ku6 It should be noted that Wong and Kenkre predict similar
(v is the velocity component parallel to,—k, and |k;|  nondiffusive behavior for an optical grating experiment us-
~[ko|=K). ing a discrete space master equafidheir model, derived

The important parameter determining the nature of thgor molecular crystals, considers incoherent transport over a
detected spatial motion iBy/kufd=A/27l, or the ratio of  characteristic distance, and also gives nonquadratic depen-

the grating spacing to the effective collisional scale lengthyence off on A~ for A<2wa and a transition to diffusive
defined byl=u/I'y. This can be seen by an asymptotic hapavior asi—0.

expansion oZ(¢) in Eq. (3), which gives(including the first

. The observation that increasing exciton density greatl
three terms in the expansion 9 y greatly

effects the dephasing but does not change the qualitative
PR behavior of the transport raises questions about the connec-
Klnl"EsE3Es (4 tion between dephasing and momentum scattering. It has
1/2ml\* 3[2x\*]] been previously observed that the dephasing rate is not equal
2A°A ) Tal A to the momentum scattering rate measured through transport.
. ) . @32 . . Oberhauseet al.reported a momentum scattering rate due to
The resulting nonlinear signdP®|*, is a Lorentzian with 8  jnterface roughness much greater than the dephasing rate in
width given by GaAs quantum wells, attributed to different scattering
4 mechanisms dominating the thermalization and transport
} processe$.Wang et al. also observed a greater momentum
' scattering rate than dephasing rate, which they attributed to a
Ereakdown of the impact approximati6hOur observation,
owever, may indicate that the dephasing mechanism due to
exciton-exciton interactions is only weakly correlated to ex-
citon momentum scatterirg.

In conclusion, traveling wave optical grating experiments
in GaAs show a significant deviation from diffusive behav-
ior. These measurements illustrate that a regime of near-
ballistic exciton transport can be observed in high-quality
semiconductors and the behavior is adequately described by
the Boltzmann transport equation.

PE)(8)~

i6+ 7y +T

o 1/2ml\? 3(2ml
I'=YectI'm

2\ A 4\ A
which has an obvious deviation from quadratic dependenc
on A~ whenA<2wl. WhenA> 2, the quadratic depen-
dence omA "1 is recovered andiffusive motioris described
[with an effectiveD = (u?/2T",)]. A fit of the data shown in
Fig. 1 to the expansion in Eq4) (fit not shown gives an
approximate measure &f,,=0.3 ps ! and|=0.2 um (this
gives an estimate afi=6x10° cm/s, which is close to the
expected thermal value at 4K

Given an effective critical length scale ofri2~1 um, it
is surprising that a deviation from diffusive behavior is so
clearly seen for experimental lengths over several microme- We acknowledge P. Berman and D. Citrin for helpful dis-
ters. This result, however, which is described by the transeussions. This work was supported by the Air Force Office
port equation, illustrates the sensitivity of the optical gratingof Scientific Research and the Army Research Office. J.E.
experiment. Figure 3 shows the experimental behavior is deacknowledges support from the Danish Research Academy.
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