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Interferometric analysis of resonant Rayleigh scattering from two-dimensional excitons
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We have performed spectral interferometry with Rayleigh scattered light coming from a single speckle and
emitted after resonant creation of excitons in GaAs quantum wells. The experiment confirms the coherence of
the secondary emission at early times, regardless of sample parameters, but underlines the stochastic nature of
a single speckle. The scattered electric field is calculated, correctly accounting for the center-of-mass quanti-
zation in the disordered potential. We find that the amplitudes of the electric fields emitted by different excitons
are uncorrelated, so that the well-known Poisson distribution for speckle intensities applies.

Secondary emission from resonantly excited semicondudength of 1 m(resolution 0.7 A. The finite spectral resolu-
tor quantum wells is composed of resonant Rayleigh scattetion is improved with respect to previous experimétitsnd
ing (RRS conserving temporal coherence and resonant luallows for a time window of 25 ps in the time-resolved data
minescence that implies loss of phase memofyTemporal ~ obtained by Fourier transformation. The delay between the
coherence means that the emission interferes with the coheieference beam and the SE can be varied over several pico-
ent laser source by which it was created. This effect has beetfconds with a resolution of the path difference better than
used very recently to discriminate RRS from resonant lumi/10.
nescence and very clear interference features between the We have studied several high-quality GaAs multiple
emission and femtosecond laser pulses have been demd#antum wells(QW’s) grown by molecular beam epitaxy
strated in the spectral domdif.Nevertheless, a better theo- With well widths between 18.0 and 9.0 nm, and different
retical understanding of the effects determining the electridnhomogeneous linewidth®.65—2.0 meV. The samples are
field emitted from an excitonic ensemble needs to be supheld atT=18 K in a cold finger cryostat, the excitation
plied. In particular, the interferometric experiment selectsdensity is kept low €£10° cm™?) and the laser spectrum is
one single speckle and the statistical properties of the speckigned to low energies so as to allow for long optical dephas-
emission have to be characterized. Finally, being restricted ttg times? The excitation spot diameter is 200 um, re-
a small solid angle of emission, the results of spectral intersulting in an average solid angle of a single speckle of 1.7
ferometry can differ quite much from those obtained withmrad between the sample surface and the SE collection op-
large angle detectiofup-conversion of RRS tics. The qualitative trends that we are discussing below are

This paper presents a detailed experimental and theoretifdependent of experimental details such as the angle of ex-
cal analysis of the spectrally resolved interference featuregitation or of SE collection. We have only taken special care
The time dependence of the single speckle emission is cono produce a magnified image of the speckle pattern on the
pared with the results from speckle-averaging up-conversion
experiments. A semiclassical theory fully accounting for the
excitonic center-of-mass quantization in the two-dimensional
disordered potential is used to calculate the scattered field of _k S

laser pulse

PZT

a single speckle. We show that the temporal and spectral
properties of the single speckle RRS are a result of interfer- V\
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ence of many excitonic oscillators with uncorrelated random frvem)
amplitudes, which do not necessarily reflect the underlying

disorder situation. As a consequence, only speckle averages AR
convey meaningful information that can be related to statis- Cryosiat L cCcD

tical properties of the disordered potential. M1 M2
The interferometric data are obtained in a Mach-Zehnder- FIG. 1. Schematic of the interferometric experiment. The elec-

type interferomete(see E|g. ,J* actlvgly stabilized t.0 a path tric fields of the reference pulddashed lingpand of some speckles
difference< /10 by monitoring the interference frmge_s of a propagate colinearly after the pinhoke The pinhole is used for
HeNe lasei(not shown. 120 fs pulses produced by a Ti:sap- gjignment purposes only.: f=100 mm lensM1,M2: collection
phire laser excite the sample and probe the temporal cohegng focusing optics; BS: beamsplitter; PZT: piezoelectric trans-
ence of the secondary emissi¢BE). The sum of both lin-  gucer. Upper inset: Timing of referen¢gashediand scattered sig-
early copolarized electric fields produces interferencenals (thick line). Lower inset: Spectrally resolved total intensity
features on a liquid-nitrogen-cooled charge-coupled device(w,) (thick line) and the intensities df, and| sz measured indi-
(CCD) after passing through a spectrometer with a focalidually (thin lines.
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Energy (eV) Energy (eV) (thick line) and SE intensity measured in large angle detection,

averaging over many speckléhin line). All spectra are taken at 18
FIG. 2. Spectrally resolved interferen&¢w) recorded for dif- K and low excitation densities. Samples as in Fig. 2. The 18 nm
ferent delaysrrrs and the time-integrated Sfottom traceé Two  Qw’s exhibit quantum beats between heavy-hole- and light-hole-
GaAs QW structures with different inhomogeneous linewidths  excitons (a). The 10 nm QW’s show residual fluctuations in the
are comparedi(a) A=0.65 meV,(b) A=2.0 me\]. up-conversion data due to incomplete speckle averaging. The re-

N sults of two different speckles are reported(im.
CCD and have chosen the focal length and position of lens

accordingly. In this way, we are able to spatially resolve th
single speckle emission on the CCD. With the spectromet
set at zero order, one can check that a single speckle corr
sponds in average to>44 pixels on the detector. The beam
diameter of the reference laser can be magnified such as

cover several speckles on the CCD, which can all be ang- :
lyzed by a single exposure. A single speckle is selecte RS is excluded as these features would not depengs

i 0,
through the narrow entrance slit and by selective read-OLﬁmd would t_)e much weaker. Assuming that_lOO/o of SSL
and binning of 2—3 horizontal linespectra on the CCD. interferes with the reference beam, calculations show that

— 0, i Rﬁsf]
We have thus been able to check that interference featuré)é) o0% of the total SE is temporally cohc_arent 1€
exact value depends, of course, on the particular speckle that

recorded simultaneously from different speckles show differ- 4 buti o b le ind dent

ent phases and different amplitudes. Finally, one singl sn:ﬁasurte f u |n|av¢raget§et?[rr:js: esalm;()je n gpen en

speckle is selected for the data shown below. or the Set of samples mvelsi \gated. A sample dependence IS
nqnly expected for smalleh.

The signal measured by spectral interferometry is a su Let rat the t ld q th
of the laser intensity, , of the total SE intensitysg, and of et us now concentrate on the temporal dependence ot the
electric field|Erggt)|, which is obtained as a convolution

S(w). The latter is the term of interference between the ref-=, ; .
() with the reference pulse by Fourier transformatiorsgb).*°

ter]rgndcetalgﬂdide;r;i(:rl]ér&engg ﬂl%dERRS’ which depends on The corresponding intensityzrgt) is displayed for both
RRS T samples in Fig. 3. The zero of the time axis is set by hand to

:petween laser light scattered at the sample suif@&t) and

gw_e reference beam delayed by defined in Fig. 1. The
interference features observed at the exciton resonance are
ambiguously due to interference between the excitonic
RS and the reference laser. Interference between SSL and

(,7rr = (®) + s )+ S(w, TrrS)s coincide with the maximum of the peak due to SSL. In
agreement with the smallek, |zr{t) measured for the 18
S(w, Trre) = 2 REE} (0)Eppd w)e'TRRS. (1) hm QW's reaches its maximum later than for the 10 nm

QW'’s. This is also expected from tHegt) measured by

The first two terms in Eq(1) are measured separately and Juminescence up-conversion with large angle detection
subtracted from the total sign&{w) so that one remains eraging over many speckledwhich is given for comparison
with S(w). For some spectra, we adjustgs to be almost in Fig. 3. The single speckle data confirm qualitatively that
zero, so that the factoe'“’rRs is also constant within the RRS dominates in the first picoseconds after excitation. Fig-
small exciton linewidthA. The spectral dependence of ure 3b) shows strong temporal fluctuations similar to those
S(w, 7) is then directly reflectindegrrd w), sinceE, is con-  observed in Ref. 12, however over a shorter time domain
stant overA. This allows us to assess very directly the here. For another speckle direction, reported in Fig),3ve
“regularity” of Eggrqw) without any spectral modulation observe a similar duration of the temporal fluctuations, but
that would be introduced bg' “7rRs, they occur at different delay times. The 18 nm QW'’s exhibit

S(w,Trre is displayed in Fig. 2 for two samples and a broader “temporal speckle” than the 10 nm structure, as
different delays rrgs. The samples have different well expected from the smaller inhomogeneous broadelfify.
widths: 18 nm[Fig. 2(a)] and 10 nm[Fig. 2(b)], and differ-  one was able to average the temporal response of many an-
ent inhomogeneous linewidths (0.65 meV and 2.0 meV, gular speckles one could isolate the RRS contribution in the
respectively. For both samples, we observe pronounced intotal transient SE. So far, the comparison between up-
terference features in the windows of excitonic emission atonversion andgingle speckle data remains qualitative.
1.5270-1.5285 eV and 1.554-1.561 eV, respectively. The The temporal behavior has its counterpart in the spectrally
weak periodic signal at other energies is due to interferenceesolved dat&Erg{ @), Which is also rather different for the
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two samples. The spectBggq ) of the 18 nm QW sample a ' ' T b ' ' ' _60' .
are very regular, and an analysis of the data witas~0 L T 00R8 Tans™ 2O PS
shows that they represent the real and imaginary part of a WV ‘——“’W\\/V\/VW‘—‘
single Lorentzian, convoluted by a Gaussj&ig. 2@)]. On

the other hand, the temporal fluctuations of the electric field r T 1
observed for the 10 nm structure imply that, according to Eq. 2 o =075ps
(1), the spectrun®(w) is a sum of interferences betweEn 2 kL.

and many temporal speckles occurring at different delay

times 7rrs. These different interferences give rise to various = | . i+ . . ]
periods for the spectral oscillations, and an irregular structure 1.525 o e
arises in the spectral domain. Energy (eV) Energy (eV)

What can we learn from the comparison with the up-
conversion data? The initial part of theg(t), dominated by FIG. 4. Calculated spectral interferenw) using adequate
RRS, has decayed to less than 20% of its maximut®=d0  parameters to simulate the 18 ni@ and 10 nm(b) wide QW
ps for the 18 nm structure. It is quite probable that for othelsamples studied. The spectra are convoluted with the experimental
speckle direction$Errdt)| also falls within that envelope spectral resolution. Note the good qualitative agreement with Fig. 2.
defined by the up-conversion data. In other words, if, for
some speckle, a second temporal maximum appears in
|Errdt)] it would be much weaker than the first one. That is Errd Kou )= S M (KM (Ko™ =t (3)
why the regular shape dEgrs observed both in time and n
energy domain for the 18 nm structure is quite likely to be
observed also for other speckle directions. For the 10 nm
structure,l s(t) is only slowly decaying and allows for the WhereM;(k)=[dR¢,(R)exp(k-R) is the overlap between
observation of many fluctuations OEgrgt)|. It has been €xciton center-of-mass eigenfunctiogs, and the electric
shown theoretical?1* that the speckle-averagedrg(t) is  field in the directiork. 2y, is the homogeneous broadening.
determined by the statistical properties of the disorder poterEquation(3) has the form of a sum of electric fields emitted
tial. We would therefore expect a relation between the reguby different oscillators with the individual amplitudésde-
larity of Errd @) and the disorder potential, but this requires fined by the product MKkin) M7 (Ko - It is important to note
a statistical analysis of a large number of speckles. that the sum runs over all excitons created in the excitation

In order to back up the previous discussion of the experispot and in the different wells of the multiple QW structure.
mental observations and characterize the excitonic electrit does not average to a finite value ifi—o (not
field more thoroughly, we have performed calculations forself-averagin{f) so that the signal fluctuates strongly in time
Errd @) simulating the emission in a single speckle. Weand frequency as we observe it here. Theories that make use
introduce  the  well-established  ‘“rigid”  exciton of ensemble averag€s**’apply only for large solid angle
approximationt>® namely we assume that disorder affectsdetection and are inadequate for the signals measured from a
only the exciton center-of-mass motion. Then, within thesingle speckle. As the single speckle is only one particular
simplifying assumptions of an excitation pulse with planestochastic realization of the suf8), the temporal and spec-
wave geometry, a deltalike time dependence and a far-fieltfal properties cannot be used to verify general models, for
detection scheme, the scattered electric field turns out to b@stance, concerning the type of spatial correlation of the
proportional to the propagator of the exciton center-of-masslisordered potential.
motion along the plan&: ErgqKoutst) %D (Kin ,Kout,t). FOr The numerical solution of E¢2) is computed on a dis-
the numerical calculations, we have solved the Dyson'sretized two-dimensional square region of @am of side
equation for this propagator in real spdueth respect to the using a mesh of 256256 points. The result is then Fourier
kot variable and frequency domain, for a fixed valuelgf: transformed back into the wave vector domain. All the com-

puted results that follow are obtained for an incident normal
%2v2 R beam and an out-scattering direction of 60° in air. Moreover,
~ oy Theom et V(R) D(kip, R, w) =€, they always correspond to a single discretg value, and no
) configuration average is performed. Figure 4 displays the
spectral and temporal results f6=40 nm, a typical value
wherew, is the center & exciton frequency. The static po- for the samples investigat€d;I',=70 weV, and for two
tential V(R) is the effective disordered potential acting on different o. As the precise value of the phases critically de-
the exciton center of mass. For the present calculations, theend on the speckle, we do not expect to obtain a quantita-
Gauss distributedV(R) is randomly generated obeying tive agreement between calculations and experiment, but we
the statistical constraint (V(R)V(R"))=c?exd—(R find good qualitative agreement with the measured spectra: a
—R")?/2¢?], whereo is the Gauss energy width agds the  regular spectrum for the sample with lowand more pro-
correlation length in space. The exciton propagator can baounced phase fluctuations for larger It should be noted
equally expressed in terms of the exciton center-of-masthat, in contrast to the conclusions of Ref. 8, the 18 nm
eigenfunctions and eigenvalues derived from the SchroMQW shows a very reguldErgr{ @) even thoughé is much
dinger equation[ —#%2V2/2M +V(R)]¢,(R)=fw,¢,(R).  smaller than the optical wavelengkh
The electric field measured from a single speckle in direction Fourier transforming Eq(3) one gets the expression for
Kout IS then given by the spectrally resolved electric field
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M (Kin) M7 (Kou) discussion shows that it cannot be inferred from the visibility
—_— (4 I rrs! 1ot OF the interference features in a single speckle. The
visibility measured for the different speckles does not exceed
In analogy to the classical formalism of speckle formafidn, 50% which gives, however, an upper limit of the order of
Errd Koy, @) is @ sum of Lorentzians with complex ampli- ©n€ forNggrs/Np . Again, only an analysis of many speckles
tudes M (ki) M* (kou). One may ask whether, due to the would allow to trace the distributiop(lrge and thus to
spatial correlation in the disordered potential, the amplitudegletlerm'ne(II RRS>' h d . | and th
of different excitonic emitters might be correlated. We have n conclusion, we have reported an experimental and the-
computed the center-of-mass wave functiafisin a one- oretical investigation of the spectrally resolved electric field
dimensional(1D) disordered potential of Lm length, with emitted by an ensemble Of. tvyo-dlmensmnal excitons after
the sameo and ¢ as used above. These calculations showesonant femtosecond excitation. The results cpnﬁrm the
that the amplitudes of excitons emitting in the same narrovxLemporal coherence of the early secondary emission. We

spectral windowfie . . . hw-+d(fiw) are uncorrelated, since ave discussed in detail the origin of the speckle formation

the wave functions are localized at different regions of thedue to interference between numerous exciton states, and

disordered potential, which are in average more thapart explained qualitative aspec(degree of quctuatior?sof the .
from each other. Eigenstates that fall in the same Iocalizatioﬁpo?c.tral an(_j telmporal Slepe?ﬁence of thg e'eCtF;f] field ekrlnlt—
site have a larger difference in their respective energiest.e In a single Speckie. The comparison with Speckie-
These general considerations are also valid for a 2D diso'qveraged SE transients obtained under very _S|m|Iar exper-
dered potential. Equatio@) is thus a sum over random com- mental parameters demonstrate that a statistical analysis of
plex numbers, such that the intensiigsin a narrow energy many speckles is required in order to USgrqw) as a

intervald(# w) (=~ spectral resolutionis stochastic. It obeys Zzlrj]rc?Jf:h?gﬁg?{:&alnlgt:r:rgigggﬁgiagzn@ﬁﬁ Ideemp’ir?-
therefore the well-known Poisson distributtnp(lggr9 ' 9

Errd Koyt @) ;

w—w,+il',

= 1K1 greeXp(—Irrs/{I rr9), Where(l gre) = Ngrrg €) with The authors thank R. Zimmermann, G.R. Hayes, and P.
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