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Resonant Secondary Emission from Two-Dimensional Excitons: Femtosecond Time Evolution
of the Coherence Properties
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Using a novel technigue, we simultaneously study the femtosecond dynamics of the amplitude and
the coherence of resonant secondary emission from GaAs quantum wells. Two phase-locked pulses
resonantly excite excitons in the semiconductor and the subsequently emitted radiation is detected by
femtosecond up-conversion. In experiments at various delays and phases between the excitation pulses
we identify three different contributions to the secondary emission with different coherence properties
in time.  [S0031-9007(98)07633-9]

PACS numbers: 71.35.Cc, 78.35.+c, 78.47.+p

The time evolution and coherence of light emissionstill RPL driven by the incoherent population of excitons
after ultrashort resonant excitation of matter is one of thavhich is absent in any classical description.
fundamental questions in physics. Light emitted in direc- The initial dynamics of resonantly excited quantum
tions different from the excitation and reflected beams isvells was first investigated by Wargg al. [5] and later
generically known as secondary emission. Although resoextended to lower intensities by Haac&eal. [6]. Both
nant secondary emission (RSE) has a spontaneous chargteups observed after femtosecond excitation a gradual
ter it is not necessarily incoherent, i.e., a part of RSE mayise of RSE within 5 ps. The time scale and shape of
still have a defined phase relation to the excitation pulsethis rise depends strongly on the intensity of the excitation
It is well known that a resonantly excited atom emits twopulse and was interpreted in terms of scattering from static
components of light [1]. (a) Resonant Rayleigh scatteringlisorder for low intensities (RRS) and in terms of exciton-
(RRS): the emitted light has aslectric fieldwith am-  exciton collisions (RPL) for higher excitation densities.
plitude and phase because it is driven by the coherenth time-resolved separation of the two components, where
excited polarization of the atom. (b) Resonant photoluthe coherence properties of the emitted light are directly
minescence (RPL): thi;sicoherentcomponent occurs as measured as a function of time, is still missing.
a result of dephasing of the optical transition. With the In this Letter we have taken a novel approach which
decay of the coherent polarization the emitted electri@llows us to separate the different components of RSE
field also decays, and consequently, only the intensity ods a function of time. The sample is resonantly excited
RPL can be detected. by a pair of phase-locked pulses, and the subsequent

Resonantly excited excitons in quantum wells emit aemission is detected by femtosecond up-conversion. This
considerably large amount of RRS and RPL which wasllows us to determine the femtosecond dynamics of
first demonstrated in spectrally resolved experiments witiRSE and its coherence propertigisnultaneoushyfor the
continuous wave excitation [2] and was more recently infirst time. In particular, we identify and characterize
vestigated with a phase-locked pair of excitation pulseshree different components to RSE which have different
[3]. The latter measurements provide information similarcoherence properties and temporal dynamics.
to cw experiments as discussed in Ref. [3]. The nature of Our experimental scheme is similar to that in Ref. [7]
RRS from an ensemble of excitons may be quite differenbut we use femtosecond instead of picosecond excitation
from that from a single atom. For low excitation inten- pulses. Pulses (center wavelength= 809 nm, pulse
sities RRS is caused by static disorder in quantum wellsluration 120 fs) from an 80 MHz Ti:sapphire oscillator
that is responsible for the inhomogeneous broadening dfavel through an actively stabilized Michelson inter-
the excitonic transition. Because of the randomly posiferometer in order to produce two phase-locked excitation
tioned scatterers one expects, under certain conditions, fulses with a variable separation; (Michelson delay).
observe an irregular speckle pattern in RRS with a granufhe relative phaseb between the excitation pulses is
larity depending on the size of the excitation spot and theontrolled by fine-tuningry; within one optical cycle.
distance of observation. In addition to dephasing the tranThe pair is focused (diametef) pwm) onto a high quality
sient rise and decay of RRS is determined by interplay ofsaAs quantum well sample. It consists of ten periods of
constructive and destructive interference between emitteti7 nm GaAs wells separated by 15 nm AlGaAs barriers.
electric fields of the various scatterers. Because of the cdFhe sample is cooled in a cryostat To= 10 K. The
herent nature of RRS classical models have been appliambllected emission is up-converted in L§@sing 200 fs
to calculate the transient intensity [4] boubt the electric  gating pulses at 1530 nm from a synchronously pumped
field of RRS. However, after the decay of RRS there iSOPO. 7g (gate delay) is the separation between the
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second excitation pulse and the gate pulse. Measuremerisating between heavy and light hole excitons is present
were made for various Michelson and gate delays, anth all transient emission curves and will be ignored in the
relative phase® between the two excitation pulses. In further discussion.
this Letter we concentrate on the low excitation density Now we investigate the coherence properties of RSE.
data where nonlinear effects are of minor importanceWe will show that the total emission shown in Fig. 1(a)
The presented data are recorded for an excitation poweonsists ofthree different components having different
of 50 uW which correspond to an estimated excitationcoherent relations to the excitation pulse.
density of about 0° excitons per crh[8]. (i) In a first series of experiments, we investigate
A time-resolved measurement of the RSE after resonanwhether there is an optically coherent component to RSE,
excitation with asingle pulse is shown in Fig. 1(a). i.e., light with a macroscopic electric field which can in-
The transient intensity is plotted as a function if.  terfere with a replica of the excitation pulse. For this,
At 76 = 0 there is an intense peak which is due towe scan the nonresonantly surface-scattered light of the
nonresonant surface scattering. The subsequent emissisacond excitation pulsérg = 0) across the RSE trig-
shows, first, a gradual rise within 5 ps followed by a fastgered by the first pulse byine-tuning the Michelson
decay within 9 ps and a slower decay on a 50 ps timaelayry [Fig. 1(b)]. This leads to pronounced construc-
scale (not shown). Oscillations with a period of 600 fs aretive or destructive interference with the electric field of
superimposed on the bell shaped part of the curve. Thithe surface-scattered light of the second pulse [Fig. 1(c)].
Since surface-scattered light is a replica of the laser pulse,
this observation shows that there is @ptically coherent
part of the RSE. We want to emphasize that such a com-
ponent of RSE has not been reported or discussed in pre-
vious studies [3,5,6]. The measured intensity [Fig. 1(c)]
results from the superposition of the two electric fields:
I(tm) = |Econ(tm) + Egrtl>. The transient intensity of
the optically coherent part of RSIE..,(7m)|?> calculated
from this equation is shown in Fig. 1(d). Since we do
not know the exact spatial pattern of the surface-scattered
light it is not possible to give an exact value for the am-
plitude of this contribution. Nevertheless, our experiment
20 gives reliable relative values at different times after exci-
(©) L 600 tation. A similar experiment and analysis as in Ref. [3] on
our sample have shown that this optically coherent com-
ponent must be a large portion if not the major part of the
total RSE. In classical formulation, the intensity of any
light is connected to an electric field with defined ampli-
tude and phase. Using the model of spatially correlated
disorder with correlation lengtl§ [4] we have numeri-
cally calculated the electric field of RRS in this classical
picture. For a spatial disorder on a length scale compa-
rable to the wavelength we calculate transients similar to
those observed in our experiment shown in Fig. 1(d). The
amplitude and the decay of the signal are essentially de-
0l P S \— termineq by_ the spatigl correlation_ length For long _
0 5 10 dephasing times we find that the rise and decay of this
Michelson delay T, (ps) classical RRS is mainly governed by constructive and de-
structive interference between the various emitters of the
FIG. 1. (a) Transient intensity of the secondary emission aftetnhomogeneously broadened ensemble.
resonant excitation of excitons with a single pulse. The inten- (i) Figure 1(d) shows that the optically coherent RSE

sity is plotted as a function of the delay; between excitation . . .
and gate pulses. The peakrat = 0 is due to nonresonant sur- I response to the first pulse vanishes ps after the

face scattering. (b) Schematic of the secondary emission trigPUlse, i.e., it hasio longeran electric field with a defined
gered by a pair of phase-locked pulses. Michelson delays  phase relation to the excitation pulse. Nevertheless,
the separation between the phase-locked excitation pulses. (fle RSE intensity atg = 15 ps exhibits well-defined
Observed intensity fringe$(ry) (symbols) while fine-tuning fringes as a function of the fine-tuning of; [Fig. 2(b)].

v around 5133 fs. (d) Transient intens|#..,(t)|> (symbols) . ’
of the optically coherent component of RSE obtained in an ex-We define a gate-delay dependent fringe contrast as

periment with a pair of phase-locked excitation pulses. SolidFC(7G) = (Imax — Imin)/(Imax + Imin)- FOr a given
lines in (c) and (d) are cosine and Gaussian fits, respectively. 7y, the FC is nearly independent afg for 7¢ > 15 ps.
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quency of the excitation pulses. A measured spectrum
of such pulses is shown as a dashed line in Fig. 2(d).
The experimentally observed fringe pattern is simply the
product of F(y) times the excitonic absorption spectrum
a(w). Plotting the fringe contrast as a function of;
as in Fig. 2(c) provides direct information about the line
shape of the excitonic absorption process [3,9]. The
exponential fit corresponds to a Lorentzian absorption line
with a width of 0.5 meV shown as a solid line in Fig. 2(d).
An emission spectrum (diamonds) obtained from a time-
integrated measurement gives a comparable linewidth. It
is important to note that the fringes at late times do not
contain information about whether the absorption line
is homogeneously or inhomogeneously broadened. At
higher excitation intensities we observe a broadening of
this absorption line (not shown) which is probably due to
excitation induced dephasing [10]. In contrast the width
of the measured time-integrated luminescence spectrum
[diamonds in Fig. 2(d)] does not broaden pointing again
to the independence of absorption and emission processes.
(iif) Measuring the fringe contrast for intermediate gate
delays reveals the surprising existence of a third regime of
RSE with coherence properties between cases (i) and (ii).
Typical experimental results are shown in Figs. 3(a)—3(c).
The intensity of the RSE is plotted as a function of the gate

absorption spectrum (norm.)

delay7g for opposite phase relation®(= 0 and® = )

hot Vv . X .
photon energy (meV) and various Michelson delays, between the two exci-

FIG. 2. (a) Scheme of two pulse excitation and subsetation pulses. Fofy = 0 (not shown) the fringe con-
5](uen)t ?Satﬁ]% o?se)te\?\ﬂ]ci)lr«]e ?%]ejulrﬁnps-of(b) glrtoeLTr?(ijty3fg8??$: trast is100% at all 7, as expected. For all nonzerg,

T - T ) . .
(soll\idd Iingz cosine fit). (c) Symbolsg fringl\é[ contrast of RSE de- ['Flgs. 3(a)—3(c)], the signal shows two peaks at the posi-
fined bY (Inax — Imin)/(Inax + Imin) @ @ function ofry. The  tons of the excitation pulses due to nonresonant surface
exponential fit (dashed line) gives a decay time of 2.8 ps. (dpcattering, and the RSE after the second pulse shows a
Diamonds: time-integrated RSE spectrum as a function of thenore complex structure in the transient intensity as well
detection frequency. Circles: intensity spectrum of two phasegs the phase of the fringes. For instance, RSE shown in
locked pulses(ry = 3.8 ps). Solid line: excitonic absorption Fig. 3(b) exhibits a phase change hyfor gate delays
spectrum (Lorentzian) calculated from the exponentially decay- s .
ing fringe contrast. aroundrg = 4.5 ps. The most striking feature is the fact
that in the time interval < g < 12 ps the fringe con-
trast is much larger than at later times [cf. Fig. 2(d)]. The
Figure 2(c) shows that the fringe contrastrat = 15 ps  components discussed in (i) and (ii) cannot explain this be-
(solid symbols) decays almost exponentially as a functioravior for the following reasons. We know from Fig. 1(d)
of 7. An exponential fit (dashed lines) gives a decaythat the coherent field emitted by the sample in response
constant of 2.8 ps. The constant fringe contrast forto the first pulses vanishes8 ps after the pulse. There-
76 > 15 ps shows that the observed interference hagore, no interference between RSE of the two pulses is ex-
nothing to do with the emission process, i.e., it has tgected from picture (i) more than 8 ps after the first pulse,
be attributed solely to interference in the absorptionatime position indicated by the vertical lines in Figs. 3(a)—
process. This is incoherent luminescence (RPL), i.e., &(c), and yet strong interference is observed (Fig. 3). Pic-
sequential process where first a photon is absorbed ardre (ii) corresponds to the interference in the excitation
then at later times another photon is emitted. Betweeprocess; i.e., interference between the polarization created
these independent processes any phase memory abduytthe first pulse and the electric field of the second pulse
the excitation process is gone and, consequently, thereates a certain incoherent population thagxslusively
interference exclusively takes place in the absorption determined byry;. This population, and hence the fringe
process. Here, the well known picture of coherent controtontrast, is independent of the gate detay We con-
of exciton generation applies [9]. The intensity spectrunclude, therefore, that the varying fringe contrast and phase
of two phase-locked pulses is simply the spectrum othanges as experimentally observed in Figs. 3(a)-3(c) are
a single pulse times a phase-dependent fringe functiopossible only if some additional interference takes place
F(rm) = 1 + codwoTm), Where wq is the carrier fre- in the sample
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FIG. 3. Transient intensity of RSE after excitation with
phased-locked pulses for various separatiegsbetween the
excitation pulses of (a) 3.8ps, (b) 5.13 ps, and (c) 6.47 ps. D-12489 Berlin, Germany.

Solid and dashed lines represent relative phases between thg] R. Loudon, The Quantum Theory of LighfClarendon
excitations pulses ofp = 0 and ® = 7, respectively. The
vertical lines indicate the respective time positions at 8 ps after[z] J. Hegartyet al., Phys. Rev. Lett49, 930 (1982).

the first pulse where the optically coherent component of RSE L
triggered by the first pulse has totally vanished [Fig. 1(d)]. [3] M. Gurioli et al., Phys. Rev. Lett78, 3205 (1997).

the impulsively excited interstate coherence leads also to
quantum beats in the optically incoherent luminescence
as proposed in Ref. [14]. This qualitative picture is fully
confirmed by model calculations which will be published
in a separate paper.

In conclusion, we have investigated the initial dynamics
of resonantly excited excitons in quantum wells by
a novel technique in which the sample is resonantly
excited using a pair of phase-locked pulses and the
resulting emission at a variable delay from the excitation
pulses is detected using femtosecond up-conversion. We
have identified and characterized for the first time three
different contributions to RSE with different coherence
properties and temporal dynamics. We have directly time-
resolved measured an optically coherent component to
RSE which has a macroscopic electric field. After the
decay of optical coherence in RSE, phase memory of the
excitation persists in the sample and results and complex
phase sensitive behavior in RSE.
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