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Coherent and incoherent polaritonic gain in a planar semiconductor microcavity
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The gain processes in a semiconductor microcavity in the strong coupling regime have been studied by
pump-probe experiments in transmission geometry. It is demonstrated that the nonlinear signal consists of two
contributions, a coherent and an incoherent one. In agreement with recent reports, the coherent gain is iden-
tified as a parametric amplification process that is driven by the probe field and stimulates the scattering of
polaritons into thek =0 states. We attribute the incoherent gain to scattering of randomly distributed polari-
tons in the predominantly excitonic part of the lower polariton branch into states with zero wave number in the
lower branch. Both processes are characterized by their polarization dependence and their sensitivity to the
spectral position of the pump laser beams. They also show a pronounced threshold behavior versus the pump
power.

[. INTRODUCTION of the observed amplification. Very recently, time resolved
studies of the polaritonic amplification were reported experi-

duct . tiesMC's) h b ral topic of mentally and theoretically. The authors focus on coherent
uctor microcavitiesMC’s) have been a central topic of o5, only?*** They suggest a so-called parametric polariton

semiconductor research. These structures typically consist fmplifier, where the gain is attributed to stimulated

single or multiple quantum wells placed between two highpolariton-polariton scattering due to coherent wave mixing.
reflectance Bragg mirrors. One of the most intriguing prop-n this article we present a study of the time evolution of
erties of these structures is the reCOVery of the importance qﬁcoherent amp"fication processes in the Strong Coupling re-
polaritonic effects for the coupling of the quantum well ex- gime. We investigate the dynamics of gain mechanisms by
citon mode to the photon mode of the cavitynlike in bulk,  pump-and-probe experiments: In these studies either the
for quantum wells embedded in a homogeneous medium pdewer or the upper polariton branch is pumped selectively.
laritonic effects can often be neglected due to the breaking dfurthermore, the influence of relative circular polarization of
the translational invariance normal to the well plane. In conthe pulses was analyzed. The role of inter- and intrabranch
trast to bulk semiconductors, the energy of the optical modscattering processes in the gain action is explored. As the
in MC’s and thus its separation from the exciton can beorigin of the incoherent gain we propose a probe-beam-
varied. This opens the possibility of tailoring the dispersioninduced scattering mechanism of polaritons from the pre-
relations of the polaritons. dominantly excitonic part of the lower polariton dispersion
Recently, nonlinear optical gain phenomena in microcavitelation intok =0 states.
ties have attracted considerable interest. Such processes ob-
served for high particle densities where the strong coupling Il. EXPERIMENTAL DETAILS
of exciton and photon is broken and the dynamics can be
described by Fermi’s golden rule are well investigated and a We have investigated a microcavity sample containing a
much discussed topic in the literatt¥é* Here we study single 7 nm wide InGa _,As (x=0.14) quantum wellQW)
gain processes in the strong coupling regfén which  at the antinode of a GaAs cavity. The togbottom) mirror
interest has been boosted by claims of the so-called bosepnsists of 21(23) pairs of distributed Bragg reflectors with
effect® the polaritonic emission is greatly enhanced by scata reflectivity of 99.5%. The cavity length and thus the detun-
tering of excitations with large in-plane wave numbkyso  ing A=E.—E, between the cavity mode of energy. and
states withk;=0. The scattering is stimulated by tke=0  the heavy hole exciton mode of enerBy can be varied by
polariton population. Recent studies reported evidence fochanging the position of the laser spot on the sample. At
this effect, because in photoluminescence measurementgsonance A =0) the transmission spectrum shows a Rabi
nonlinear emission from the lower polariton branch was ob-splitting of 3.8 meV and linewidths of 1.0 meV and 1.2 meV
served even for low polariton densities, where the cavity ifull width at half maximum(FWHM)] for the upperUPB)
still  within the regime of strong exciton-photon and lower(LPB) polariton branches, respectively.
interaction”?? In these investigations nonresonant excitation Pump-and-probe experiments were performed in trans-
far above the band gap was applied to the cavity. In similamission geometry using a femtosecond mode-locked Ti:sap-
experiments the emission from the lower polariton branchphire laser with a repetition rate of 82 MHz. The spectrally
was found to be increased, when the polaritons were resdsroad probe pulse had a width 6f30 meV(FWHM) and a
nantly excited into the upper polariton branéhFurther-  duration of~80 fs. The pump pulse was spectrally tailored
more, a strong correlation between the polarization of thaising a grating and a slit for exciting the polaritons in the
excitation and amplification of the emission was fodfd. upper or the lower polariton branch selectively. The spec-
However, these studies did not address the time evolutiotrally narrow pump pulse had a width of~1.5 meV

During the last decade, the optical properties of semicon
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FIG. 1. Differential transmission signal\{T/T,) as function of
energy for zero detuning when the pump beam is pumping the
lower polariton branch. The dashédotted line displays the dif-
ferential transmission spectrum when pump and probe beam are F|G. 2. (a) Gain spectra from the lower polariton branch for
cocircularly (anticircularly polarized. These spectra are recorded atgjfferent delay times. delay- The delay time was varied between
zero delay between pump and probe. The dash-dotted line showsq (upper trackand 30 pglower trace in steps of 1 ps. The LPB
the nonlinear signal for cocircular excitation at a delay of 50 ps. Inwas pumped by ar* polarized beam; the probe beam wa$
addition, the normalized linear transmission of the probe is alsgyolarized as well. The arrows mark the spectral positions of the
shown (solid ling). For clarity, the spectral region of the upper coherent gain and of the linear transmission sigflGain spectra
branch has been enlarged by a factor of 25. of the LPB for cocircular excitation for pump powers between 0.2

and 4.8 mW. TheP,,,, has been increased in equal steps. The

(FWHM) corresponding to a duration of1.6 ps, limiting ~ dotted line shows the gain at 2.0 mW pump power.
the time resolution of the setup. Both pulses were focused . . .
onto the same spot of the sample, having a diameter Otrace, €., b.Oth. pulses are™ polarized, we observe a pro-
roughly 50 wm. In all experiments the probe beam hits the Nounced gait? in the LPB at zero delay. The transmitted

sample perpendicular to the surfateith an accuracy of S|gntal '? ampllf!ed by mor?tthhan Or.'f ordfe:hof Sggthde' IS
+1°). If not stated otherwise the angle between pump and©Ntrast, o gain occurs at the position of the as can be

probe beam was fixed ®~8°=1° and the probe power seen in the magnified section of Fig. 1. The gain shows a

was chosen to be less than 0.1 mW. The transmission W%rong dependence on the relative polarization of the two
spectrally analyzed by a monochromator and detected by ealr_ns. When tlh_e p[)obe p(()jlz_irlzq;t;?n IS lsw.';[Chek?T fg no
liquid nitrogen cooled charge-coupled device camera as tgodnsnear signal is observed in either polariton brafei-
function of photon energ§ and delayrgejay between the ed trace.

two pulses. The sample was kept in a helium bath at a temt- The spectral position of the gain in cocircular configura-
perature 62 K in all experiments. ion lies slightly above the LPB energy of the empty cavity.

However, this shift is small compared to the Rabi splitting.
Since the cavity is in resonance, the uncoupled cavity mode
IIl. PUMPING THE LOWER POLARITON BRANCH would be located 1.9 meV above the lower polariton branch.
From these observations we conclude that the cavity is in the
strong coupling regime at all excitation conditions used in
In the following the results for the situation in which po- the present studies. We can therefore exclude high density
laritons were excited in the LPB only will be discussed. Fig-effects such as excitonic bleaching from our considerations.
ure 1 shows the differential transmission at zero delay for Gain can be observed for longer delay times between the
different polarization conditions, when the cavity is in reso-two pulses of the same circular polarization, also. This can
nance A=0). The differential transmission signal is pre- be seen from the pump-and-probe trace recorded for a delay
sented ad\ T/Ty, whereT, is the transmission of the probe of 50 ps which is shown in Fig. 1 by the dash-dotted line.
pulse in the absence of the purfgolid line in Fig. 2 and  The LPB shows considerable nonlinear transmission, while
AT=T(with pump)—T,. The pump power used in this ex- there is no gain in the UPB. However, in comparison to zero
periment was 5.4 mW. For cocircular excitatiddashed delay the gain is reduced by a factor of 5. Remarkably, at

1.4092 1.4096 1.4100 1.4104
energy (eV)

A. Experimental data
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Tgecay~ D0 PS. The time evolution of the differential trans-

12 incoh. gain----- leca . L -1

o | coh. gain--s--- mission has been studied for anticircular excitation, as well.

B 5o § The open dots in Fig. 3 show the differential transmission for

0 10 > oo~ polarized beams. Under these conditions the magni-

& i s tude of the gain is low compared to the cocircular case and

g 8 % shows a contrary time evolution. For small delays, no ampli-

© i 3 fication is observed. Only fofye i, >20 ps does the ampli-

+ 6 fication rise slowly, remaining well below the cocircular sig-

© : nal.

€ 4

e - B. Discussion

g 2 From the decay behavior and the spectral positions of the

o i gain as a function of the delay time it can be concluded that
0 two different processes contribute to the amplification in co-

circular configuration. The ultrafast gain in the first regime is
del ay (ps) iq agreement with .the observations reporteq recently py Sav-
vidis et al® In their pump-and-probe experiments gain that
FIG. 3. Spectrally integrated gain as function of delay for zeroC@N be as large as two orders of magnitude appears when the
detuning, when the LPB is pumped. The solid dots represent théirection of the pump beam relative to the cavity normal is
gain for cocircular excitation, while open dots show the gain fortuned to a “magic” angle®. Very recently, a theoretical
anticircular polarization. The solid line shows the fitted gain inten-model has been developed that can explain these
sity and is calculated from the sum of coherent and incoherent gaimbservationéf1 The amplification arises from a parametric
The dotted(dashedl line displays the cohererfincoherent gain ~ scattering of polaritons which are generated by the pump
contributions. The inset shows the polarization degree of the polaribeam into thek;=0 polariton states. The scattering is stimu-
tons as a function of delay time. lated by coherent wave mixing of the pump with the probe
beam, which leads to a giant amplification of the probe sig-

these long delay times gain is also observed for anticircuIaPal' . ) .
polarization of the two beams, as will be discussed later. Since the pump_beam hits the sgmple at an aﬁglet'
Figure Za) shows the evolution of the spectrally resolved 96Nerates a polariton population in the lower polariton
gain as a function of the delay. Here we focus on the spectrdlf@nch with a wave numbe} corresponding to this angle.
region of the LPB to make the spectral shift discussed abovéne probeo polaritons d¢=0 stimulate the scattering of two
more evident. The arrows mark the spectral positions of th&f t_hesek” polarltonsz one is trans_ferred |ntok@=_0 state,
gain at7gelay=0 and that of the linear transmission signal. while the other one is scattered into a state Wlﬂ‘ﬁ)_Zthe
The gain occurring for small delays is located above theso-called idler stajeto fulfill momentum conservation. In
spectral position of the LPBH| pg). With increasing delay addition, the energy has to be conserved in the scattering
time it fades away and the slower gain of regime 2 appears iﬁrOCESS:E(Zkﬁ) - E(kﬁ) = E(kﬁ) —E(k;=0). We note that
the spectra exactly & pg. Thus the gain contains two en- in particular the energy conservation can be fulfilled due to
ergetically different components although the limited specchange of the dispersion relation by polariton formation
tral resolution and the finite polariton linewidth in the presentonly. In contrast, momentum and energy conservation cannot
experiment prevent a clear separation of the two gain contribe fulfilled for a pure exciton mode with its quadratic disper-
butions. The twofold nature of the amplification process willsion relation. These conservation conditions are satisfied in
be treated in more detail in the next section. The lower panghe sample investigated for a pump anglédof 8° when the
of Fig. 2 shows gain spectra recorded at zero delay for varyeavity is in resonance, corresponding to the angle of inci-
ing pump excitation powerB,,,,, where the pump power dence of the pump beam in these experiments. The blueshift
has been increased in equal steps from 0.2 mW to 4.8 m\af the gain as compared to the linear LPB transmission origi-
The gain remains low for excitation power®,,,, nates from exciton-exciton interact¥rand it does not de-
<2.0 mW (dotted line in Fig. 2 and then rises strongly. pend on the pump power. Furthermore, coherent wave mix-
Most strikingly, the energy at which this gain occurs doesing can occur for polariton populations of the same circular
not depend on the pump excitation power, confirming thapolarization only. Therefore ultrafast coherent gain is not
the spectral blueshift is not related to high density effects. observed for the case of anticircular polarization of the pump
Figure 3 shows the evolution of the gain in the LPB with and probe beams.
delay time. The solid dots represent the spectrally integrated From the resonant scattering process a significant polar-
intensity of the differential transmission as a function of theiton population arises also in the idler state. This population
delay between the laser pulses, when the lower polaritoat 2kﬁ has been tested by monitoring the emission at an
branch is cocircularly pumped and probed. First, an instanangle of 29. Figure 4 shows emission spectra for different
taneous rise of the amplification is observed; then the gaidetection angles close toGR2 For these measurements the
decays. For the decay, two different regimes can clearly bdetuning has been changedAe=—2 meV, in order to re-
distinguished. At delay timesge ., <5 ps a very fast de- solve the idler state more clearly. For this detuning the reso-
crease is observed. For longer delay timeg.(,,>20 ps) nant angle is increased ©=9.5°. The spectrum is domi-
we find a significantly slower decay on time scales ofnated by scattered light from the pump beam. When the
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FIG. 4. Emission spectra of the lower polariton branch for dif-
ferent detection angles relative to the cavity nhormal. The detectio
direction was varied around the angle corresponding to the wav?

0 : i
number X| of the idler state.

angle is tuned to the direction corresponding th?z
emission line appears in the spectrum at an en&i@k|).

havior is summarized in Fig. 5, which shows the pump
power dependence of the coherent gaim@t,,=0 (hollow
dots. For Py mp<2 mW the gain is very low, and negli-
gible as compared to the linear transmission signal. For
higher powers gain appears, which first increases abruptly as
Ppump is increased above 2 mW. Fé,,,, above about 4
mW the gain tends to saturate. The reduced increase of the
gain for higherP,,, indicates that the dominant portion of
the polaritons created by the pump beam are scattered into
thek =0 state. The observed behavior is in good agreement
with the theoretically predicted dependence, as is the lack of
dependence of the spectral position of the ultrafast gain on
the pump powefFig. 2b)].** In Fig. 5 also the correspond-
ing dependence of the gain at a delay timeref20 ps is
plotted (full dots). Surprisingly, its behavior is very similar

to that of the coherent gain: It also shows a pronounced
threshold, which occurs at about the same valueP{gy,,,as

in the case of the coherent gain. The gain at long delay times
saturates for high excitation powers, as well.

The long lifetimes of the amplification cannot be ex-
plained within the framework of the coherent parametric am-
lification process but give evidence of additional gain
echanisms. Since we can observe gain even after delay
mes that exceed the typical dephasing times of polarfons
by more than one order of magnitude, the amplification at
longer delay times is due to incoherent processes. This gives
rise to the assumption that the observed gain is a superposi-
tion of the coherent and incoherent amplification phenom-

This gives striking proof for the stimulated scattering procesgn, To analyze the time evolution in more detail, the gain
and its strong angle dependence. The emission from the idiggensities due to the two processes need to be separated
is, however, considerably weaker than that from KjeO  fom each other. This was done by the following procedure:
state which is observed normal to the samie<(0°) (see  |pjtjally only polaritons with nonzero wave number are cre-
Fig. 1). This is very easily conceivable since the statelgt 2 5404 by the pump beam aﬁ. The coherent polaritons un-
has already strong excitonic character. Therefore the poF)Ul%rergo a stimulated scattering process due to coherent wave
tion of this state is quickly reduced by the efficient scatteringmixing, which can occur as long as the coherence of the
into the excitonlike portion of the polariton dispersion. An qaritons created by the probe beam is maintained. The rise
additional peak that is observed below the pump peak igf the coherent gain is given by the overlap of the pump and
most likely due to the emission of charged excitéti®ns).  prope Jaser pulses and has been modeled by a Gaussian pulse
It may als_o be c_aused by the emission of leaky mdfies. with a width of 1.25 ps half width at half maximum. The

As indicated in Fig. ), the gain shows a pronounced gecay hehavior, on the other hand, depends on the laser pulse
threshold as a function of the pump powRg,m,. This be-  gyerfap and on the exponential decay of the coherent popu-
lation. For simplicity, we have neglected the influence of the
finite pulse width and have modeled the decay of the coher-

3 o © ° ent amplification by a simple exponential decay with a decay
constantryepn corresponding to the dephasing time of the
lin. cavity polaritons(dotted line in Fig. 3 The time evolution
f signal  °© * e o e o of the incoherent gain procekg.qn iS more complex. In our
-8 ® model it can be described with the following relation:

lincon(7) = a[1—exp(— T/Tdep}"ﬂexn — 7 Tincon)- (1)

intensity (arb. units)

Here 7i,c0n IS the decay time of the incoherent amplification

F o®S Tgelmy =0 PS process, which is given by the spontaneous relaxation of po-
° Tgoiey 20 PS laritons and the emission into leaky modes. The first term

© describes the buildup of the incoherent polariton population,
2 2 6 which can be calculated from the dephasing behavior of the

pump power (mW)

initially coherent polariton population. The temporal evolu-
tions of the coherent and incoherent gain are fitted simulta-

FIG. 5. Pump power dependence of the gain in the LPB in theneously, where the time constants as well as the proportion-

first regime recorded atye,,=0 (hollow dot9 and of the gain in
the second time regime recordedmt,,=20 ps(full dots).

ality constanta are taken as variable parameters. The solid
line in Fig. 3 shows the results of the fitting procedure. It is
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P (mW) reaches its maximum while the gain for anticircular excita-
probe tion is still zero. The amplification in this case occurs at
significantly longer delay times and rises as a function of
Tdelay- 1h€S€ observations allow one to conclude that the
probe beam can be amplified by polaritons of the same po-

larization only. For anticircular excitation the spin of the
calculated from the sum of both gain phenomena. In additiolPump-induced polaritons must be flipped via long range
the dotted(dashedl trace displays the time evolution of the €xciton-exciton exchange interaction before gain can
coherent(incoherent amp“fication process. We find good occur?®?! |ts slow rise therefore reflects the polariton spin
agreement between the model and the experimental data. TH# time. To investigate the underlying spin dynamics in
incoherent portion of the gain rises fast, with a fitted dephasmore detail the time evolution of the spin polarizatio?) (of
ing time of ~1 ps. This is followed by slow decay where the polaritons has been evaluated. This spin polarization is
the decay constant, ., iS ~44 ps. This long time constant defined by
reflects the polariton bottleneck that has been reported in the
literature?® For polaritons in the excitonic part of the LPB
the spontaneous relaxation into states with wave numbers
close to zero is strongly reduced, because of the lack of final
scattering states. wherel is the spectrally integrated differential transmission.
We can now analyze the dynamic properties of the pumprhe superscripts indicate the polarizations of the exciting
polaritons. For zero delay between the two pulses, coherepulses,+ + for cocircular and+ — for anticircular excita-
wave mixing dominates the gain process and no incohererion conditions. The inset of Fig. 3 shows a logarithmic plot
polariton population is present in the resonator. If the delayf P as a function ofrge ay. While at zero delay? equals 1,
between the arrival of the probe and that of the pump pulsé shows an exponential decay for delay times larger than 10
increases, the pump polaritons undergo scattering processes. From the decay time we can estimate a spin flip time of
and become predominantly incoherent. These incoherent pasg=63+=10 ps. This time is in good agreement with the
laritons than cause the amplification of the probe pulse wherise time of theo "o~ signal in Fig. 3.
scattered into thé& =0 state as will be discussed below. In addition to the pump power dependence we investigate
Further insight into the dynamic behavior of cavity polari- the role of the probe power in the coherent gain process. The
tons can be obtained from a polarization analysis. The coheprobe power dependence is shown in Fige)6When the
ent gain was found to be of purely cocircular origin. In the probe power is increased the amplification rises to reach a
case of the incoherent amplification, gain can be observethore or less constant level. For very low probe intensities no
for anticircular polarization and long delay times alepen  gain can be observed. We also investigate the dependence of
dots in Fig. 3. The incoherent gain for cocircular excitation the temporal evolution of the incoherent gain on the power

FIG. 6. (a) Magnitude of the coherent gain versus probe power
Porobe- (D) Decay time of the incoherent gain as a function of
P .

probe

|++_|+—

IR
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of the probe beanP,,,e. From Fig. @b) it can be con- energy (eV)
cluded thatP,pe has only a little influence on the time 1407 1410 1.413
evolution of the gain. The decay constanfc,, remains
unchanged in the recorded range.

Having obtained a complete set of experimental data, we .2 O 0.8
will now propose a model that can explain the observations 9;
made for the time and polarization dependence of the inco- E
herent amplification. Any explanation of the observed light- @ 2 @ 0.6- 2% o
induced mechanism must take into account the pronouncec g 1 m
correlations between the pump and probe beams that are evi+= 0.4- d
dent in the polarization selection rules for the gain. In order c_U
to obtain an amplification of the probe beam, the number of "-'
polaritons at the bottom of the lower polariton branch has to CD 0.2 . .
be increased due to polariton scattering ikic=0 states. 0000p0000500,, OC  ®
Scattering involving phonon®.g., two polaritons with wave 0.0 égxg@py . -
numberst k" and—k;" could be scattered to=0 with the r cCc ©
excess energy emitted as an acoustic phproam be ex- T T T .
cluded, because this scattering channel would not show any 150 300 450
dependence on the polarization of the probe polaritons. de|ay (ps)

Therefore the nonlinearities must arise from polariton-

polariton scattering, since this scattering mechanism is domi- FIG. 8. Integrated differential transmission versus delay, when
nantly determined by the interparticle exchange interactionhe upper polariton branch is excited. The cavity detuning is
and thus occurs between polaritons of the same spin orienta-2 meV. The solid(open dots indicate co{anticircular polar-
tion only.22 ization. The inset shows the normalized linear spect(safid line)

The picture that we envisage at longer delay times is thend the differential transmission spectridotted ling for cocircu-
following: The probe beam creates a polariton population atar excitation at a delay 40 ps.
zero wave number, which will trigger scattering processes of
incoherent pump polaritons to the=0 states. Different might enable the wave mixing, as well. Future theoretical
scattering channels exist for these processes; for examplstudies have to test the validity of these proposed mecha-
polariton-polariton scattering can occur between the initianisms. Also, further experiments, e.g., on the temperature
states+k|" and —k;" and the finalkj=0 states with one dependence of gain phenomena, are desirable.
lying in the LPB and the other one in the UPB, as indicated In principle the suggested scattering mechanisms should
by the solid arrows in Fig. 7. Also, higher order processedead to a gain in the upper polariton branch, as well. Our
might contribute: The energy released in a scattering processxperiments show no or only little gain in the UPB. One
(+k)" =k )= (k =0, kH=O) in the LPB will be transferred reason can be the effective depopulationkpf0 states in
to a probe polariton that is scattered to tqe=o state in the the UPB via interbranch scattering processes. This fast de-
upper branch’ This scattering process is sketched in Fig. 7population is in agreement with previous experimental stud-
by the dotted arrows. In these considerations we concentraies reported in the literaturd.
on pump polaritons with large in-plane momentum. Due to From the above considerations it is also evident that the
the enhanced density of states in this region, it is expectedmplification should have a strong dependence on the detun-
that these states are the most relevant ones for scatterimgg of the cavity: The energy difference between Kje-0
processes in the incoherent regime. Polaritons in the lowestates of the upper and lower polariton branches must be
parts of the LPB will be emitted within a few picoseconds smaller than twice the energy separation between the exci-
and therefore are irrelevant for processes at long delay timetonic part of the lower polariton branch dispersion and its

The model proposed above for the scattering processes kig=0 state AE in Fig. 7). In particular, for positive detun-
able to describe the experimental findings. However, the uning this process should be strongly suppressed. Indeed, our
derlying mechanism of how the probe polaritons trigger theexperiments confirm the expected detuning dependence, as
scattering of pump polaritons intk=0 states is not yet can be seen in the inset of Fig. 7.
understood. A potential explanation might be provided by
assuming tha; after long delay times wave mixing processes |\, pUMPING THE UPPER POLARITON BRANCH
are also possible, e.g., the probe beam introduces coherence
into the system. Parametric mixing should be possible be- The picture that we have developed has to be tested for
tween this wave and all other components with suitablemodified experimental conditions also. So far, the pump
phases with which constructive interference can occur. Thipulses were spectrally tailored to excite polaritons in the
wave mixing might lead to the amplification of the probe LPB to allow for the angle resonant amplification process. In
beam through the scattering processes discussed above.tl#e next step we increase the energy of the pump pulse, to
related process might also provide an explanation of thexcite polaritons resonantly in the upper branch. The ob-
strong nonlinear emission observed recently in nonresonarserved differential transmission spectrum for cocircularly po-
cw studies*!? self-induced coherence in the =0 state, larized pulses atyeiay=40 ps is shown in the inset of Fig. 8
which is similar to the buildup of coherence in a semicon-(dotted ling. The upper polariton branch is seen in the en-
ductor laser after injecting incoherent electron-hole pairslarged section. The solid line represents the linear transmis-

——-—non lin. signal
lin. transmission
1=40ps

XL

L R ——

differ
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sion. No gain can be observed at the spectral position of the However, when pumping the upper branch the decay
upper polariton branch. The absence of gain processes at thiemes of the incoherent gain are increased by about an order
spectral position of the upper branch again indicates a vergf magnitude in comparison with lower polariton branch
efficient interbranch scattering from the upper into the lowermpumping. The principle difference between the two pro-
polariton branch. Polaritons from the upper branch are likelycesses is the way of populating the LPB. When pumping the
to be scattered into states with largein the lower branch, lower branch, on the one hand, the polaritons are injected at
since the density of states is strongly enhanced when thiew k;. In this case the polaritons that participate in the
lower polariton branch becomes predominantly excitonic. incoherent gain predominantly originate from the pump
In contrast, when analyzing the differential transmissionpopulation. Even after the polariton distribution becomes
at the spectral position of the lower branch, we observe amandomized by polariton-polariton or polariton-phonon scat-
amplification. However, the gain is considerably weakertering, a considerable portion of the polaritons will still be
compared to the amplification observed for pumping theconcentrated in a region of thespace with rather moderate
lower branch directly. It reaches a maximum-e60% only.  wave numbers. Therefore the probability of finding a polar-
To obtain further insight into the dynamics of polariton scat-iton pair with wave numbers«k’,—k;") which can un-
tering and the gain processes involved we again analyze thiergo scattering tok( =0,k =0) is relatively large. On the
time evolution of the observed nonlinear signal and its po-other hand, when pumping the upper branch, fast relaxation
larization dependence. Figure 8 shows the integrated differef the excitations from the upper branch into states with
ential transmission at the spectral position of the lower poiarge k; of the lower branch occurs and the polaritons are
lariton branch as a function of the delay. The pump andspread widely in momentum space. Therefore the probability
probe beams were cocircularly polarized for solid dots anaf finding a polariton pair ¢ k", —k;") is rather small, lead-
anticircularly for open dots. The cavity detuning is slightly ing to the much longer lasting decay of the gain.
negative A=—-2 meV). In both cases there is no gain at
short delay times, since the polaritons have to undergo scat- V. CONCLUSIONS
tering into the lower polariton branch first. In the cocircular In conclusion. we have studied coherent and incoherent
case it remains close to zero for the first 5 ps and then rises .~~~ ’ . : : .
to reach a maximum after 60 ps. This is followed by a Sur_ampllflcanon phenomena in a semiconductor microcavity by

prisingly slow decay, where the decay time is calculated t e . . : :
be 4ecay=05 s from an exponentia fit. This is about onecgﬁﬁii‘lté’,?t Fesaription of the experimental absenvaions. The
order of magnitude longer than for pumping the lower P P )

branch. The long tme scales invlved inthe gain prove thafl POSPSES S1OW SURRELSEEUS Tepencciis B e oKtk

the amplification processes are purely of incoherent origin i gy and P .

this case. as on the detuning of th_e cavity. They also show a pro-
For anticircular polarization the gain rises considerablyir;o\ljgﬁgg tr_:f::?'ga?ﬁitav'rgr ertitehseop:‘otvr\:gr Ogi:]hgepuerng gﬁﬁm

more slowly as function of the delay. It is still close to zero : y prop 9 P

when the cocircular amplification is at its highest value, anaca"y on the dlstr|bu_t|on of the pola_mtqns generated _by th_e
it reaches maximum intensity after 200 ps. Then it remain ump beam. In particular, the data indicate that polaritons in

on a constant level for the rest of the recorded delay rang he excitonic _part of the lower polariton bran_ch cause the
ihcoherent gain. We are hopeful that the experimental results

Again, the anticircular amplification remains below the gain : . o . :
observed for cocircular excitation. This indicates that the po_presented here might trigger additional theoretical analysis

larization dependence of this gain process is the same as }Hat will help to obtain a more detailed understanding of the

the case of pumping the lower polariton branch: The polari-InCOherent gain processes.

tons injected by the pump beam must undergo a spin flip
before they can contribute to the amplification. The spin flip
time can be estimated by analyzing the rise time of the anti- This work has been supported financially by the Deutsche
circular signal, assuming that the scattering time from theé~orschungsgemeinschaft and the State of Bavaria. We grate-
upper into the lower branch is comparatively small. We findfully acknowledge enlightening discussions with C. Ciuti.

a spin flip time of 7gg=60+10 ps, which is in perfect We thank F. ScHar and J. P. Reithmaier for growth of the
agreement with the results obtained above. microcavity sample.

ump-and-probe spectroscopy. We have proposed a model
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