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Coherent control of exciton polaritons in a semiconductor microcavity
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We report on the dynamics of resonantly excited lower branch polariton states in a semiconductor quantum
microcavity. We show that both the spin orientation and the density of polaritons can be coherently manipu-
lated. The measurements of the optical dephasing fimmand the decay tim&, of the radiant states as a
function of the cavity detuning and the lattice temperature give further insights into the relaxation mechanisms
of cavity polaritons[S0163-18209)51104-]

The optical properties of excitonic polaritons in semicon-sity, the alignment, and the spin orientation of microcavity
ductor qguantum microcavities have attracted great attentiopolaritons can be coherently manipulated. As for excitons in
in recent years. Their potentialiies for new all optical bare QW’s, the technique yields direct measurement of the
switching devices are particularly interestihdhe strong optical dephasing time of the microcavity polariton. We
coupling between the exciton and the cavity mode has beemeasure botf, and the decay tim& of the radiant popu-
studied with various techniques: reflectivity, absorption,lation as a function of the detuning=E.—E., whereE,
photoluminescence, and four wave mixingFWM) andE, are the uncoupled cavity main mode and the exciton
experiment$=> The influence of the quantum welQW) energies, respectively. Through the measuremerit,odind
disorder on the optical properties, which is responsible forT; as a function of the lattice temperature we show for zero
theinhomogeneous broadening the spectral lines, has also cavity detuning, a quenching of the polariton scattering by
been investigated. Due to the specific characteristics of thacoustic phonons up to a temperature of 40 K. All these
exciton-photon mixed states, i.e., low massi0 °m,) and  results are in agreement with theoretical predictifis.
large size ¢10°nm), there is a significant averaging over ~ The QW microcavity studied here is grown by molecular
the disorder potential and a subsequent “motional narrowbeam epitaxy and consists of four 12-nrg {#Ga, ggAs wells
ing” of the spectral line$:” On the other hand, theomoge- located at the antinodes of the cavity photon mode. The top
neous broadeningl',,) of the exciton-polariton states is of (bottom) Bragg mirror consists of 1&2) pairs of GaAs and
fundamental interest since it provides information on the in-AlAs layers surrounding a 32 GaAs microcavity. The
teraction processes of the excited stdtesch as elastic scat- sample is fabricated with a slight wedge, so that the effective
tering by disorder induced potential, scattering by acousticalhickness of the cavity; varies along the radial direction of
phonons, or mutual collision processes. The homogeneoube wafer. This allows us to tune the cavity resonance by
broadening is usually determined in the time domainmoving the laser beam across the wafer. The Rabi splitting is
through the measurement of the optical dephasing fime  equal to{) =6 meV. The inhomogeneous broadening of ex-
both quantities being related Wy, =2%/T,. Nonlinear co-  citon states and the cavity mode broadening, estimated at 12
herent spectroscopy techniques such as FWM give access fhfrom cw-photoluminescence excitatigRLE) experiments
principle to the optical dephasing time of excitons in bulk performed, respectively, at large positive and negative cavity
semiconductors or bare quantum weli3W’s) but also of detuning, ard’j;;=3 meV andl’.=0.4 meV. At resonance
exciton-polaritons in microcavity embedded QW's. Up to (6=0), the polariton broadening iS=1.4 meV, which in-
now, in this last case, the experiments have been performetludes both homogeneous and inhomogeneous contributions.
with very short excitation pulse$~100 f9.°> The corre- We have performed coherent control experiments probed
sponding spectral widtli~20 me\), larger than the Rabi by time-resolved SE ai=12 K. A sequence of two 1.5-ps
splitting O, leads to a coherent excitation of both the upperaser pulses of defined polarizations'(c®) and equal in-
and lower branch mixed states, resulting in the observatiotensities, produced by a Mach-Zender type interferometer,
of quantum beats. The optical dephasing time for an inderesonantly excites the heavy-hole lower brafcB) polar-
pendently excited polariton branch cannot be measured iiton states at energl, gz . The temporal separation between
such conditions. the two pulses is controlled on two time scales: a coarse

We have shown recently that the phase coherence loss @ining sets the delaty between the two pulses on a ps scale;
excitons in bare QW’s can directly be monitored in a time-a fine tuning adds the delay on a subfemtosecond scale.
resolved secondary emissi¢8E) experiment using ps laser The exact delay between the two pulses is thent, and it
excitation? In the present work, we apply this technique to is convenient to calibrate the time scale so thas an exact
the case of the exciton polaritons in microcavity embeddednultiple of h/E 5. The SE kinetics are recorded by using a
QW'’s. The ps experiment, characterized by a pulse spectralvo color up-conversion scheme with a synchronously
width smaller thanQ), allows us to exciteselectivelythe ~ pumped optical parametric oscillatépulse width 1.4 pg°
lower branch(LB) polariton states. We show that the den- The excitation beam is incident on the sample at an angle of
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FIG. 2. The cavity detuning i§=0 meV; (a) The configuration
is (¢7,07). The maxima and minima of the linear polarization
oscillations as a function df; (the dashed line is a guide for the
eyes. (b) The configuration is¢*,o™). The maxima and minima
of the total SE intensity oscillations far=0, 4, and 6 ps. The
period of the SE oscillations with respecttioshown in the insets
is h/E g~3 fs.

FIG. 1. The cavity detuning i§=0 meV; (a) Time evolution of
the total SEM) and the corresponding linear polarizatidull line)
after a (*,07) excitation sequence:t;=0 ps andt,=0. (b)
Time evolution of the total SE fdr, =6 ps and,=0. Insets: Linear
polarization P! as a function of the fine temporal separatign
between the two excitation pulses.

about 8° with respect to the growth directidthis corre-

sponds to an in-plane wave vector,umy~10°cm™). The  taken just after the second puléel ps. The observed os-
detection direction is set along the normal to the samplgijjations, with the pulsationo=E g /%, simply reflect the

surface. The acceptance solid angle of the up-conversion sygsation of the excitation light polarization in the sample
tem is about 10° steradians. All measurements are Carrledpk:me driven b)tz.g

o )
out for moderate excitation peak powers20 kwcm ). Figure 1b) displays the time dependence of the total SE

We haye c'hecked t_hat the .SE dynamics and the Opticgéhen the delay between the two excitation pulse$ o)
dephasing times are intensity independent in the range 5— i t,=6 ps. Now there is no temporal overlap between the

kW cm 2, bl .
We consider a sequence of two optical pulses of oppositI=:WO pulses. Nevgrtheles;, the excna_1t|on with the Secof‘d
pulse results again in a linearly polarized SE. As shown in

helicy (c*,0~) and excite resonantly the LB polariton for a he £ i his i larizati i .
cavity detunings=0. First, the coarse delay between the two € inset of Fig. ), this linear polarization oscillates again

pulses ist;=0 ps. The interference between the two laser@t the pulsationo=E, g /% as a function of the fine temporal
pulses results in a linearly polarized optical excitation. Fig-delayt,. These oscillations reflect the rotation of the orien-
ure 1(a) displays the time dependence of the total SE and thé&ation of the linear exciton-polaritons in the cavity plane. The
corresponding linear polarizatioR(t)= (1X—1")/(1X+1") oscillations amplitude decay tim&, is measured in Fig.
wherel* and|Y are the two linearly polarized SE compo- 2(8), where we findT;=4+1 ps.

nents(we have carefully checked that the back-scattered la- The interpretation is similar to the one given previously in
ser light from the sample surface is negligibl®! decays the case of the coherent control of the heavy-hole excitons
with the transverse spin relaxation tirig,~13 ps. As re- alignment in bare QW'$.As is well recognized now in in-
ported previously by Sermags al., the SE signal exhibits a homogeneously broadened QW systems, the SE detected just
biexponential deca}? These authors attribute the fast initial after a short excitation pulse is strongly dominated by reso-
decay time(~4 ps herg either to the immediate escape of nant Rayleigh scatterinRRS.3~*°> For moderate disorder
the polariton from the cavity or to the absorption of phononsin the QW, the amplitude of the coherent electromagnetic
and scattering towards large nonradi&rstates(the reser-  field radiated within a small aperture in a nonspecular obser-
voir). The second slower decay is then attributed to the revation direction decays with the exciton optical dephasing
turn from the reservoir towards the detected radiant states.time T,, after an eventual much rapid decay phaskich is

The inset in Fig. 1a) presents thé! dependence versus the not resolved in ps experiments In two pulses experiments,
fine temporal separation between the two pulses. This re- the excitation by the second pulse results in coherent super-
cording, as all the similar data in this paper, is systematicallyosition of individual dipoles states, provided that the di-
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poles excited by the first one are not dephased. For a
(o*,07) excitation sequence, the amplitude of the linear A1-38 (@) E
polarization oscillations when, varies is directly propor- 31,37 .

tional to the relative number of excitonic dipoles which have % 1.36
kept at timet, the phase memory of the first pulse. Because i ' E.
of the RRS nature of the detected signal, the amplitude decay z 1.35
of the linear polarization oscillations as a functiontefdi- ' _2'0 ' _1'0 ' (') ' 1'0 ' 2'0
rectly reflects the optical dephasing of the excitons. 5 (meV)

In microcavities, the polarization oscillations observed in
Fig. 1(b) demonstrate that coherent emission frdgs=0 = . §5=3meV
exciton-polariton states can be obtained from an off-normal g 0.8+ (b) e 520 meV
excitation direction. This fact was previously observed by g 0.4 . —e— 3=+3 meV
Norris et al® in interferometric pump-probe experiments g 1 (6"5) \'\_\_
performed in nonspecular directions. We interpret this as the a 0.0 '_L """""""""""""""" Ty
result of the coupling by the disorder induced potential of 2 _g 4]
Ki pump @nd k=0 polariton states through their excitonic ¢ 1
component, which leads to inhomogeneous broadening of E -0.8 — - r - 1 1
polariton states and the possibility of RRS. We can thus con- — 0 2 4 6 8
clude that, due to the RRS nature of the detected signal, the 12 - t, (ps)
polarization oscillations decay timgy observed in our ex- L (€) .
periments is the polariton dephasing tifie. For microcavi- - 8} -
ties with very low disorder, the energy conservation and dis- s |
persion effects should in principle lead to RRS emission = 4t
directions located on the surface of a cone centered around 0 X

1 1 n 1 n 1 L ]

the normal direction to the microcavity, the top angle of
which is determined by the excitation light angle with re-
spect to that normal. However, the energy dispersion be-

tweenk pumg= 10" cm* andk=0 is, in all cases investi- FIG. 3. (a) Energies of the polariton modes, measured in a cw
gated in t?'s work, smaller than the polariton statesphatoluminescence experiment, as a function of the cavity detuning
b.roadenlngl, so that elastic light scattering becomes pos-s the same excitation geometry as the time-resolved experiments is
sible out of the above defined conical surface. used. (b) The cavity detuning dependence®f. The minima and

A similar experiment has been performed with a sequenceaxima of the linear polarization oscillations as a function,dor
of two linearly cross-polarized laser pulses*(cY). The  s=-3,0,+3 meV, respectively(c) Initial SE decay timeT,; (M)
excitation with the second pulse results in a circularly polar-as a function of the cavity detuning. The full line is a fit tory/
ized SE® This experiment, not reported here for briefness,=|C,|?/ r,+|Cc|% 7. with the parameters,=2 ps andr,=16 ps.

yields also the measurement Bj. .

We evidence now the coherent control of the polaritonfi‘_?]d 1g ptsTwhe:ﬁ varies betv;efer*rlo mt.ev ?jnctj+10 meV.
density by performing the experiment with a sequence of two '€ SHOrt! valué measured for négalive detunings 1S very
circularly copolarized ¢*,o*) laser pulses. Constructive close to the calculated photon lifetime in this cavity7 p3.

o For the negative detuning=—3 meV, T, is very close to
and destructive interferences between the second pulse ag which indicates that when the photon character of the
1

}he coherehnt poIIar[zat|%n SU.I’VIVI_Plg frpmdthe first on% rEOdﬁ' ola(iton State dominates, the (_)ptipal dephasing _timc_a is de-
ate_ no_vvt e polariton ensn_y. IS 1S emonstra_lte Y tqermined by the cavity photon lifetime. The contribution of
oscillations of the total SE intensity as a function f e dephasing processes is then negligible. In contrast, for
shown for two typical delay$;=4 ps andt;=6 ps in Fig.  the positive detuning= +3 meV, the lifetime is no longer
2(b). _ ) responsible for the loss in phase coherence since6 ps

We study now the cavity detuning dependence of the opand T,~3 ps. Clearly, when the polariton has a dominant
tical dephasing time. The energies of the lowBr €E;g)  exciton character, the optical dephasing is due to the pure
and upper E_) polariton states, measured as a function ofdephasing processes represented hyin this case, the mea-
the cavity detunings, are displayed in Fig. @). The solid  suredT, value is close to the values reported for heavy-hole
lines are fits tcE . =3[ (E+ E.) + v/ 6%+ QZR]. The decay of excitons in bare QW's of equivalent quali§Our measured
the oscillations amplitude, which yields the measurement oflependence of, on & is in agreement with recent calcula-
T,, is displayed in Fig. @) for three cavity detunings. We tions of the homogeneous broadenifig of the polariton
find T,=5+1ps, 4-1ps, and 1 ps for6=—3,0,and 3 modes by Savona and Piermarocthi.
meV, respectively! The trend is in agreement with the re-  Finally we investigate the influence of polariton-acoustic
sult of the FWM experiment performed by Waagal.” who  phonon scattering on both the optical dephasing fimand
observed that the FWM signal decay was faster at resonandke lifetime T,. This is particularly attractive since we ex-
(6=0) than for negative detuning. This trend can be inter{pect drastic changes of the phonon scattering efficiencies due
preted from the simple expressidrl/T,=1/(2T,)+1/T’, to the specificity of the polariton dispersion cur#&4® The
whereT’ represents pure dephasing. The measured variatigpronounced decay of the exciton optical dephasing time in
of the SE fast initial decay timd, as a function of the bare QW'’s for increased lattice temperature is well
detuning is displayed in Fig.(8. T; varies between 2.5 known: thisT, decrease in the temperature range 1-80 K

15 10 5 0 5 10 15
8 (meV)
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FIG. 4. Temperature dependence (af the optical dephasing
time T, and(b) the population lifetimer; for two cavity detunings
(®) 5=0 and (M) 5§=+6 meV. Inset: dispersion curve of the LB
polariton for §5=0 as a function of the in-plane wave vector.

is attributed to the linear increase of the scattering rate og
excitons with thermal acoustic phonofi<Figure 4a) shows

lattice temperature for two cavity detunings=0 and §
tonic character of the polariton state is domindfdr &
nent to be|C,?>~0.85), we find a linear decrease @
when the temperature increases. This behavior is similar t

that of excitons in bare QW¥ At resonance §=0), the
striking feature is thal, is independent of the temperature
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the same slope than the one measuredfer+ 6 meV. This
stability of the homogeneous broadening at low temperature
was predicted by Savona and Piermaro¢€iihese authors
have shown that there is almost no contribution of acoustic
phonons to the LB polariton homogeneous broadening for
low temperatures. This is the consequence of the very low
mass in the bottleneck region. Wh&gT<Qg/2, only this
bottleneck region, where the density of state is low, is avail-
able for acoustic phonon scatterifthe polariton dispersion
calculated fors=0 is shown in the inset of Fig.(4)]. Above

40 K for =0 meV, we attribute the decrease Df to the
scattering by acoustic phonons, a process which is again ef-
ficient since the states beyond the bottleneck region become

attainable kgT>Qg/2).

In order to clarify the role played by acoustic phonons in
the relaxation dynamics of exciton polaritons, we have inves-
tigated simultaneously the variation of the lifetifig as a
function of the temperature for the two cavity detuningjs
=0 and+6 meV. Figure 4b) shows that the dependence of
T, andT, are very similar. Note that this behavior Bf with
temperature was predicted by Bloch and MarZilhen the

excitonic character of

the polariton

is strongé (

= +6 meV), the acoustic phonon scattering determines both
T, and T, in the explored temperature range. On the con-

trary, at resonance 6&0) and

low temperature T(

<40 K), T4 is controlled by the cavity escape time.

In summary, we have shown that coherent control experi-
ments can directly probe the dynamics of exciton polaritons
in the strong coupling regime. By using a sequence of two

hase-controlled optical excitation pulses, the density, the
lignment, and the spin orientation of exciton polaritons can

! ; be coherently controlled and directly observed in a time-
the measured’, of the LB polariton as a function of the ogqived SE experiment. The technique, which relies on the
__ ) - _linear response of the material, allows a simultaneous mea-
=+6meV. For the positive detuning, i.e., when the exci-gyrement of both the lifetim@, and the optical dephasing

: ! time T, of the exciton-photon mixed modes. For zero detun-
=+6 meV, we calculate the weight of the exciton COMPO-jng the temperature dependence of bBthand T, clearly
shows a quenching of the polariton-acoustic phonon scatter-

fhg up to a temperature of the order Qf:/2kg .
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