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Coherent exciton-photon dynamics in semiconductor microcavities:
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We investigate a GaA&ba,AlAs Fabry-Peot microcavity, into which(In,Ga)As quantum wells have been
inserted. The cavity is wedge shaped, i.e., the detuning between the bare-exciton resonance and the bare optical
cavity mode depends on the spatial position on the sample. Linear transmission spectra reveal a well-resolved
Rabi splitting of 8 meV at resonance, an inhomogeneously broadened exciton transition of 4—5-meV width,
and an 0.7-meV-wide Fabry-R¢ mode. The time-resolved transmission exhibits deep beatings and a subpi-
cosecond exponential decay: a behavior similar to that foreseen in the strong-coupling regime and in the
absence of electronic disorder. Conversely, the four-wave mixing response appears weakly influenced by the
cavity and not much different from what is expected for bare excitons. A photon echo, dephasing times as long
as 50 ps, and only weak Rabi oscillations are observed. The experimentally observed features can be explained
by a model based on the numerical solutions of the Maxwell-Bloch equations. This model confirms the
dramatic influence structural disorder in the quantum wells has on the coherent nonlinear exciton-photon
dynamics[S0163-18207)00611-5

INTRODUCTION are optically active and whose energies are weakly affected
by interaction with radiatioi. The issues have very impor-
Semiconductor microcavitie@MC’s) are a very interest- tant implications, suffice it to say, on the effective temporal
ing physical system in which the confined electromagnetievolution of the linear and nonlinear coherent dynamics, and
modes interact with the exciton Xj states of the on the spontaneous and stimulated emission processes. The
semiconductot.MC’s can be designed to be in the weak or investigation on the subject is, however, still at the begin-
in the strong coupling regime. In the latter case, the resoning. The large Rabi splittings observed in samples with a
nantly interactingX-photon modes, that are often referred to presumably important inhomogeneous broadening ofXhe
as cavity polariton$,exhibit an anticrossing behavior with a line seem to confirm the limited influence of disorder on the
vacuum Rabi splitting up to several mé\f the X dephas-  splitting energy?® However, very little is known about the
ing time and the photon lifetime are longer than the Rabieffects on the coherent temporal dynamics, which is of basic
period, the coherent light-matter interaction manifests itselimportance for the achievement of an effective strong cou-
as an oscillation betweexi's and photons. In real structures, pling regime. To date, time-resolve@R) reflectivity mea-
however, there always exists a certain degree of disordesurements with subpicosecond temporal resolution have been
e.g., fluctuations of the well width or composition, which reported on samples in which the dynamics is mainly deter-
leads to the inhomogeneous broadening of the electronic lewnined by the ultrashort photon lifetime of the bare catfty.
els. The spread of energies is expected to induce an addi-Four-wave mixing(FWM) has also been studiédDeep
tional decay rate for the optical coherence that could heavilgjuantum beats, a signature of the coherent energy exchange
damp theX-photon oscillations in the strong-coupling re- betweenX’s and photons, also have been observed for large
gime. detunings between th¥ resonance and the cavity. The de-
The effects of the inhomogeneous broadening in MC’scay rates of the time integratédl) FWM signals could not,
have been addressed very recently by various aufidi§. however, be explained in terms of a simple polariton picture,
the inhomogeneous width of the exciton levels is not largeisuggesting important disorder effects.
than the Rabi splitting,theoretical arguments indicate that  In this paper, we report on FWM experiments with quan-
close to resonandd) the size of the vacuum Rabi splitting is tum wells(QW's) embedded in a high-quality semiconductor
weakly affected by disordef?2) the split modes are homo- MC. Transmission spectra reveal a Rabi splitting of 8 meV at
geneously broadened, ard) besides the polaritons there resonance, and linewidths of 2 and 3 meV for the lower and
exists a continuum distribution of states in the MC's that upper polaritons, respectively. With respect to previous
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measurementSwe have also resolved the nonlinear signal

temporally. TR FWM is, in fact, the ideal spectroscopic tool

to obtain conclusive information on the homogeneous and
inhomogeneous broadening of the optically active states in
the MC!! In addition, we also present TR transmission data.
In comparison with reflectivity measurements, transmission
permits a direct and accurate evaluation of the linear
responséin both the time and spectral domains. The com-
parison of our experimental data with the solutions of the
semiclassical Maxwell-Bloch equations allows us to clarify

the way electronic disorder influences the coherent
X-photon coupling in MC's.

Transmission

7 A=-25meV

EXPERIMENT ey
1.31 1.32 1.33 1.34 1.35

The specimen we investigated consists of six 75-A-wide Energy (eV)
Ing16Gag gAS QW's at the antinodes of an32 long GaAs
cavity. The two cavity mirrors are AlAs/GaAl g 4As distrib- FIG. 1. Experimental transmission spectra, for different detun-
uted Bragg reflectors consisting of 15 and 19.5 pairs havingngs A between the lowest cavity mode and lowest exciton state.
reflectivities of 98.5% and 99.8%, respectively. The detuning'he dashed lines are fits using a Lorentzian.
A=hveaiy— Ennx between the Fabry-Paet mode and the
heavy-holeX mode varies across the sample because of thef magnitude larger than the homogeneous linewidth of
wedgelike shape of the cavitg is estimated in a way simi- X's,** but compares favorably with the typical inhomoge-
lar to that explained in Ref. 12. The linewidth of the main neous broadening;,, caused by interface or compositional
transmission peak at large negative detunifigs, of the disorder. A further analysis shows that the lower polaritons
lower polariton which has practically photonic charagier —can be fitted by Lorentzians with a linewidth that decreases
7.<0.7 meV, confirming the high quality of the cavity. On for increasing detuningkA|. Upper polaritons exhibit long
the other hand the upper polariton, which is practically artails at the high-energy side, however, interaction with light-
X and barely visible at this detuning, seems to be severdiole X’s and continuum states complicates the line shape
meV wide. Degenerate FWM experiments were performed irgnalysis considerably.
the forward two-beam configuration, using nearly transform- Figure 2 shows the TR transmission curves. In the range
limited 100 — 150-fs-long pulses centered in between the tw@f excitation intensities we have used, i.e., figf=10"
polariton energies. In this configuration, two pulsed lasephotonsfpulse cnf), the temporal behavior is independent
beamsF, andE, with wave vectork, andk,, respectively, of the laser intensity. In the limit of ultrashort pulse excita-
are focused on the sample at nearly normal incidence. Théon, the evolution of the transmitted beam coincides with the
two pulses arrive on the MC at times=0 (E,), and linear response of the microcavityAt large negative detun-
t=—AT (Ey). In the TI FWM experiments, the diffracted ings, the long-time exponential decay approaches the re-
beam E;, propagating along & —k,, was dispersed in a sponse of the bare Fabry®e resonator. From the decay
spectrometer. The spectrally resolved nonlinear signal wakate 7= 1 ps, we obtain a homogeneous broadening of 0.7
detected by a slow detectéa photomultiplier or a charge-
coupled semiconductor devicas a function of the delay T
AT between the incoming beams. The temporal evolution of / A=-4 meV
the diffracted and transmitted beams was obtained by up- 1=0.97 ps
converting the signal with a reference pulse in a 1-mm-thick T 3
LilO 5 crystal. The up-converted emission was detected by a
photomultiplier as a function of the delay time of the refer-
ence pulse. All the experiments were performed at a tem-
perature of 2 K.

EXPERIMENTAL RESULTS

TR Transmission

Figure 1 shows the transmission spectra for different de- :
tuningsA. An anticrossing behavior featuring a Rabi split- L 1=0.29ps 5
ting of 7.8 meV is clearly observed. At resonance, i.e., at T I R R
A =0, the widths(full widths at half maximun of the lower 0 1 2 3 4
and upper energy transmission peaks amount to 2.3 and 3 Time (ps)
meV, respectively. Given that & =0 the spectral broaden-
ing of the polaritons is expected to be the average between FiG. 2. Time-resolved(TR) transmission, measuregsolid
that of the bareX resonancéhomogeneouglusinhomoge-  curves at different detunings\ between cavity and exciton. The
neous contributior and that of the photon mode, we esti- dashed curves represent the numerical solutions of the Maxwell
mate anX linewidth of 4 — 5 meV. This is at least one order equations, as explained in the textis the exponential decay time.
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é‘ FIG. 4. Experimental(solid and theoretical(dashed time-
@ resolved(TR) FWM signals for different delayAT in the| polar-
or o i ization geometry. DetuningA=—2 meV, and l4,=3x10"
£ |Transmission photons{pulse cnf). At t= 0 the second pulse impinges on the
sample.
FWM remarkable. The spectrum of the incoming laser pulses, the
L ‘ ‘ transmission spectrum, and that of the diffracted beam at
131 132 133 134 135 AT=0 are reported in Fig. (®). The peaks in the FWM
Energy (eV) response practically coincide with the energies of the two

polaritons’ The temporal evolution of the nonlinear signal
FIG. 3. (@ Experimental(solid) and theoreticaldashegitime  depends strongly on the emission energy. The decay time

integrated(Tl) FWM signals, emitted at the lower and the upper =(0.7 ps at the upper polariton is very short. Conversely, the
polariton energies, vs delay timeT between the two laser pulses. ponlinear signal at the energy of the lower polariton decays
The incident bef’ims are colinearly) (or cocircylarly p(.)larize.d remarkably slowly with a time constant of 3.6 ps, for
(070"). Detuning A=—2 meV, and excitation intensity | 35 10'photonsfpulse cn?) this lifetime becomes den-
| o= 10" photonsfpulse cnf). (b) Spectra of the FWM emission sity independent and is as long as 13 (psarly 20 times
for AT=0 and collnearly_polarlzed beams, of the incident IaserIonger than ther measured in transmissiprvery weak os-
pulses, and of the transmitted beams. e . s .

cillations corresponding to the splitting measured in the

transmission spectra are visible at short delays. Amplitude
meV, in excellent agreement with the cavity linewidth. Theand period of these modulations are independent of excita-
initial temporal dynamics exhibits oscillations, correspond-tion for |.,<10* photons{pulse cnf). Beats with a longer
ing to an interference effect between the two polariton emisperiod(1.8 pg are also observed. The former oscillations are
sions. The oscillations disappear very quickly due to theobservable for all polarization configurations of the incoming
shorter lifetime of the uppeX-like mode (that can be esti- beams, whereas the phase and amplitude of the latter are
mated from its linewidth Close to resonance, both the am- quite sensitive to the polarization geometry, and disappear
plitude and decay time of the beats increase, as the oscillateompletely for cocircularly polarized input beams. Most of
strength and the lifetimes of the two polaritons become simithese features, in particular the extremely long decay rates
lar. Although the decay of the signal becomes much faster, iand their dependence on the emission energy, are distinctive
remains almost exponential with a long-time decay rate obf an inhomogeneously broadengdesonance. In addition,
1/0.29 ps ! (corresponding to a homogeneous broadening ofhe slow beats and the dependence of the nonlinear signal on
2.2 meV) that agrees very well with the spectral linewidth of the polarization geometry are a clear signature of the excita-
the longer-living lower polariton. To estimate the inhomoge-tion of biX states with antiparallel spirts.
neous contribution, we have performed a least-square fit to In Fig. 4 the temporal evolution of the FWM signal for
the experimental data. Taking as fitting function the producdifferent time delays AT, for A=-2 meV and
of a Lorentzian and a Gaussiamhich results from the Fou- 1.,~=3X 10" photons{pulse cnf), has been plotted. The
rier transform of the convolution between the homogeneousonlinear emission shows beatings with a period correspond-
and inhomogeneous spectral densjtighe temporal width ing to the Rabi splitting. Further, most of the signal is emit-
of the Gaussian results to be very long, confirming lee  ted at timest=AT, featuring a photon-echo-like behavior.
mogeneousature of the polariton broadenifig. This time-delayed emission unambiguously proves that the

Figure 3a shows the TI FWM signal versus delay time levels giving rise to the nonlinear emission andhomoge-

between the incoming beams foA=-2 meV and neouslybroadened. The nonlinear emission spectra feature
| = 10'* photons(pulse cnf). The difference between the peaks that are practically coincident with the polariton ener-
dynamics of the lineafFig. 2) and nonlinear responses is gies, because of the effect of spectral filtering of the MC on
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the exciting electric fields and on the nonlinear emission. For
the same reason the width of the echo, about 2 ps, is not
equal to the inverse of the full inhomogeneous broadening
vinh= 4 — 5 meV of theX distribution, which would yield a
width of =0.5 ps.

THEORETICAL MODEL AND DISCUSSION

P2

For the following discussion of the theoretical model, we
assume that the interaction between exciton and radiation
can be described in the framework of the Maxwell-Bloch
equations?* in which the electromagnetic field is treated
classically, and the exciton nonlinearities are accounted for
in the density-matrix formalism. To obtain the linear and
nonlinear responses, the Liouville equations for the density-
matrix elementg; ; are solved in the rotating-wave approxi-
mation up to the third order in the incoming electric fields.
pi,; are calculated for a five-level system, which accounts c
phenomenologically for one-exciton and two-exciton
states:® The resulting equations reagheglecting the de-
crease of the intensity of the incoming laser fieldls and
E,, due to the generation of the weak nonlinear radiafion

& ~ €w’ ~

2 E12)(@)+ 2 Eiz)(0) =0, 1) Time (ps)
pr 2 FIG. 5. (a) Square modulus of the linear polarizatid®"|?,
—2E3(w)+%’é3(w)= _Mow253<3)(w): 2 ar_ld (b) exciton populatiom, vs time after excitation by a 100-fs-
Jz c wide laser pulse, calculated at resonanae=Q) and for different

inhomogeneouX linewidths v;,,. Other parameters are given in

apij(wy) i pij(@y) the text.
— o = 7 HOp(@d]ij————, 3

i _ . . -
the calculations, we have considered\ aavity containing

only a single QW with an appropriate oscillator strength.
P(l)[(s)](t)zf 9(w) T p V) (w,)d]dw, Moreover, the distributed Bragg reflectors are replaced by
two dielectric layers with a very high refractive index; this
index has been chosen to reproduce the linewidth of 0.7 meV
of the bare Fabry-Ret mode as observed experimentally,
~ and used throughout the calculations. The model is strongly
A indicates the spectral component at the frequencf the  gimplified, but still contains the basic features of the
quantity A. p{7(wy) represent theth-order matrix density X-photon coupling. First, Maxwell's equation&l) were

elements for excitons with frequenay, . P™ (P®)) is the  golved for the spectral componeriig(w) andE,(w) of the
macroscopic lineafnonlineaj polarization.uo andc are the  jncident laser fields, by means of the standard transfer matrix
permeability and light velocity in the vacuum, respectively. nethod. The Fourier-transformed solutioBs ,(t) were

d(wy) is the spectral density of the inhomogeneous distribuinen used to calculate the nonlinear polarizaﬁé (t) [Egs.
tion of the X’s. H(t) is the usual semiclassical Hamiltonian =(3) L
of the five-level system interacting with the radiation figid. (3) and(4)]. Its spectral component&;™(w) were then in

1/7; ; are the phenomenological decay rates of the densityt-mduceOI into the inhomogeneous wave equatnto ob-

matrix elements; in a two-level system featuring transitiong@" the propagating fieldEs(«w) in the wells, the fields in
between the crystal ground state, the lowXsstate, one the ot_her regions of the cavity an_d outside were finally found
usually assumes ,=7, =Ty and 7, ;=7,,=T, for the by using again the transfer-matn)_( method. _
dephasing time and the longitudinal 'decay timeXed. re- We now discuss the effects of inhomogeneous broadening
spectively.d is the dipole moment operator. The QW, is con- N the temporal evolution of the linear and nonlinear polar-

sidered as a homogeneous medium with a local, macroscop%atlons’ as predicted byiour numerical model. For simplic-
dielectric functiorf ity, we refer to the numerical results obtained for a two-level

system at resonancé & 0), having a Rabi splitting of about
8 meV, anX dephasing tim& y=20 ps that is independent
e(w)=eb+J J(wy) x(w,wy)doy, (5) of energy, and a longitudinal decay timE= 100 ps
>Ty. Figure 5 shows the decay ¢P1)(t)|? for different
with €, the background dielectric constant apfw,w,) the  values ofy,,,. As the linear polarization is induced by the
local linear susceptibility of theX's with energyZw,.”  electric field, but at the same time contributes to its buildup
e=e,=const in the regions outside the wells. To simplify in the MC, |[P®)(t)|? decays exponentially, featuring the

= J 9(w,) PP (1) dw, . (4)
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FIG. 6. Time-resolvedTR) FWM signals, calculated for differ- FIG. 7. Time-integratedTl) FWM signals, emitted at the lower

ent inhomogeneouX linewidths y;,,, for A=0 andAT=5 ps. At  polariton energy, calculated for different inhomogeneoXs
t= 0 the second pulse impinges on the sample. Other parameteligewidths vy;,,, and for zero detuning\. Other parameters are
are given in the text. given in the text.

same time constant and beating period as the transmitted, with the QW’s, but does not contribute to their buildup in
beam. In the homogeneous limit, the decay rate ighe cavity(neglecting depletion P)(t) excites the propa-
(¥nt ¥)/2 (vn is the homogeneouxs linewidth), while for  gating cavity modes along the directiég, the intensity of
strong inhomogeneous broadeniftigat, however, is smaller  the outgoing diffracted beam is reported in Fig. 6, for differ-
than the Rabi splittingit becomes= (yin+ 7.)/2.° Concemn-  enty, ., for A=0 and forAT=5 ps. Fory,;,=5.5 meV, the
ing this, we point out that the Maxwell equations just requireFwM signal starts at=AT, exhibiting a photon-echo-like
that |P™)(t)|? follows the decay of E(t))|2. The compo-  behavior as a function of delay. The signal is modulated at
nent |P§<1)(t)|2, representing the linear polarization of the the Rabi frequency. However, these oscillations do not cor-
X’s with energyf w,, exhibits a very different and compli- respond to an effective modulation of thé population
cated behavior, which tends to the usual free induction decag(t), as shown in Fig. &). For smaller values of the inho-
with decay timeTy/2 in the limit of large inhomogeneous mogeneous broadening/,=2 meV), a substantial fraction
broadening. Fory;,,=0 andt<Ty, |PM(t)|?/N|d| (N is of the signal is also emitted at timés<AT. For a further
the density of states of the two-level sysjemequal to the decrease of the inhomogeneous broadening, the echo disap-
whole X population n(t):p@ excited by the beam pears. However, the buildup of the FWM signal remains
E,(t).X8 Thus the oscillations ofP(})(t)|? also imply oscil-  quite slow as it is determined by the cavity finesse and,
lations ofn(t), the very signature of the strong-coupling re- hence, by the polariton lifetime.
gime. At longer times, most of th& populationn(t) has For yinn=5.5 meV, the emission is a photon echo, and
become incoherent, hencetat Ty the decay time becomes thus the TI signal decreases with the delay tih& as
equal to the longitudinal on&,, and the Rabi oscillations € **"'™x (see Fig. 7, similarly to the case of bare quantum
disappear. In the case of strong inhomogeneous broadeniéells."® Decreasingy;yn, the TI signal exhibits a behavior
(andt<Ty), similar to that experienced by the populatin(t): the Rabi
oscillations become more and more pronounced, and the de-
J9(wy)| P (D)]?dwy cay rate increaseqdreaching @.+yn)/2 in the limit
”(t):f gl )ny(t)dwy= N[d| vinn="0]. Furthermore, the nonlinear signal is also emitted
for negative delay times because of the increasing lifetime of
|PM(1)]? the electric field in the cavity. Finally, we mention that the
CON|d] ©®  value of the longitudinal decay timf has a slight influence

. ) o on the FWM signal, as the nonlinear process depends on the
wheren,(t) is the population oK’s with energyfi wy. Thus,  cgoherent fraction of th& population.

although|PV|? decays rapidly and shows deep Rabi modu- |n the following, we compare the experimental results
lations, n(t) experiences only weak Rabi oscillations andith the numerical solutions of the Maxwell equations, ob-
decays slowly with the longitudinal decay tinTe [see Fig.  tained for the above-mentioned five-level model. The calcu-
5(b)]. Decreasingy;n, to about 0.3 times the Rabi splitting, |ated TR transmission decays are reported in Fig. 2; an inho-
the behavior ofn(t) approaches that of the homogeneousmogeneous distribution of th¥ levels with a full width at
case. half maximum of 5.5 meV has been taken. The oscillator
In analogy to what has been previously discussed foktrength has been adjusted to fit the frequency of the Rabi
P{M(t), the third-order polarizatio©)(t) is not expected oscillations at resonandthe cavity finesse has been kept the
to follow the polaritonlike behavior oP)(t). PG)(t) is  same as aboyeThe X dephasing time§y have been as-
generated by the nonlinear interaction of the be&@nsind sumed to vary across the transition, from 15 ps below the
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resonance to 1.4 ps at and above the reson&rtkis dis- coherent dynamics of th¥-photon coupling in microcavi-
persion has been chosen to fit the different decay rates of thiees. In the sample we have investigated, featuring a Rabi
TI FWM signal emitted at the lower and upper polariton splitting of 8 meV and a linewidth of the two polaritons of
energies; it also corresponds to the well-known fact that thebout 2.5 meV, the effect of the inhomogeneous distribution
localized X states, which are in the low-energy tail of the of the X states on the FWM response clearly dominates. The
inhomogeneously broadeneHd line, have much longer time-resolved FWM signal is emitted as a photon echo that is
dephasing times than the extended states. Despite the simoderately modulated by the beats between the two polari-
plicity of the model, the agreement with the experiment, intons, whereas the time-integrated signal versus the delay be-
particular the dependence of the long-time exponential decatyveen the two laser pulses shows long decay time$Q p9
on the detuning, is remarkable. It is also worth pointing outand only weak Rabi oscillations. Conversely, the linear re-
that the strong variation of th¥ dephasing times with en- sponse of the microcavity to an external, ultrashort pulse
ergy is essential to obtain the observed decay of the bea&xcitation exhibits deep oscillations and subpicosecond ex-
amplitude atA=~0. ponential decays. The Maxwell-Bloch equations satisfacto-
Figure 3 shows the comparison with the experimental Tlrily explain our experimental data. In particular, we show
FWM response. The dependence of the decay rate on thbat the decay of the time-integrated FWM signal depends
emission energies and the weak Rabi oscillations at the lowestrongly on the relative size of the inhomogeneous broaden-
polariton are in good agreement with the experiment. Thang with respect to the Rabi splitting. For strong inhomoge-
Rabi modulation of the TI traces of the upper polariton is,neousX broadening, the FWM emission is a photon echo,
however, much weaker in the experiments. Possibly, this difand the decay time of the Tl signal is similar to that of bare
ference could be due to the presenceXofontinuum states QW's. In the limit of small inhomogeneouX linewidths
which are ignored by the model. The beatings with the long(i.e., a Rabi splitting=4 times theX linewidth), a consider-
period can be reproduced well by taking &Hldinding en-  able fraction of the nonlinear polarization does not show any
ergy of 2.5 me\V2? Finally, the theoretically expected TR disorder-induced delay, the time-integrated trace versus de-
FWM responsgdashed curves in Fig.)Zagrees quite well lay time between the two laser pulses exhibits deep Rabi
with the experimentally observed echolike behavior. Theoscillations, and the decay time approaches that of(lthe
Rabi oscillations are much weaker than in Fig. 6, as muckean polariton waves. In this limit, the wholX population
shorter X dephasing times at the lower-energy side of thealso experiences important Rabi oscillations, i.e., the micro-
resonance (2 pshad to be taken. These shorter times havecavity is effectively in the strong-coupling regime.
been chosen to fit the faster decay rates of the experimental
Tl signal caused by the higher excitation intensities used in ACKNOWLEDGMENTS
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