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We report frequency-domain degenerate four-wave mixing results on excitons in a semiconductor
microcavity in the strong coupling regime. The excitation is kept to thex s3d limit. The spectral response
shows strong polarization dependence. We analyze the data with a new model where the degenerate
four-wave mixing process is described as an elastic scattering of two cavity polaritons mediated by
the state filling effect and the two-body attractive and repulsive interaction between excitons. From
the polarization and detuning dependence, the ratio of the coupling constants of these three terms is
uniquely determined. We find that the attractive interaction term and the state filling are the dominant
contributions to the nonlinearity. [S0031-9007(97)03813-1]

PACS numbers: 71.36.+c, 42.50.–p, 42.65.–k, 71.35.Lk
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The exciton-photon coupled system in a semicondu
tor microcavity structure is attracting a lot of current in
terest in both fundamental and applied research [1].
the strong coupling regime very large normal mode sp
ting exists which is several orders of magnitude larg
than that of the atomic system [2]. Various experime
tal and theoretical studies have been performed to e
cidate the features characteristic to the excitonic syst
[2–7]. As long as linear optical responses are concern
the semiclassical picture with anomalous dispersion as
ciated with excitons can well explain these features as
was pointed out for the atomic system [8]. In the no
linear regime, the atom-cavity coupled system sho
characteristic features originating from the granular n
ture of the radiation field [9]. Because of the similar
ties with the atomic system and ease of integration w
the existing semiconductor technology, the exciton-cav
coupled system is expected to be suitable for the fab
cation of quantum logic devices. However, the atom
two-level system can be saturated with as little as o
photon and shows a large nonlinearity, whereas the
citonic system behaves mostly harmonic in the low de
sity regime. Any deviation from this harmonic behavio
is due to the nonideal bosonic nature of excitons. Th
deviation is essential to photon manipulation. Therefo
elucidation of the nonlinear optical responses of t
exciton-cavity coupled system is crucial to the realizatio
of the idea of quantum logic devices.

In the conventional scheme of nonlinear optics th
nonlinear polarization is evaluated as a higher-order p
turbation of the exciton-photon dipole interaction. Th
framework is not applicable to the strong coupling regim
because the exciton-photon dipole interaction is fu
taken into account nonperturbatively in order to for
cavity polaritons. Nonlinear responses are described
higher-order scattering of cavity polaritons by the anha
monicities which originate from the fermionic nature an
0031-9007y97y79(7)y1341(4)$10.00
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Coulomb interaction of the constituents of the exciton
Nonlinear optical processes of bulk polaritons should a
be treated in the same framework. For the bulk ca
however, the propagation effects of polaritons bring fu
ther complications. Therefore, studies on the nonline
response of the cavity-exciton coupled system can help
with a deeper understanding of the polariton concept its
and bring up a new aspect of nonlinear optics.

We will show in this Letter that the widely accepte
third-order perturbation theory fails to describe the no
linearities of the exciton-photon coupled system even wh
the excitation is strictly kept to the lowest-order powe
level of thexs3d limit. A new model that is able to accoun
for the experimental observations will be presented.

The semiconductor microcavity sample used in th
work consists of a 12-nm-thick single quantum we
(SQW) placed at the antinode of aly2-planer micro-
cavity with an AlAs spacer sandwiched between th
two GaAsyAlAs Bragg reflectors (22 and 14.5 pairs fo
bottom and top, respectively). We scan the detuni
energyD ; h̄vc 2 h̄ve by selecting the spot position
on the sample which has a tapered cavity length acr
the surface.

We perform degenerate four-wave mixing (DFWM) ex
periments in the self-pumped phase conjugation geome
[10] using tunable picosecond pulses (pulse width of 1
psec and spectral width of 0.7 meV) from a mode lock
Ti:sapphire laser. We can tune the center frequency
the pulses continuously without losing mode locking. Th
recorded DFWM signals, as a function of laser frequenc
are called frequency-domain DFWM (FD-DFWM) spec
tra. The pump beam is directed perpendicular to t
sample surface, while the test beam is slightly tilted (abo
3±) from normal incidence. The pulse energy of th
beams is kept low so that the exciton density is less th
109 cm2. At this excitation level, FD-DFWM signals are
linear to the test beam intensity and square to the pu
© 1997 The American Physical Society 1341
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beam intensity. No power dependent change of the sp
tral response is observed.

The dotted lines of the bottom graph in Fig. 1 show th
linear reflection spectra at various spot positions on t
sample, and therefore various detunings. Two dips as
ciated with the heavy-hole exciton resonance and cav
resonance are observed. The upper graph shows the
of normal mode resonance as a function of spot positio
The calibrated detuning energy is indicated at the abscis
The mode splitting at zero detuning is 4.3 meV which
larger than the linewidths of the exciton or the cavity
about 1.5 meV. Solid lines in the bottom graph sho
FD-DFWM spectra in the co-circularly polarized config
uration, where polarization states of the pump and t
beam ares1. Strong signals appear at both the upp
and lower branch resonance. We perform the FD-DFW
experiments in the following polarization configuration
A sx, x, xd, B sx, y, yd, C ss1, s1, s1d, D sx, s1, s1d, E

FIG. 1. Linear reflection spectra (dotted lines) and degener
four-wave mixing spectra (solid lines) of the GaAs SQW fo
various detunings. DFWM measurements are performed in
co-circular polarization configuration, where all the beams a
s1 polarized. In the upper graph, the normal mode resonan
observed in linear reflection spectra is plotted as a function
spot position. The calibrated energy scale for detuning ene
is shown.
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sx, s1, s2d, where the polarization states in a bracket d
note pump beam, test beam, and signal beam, respectiv
Figure 2 shows FD-DFWM spectra atD  0 for all po-
larization configurations. A strong signal appears at t
upper branch resonance in the parallel configuration (
while the lower branch signal dominates in the orthogon
configuration (B). In the other polarization configuration
(C, D, and E), signals appear in both the upper and low
modes.

In our previous paper [10], we analyzed the effectiv
field amplitude at the position of the SQW in the
microcavity and evaluated the enhancement factor for t
phase conjugation reflectivity by considering the excito
photon dipole interaction a perturbation. In the stron
coupling limit the internal field amplitude disappears a
the bare exciton resonance, and strong suppression
the DFWM signal is expected. This contradicts ou
experimental results. Therefore, in order to explain th
observed features, we need a new picture for DFWM
We show in the following that a model based on cavity
polariton concept can account for the experimental resu

First, we consider the unperturbed HamiltonianH0.
The helicity, which is thez component of the angular
momentumJz, is a good quantum number, and thus w
take circularly polarized states,Jz  1 ss1d or Jz  21
ss2d as the bases. In these basesH0 is expressed as

H0 
X

s6

fh̄vcay
sas 1 h̄veby

sbs

1 gsay
sbs 1 by

sasdg , (1)

FIG. 2. Spectra of FD-DFWM at zero detuning for variou
polarization configurations indicated in the figure are describ
in the text.
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where as and bs denote the annihilation operators o
the cavity photons and excitons with helicitys and
frequenciesvc andve, respectively. We assume that th
cavity photons and excitons have no lateral momentu
i.e., $kk  0, and we omit writing the wave vector indices
The constantg expresses the strength of the exciton
photon coupling. We can diagonalizeH0 with cavity-
polariton modes,

H0 
X

s6

fh̄vaay
sas 1 h̄vbby

sbsg , (2)

whereas sbsd is the annihilation operator of the uppe
(lower) branch mode with resonance frequenciesva

svbd. The linear coupling coefficients of cavity photon
components and exciton components are a function
the detuningD. Please note that photon and excito
components are out of phase for the upper polariton mo
and in phase for the lower polariton.

Figure 3 shows a schematic of the self-pumped pha
conjugation geometry. The pump beam excites tw
counterpropagating polaritons. The higher-order coupli
between the excitons and the cavity photons, which
expressed with the nonlinear HamiltonianHnl, causes
the elastic scattering shown in Fig. 3(b). The test bea
selects the modes of the outgoing polaritons. T
backward-going polariton is connected to the pha
conjugation signal photon outside of the cavity. Whe
the nonlinear interaction is much weaker than the excito
photon coupling, we can treatHnl as a perturbation within
the interacting boson picture. The FD-DFWM signa
intensity at the polariton resonance is proportional to t

FIG. 3. (a) Schematic of the self-pumped phase conjugati
experiment. (b) Relevant processes for DFWM based on
cavity-polariton picture. Two incoming polaritons provided
by the pump beam are elastically scattered into two outgoi
polaritons conserving energy and momentum.
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scattering probabilitiesIPC, which can be expressed a
[11,12]

IPC ~

8>><>>:
jka4s4 a3s3 jHnlja2s2 a1s1 lj2jka j alj8I1I2I3

sfor v  vad
jkb4s4 b3s3 jHnljb2s2b1s1lj2jkb j alj8I1I2I3

sfor v  vbd . (3)

Here, theIi ’s are the intensity of theith beam. The beam
indices,i  1, 2, 3, and 4, denote the beams of forwa
pump, backward pump, test, and signal, respectively.
the scattering processes the totalJz of the two incoming
and outgoing polaritons are conserved.Hnl has the fol-
lowing terms:

Hnl  H1 1 H2 1 H3 1 H.c. , (4)

H1  W sby
41b

y
32b21b12 1 b

y
41b

y
32b22b11

1 b
y
42b

y
31b21b12 1 b

y
42b

y
31b22b11d , (5)

H2  R
X

s6

b
y
4sb

y
3sb2sb1s , (6)

H3  2gn
X

s6

fby
4sb

y
3sb2sa1s 1 b

y
4sa

y
3sb2sb1sg .

(7)

The first term represents the interaction between t
excitons with opposite helicity. Resonant two polarito
scattering via a biexciton state withJz  0 is related to
this term [12]. The second and third term act on pairs
polaritons with the same helicities. The termH2 repre-
sents the repulsive interaction between two excitons w
same helicity. The last term,H3, represents the reductio
of the exciton-photon coupling due to phase space fill
[13,14]. The occupation of the exciton with densitykbybl
changes the exciton-photon couplingg to gs1 2 nkbybld
sn . 0d. In the configurations C and D the test bea
and signal beam have the same helicity, and thusH2
and H3 are effective. In the E configuration the tw
outgoing polaritons have opposite helicities, and onlyH1

contributes to the nonlinear scattering. In the cases of
linear polarization configurations A and B, the one-excit
state is expressed asjbkXl  sjbk1l 1 jbk2ldy

p
2 or

jbkY l  sjbk1l 2 jbk2ldy
p

2 i. The intermediate two po-
lariton states are the linear combination of theJz  0 state
andJz  62 state, and all terms contribute to the DFW
signal. In order to understand the mechanism of the m
switching, we examine the role of the relative phase of
exciton and photon component in the uppersad and the
lower sbd mode operators. The termsH1 andH2 consist
of only exciton operators with the scattering amplitud
for both modes having the same sign. On the other ha
the phase space filling terms inH3 have one photon opera
tor and three exciton operators, and therefore the scatte
amplitudes show opposite sign for the upper and low
modes. In the parallel configuration (A), the signals
the upper and lower mode resonance at zero detuning
1343
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expressed asIPCsv  va ; Ad ~ jWy4 1 sRy2 2 gndj2
and IPCsv  vb ; Ad ~ jWy4 1 sRy2 1 gndj2. When
we change the test beam polarization from anx to a y di-
rection, the relative signs of theJz  0 term andJz  62
terms change. The signals in the orthogonal configu
tion (B) are IPCsv  va ; Bd ~ jWy4 2 sRy2 2 gndj2
and IPCsv  vb ; Bd ~ jWy4 2 sRy2 1 gndj2. The
fact that the upper branch signal of (A) is switche
to the lower mode in (B) invokes the conditions
jWy4j, j2gnj . jRy2j, and W , 0. The negative sign
of W indicates that the interaction betweens1 and s2

excitons is attractive irrespective of the existence of
stable biexciton state.

Figure 4(a) shows the experimental data for the detu
ing dependence of the upper and lower mode signals
all polarization configurations. We calculate the corr
sponding signal intensities for various values ofR, W ,
and gn. We find that the ratio of these three param
ters is uniquely determined in order to match the theore
cal curves to the experimental data. Figure 4(b) sho
the calculated curves for the ratio asWy4 : Ry2 : gn 
20.75 : 0.1 : 1.0. The spectra of Fig. 2 are well repro
duced with the same parameters [11].

In conclusion, we have reported mode and polarizati
dependent degenerate four-wave mixing in a semicond
tor microcavity structure in the strong coupling regime
The observed features clearly show the failure of the sta
dard framework of third-order perturbation of the exciton
photon dipole interaction. We propose a new treatme
where FD-DFWM is described as stimulated paramet
scattering of cavity polaritons. The obtained agreeme

FIG. 4. Detuning dependence of the DFWM signal for th
upper and lower mode resonance for the same polarizat
configurations as in Fig. 2. (a) Experimental data and (b) c
culated curves.
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between theory and experiment is excellent. Scatteri
is caused by anharmonicities in the interaction pote
tial resulting from the attractive and repulsive interactio
between excitons and phase space filling. The attracti
interaction and phase space filling effect dominantly co
tribute to the excitonic nonlinearity in GaAs quantum we
systems.

Systematic experiments which involve changing th
exciton-photon coupling are necessary in order to fin
the way to the present cavity-polariton model from
conventional nonlinear optics.
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