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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 toytAelimit. 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
uniguely 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

The exciton-photon coupled system in a semiconduc€oulomb interaction of the constituents of the excitons.
tor microcavity structure is attracting a lot of current in- Nonlinear optical processes of bulk polaritons should also
terest in both fundamental and applied research [1]. Ide treated in the same framework. For the bulk case,
the strong coupling regime very large normal mode splithowever, the propagation effects of polaritons bring fur-
ting exists which is several orders of magnitude largether complications. Therefore, studies on the nonlinear
than that of the atomic system [2]. Various experimen+esponse of the cavity-exciton coupled system can help us
tal and theoretical studies have been performed to eluwith a deeper understanding of the polariton concept itself
cidate the features characteristic to the excitonic systerand bring up a new aspect of nonlinear optics.

[2—7]. As long as linear optical responses are concerned We will show in this Letter that the widely accepted
the semiclassical picture with anomalous dispersion assahird-order perturbation theory fails to describe the non-
ciated with excitons can well explain these features as ilinearities of the exciton-photon coupled system even when
was pointed out for the atomic system [8]. In the non-the excitation is strictly kept to the lowest-order power
linear regime, the atom-cavity coupled system showsevel of they® limit. A new model that is able to account
characteristic features originating from the granular nafor the experimental observations will be presented.

ture of the radiation field [9]. Because of the similari- The semiconductor microcavity sample used in this
ties with the atomic system and ease of integration withwork consists of a 12-nm-thick single quantum well
the existing semiconductor technology, the exciton-cavitfSQW) placed at the antinode of &/2-planer micro-
coupled system is expected to be suitable for the fabrieavity with an AIAs spacer sandwiched between the
cation of quantum logic devices. However, the atomictwo GaAgAlAs Bragg reflectors (22 and 14.5 pairs for
two-level system can be saturated with as little as ondottom and top, respectively). We scan the detuning
photon and shows a large nonlinearity, whereas the exenergyA = hw. — hiw, by selecting the spot position
citonic system behaves mostly harmonic in the low denon the sample which has a tapered cavity length across
sity regime. Any deviation from this harmonic behavior the surface.

is due to the nonideal bosonic nature of excitons. This We perform degenerate four-wave mixing (DFWM) ex-
deviation is essential to photon manipulation. Thereforeperiments in the self-pumped phase conjugation geometry
elucidation of the nonlinear optical responses of thg10] using tunable picosecond pulses (pulse width of 1.9
exciton-cavity coupled system is crucial to the realizationpsec and spectral width of 0.7 meV) from a mode locked
of the idea of quantum logic devices. Ti:sapphire laser. We can tune the center frequency of

In the conventional scheme of nonlinear optics thethe pulses continuously without losing mode locking. The
nonlinear polarization is evaluated as a higher-order perecorded DFWM signals, as a function of laser frequency,
turbation of the exciton-photon dipole interaction. Thisare called frequency-domain DFWM (FD-DFWM) spec-
framework is not applicable to the strong coupling regimetra. The pump beam is directed perpendicular to the
because the exciton-photon dipole interaction is fullysample surface, while the test beam is slightly tilted (about
taken into account nonperturbatively in order to form3°) from normal incidence. The pulse energy of the
cavity polaritons. Nonlinear responses are described dseams is kept low so that the exciton density is less than
higher-order scattering of cavity polaritons by the anhar-10° cn?. At this excitation level, FD-DFWM signals are
monicities which originate from the fermionic nature andlinear to the test beam intensity and square to the pump
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beam intensity. No power dependent change of the spe€x, o+, o—), where the polarization states in a bracket de-
tral response is observed. note pump beam, test beam, and signal beam, respectively.
The dotted lines of the bottom graph in Fig. 1 show theFigure 2 shows FD-DFWM spectra at = 0 for all po-
linear reflection spectra at various spot positions on théarization configurations. A strong signal appears at the
sample, and therefore various detunings. Two dips assapper branch resonance in the parallel configuration (A)
ciated with the heavy-hole exciton resonance and cavityhile the lower branch signal dominates in the orthogonal
resonance are observed. The upper graph shows the smamnfiguration (B). In the other polarization configurations
of normal mode resonance as a function of spot position(C, D, and E), signals appear in both the upper and lower
The calibrated detuning energy is indicated at the abscisseodes.
The mode splitting at zero detuning is 4.3 meV which is In our previous paper [10], we analyzed the effective
larger than the linewidths of the exciton or the cavity atfield amplitude at the position of the SQW in the
about 1.5 meV. Solid lines in the bottom graph showmicrocavity and evaluated the enhancement factor for the
FD-DFWM spectra in the co-circularly polarized config- phase conjugation reflectivity by considering the exciton-
uration, where polarization states of the pump and tegphoton dipole interaction a perturbation. In the strong
beam areo .. Strong signals appear at both the uppercoupling limit the internal field amplitude disappears at
and lower branch resonance. We perform the FD-DFWMhe bare exciton resonance, and strong suppression of
experiments in the following polarization configurations:the DFWM signal is expected. This contradicts our
A (x,x,x),B(x,y,y),C(0+,0+,01),D(x,04,04+), E experimental results. Therefore, in order to explain the
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 results.
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FIG. 1. Linear reflection spectra (dotted lines) and degenerate E
four-wave mixing spectra (solid lines) of the GaAs SQW for g~
various detunings. DFWM measurements are performed in the 1.548 1552 1.556 1.560
co-circular polarization configuration, where all the beams are Photon Energy (eV)

o polarized. In the upper graph, the normal mode resonance

observed in linear reflection spectra is plotted as a function ofFIG. 2. Spectra of FD-DFWM at zero detuning for various
spot position. The calibrated energy scale for detuning energpolarization configurations indicated in the figure are described
is shown. in the text.
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where a, and b, denote the annihilation operators of scattering probabilitiedpc, which can be expressed as
the cavity photons and excitons with heliciy and [11,12]

frequenciesv,. andw,, respectively. We assume that the 2 8

cavity photons and excitons have no lateral momentum, |<a(‘%‘(’;ra2)"3|:Hz)l|0)12"2a1”‘>| Kala)hhls

i.e., k = 0, and we omit writing the wave vector indices. Ipc * H N 2 SBLILI

The constantg expresses the strength of the exciton- [(Bsor B3, lHni| Bao. Bro KB TP 15

photon coupling. We can diagonaliZé, with cavity- (for & = ap). (3)
polariton modes, Here, thel;’s are the intensity of théth beam. The beam
indices,i = 1, 2, 3, and 4, denote the beams of forward
Hy = Z [hwaaia,, + hwﬁﬁlﬁa], (2) pump, backward pump, test, and signal, respectively. In
o=* the scattering processes the tafalof the two incoming

wherea,, (B,) is the annihilation operator of the upper and outgoing polaritons are conserveff,,; has the fol-
(lower) branch mode with resonance frequencies lowing terms:
(wg). The linear coupllng coefficients of cavity ph(_)ton Ho = H, + Hy + Hy + He.. )
components and exciton components are a function of
the detuningA. Please note that photon and exciton Tt Tt
. = _ _+ _by_

components are out of phase for the upper polariton mode’”! W(b“bfr bfr+b1 b‘”bfr b?r biv
and in phase for the lower polariton. + b4—b3ibyybi— + by_b3iby_b11), (5)

Figure 3 shows a schematic of the self-pumped phase

conjugation geometry. The pump beam excites two _ Tt

counterpropagating polaritons. The higher-order coupling Hy =R UZ-i baobighrobis (©)
between the excitons and the cavity photons, which is

expressed with the nonlinear Hamiltonid#,;, causes Hy; = —gv Z [bLb;ﬂ,bzgalg + bit,a;rgbnglg].
the elastic scattering shown in Fig. 3(b). The test beam o=t 7)

selects the modes of the outgoing polaritons. The
backward-going polariton is connected to the phasdhe first term represents the interaction between two
conjugation signal photon outside of the cavity. Whenexcitons with opposite helicity. Resonant two polariton
the nonlinear interaction is much weaker than the excitonscattering via a biexciton state with = 0 is related to
photon coupling, we can treat,, as a perturbation within this term [12]. The second and third term act on pairs of
the interacting boson picture. The FD-DFWM signal polaritons with the same helicities. The terf# repre-
intensity at the polariton resonance is proportional to thesents the repulsive interaction between two excitons with
same helicity. The last terni{5, represents the reduction
of the exciton-photon coupling due to phase space filling
(a) sQw [13,14]. The occupation of the exciton with density b)
changes the exciton-photon couplipgo g(1 — »{(b1b))
(v > 0). In the configurations C and D the test beam

p% and signal beam have the same helicity, and thus

test/v and H; are effective. In the E configuration the two
- outgoing polaritons have opposite helicities, and afily

signal contributes to the nonlinear scattering. In the cases of the

linear polarization configurations A and B, the one-exciton
state is expressed abyy) = (|bx+) + |bx_))/+/2 or
lbky) = (|bk+) — |bx—))/~/2i. The intermediate two po-
(b) lariton states are the linear combination of the= 0 state
o andJ, = *2 state, and all terms contribute to the DFWM
signal. In order to understand the mechanism of the mode
switching, we examine the role of the relative phase of the
exciton and photon component in the upgen and the
lower (8) mode operators. The ternif; and H, consist
of only exciton operators with the scattering amplitudes
ol for both modes having the same sign. On the other hand,
the phase space filling terms ify have one photon opera-

FIG. 3. (a) Schematic of the self-pumped phase conjugatio ; ;
experiment. (b) Relevant processes for DFWM based on thgorand three exciton operators, and therefore the scattering

cavity-polariton picture. Two incoming polaritons provided amplitudes show opposite sign fo'r the upper and lower
by the pump beam are elastically scattered into two outgoingnodes. In the parallel configuration (A), the SIgna}IS at
polaritons conserving energy and momentum. the upper and lower mode resonance at zero detuning are
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expressed adpc(w = wq;A) < |W/4 + (R/2 — gv)|*>  between theory and experiment is excellent. Scattering
and Ipc(w = wg;A) « |[W/4 + (R/2 + gv)|>. When is caused by anharmonicities in the interaction poten-
we change the test beam polarization fromwatio ay di-  tial resulting from the attractive and repulsive interaction
rection, the relative signs of the = Otermand/, = =2  between excitons and phase space filling. The attractive
terms change. The signals in the orthogonal configurainteraction and phase space filling effect dominantly con-
tion (B) are Ipc(w = wq4;B) * |[W/4 — (R/2 — gv)|*>  tribute to the excitonic nonlinearity in GaAs quantum well
and Ipc(o = wg;B) « |W/4 — (R/2 + gv)]*>. The systems.

fact that the upper branch signal of (A) is switched Systematic experiments which involve changing the
to the lower mode in (B) invokes the conditions, exciton-photon coupling are necessary in order to find
|W/4l,|—gv|>|R/2|, and W <0. The negative sign the way to the present cavity-polariton model from

of W indicates that the interaction between and o- conventional nonlinear optics.
excitons is attractive irrespective of the existence of a The authors would like to thank Dr. Georg Mohs
stable biexciton state. for the critical reading of the manuscript. This work

Figure 4(a) shows the experimental data for the detunwas supported by a grant-in-aid for scientific research
ing dependence of the upper and lower mode signals fdn the priority area of Mutual Quantum Manipulation
all polarization configurations. We calculate the corre-of Radiation Field and Matter from the ministry of
sponding signal intensities for various values Rff W,  Education, Science and Culture of Japan and the CREST
and gv. We find that the ratio of these three parame-(Core Research for Evolutional Science and Technology)
ters is uniquely determined in order to match the theoretiby the Japan Science and Technology Corporation (JST).
cal curves to the experimental data. Figure 4(b) shows
the calculated curves for the ratio #86/4 : R/2 : gv =
—0.75 : 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 polarization *Present address: Department of Physics and Research
dependent degenerate four-wave mixing in a semiconduc- Laboratory of Electronics, Massachusetts Institute of
tor microcavity structure in the strong coupling regime.  Technology, Cambridge, MA 02139.
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