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We report the effects of depolarization on the excitonic Rabi oscillation in GaAs thin films

measured in the 2k1 � k2 direction of a degenerate four-wave-mixing signal. The Rabi frequency,

measured by changing the k2 pulse intensity, varies with the k1 pulse intensity; the Rabi frequency

decreases with an increase in the k1 power. This decrease originates from the reduction in the field

intensity of the k2 pulse, which consists of the local field and depolarization terms. Cancellation of

the k2 field due to depolarization leads to the decrease in the Rabi frequency. VC 2011 American
Institute of Physics. [doi:10.1063/1.3624667]

I. INTRODUCTION

Various materials, such as semiconductor nanostruc-

tures, have been extensively studied with the aim of develop-

ing ultrafast information processing devices that can deal

with vast amounts of data.1,2 Although the optical nonlinear

response induced by excitons in semiconductors is an attrac-

tive phenomenon with regard to these devices, the finite life-

time of this response, which is longer than input-pulse

separation, results in problems in switching operations at a

high repetition rate.3 Thus, ultrafast optical control of the

excitonic states by means of interaction with photons, for

instance, through Rabi flopping, has been proposed.4

In the Rabi flopping process, the causes of deviation in

the excitonic Rabi frequency and intensity damping are a sub-

ject of intense debate. Possible explanations, such as excita-

tion of multiexciton transitions, acoustic-phonon mediated

dephasing, inhomogeneity of excitation fields, and depolari-

zation effects, have been considered. Multiexciton transitions

damp the Rabi rotation because of detuning.5 In the phonon

model, coupling with lattice vibrations via the deformation

potential modulates the Rabi oscillation.6 The inhomogeneity

of the excitation field in quantum dot ensembles with a large

inhomogeneous width leads to damping because of the distri-

bution of the pulse area and dipole moment.7,8 Moreover, the

external light field is split into local field and depolarization

terms; the depolarization factor cancels the external fields

and increases with the power of input light for the Rabi oper-

ation and for the coherent manipulation of excitonic states to

operate the all-optical switches.9–11

We have focused on the excitonic characteristics confined

in GaAs thin films with the thickness of 110 nm.12–16 In the

thin films, the long-wavelength approximation does not hold

and the concept of the Rabi oscillation based on the atomic

systems is strictly invalid. However, as discussed in our previ-

ous report, the excitons confined in the thin films exhibit the

Rabi oscillation behavior.13 On the other hand, the polarization

Rabi oscillation, measured by a degenerate four-wave-mixing

(DFWM) technique, exhibits large deviation from the Rabi fre-

quency in a larger pulse area region; accordingly, understand-

ing the similarity between the Rabi oscillations in weak

confinement regimes and the Rabi oscillations in strong con-

finement regimes is important for realizing coherent control of

the exciton states. In particular, coherent control of the exci-

tons in the thin films requires revealing the depolarization

effect. To our knowledge, excitonic Rabi oscillation has not

been reported in such thick semiconductor systems, and hence,

the effect of the depolarization factor is unclear. In this work,

we present the effects of depolarization on the Rabi oscillation

in the optical response of excitons confined in GaAs thin films

by use of a DFWM technique. According to the k2-power

(Pk2
) dependence of the two-beam DFWM signal in the

2k1 � k2 direction at various k1 powers (Pk1
), the value of the

Rabi frequency varies with Pk1
. We discuss the Rabi frequency

change based on the depolarization effect.

II. EXPERIMENT

A sample used in the present study is a double heterostruc-

ture thin film with three periods of GaAs(110 nm)/Al0:3Ga0:7As

(5 nm) grown on a (001) GaAs substrate by molecular beam epi-

taxy. The enhancement of the nonlinear optical response of con-

fined excitons in a thin film with a thickness of approximately

110 nm has been reported; this enhancement occurs due to strong

coupling with the light field originating from a nonlocal

response.17 The nonlinear optical response of the excitons was

measured by using a DFWM technique at 3.4 K in the backward

direction of 2k1 � k2. The light source was a mode-locked

Ti:sapphire pulse laser with a repetition rate of 80 MHz and a

pulse width Dt of 95 fs. The pulse was in the form of a sech2

function and the spectral width was 11.4 meV, corresponding to

D� ¼ 2:76 THz. This pulse was slightly different from a trans-

form-limited pulse, since the value of the product D�Dt was cal-

culated to be 0.262. The pulse train was split into two pulses, k1

and k2, which were both focused on a single 285-lm-diameter

spot on the sample, measured with a charge-coupled-devicea)Electronic mail: kojima@phoenix.kobe-u.ac.jp.
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camera. The k1 and k2 pulses were copolarized. According to the

photon echo scheme, the k1 (k2) pulse corresponds to the probe

(pump) pulse. The central energy was 1.5158 eV, which was the

lowest exciton energy of the sample.12,14–16 In time-domain

DFWM measurements, a fast-scan system equipped with a

shaker having a frequency of 20 Hz was employed instead of a

conventional lock-in detection system.

III. RESULTS AND DISCUSSION

A. Rabi frequency shift

Figure 1(a) shows the dependence of the DFWM signal

on Pk1
when Pk2

was kept at 0.10 mW. The DFWM signal

originates from the optical nonlinearity of the confined exci-

tons, and the ultrafast response comparable with the pulse

width around zero-delay results from the overlapping of the

oscillatory structures; these oscillatory structures are induced

by the interference between the confined exciton states.12

The intensity of the DFWM signal increases with Pk1
. In

order to clarify the dependence of the DFWM intensity on

Pk1
, the dependence of the intensity at zero-delay IDFWM was

plotted as a function of Pk1
, as shown in the inset of Fig.

1(a). IDFWM is not linearly proportional to Pk1
. In the case of

Rabi oscillation, the power dependence is described by the

following equation:18

IDFWMðH1;H2Þ / sin2ðH2Þsin4ðH1=2Þ: (1)

Here, H1 (H2) represents the area of the k1 (k2) pulse defined

as Hi ¼ pEiDt=�hði ¼ 1 or 2), where p is the transition dipole

moment of the exciton, E is the electric-field amplitude of

the optical pulse, and �h is Dirac’s constant. Thus, Hi is pro-

portional to
ffiffiffiffiffiffi
Pki

p
. Although this formula is defined in the

case that the temporal separation between the k1 and k2

pulses is larger than the pulse width, we assumed that the

effects induced by the pulse width are negligible for excitons

with a fast dephasing rate. We performed a fitting using a

function form of sin4ð
ffiffiffiffiffiffiffi
Pk1

p
=2Þ on IDFWM, as shown in Fig.

1(b). Here, we extrapolated the intensity value of zero at

Pk1
¼ 0. The fitting result is shown by the solid curve. IDFWM

clearly depends on sin4ð
ffiffiffiffiffiffiffi
Pk1

p
=2Þ, which indicates the Rabi

oscillation of excitonic polarization.

To clarify the depolarization effect due to the exciton

generated by the k1 pulse on the Rabi oscillation generated

by the k2 pulse, we measured the Pk2
dependence of the

DFWM signal at various Pk1
values. The results are shown in

Fig. 2(a), which shows IDFWM as a function of
ffiffiffiffiffiffiffi
Pk2

p
. The Pk2

dependence for each Pk1
was normalized by the

FIG. 1. (Color online) (a) DFWM signals in GaAs thin films observed at

various Pk1
values. Pk2

is kept at 0.10 mW. The inset shows the Pk1
depend-

ence of the signal intensity. (b) Analysis of signal intensity based on Rabi

oscillation. The solid curve indicates the fitting curve.

FIG. 2. (Color online) (a) Pk2
dependence of the DFWM signal measured at

various Pk1
values. Solid curves indicate the analysis curves based on the

Rabi oscillation. Arrows show Pk2
reaching a maximum intensity. (b) Peak

P0:5
k2

as a function of P0:5
k1

. The solid line indicates the linear fitting.
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corresponding maximum intensity. As Pk1
increases, Pk2

,

exhibiting the maximum intensity, also increases; mean-

while, the total exciton density increases with Pk1
. This result

supports the concept that the decrease in signal intensity

arises from the Rabi oscillation and not from high-density

excitation effects. The shift to the higher Pk2
side of the max-

imum intensity, denoted by arrows in Fig. 2(a), indicates a

decrease in the Rabi frequency with increasing Pk1
.

Based on Eq. (1), the analysis curves of the Pk2
depend-

ence of IDFWM are obtained; these curves are shown in Fig.

2(a) as solid curves. The peak
ffiffiffiffiffiffiffi
Pk2

p
, exhibiting the maximum

IDFWM, is plotted as a function of
ffiffiffiffiffiffiffi
Pk1

p
in Fig. 2(b) (open

circles). The peak
ffiffiffiffiffiffiffi
Pk2

p
is linearly proportional to

ffiffiffiffiffiffiffi
Pk1

p
. The

solid line indicates the result of least squares fitting to the ex-

perimental results. From this fitting, the
ffiffiffiffiffiffiffi
Pk1

p
dependence of

the peak
ffiffiffiffiffiffiffi
Pk2

p
is given by 0:427

ffiffiffiffiffiffiffi
Pk1

p
þ 0.231 mW0:5. The

intercept of
ffiffiffiffiffi
P0

p
¼ 0:231 mW0:5 is shown by the dashed line

in Fig. 2(a). When this value of the intercept originates from

the intrinsic exciton dipole moment of this sample,19 the eval-

uation of p is possible using the relation pEDt=�h ¼ p=2. The

evaluated excitonic (quasi-) dipole moment is 2000 D.

To clarify the effect of excitation-induced dephasing on

the shift of the peak
ffiffiffiffiffiffiffi
Pk2

p
, we focused on the dephasing of

the signal shown in Fig. 1(a). As shown in Fig. 3(a), the

time-domain signals exhibit a complex oscillatory structure,

due to the excitonic quantum beats,12 and thus, evaluation of

the dephasing time by fitting the temporal curves is difficult.

Instead of the usual formula for the quantum beats in the

DFWM signals,20 we performed the fitting with the follow-

ing simplified expression:

IðtÞ / C1e�t=s1 þ C2cosðxtþ /Þe�t=s2 ; (2)

where the first term decides the overall signal decay profile

and the second term describes the oscillation-like behavior,

that is, the decrease and increase in the signal intensity after

0.5 ps. In this expression, s1 is the overall signal decay time,

s2 is the decay time of the oscillation-like behavior, x is the

oscillation frequency, / is the phase, and C1 (C2) is the mag-

nitude of the first (second) term. The fitting results are shown

in Fig. 3(a) as dotted curves. Figure 3(b) plots the evaluated

s1 (open circles) and s2 (closed circles) as a function of Pk1
.

Both s1 and s2 are almost entirely independent of Pk1
. There-

fore, the effect of excitation-induced dephasing is not the

main reason for the shift of the peak
ffiffiffiffiffiffiffi
Pk2

p
.

Next, we discuss the effect of depolarization of the k2 field

on the excitonic Rabi oscillation. From the analysis curve in

Fig. 2(a), we estimated the Rabi frequency X using the peakffiffiffiffiffiffiffi
Pk2

p
. The estimated frequency is plotted as a function of

ffiffiffiffiffiffiffi
Pk1

p
by the open circles in Fig. 4. The frequency increases withffiffiffiffiffiffiffi

Pk1

p
. However, in this plot, the dipole moment is a variable pa-

rameter. Fundamentally, the Rabi frequency, which is evaluated

by means of the Pk2
dependence of the DFWM intensity, is in-

dependent of Pk1
. Moreover, the excitonic dipole moment is

determined by the sample structure. Therefore, we evaluated the

pulse area value for each peak Pk2
by using the quasi-dipole

moment estimated from the
ffiffiffiffiffi
P0

p
, and the X values were esti-

mated from the pulse areas. X is plotted as closed circles in Fig.

4. The X value decreases with
ffiffiffiffiffiffiffi
Pk1

p
, owing to the depolariza-

tion effect. The external light field Eex ¼ EL þ 4pNP is the

light field of Pk2
, where EL is the local field inside the thin film,

P is the macroscopic polarization, and N is the depolarization

tensor.9 Since the EL term is an effectively parameter in the

Rabi oscillation, the decrease in the Rabi frequency is due to the

FIG. 3. (Color online) (a) Normalized DFWM signal at various Pk1
values

shown in Fig. 1(a). Dotted curves indicate the fitting using Eq. (2). (b) De-

pendence on Pk1
of s1 (open circles) and s2 (closed circles) evaluated by

using Eq. (2).

FIG. 4. Rabi frequency estimated from the results of Fig. 2. The values indi-

cated by the open (closed) circles were estimated when p was variable

(constant).
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decrease in EL. Therefore, the shift in the peak intensity in

Fig. 2(a) is attributed to the cancellation of the external field by

the depolarization factor induced by the k1 pulse.

B. Pulse area correction

We discuss the correction of the pulse areas by the depola-

rization due to excitons generated by corresponding pulses. Fig-

ure 5 shows a plot of IDFWM as a function of
ffiffiffiffiffiffiffi
Pk1

p
measured at

various Pk2
values. The solid curves indicate the fitting results

for the sin4ðH1=2Þ function form. The dotted curve indicates

the sin4ðH1=2Þ curve, calculated by use of P0. The peak
ffiffiffiffiffiffiffi
Pk1

p
clearly shifts to a higher power as Pk2

increases. To clarify the

shift of the peak
ffiffiffiffiffiffiffi
Pk1

p
due to the k2 pulse, the peak

ffiffiffiffiffiffiffi
Pk1

p
was

evaluated for various Pk2
values (Fig. 6). The dotted line indi-

cates the result of least squares fitting to the experimental

results. From this fitting, the
ffiffiffiffiffiffiffi
Pk2

p
dependence of the peakffiffiffiffiffiffiffi

Pk1

p
is given by 0:695

ffiffiffiffiffiffiffi
Pk2

p
þ 0.397 mW0:5. Both the inter-

cept and the gradient values are almost twice those in the case

of the
ffiffiffiffiffiffiffi
Pk1

p
dependence of peak

ffiffiffiffiffiffiffi
Pk2

p
, which corresponds to

the relation between H1 and H2 in Eq. (1).

The fitting results show that the peaks
ffiffiffiffiffiffiffi
Pk1

p
and

ffiffiffiffiffiffiffi
Pk2

p
depend on

ffiffiffiffiffiffiffi
Pk2

p
and

ffiffiffiffiffiffiffi
Pk1

p
, respectively. Thus, we simulated

the Pk1
and Pk2

dependence of IDFWM by using an explicit

expression of the modified Eq. (1) as follows. Since H2 is

equal to p=2 at
ffiffiffiffiffiffiffi
Pk2

p
¼ 0:231 mW0:5,

IDFWMðH2Þ / sin2 p
2

ffiffiffiffiffiffiffi
Pk2

p
0:231

 !
: (3)

To include the peak shift and a term of H1,

IDFWMðH1;H2Þ / sin2
p
ffiffiffiffiffiffiffi
Pk2

p
0:427

ffiffiffiffiffiffiffi
Pk1

p
þ 0:231

 !

� sin4
p
ffiffiffiffiffiffiffi
Pk1

p
2ð0:695

ffiffiffiffiffiffiffi
Pk2

p
þ 0:397Þ

 !
: (4)

Moreover, Pk1
is changed by increasing with Pk2

, so that

FIG. 5. (Color online) Pk1
dependence of IDFWM measured at various Pk2

values. Solid curves indicate the analysis curves. The dashed curve indicates

the curve calculated by use of P0.

FIG. 6. P0:5
k2

dependence of the peak P0:5
k1

evaluated in Fig. 5.

FIG. 7. (Color online) (a) Calculated Pk2
dependence of IDFWM at P0:5

k1
¼ 0:5

mW0:5. (b) Image map of the Pk2
dependence of IDFWM at various Pk1

values.

The brightness is proportional to intensity. (c) Estimated Pk1
dependence of

IDFWM at P0:5
k2
¼ 0:5 mW0:5.

043514-4 Yamashita et al. J. Appl. Phys. 110, 043514 (2011)

Downloaded 06 Dec 2011 to 133.30.52.203. Redistribution subject to AIP license or copyright; see http://jap.aip.org/about/rights_and_permissions



IDFWMðH1;H2Þ / sin2
p
ffiffiffiffiffiffiffi
Pk2

p
0:427

ffiffiffiffiffiffiffi
Pk1

p
0:695

ffiffiffiffiffiffiffi
Pk2

p
þ 0:397

þ 0:231

0
BBB@

1
CCCA

� sin4
p
ffiffiffiffiffiffiffi
Pk1

p
2ð0:695

ffiffiffiffiffiffiffi
Pk2

p
þ 0:397Þ

 !
: (5)

Figure 7(b) shows an image map of the
ffiffiffiffiffiffiffi
Pk2

p
dependence of

IDFWM at various
ffiffiffiffiffiffiffi
Pk1

p
values with a step of 0.1 mW0:5,

where the brightness is proportional to IDFWM. Figures 7(a)

and 7(c) show the
ffiffiffiffiffiffiffi
Pk2

p
and

ffiffiffiffiffiffiffi
Pk1

p
dependence at

ffiffiffiffiffiffiffi
Pk1

p
andffiffiffiffiffiffiffi

Pk2

p
of 0.5 mW0:5, respectively, for reference. The simula-

tion results clearly demonstrate the shift of IDFWM to higher

power sides. However, the simulated profiles in Figs. 7(a)

and 7(c) do not show the asymmetric profile on the higher

power side. Moreover, the simulated IDFWM drops to zero. In

other words, our simulation indicates that the shift of IDFWM

originates from depolarization; however, the asymmetric

profile and IDFWM always being nonzero cannot be explained

by only the depolarization effect.

IV. CONCLUSION

We investigated the effects of depolarization on the

ultrafast optical control of exciton polarization confined

in GaAs thin films by use of Rabi oscillation. In the

DFWM signal along the 2k1 � k2 direction, the Rabi fre-

quency, evaluated from the k2-power dependence,

decreased with Pk1
. This decrease in the Rabi frequency

originated from the cancellation of the k2 light field due

to depolarization induced by the excitons generated by

the k1 pulses. The analysis of the Rabi frequency clari-

fies the intrinsic excitonic “quasi” dipole moment and

the depolarization factor. This work suggests an

approach to realizing coherent optical control of excitons

confined in the solid state. Straightforwardly, the sup-

pression of the depolarization factor can lead to low-

power operation.
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