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Self-Pulse-Shaping Coherent Control of Excitons in a Semiconductor Microcavity
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(Received 22 May 1996)

The coherent control of the exciton population in quantum wells (QW’s) is considered. For cavity-
free QW’s a0p pulse leaves the QW empty of excitons subsequent to its passage. For the microcavity
in addition to certain0p pulses, specially tailored pulses with nonzero area are also optimal. The
coherent depopulation is a strong-coupling effect and is due to thep phase shift in the self-consistent
Maxwell field (i.e., including the local-field effect associated with the exciton resonance) in the cavity
that occurs in the course of a vacuum-field Rabi flop. [S0031-9007(96)01755-3]

PACS numbers: 71.36.+c, 32.80.Qk, 78.66.Fd
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Recently, Heberleet al. demonstrated the use of phase
controlled optical pulse pairs first to populate cohe
ently and then to depopulate a quantum well (QW
with excitons—electron-hole pairs bound by the Coulom
interaction—on a 100-fs time scale [1]. In these expe
ments, one utilizes a pair of time-delayed identical puls
but with various relative phase shifts. When the pha
shift is p, as shown in Fig. 1(a), the first pulse generat
excitons, and the second pulse coherently depopulates
QW. This effect is understandable within linear optic
the two pulses create in the medium polarizations of eq
amplitude but with ap phase shift, resulting in destructive
interference and thus coherent depopulation of the Q
In fact, a p-shifted pulse pair is only a specific mem
ber of a more general class of pulses that results in t
effect. The background is given in work on the prop
gation of 0p optical pulses in atomic vapors [2,3]. I
was shown that a so-called0p pulse can be formed, in
which the first half of the pulse is absorbed by the atom
and the secondp-shifted half returns the atoms to th
ground state.

In the past few years such concepts have been
plied to GaAsyAlGaAs multiple QW’s [1,4]. The use
of phase-controlled pulses to control the exciton popu
tion in QW’s—and thus optical nonlinearities—has bee
proposed as the basis for high-speed all-optical switc
ing [1]. We have recently shown, however, that s
vere constraints imposed by dephasing and the opt
nonlinearity in GaAsyAlGaAs QW’s may prohibit prac-
tical application of standard QW’s in room-temperatu
100-gigabitysec optical communications systems [5]. B
embedding the QW within a resonant planar optical m
crocavity, though, the strong enhancement of the lo
field at the QW leads to an increased resonant nonlin
optical cross section with respect to the externally appli
field [6]. Thus a marriage of semiconductor microcavitie
and coherent control is promising for the next generati
of high-speed optical switches. To utilize microcavitie
in this application, however, we need pulse shapes, whi
like 0p pulses in cavity-free media, result in the syste
being returned to the ground state following the passa
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of the pulse. In addition, coherent control offers a mea
to measure dephasing rates where other techniques,
as four-wave mixing, may be complicated by the presen
of the cavity [1].

In this Letter, we identify for the first time a pulse shap
of nonzeroarea that results in the coherent deexcitation
the cavity-embedded QW. For comparison, we discu
the coherent exciton population dynamics in a QW in t
presence of a sub-ps optical pulse in two situations
QW without any additional structure for electromagne
(EM) confinement and a QW embedded within an optic
microcavity. We first show for the cavity-free case th

FIG. 1. Schematic of the use of phase-controlled pulses
coherently populate and depopulate a QW of excitons. For
cavity-free case (a) a pair ofp-phase-shifted pulses (specia
case of 0p pulse) is used. The first pulse populates; t
second depopulates the QW. For the cavity-embedded Q
(b) an externally applied0p pulse does not result in the
coherent depopulation of the QW since the Maxwell field
the QW location in the cavity is not a0p pulse. Instead, a
square pulse whose duration is an integer number of VFR fl
results in a0p Maxwell field at the QW location.
© 1996 The American Physical Society
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0p pulse is indeed optimal to depopulate the QW. Fo
the microcavity, in addition to certain0p pulses,other
pulse shapes with nonvanishing area are also found
be optimal. In particular, a resonant pulse with a squar
envelope, as shown in Fig. 1(b), with a duration give
by the time to undergo an integer number of vacuum
field Rabi (VFR) flops [7] leaves the QW empty of
excitons. Note that the coherent depopulation in this ca
is achieved in the weak-field limit with a pulse of nonzer
area. This effect occurs because for the square pul
the self-consistent Maxwell field in the cavity is in fact
0p pulse even though the externally applied pulse is no
To occur, this self-pulse shaping requires both the cav
and the QW to be present. In other words, the loca
field effect associated with the presence of the excito
resonance is an essential feature.

There has been a tremendous growth in activity an
interest in the past few years in semiconductor micr
cavities spurred in part by the prospect of observin
quantum-optical effects, such as have been predicted
atom-cavity systems, but also by the unique interplay
solid-state effects with strongly confined photons. Sem
conductor microcavities [8] consist of one or severa
QW’s monolithically buried between distributed Bragg re
flectors to form a planar optical cavity of width on the or
der l. If the cavity EM resonance at normal incidenc
is degenerate with the exciton, the reflection spectru
displays two dips equally spaced about the degener
exciton-cavity resonance and split by the VFR spli
ting 2h̄V [8]. These two dips are direct evidence o
the normal modes formed by the coupled exciton-cavi
system, and are known as cavity polaritons (CP) [9
Because the physics of the CP modes may be describ
in terms of coupled harmonic oscillators, it is equall
valid to think of these modes as the elementary excitatio
of the system or as the EM resonances of the excito
cavity system. We shall find the latter viewpoint mor
convenient.

To model the coherent control of the exciton popula
tion, we employ the coupled Maxwell and semiconducto
Bloch equations (SBE) in the low-density limit projecting
out only the lowest-lying exciton. The first task is to ob
tain in linear optics the dynamical dipolar response ass
ciated with the exciton–crystal-ground-state transition fo
a monochromatic EM field. We then obtain the induce
polarization, which determines the exciton population v
the SBE. We consider normally incident EM fields an
assume a single QW of thicknessLz ø l-  h̄cysEexnbd
($400 Å) [10] in the material corresponding to the
exciton–crystal-ground-state transition withEex the tran-
sition energy,c the speed of light, andnb the background
refractive index.

From the theory of the nonlocal optical response o
a QW, the polarization densityPs´, zd induced by an
incident electric-field amplitudeEincs´, z0 d oscillating at
frequencý yh̄ is [11]
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Ps´, zd  ge2m2jFexs0dj2fp
c szdfyszd

3

"Z `

2`
dz0 fcsz0dfp

ysz0d s´ 2 Eex 1 iGscd21

3 Etots´, z0d

#
, (1)

where g is a spin-orbit factor (1 for heavy-hole ex-
citons), em is the dipole matrix element between th
s-like conduction- andp-like bulk valence-band Bloch
states,Fexsrkd is the exciton envelope function,fc ( fy)
is the envelope function for the conduction (valence) su
band of interest, andGsc is a phenomenological nonradia
tive damping. The dephasing time is related toGsc by
2Gscyh̄  T21

2 . Gsc accounts for scattering which eithe
directly destroys the phase of the excitation or scatters
state to a wave vectork fi 0. Dephased excitons con
tribute to the incoherent partNincoh of the populationN
and thus these excitons cannot be coherently depopula
Etots´, z0d is the dependence in the direction normal
the QW plane of the total (i.e., Maxwell) electric field
The areal polarization density isPs´d 

R`
2` dz Ps´, zd.

Since Lz ø l-, Etots´, z0d is effectively constant across
the QW. From Eq. (1) we obtain

Ps´d  ge2m2jFexs0dj2jSj2s´ 2 Eex 1 iGscd21

3 Etots´, zQW d , (2)

where zQW is the position of the QW andS R
dz fp

c szdfyszd ø 1.
In the cavity-free case, Eq. (2) together with th

continuity of Etot gives Etots´, zQW d  tQW s´dEincszQW d
with tQW s´d  s´ 2 Eex 1 iGscdys´ 2 Eex 1 iGd the
electric-field transmission coefficient [12],G  Gsc 1

Grad, and Grad  2pge2m2EexjFexs0dj2jSj2ysh̄cnbd the
radiative width of k  0 excitons obtained from the
theory of QW exciton polaritons [13]. This givesPs´d 
xs´dEincszQW d with xs´d  ge2m2jFexs0dj2jSj2ys´ 2

Eex 1 iGd the susceptibility relatingPs´d andEincszQW d.
In the time domain,

Pstd 
Z `

2`
dt0 xst0dEincst 2 t0d . (3)

Here Eincstd  Astd exps2iv0td is the incident electric
field at the locationzQW of the QW, Astd is the pulse
envelope, andv0 is the carrier frequency.xstd is just the
time-Fourier transform ofxs´d. Explicitly, we have

xstd  2ige2m2jFexs0dj2jSj2e2isEex2iGdty h̄ustd , (4)

whereustd is the Heaviside step function.
The SBE imply that the coherent partNcohstd of

the population is proportional tojPstdj2 [14], while the
total populationNstd  Ncohstd 1 Nincohstd, where the
incoherent partNincohstd consists of excitons that have
dephased. Only the coherent part interferes with t
optical field although thetotal populationNstd modulates
the nonlinear optical properties [15], thus providing
4597
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probe on the dynamics [1]. ThusNcohstd is governed by
the optical pulse, and it is here we can attain control of t
population. As nonradiative dephasing occurs,Nincohstd
is fed at the expense ofNcohstd. In order to depopulate
the QW effectively, we must choose a temporal profi
for Astd which minimizesNstd. If the pulse duration
t ø h̄ys2Gscd (ø7 ps for very high quality QW’s at low
T ) [16], then we can neglectNincoh.

Let us see what temporal profilesAstd will yield
the desired result, namely, that fort . t, Ncohstd is a
minimum. Take, for example,v0  Eexyh̄. If t . t,
then Eq. (3) gives

Pstd  ige2m2jFexs0dj2jSj2e2isEex2Gdty h̄

3
Z `

2`

dt0 Ast0deGt0y h̄. (5)

Since we are interested in the regimet ø h̄ys2Gscd, we
neglect the exponential in the integrand in Eq. (5). W
conclude that to leave zeroNcoh in the QW following the
passage of the pulse, we require an envelopeAstd whose
temporal integralPst . td vanishes. This is precisely a
0p pulse, as shown in Fig 1(a). The resulting dynami
of Ncoh andNincoh is more fully explored in Ref. [5].

We turn our attention to cavity-embedded QW’s. Th
treatment given above is generalized to relate the incid
field external to the cavity with the polarization and hen
the population in the QW. To avoid lengthy numerica
computations and yet retain a close connection w
realistic structures, we take the following model for th
o

p
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cavity. We consider lossless planar mirrors characteriz
by amplitude transmission and reflection coefficientsT
and R which are assumed frequency independent.
addition, we assume that the QW lies centered in t
cavity and that the cavity width isL. The linear pulse
propagation through the cavity is modeled by a trans
matrix [12]. For an incident field of unit amplitude, the
reflected amplitudeRc and transmitted amplitudeTc are
given by"

Tc

0

#


"
T 22R2

T
R
T

2
R
T

1
T

# "
eikLy2 0

0 e2ikLy2

#

3

"
1 1 x 0 x 0

2x 0 1 2 x 0

# "
eikLy2 0

0 e2ikLy2

#

3

"
T22R2

T
R
T

2
R
T

1
T

# "
1

Rc

#
, (6)

with k  ´ysh̄cd andx 0s´d  2iGradys´ 2 Eex 1 iGscd
[12]. Tc is the inverse of the 22 entry of the produc
of matrices in Eq. (6) [12]. To obtainEtots´, zQW d with
zQW  Ly2, we propagate the field on the left-hand sid
of Eq. (6) to the position of the QW, to giveEtots´,
zQW d  sTcyTd fexps2ikLy2d 1 R expsikLy2dg. From
Eq. (6), the cavity transmission coefficient isTc  T 2y
fs1 2 x 0d exps2ikLd 2 R2s1 1 x 0d expsikdL 2 2Rx 0g.
We consider anL  ly2, high-Q cavity [L  p h̄cy
snbEexd, R ! 21], in which the exciton and cavity
modes are degenerate. We have
Tc  2i
T 2

2p

√
Eex

´ 2 Eex 1 iGcav 2 2p21GradEexys´ 2 Eex 1 iGscd

!
, (7)
e as
er

s
ms
y
l
nt
a

the
es
where the cavity resonance widthGcav  Eexys2Qd 
sEexypd s1 2 R2dys1 1 R2d.

We may now combine the previous results t
get Etots´, zQW d  22iTcyT , and using Eq. (2),Ps´d 
22ige2m2jFexs0dj2jSj2sTcyT dEexys´ 2 Eex 1 iGscd. Fou-
rier transforming to the time domain (d-function incident
pulse) gives

Tcstd  s2pd21T2Eex cosVte2isEex2iGdty h̄ustd , (8a)

xstd  is2p2h̄Vd21ge2m2jFexs0dj2jSj2TEex

3 sinVte2isEex2iGdty h̄ustd , (8b)

where we have assumedGcav , Gsc ø h̄V with 2h̄V p
8GradEexyp the VFR splitting andG 

1
2 sGcav 1 Gscd

the average linewidth [17]. Equations (8a) and (8b) sho
thatTcstd [and thusEtotst, zQW d] andxstd all display VFR
flopping under impulsive excitation. As expected, th
polarization is in quadrature withTcstd andEtotst, zQW d.

As in the cavity-free case, the time-domain versio
of Eq. (2) holds. We see, however, the pulse envelo
Astd required to minimize the polarization left in the QW
w

e

n
e

subsequent to the passage of the pulse is not as simpl
the cavity-free case. In particular, for pulses with cent
frequencyv0  Eexyh̄ we have fort . t

Pstd  is2p2h̄Vd21ge2m2jFexs0dj2jSj2TEexe2isEex2iGdty h̄

3
Z `

2`

dt0 sinfVst 2 t0dgAst0 deGt0y h̄. (9)

Thus, it is clear that an arbitrary0p pulse will not do
to leave the QW with a vanishing population of exciton
following the passage of the pulse; general pulse for
produce a ringing of the cavity at the VFR frequenc
[7]. If t ø h̄yG, then the exponential in the integra
in Eq. (9) may be dropped. In this case, the cohere
depopulation of the QW instead can be achieved by
square pulse envelope[18], as shown in Fig. 1(b), whose
duration 2plyV is an integer numberl of VFR flops
to ensure that the integral in Eq. (9) vanishes.Such
a pulse envelope has nonvanishing area; however,
phase change during the course of a VFR flop provid
the phase shift to depopulate the QW coherently.We
can see from Eq. (8b) that ifAstd is a square envelope
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of duration2plyV, then the Maxwell field atzQW is in
fact a0p pulse. In other words,Astd acts as a temporal
window to produce atzQW a 0p pulse [19].

It is clearly advantageous to havēhV as large as
possible so that dephasing during the incidence of
pulse may be minimized (l  1). One way to increase
h̄V is to utilize n closely spaced QW’s, in which case
h̄V is enhanced by a factor of

p
n [8,9]. It is also

noteworthy that for the cavity, large-bandwidth sub-
pulses are useful for coherent control whereas for t
cavity-free QW they are not; if the bandwidth is to
high, then interband excitations other than the exciton
interest are also excited in the cavity-free QW. For th
microcavity, however, a high-Q cavity acts as an effective
spectral filter.

To conclude, we have presented a rigorous polarito
based theory of the coherent linear interaction
excitons and sub-ps optical pulses in cavity-free a
cavity-embedded QW’s. Complete information withi
the model is obtained on the EM and material degre
of freedom. For the cavity-free QW, it was show
accounting for propagation effects in the nonloc
medium, that0p pulses of duration much less than th
characteristic dephasing time result in effective cohere
depopulation of the QW following its passage. Fo
the cavity-embedded QW, however, we find as well
optimal pulse with a square envelope whose durati
is an integer number of VFR flops. This results in
self-consistent Maxwell field at the location of the QW
that is a 0p pulse, even though the incident pulse ha
nonzero area. This phenomenon is a strong-coupl
effect. It cannot be arrived at by considering the cavi
to be a spectral filter; the CP modes must be consider
This means that the self-shaping of the Maxwell fie
requires the presence of both the cavity and the QW
occur. Thus, by judicious choice of pulse shape, coher
control of excitons—which shows promise in high-spee
optical switching applications—is feasible.
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