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Self-Pulse-Shaping Coherent Control of Excitons in a Semiconductor Microcavity
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The coherent control of the exciton population in quantum wells (QW'’s) is considered. For cavity-
free QW's a07 pulse leaves the QW empty of excitons subsequent to its passage. For the microcavity,
in addition to certain07 pulses, specially tailored pulses with nonzero area are also optimal. The
coherent depopulation is a strong-coupling effect and is due tertiphase 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

Recently, Heberlet al. demonstrated the use of phase-of the pulse. In addition, coherent control offers a means
controlled optical pulse pairs first to populate coher-to measure dephasing rates where other technigues, such
ently and then to depopulate a quantum well (QW)as four-wave mixing, may be complicated by the presence
with excitons—electron-hole pairs bound by the Coulombof the cavity [1].
interaction—on a 100-fs time scale [1]. In these experi- In this Letter, we identify for the first time a pulse shape
ments, one utilizes a pair of time-delayed identical pulse®f nonzeroarea that results in the coherent deexcitation of
but with various relative phase shifts. When the phas¢he cavity-embedded QW. For comparison, we discuss
shift is 7, as shown in Fig. 1(a), the first pulse generateghe coherent exciton population dynamics in a QW in the
excitons, and the second pulse coherently depopulates tipeesence of a sub-ps optical pulse in two situations: a
QW. This effect is understandable within linear optics; QW without any additional structure for electromagnetic
the two pulses create in the medium polarizations of equdlEM) confinement and a QW embedded within an optical
amplitude but with ar phase shift, resulting in destructive microcavity. We first show for the cavity-free case the
interference and thus coherent depopulation of the QW.

In fact, a 7-shifted pulse pair is only a specific mem- (a) _—
ber of a more general class of pulses that results in this
effect. The background is given in work on the propa-
gation of 07 optical pulses in atomic vapors [2,3]. It
was shown that a so-callditr pulse can be formed, in
which the first half of the pulse is absorbed by the atoms,
and the secondr-shifted half returns the atoms to the
ground state.

In the past few years such concepts have been ap-
plied to GaAgAIGaAs multiple QW’s [1,4]. The use

pulse envelope A(t) quantum well

of phase-controlled pulses to control the exciton popula- ®) —_— /
tion in QW’s—and thus optical nonlinearities—has been

proposed as the basis for high-speed all-optical switch-

ing [1]. We have recently shown, however, that se-

vere constraints imposed by dephasing and the optical —_

nonlinearity in GaAgAlGaAs QW's may prohibit prac-
tical application of standard QW’s in room-temperature
100-gigabif'sec optical communications systems [5]. By ~ _
embedding the QW within a resonant planar optical mi- mirror
crocavity, though, the strong enhancement of the loc

IG. 1. Schematic of the use of phase-controlled pulses to
- - ; . y populate and depopulate a QW of excitons. For the
optical cross section with respect to the externally appliedavity-free case (a) a pair of-phase-shifted pulses (special

field [6]. Thus a marriage of semiconductor microcavitiescase of 07 pulse) is used. The first pulse populates; the
and coherent control is promising for the next generatiorsecond depopulates the QW. For the cavity-embedded QW

Fh ; ; ot ; +iac(b) an externally appliedd7 pulse does not result in the
.Of h'.gh Spe.ed.OptlcaI switches. To utilize mlcrocaVm?scoherent depopulation of the QW since the Maxwell field at
in this application, however, we need pulse shapes, whicle ow jocation in the cavity is not & pulse. Instead, a

”k? 07 pulses in cavity-free media, resulf[ in the systemgquare pulse whose duration is an integer number of VFR flops
being returned to the ground state following the passagesults in a0 Maxwell field at the QW location.
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07 pulse is indeed optimal to depopulate the QW. ForP(g,z) = ge? u?|Fex (0)*f5(2) fo(2)

the microcavity, in addition to certaifiz pulses,other %

pulse shapes with nonvanishing area are also found to X |:] dz' fo(2)f3(Z) (6 — Eex + iT)™!

be optimal. In particular, a resonant pulse with a square “

envelope, as shown in Fig. 1(b), with a duration given ;

by the time to undergo an integer number of vacuum- X Ewale,z ):|’ (1)

field Rabi (VFR) flops [7] leaves the QW empty of ) ] ]

excitons. Note that the coherent depopulation in this cas@here g is a spin-orbit factor €1 for heavy-hole ex-

is achieved in the weak-field limit with a pulse of nonzero€itons), eu is the dipole matrix element between the

area. This effect occurs because for the square pulsé-like conduction- andp-like bulk valence-band Bloch

the self-consistent Maxwell field in the cavity is in fact aStates,Fex(ry) is the exciton envelope functiorf. (f,)

07 pulse even though the externally applied pulse is notiS the en_velope functlor_l for the conductlon. (valence) _sub-

To occur, this self-pulse shaping requires both the cavitpand of interest, anf. is a phenomenological nonradia-

and the QW to be present. In other words, the localilVe dampmgl- The dephasing time is relatedItp by

field effect associated with the presence of the excito?l'ss//i = T> . I'e accounts for scattering which either

resonance is an essential feature. directly destroys the phase of the excitation or scatters the
There has been a tremendous growth in activity an@tate to a wave vectd # 0. Dephased excitons con-

interest in the past few years in semiconductor microiribute to the incoherent paiincon of the populationV

cavities spurred in part by the prospect of observing’j‘nd thus t_hese excitons cannot be coh_eren.tly depopulated.

quantum-optical effects, such as have been predicted fdfoi(£,2') is the dependence in the direction normal to

atom-cavity systems, but also by the unique interplay ofh® QW plane of the total (i.e., Maxwell) electric field.

solid-state effects with strongly confined photons. Semi-The areal polarization density B(e) = [~.. dz P(e, 2).

conductor microcavities [8] consist of one or severalSince L. < A, Ew(e,2') is effectively constant across

QW'’s monolithically buried between distributed Bragg re-the QW. From Eq. (1) we obtain

flectors to form a planar optical cavity of width on the or- P(e) = ge® w2 Fex(0)IS|*(e — Eex + ily) ™!

der A. If the cavity EM resonance at normal incidence % E 5

is degenerate with the exciton, the reflection spectrum (. 2qw). (2)

displays two dips equally spaced about the degeneraighere zow is the position of the QW andS =

exciton-cavity resonance and split by the VFR split- [ dz f*(z)f,(z) = 1.

ting 2z2Q [8]. These two dips are direct evidence of In the cavity-free case, Eq. (2) together with the

the normal modes formed by the coupled exciton-cavitycontinuity of Ei,; gives E (€, zow) = tQw(€)Einc(zQw)

system, and are known as cavity polaritons (CP) [9]with tqw(e) = (¢ — Eex + il')/(e — Eex + i) the

Because the physics of the CP modes may be describ&tectric-field transmission coefficient [12]; = Iy, +

in terms of coupled harmonic oscillators, it is equally I'rag, and I'ryq = 27 ge? u?Eex|Fex (0)1?[S]?/(hcny) the

valid to think of these modes as the elementary excitationeadiative width of k = 0 excitons obtained from the

of the system or as the EM resonances of the excitontheory of QW exciton polaritons [13]. This givéye) =

cavity system. We shall find the latter viewpoint more y(g)Eic(zow) With x(g) = ge?u?|Fex(0)|?|S1?/(e —

convenient. E. + iI') the susceptibility relatind®(¢) and Einc (zow)-
To model the coherent control of the exciton popula-In the time domain,

tion, we employ the coupled Maxwell and semiconductor o

Bloch equations (SBE) in the low-density limit projecting P(t) = f dt' x(t")VEpme(t — ). 3

out only the lowest-lying exciton. The first task is to ob-

tain in linear optics the dynamical dipolar response assoHere F;,.(t) = A(t) exp(—iwot) is the incident electric
ciated with the exciton—crystal-ground-state transition forfield at the locationzqw of the QW, A(r) is the pulse
a monochromatic EM field. We then obtain the inducedenvelope, ana, is the carrier frequency,(¢) is just the
polarization, which determines the exciton population viatime-Fourier transform of (). Explicitly, we have

the SBE. We consider normally incident EM fields and . —i(Eu—iD)t/ i

assume a single QW of thicknegg < X = hc/(Eexnyp) x(1) = —ige 2| Fey (OPISPe " E" 00 () - (4)
(=400 A) [10] in the material corresponding to the whered(r) is the Heaviside step function.

exciton—crystal-ground-state transition wih, the tran- The SBE imply that the coherent paN..(¢) of
sition energy ¢ the speed of light, and, the background the population is proportional teP(z)|> [14], while the
refractive index. total populationN(¢) = Neon(f) + Nincon(f), Where the

From the theory of the nonlocal optical response ofincoherent partVi,.on(¢) consists of excitons that have
a QW, the polarization density’(e,z) induced by an dephased. Only the coherent part interferes with the
incident electric-field amplitude;,.(e, z’) oscillating at  optical field although théotal populationN () modulates
frequencye/# is [11] the nonlinear optical properties [15], thus providing a
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probe on the dynamics [1]. Thué.,,(¢) is governed by cavity. We consider lossless planar mirrors characterized
the optical pulse, and it is here we can attain control of thdy amplitude transmission and reflection coefficiefits
population. As nonradiative dephasing occWs,.on(r) and R which are assumed frequency independent. In
is fed at the expense & ., (). In order to depopulate addition, we assume that the QW lies centered in the
the QW effectively, we must choose a temporal profilecavity and that the cavity width i&. The linear pulse
for A(r) which minimizesN(¢). If the pulse duration propagation through the cavity is modeled by a transfer
T < h/(2I's) (=7 ps for very high quality QW’s at low matrix [12]. For an incident field of unit amplitude, the
T) [16], then we can negle@,con. reflected amplituder. and transmitted amplitud&, are

Let us see what temporal profiles(s) will yield given by
the desired result, namely, that for> 7, N, (f) is a

2_p2 .
minimum. Take, for examplepy = Eo/h. If t > 7, T. | _ ER RO pine/2 0
then Eq. (3) gives 0 _R % 0 e iKL/2
P(t) = ige® w?|Fex (0)|?|S > Ee =D/ 0 1+ x/ X' eixL/2 0
o X _X/ 1 — X/ 0 e*iKL/Z
X f dt' A(t"e ", (5) L
o T2—R> R
X T T 1 (6)

Since we are interested in the regimex 7/(2T.), we _§ % R. |’

neglect the exponential in the integrand in Eq. (5). We
conclude that to leave zefg.., in the QW following the  with k = &/(fic) andx'(e) = —ilaa/(e — Eex + il's)
passage of the pulse, we require an envelé@e whose [12]. T. is the inverse of the 22 entry of the product
temporal integralP(r > 7) vanishes. This is precisely a of matrices in Eq. (6) [12]. To obtail(e, zow) With
07r pulse, as shown in Fig 1(a). The resulting dynamicsqw = L/2, we propagate the field on the left-hand side
of Neon andNiycon iS more fully explored in Ref. [5]. of Eq. (6) to the position of the QW, to giv& (e,
We turn our attention to cavity-embedded QW's. Thezqw) = (T./T)[exp(—ikL/2) + RexplixL/2)]. From
treatment given above is generalized to relate the inciderq. (6), the cavity transmission coefficient s = 72/
field external to the cavity with the polarization and hence[(1 — y')exp(—ikL) — R*(1 + x')explix)L — 2R x'].
the population in the QW. To avoid lengthy numerical We consider anL = A/2, high-Q cavity [L = 7hc/
computations and yet retain a close connection withn,E.x), R — —1], in which the exciton and cavity
realistic structures, we take the following model for tr|1emodes are degenerate. We have

T, = —iT—Z( Eex ) (7)

27 \ & — Eex + ircav - 277-_11-‘radEex/(8 - Eex + irsc)
where the cavity resonance width.,, = E/(20) = ! subsequent to the passage of the pulse is not as simple as
(Eex/m) (1 — R?)/(1 + R?). the cavity-free case. In particular, for pulses with center

We may now combine the previous results tofrequencywy = E./h we have forr > 7
get Eio (e, zqw) = —2iT./T, and using Eq. (2)P(e) = s I . E T/ T
~2ige 2 | Fex PISP(Te/T)Ewy /(& — Eex +iT0). Fou-  P() = i@ 1) ge? w2l Fes (OPISPTEge ™ F71

rier transforming to the time domai {function incident * . Ty
pulse) gives X f,m dr'sifQ(r — ")JA e/, 9)

T.(t) = 2m) ' T?Eex cosQre "E=~1D1Rg(1) | (8a)  Thus, it is clear that an arbitrayz pulse will not do
to leave the QW with a vanishing population of excitons

x(t) = iQm*hQ) ' ge? u?|Fex (0)P|SI*TEex following the passage of the pulse; general pulse forms
% Sithe—i(Eex—if)t/ﬁg(t), (8b)  produce a ringing of the cavity at the VFR frequency
[7]. If 7+ < K/T’, then the exponential in the integral
where we have assumdd.,,,I'sc < 7Q) with 220 = in Eq. (9) may be dropped. In this case, the coherent

8T aEex /7 the VFR splitting andl’ = %(FCaV + I'y.)  depopulation of the QW instead can be achieved by a
the average linewidth [17]. Equations (8a) and (8b) showvsquare pulse envelogé8], as shown in Fig. 1(b), whose
that7.(¢) [and thusE.(t, zqw)] and x (¢) all display VFR  duration 2771/Q) is an integer numbef of VFR flops
flopping under impulsive excitation. As expected, theto ensure that the integral in Eq. (9) vanisheSuch
polarization is in quadrature with.(z) and E (7, zow). a pulse envelope has nonvanishing area; however, the
As in the cavity-free case, the time-domain versionphase change during the course of a VFR flop provides
of Eqg. (2) holds. We see, however, the pulse envelopéhe phase shift to depopulate the QW coherentiy¥e
A(r) required to minimize the polarization left in the QW can see from Eq. (8b) that i(z) is a square envelope
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