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Large-signal coherent control of normal modes in quantum-well
semiconductor microcavity
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We demonstrate coherent control of the cavity-polariton modes of a quantum-well semiconductor
microcavity in a two-color scheme. The cavity enhancement of the excitonic nonlinearity gives rise
to a large signal; modulating the relative phase of the excitation pulses between zerpaulices

a differential reflectivity AR/R) of up to 20%. The maximum nonlinear signal is obtained for
cocircular pump and probe polarization. Excitation-induced dephasing is responsible for the
incoherent nonlinear response, and limits the contrast ratio of the optical switchin@00®
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When a coherent optical pulse is incident on a resonantides a promising tool for the investigation of coherent con-
dipolar absorber, such as the exciton transition in a directtrol in the nonlinear regime since the pump and probe are not
gap semiconductor, the coherence of the incident field islegenerate, and may be of interest for all-optical switching.
transferred to the material polarization. As time elapses, thén this letter we demonstrate the coherent control of the ex-
macroscopic polarization decays due to dephasing, and theton population, and investigate the limitations to the optical
population becomes incoherent. If, therefore, before dephaswitching that arise due to excitation-induced dephasing.
ing occurs, a second identical pulse is incident, and the rela- The sample in these experimeftsferred to as NMC63
tive phase of the two excitation pulsessisthen the second has two I ,Ga, oAS QWS positioned at the antinodes of a
pulse coherently de-excites the population. This basic tectB\/2 cavity formed by two 99.6%-reflectivity distributed
nique of “coherent control” of populations in semiconduc- Bragg reflector§14(16.5 periods of GaAs/AlAs on tofbot-
tors has been demonstrated on the exciton transitions @bm) mirrors]. The QW exciton transition at 1.487 eline-
quantum well{fQWSs) and quantum dots.® width 0.7 meV} is resonant with the cavity mode at 10 K,

In this letter, we describe the coherent control of thewhere all experiments were performed. The normal-mode
normal modes of a nonperturbatively coupled semiconductosplitting on resonance is 4.5 meV. The pump and probe
microcavity. This work extends the study of coherent controlpulses were generated by spectral filtering the output of a
in several ways. First, the coherent control of a coupled’6-MHz mode-locked Ti:sapphire laser producing 75 fs
light-matter mode is demonstrated, rather than the cohereplulses centered at 831 nm. The pufpbe pulse was reso-
control of only a material dipolar response. Second, we innant with the lowerupped normal mode, with pulse dura-
vestigate coherent control in the nonlinear regime of the extions of 190 fs. The spectral filter provided a very high con-
citonic response. Coherent control using strong optical fieldgrast ratio, so that the intensity of the purfrobe at the
is nontrivial since level shifts and dynamic line broadeningypper(lower) mode was less than 18 of its intensity at the
can occur during the excitation pulses due to many-bodyower (uppe) mode; hence any effects due to spectral over-
effects in the semiconductor. Third, in this work we apply @lap of the pump and probe were completely unobservable.
“two-color” scheme, in which only the lower normal mode The pump pulse was split into two excitation pulses with
(cavity polariton is excited by the pump pulse pair; the non- yariable delay using a Michelson interferometer with a pi-
linear response of the system is observed using a probe pulggoelectric translator in one arm to allow the relative phase
tuned to the upper normal mode. The probe nonlinearityetween the two pulses to be continuously varied between 0
arises due to the nonlinearity of the exciton transition whichang 7. The pump and probe beams were overlapped on the
underlies both normal modes. The lower mode is pumped i@ample at near normal incidence; the pufpmbe diameter
this work because the dephasing time of the lower polaritonyas 3520) um, and the probe fluence was always less than
mode is significantly longer than either the upper mode 0ng-2 that of the pump. Probe reflectance spectra were re-
the bare excitofi. Fourth, the cavity strongly enhances the ¢orded on an optical multichannel analyzer. Photodiodes fol-
optical nonlinearity due to the multiple reflections of the lowing a monochromator tuned to the reflectivity minimum

pump and probe fields, which enables very large coherenit the upper mode were used to record the time-resolved
control signals to be observed. The two-color scheme POrobe differential reflectivityDR).

Figure 1 shows the probe reflection and DR spectra
3Electronic mail: yunslee@eecs.umich.edu when the probe delay was set before, between, and after the
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FIG. 1. Temporal evolution of reflectiofiop) and DR(bottom spectra for ~ D€€N observed, for example, in Refs. 1, 2, ahdT4is be-

(@) cocircular and(b) cross-circular pump—probe polarization &£0, havior is not observed in our samples even at low fluences.

0<t<ry, andt> 7y, When single pump pulse fluer)ce is @8/cn? pulse Second, as the pump delay, is changed, the contrast ratio

and 71, is 0.9 ps. Dotted lines are probe spectra without pump pulses. of the fringes decreases due to dephasing between the two
pump pulses. Third, the fringe contrast also decreases as the

two pump pulses fofa) cocircular ¢~ —o ) and(b) cross-  pump fluence increases; this indicates that irreversible exci-

circular (¢ —o~) pump and probe polarizations. The pump tation induced dephasindEID)®? is the limiting factor, par-

pulse phase difference was Due to the cavity enhance- ticularly for large 7y5.

ment, the amplitude of the DR sign@lR/R was quite Since the radiative recombination time of a incoherent

large—up to 20%—which is at least three orders of magnipopulation of QW exciton§>100 p3 in substantially longer

tude larger than the signal obtained from a bare QW withouthan the dephasing tim&, (~1 p9, the system remains in a

a cavity. The qualitative form of the DR spectra varies con-quasiequilibrium state long after dephasing has occurred. In

siderably with the pump and probe polarizations. When botlorder to investigate the optical nonlinearity in the incoherent

pump and probe are cross-circularly polarized, the first pumpegime, we measured DR spectra of a probe pulse delayed by

pulse induces a broadening in the upper mode spectrum, anid ps from a single pump pulse. Figur¢aBshows the

an increase in the reflectivity at line center. Almost no specpump-fluence-dependent DR spectra. The peak DR signal

tral shift is observed. After the second pulskelayed from  depends sublinearly on the pump flueriigure inset. One

the first pump pulse by,) the reflectivity spectrum nearly might expect in the quasiequilibrium regime that the probe

recovers due to the coherent destruction of the exciton popwspectra can be modeled using linear dispersion theory; the

lation; the line narrows and the reflectivity decreases almoséxciton susceptibility is modeled as

to its t<O value. The recovery is not complete because

dephasing between the two pump pulses causes the buildup

of an incoherent population which cannot be annihilated by  xqw= X R , D
the second pump pulse. When the pump and probe are cocir- (ﬁ‘_ 1] +iy
cularly polarized, there is initially a substantial shift of the A

reflectivity minimum to higher energy. Following the second
pump pulse, again there is a substantial recovery of the spewshereyy is thek,=0 radiative decay ratey the normalized
trum. The DR spectrum at long time delay shows no spectradcattering rate, and,, the exciton resonance wavelength.
shift, but only a slight broadening. Figure 3b) shows the results of a transfer matrix calculation
The coherent control of the exciton population was fur-of the DR spectra where only EIDy) is included; the inset
ther demonstrated by fine tuning the temporal delay,  shows the peak DR signal as a function of normalized
(and hence the phaseetween the two pump pulses using dephasing rate %= yhom/Ee). The qualitative agreement
the piezoelectric translator in the Michelson with sub-0.01-fswith the experimental DR is quite good. As shown in Fig. 1,
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. FIG. 4. Time-resolved DR at the upper mode resonance wavelength
FIG. 3. (@) Pump fluence dependent DR spedjpamp fluence is 0.7, 2.1, (A=829.25 nm when the phase between two pump pulses.igh) Pump
3.4, 5.5, 8.2, and 10.9J/cnf pulse, and the pump and probe beams are polarization ise*, ando ™~ probe polarization when pump fluenck is

colinearly polarizeand (b) simulation result of scattering rate dependent 6.8 wdlcnt pulse and temporal pump pulse separatiop)(is 0.9 ps. Inset:
DR spectra(y=0.0004, 0.0005, 0.0006, 0.0007, 0.0009, and 0.0MR at  yith second pump pulses blocketh) pump fluence is 1.4, 4.1, and 6.8

the peak of the DR spectra vs pump fluence arid shown in insets. wdlen? pulse whenr,,=0.9 ps.(c) Temporal pump pulse separation is 0.0,
0.9, 1.7 ps when,=6.8 pdlen? pulse. For(b) andc), pump—probe polar-
the EID broadening of the line induced by the first pump is'zation ise- —o—.

substantially reduced when the population is coherently de- , )
stroyed by amr-shifted second pump pulse. QWs. EID governs the nonlinearity at long probe delays, and

The dynamical behavior of the upper-mode probe rels the process Wh_lch ultimately limits the amplitude of the
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