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Ultrafast Coherent Spectroscopy of Single
Semiconductor Quantum Dots

Christoph Lienau and Thomas Elsaesser

Abstract. This chapter summarizes our recent work—performed within the project
B6 of the Sonderforschungsbereich 296—on combining ultrafast spectroscopy and
near-field microscopy to probe the nonlinear optical response of a single quantum
dot and of a pair of dipole-coupled quantum dots on a femtosecond time scale. We
demonstrate coherent control of both amplitude and phase of the coherent quantum
dot polarization by studying Rabi oscillations and the optical Stark effect in an in-
dividual interface quantum dot. By probing Rabi oscillations in a pair of laterally
coupled interface quantum dots, we identify couplings between excitonic dipole mo-
ments and reveal the microscopic origin of these couplings. Our results show that
although semiconductor quantum dots resemble in many respects atomic systems,
Coulomb many-body interactions can contribute significantly to their optical non-
linearities on ultrashort time scales. This is important for realizing potentially scal-
able nonlocal quantum gates in chains of dipole-coupled dots, but also means that
decoherence phenomena induced by many-body interactions need to be carefully
controlled.

15.1 Introduction

The experimental implementation of quantum information processing (QIP) relies on
identifying, coherently manipulating, coupling and detecting elementary excitations
of individual quantum systems. All these operations need to be performed on a time
scale much shorter than the decoherence time of the quantum system. This extremely
challenging task has attracted the interest of an increasing number of researchers
in all areas of science. Implementations of quantum logic operations are currently
explored in a wide range of different quantum systems [1], e.g., nuclear magnetic
spins in liquids and solids [2, 3], ions in traps [4-7], atoms in microwave resonators
[8]. optical lattices [9], photonic band gap materials [10], Josephson junctions [11,
12] or photons in quantum-optical systems [13, 14]. The complexity of this endeavor
i1s quite clearly demonstrated by the fact that, despite the outstanding progress in this



302 C. Lienau. T. Elsaesser

field over the last few years, the most complex quantum calculation performed to
date is the factorization of the number 15 [3].

A particularly attractive approach to realizing all-solid-state quantum informa-
tion processing relies on using charge or spin excitations of semiconductor quantum
dots (QDs) as quantum bits. In QDs, electron and hole wave functions are localized
in all three spatial dimensions on a nanometer length scale due to growth-induced
nanoscale variations of the semiconductor composition. This makes QDs interesting
model systems for exploring the basic physics of quasi-zero-dimensional quantum
confinement as well as interesting for building novel optical devices for information
processing. :

The optical and electronic properties of semiconductor QDs have been intensely
studied during the last decade. Due to the pronounced and so far unavoidable growth-
induced inhomogeneous broadening in ensembles of semiconductor QDs, the recent
development of single QD spectroscopy has provided a wealth of new information
[15]. It is now understood that sufficiently confined QDs resemble in many respects
atomic systems, showing atomic-like densities of states [16-18], a shell-like absorp-
tion spectrum [19] and—at low temperatures—comparatively long dephasing times
of up to 1 ns [20, 21]. In addition, the nanometer spatial extent of the electron wave
function in QDs gives rise to excitonic dipole moments of 10-100 Debye, much
larger than those of atomic systems. This strong coupling to light makes charge
excitations of single quantum bits interesting for quantum information processing.
Ultrafast light pulses with pulse durations in the 100-fs range allow for generating
and manipulating exciton excitations of single QDs on a subpicosecond time scale.
With such ultrafast coherent carrier control, dephasing times in the 100-ps to 1-ns
range are comparably long, making in principle up to 10,000 coherent manipulations
possible before decoherence destroys the quantum information stored in excitonic
quantum bits [21]. Another important consequence of the large excitonic dipole mo-
ments are comparatively strong dipolar interactions between adjacent quantum dots
[22, 23]. Those interactions give rise to a nonlocal coupling between adjacent ex-
citonic quantum bits, an important prerequisite for implementing scalable quantum
gates. Consequently, different ideas for realizations of such gates have been proposed
theoretically in recent years [22-25].

Such perspectives have triggered a research effort toward coherent control of
excitonic excitations in semiconductor quantum dots. Initial successful experiments
have shown coherent control on excited state transitions in the weak excitation regime
[26-28] before Rabi oscillations could be demonstrated on different quantum dot
systems [29-33]. All these experiments have so far revealed a finite damping of Rabi
oscillations, which has been attributed either to excitation-induced dephasing due to
Coulomb interactions among charge excitations [29, 34] or to exciton—phonon cou-
pling [35, 36]. Most recently, an all-optical two-bit quantum logic gate was demon-
strated using the exciton and biexciton transitions of a single quantum dot [37].

Here we present our recent experimental work on coherent control of excitonic
excitations in quantum dots. We discuss a novel nano-optical technique [34] for prob-
ing optical nonlinearities of single quantum dots on ultrafast time scales [34, 38].
Coherent control of both amplitude [39] and phase [40] of the coherent exciton po-
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larization in a single interface quantum dot is demonstrated and interactions between
permanent excitonic dipole moments in a pair of neighboring quantum dots are re-
solved by analyzing Rabi oscillations in their nonlinear optical response [39].

In Sect. 15.2 we summarize the relevant properties of the investigated samples.
In Sect. 15.3 we describe our experimental techniques. Results on coherent control
of single quantum dots are given and discussed in Sect. 15.4. In Sect. 15.5 we present
first results on dipolar couplings between two quantum dots. In Sect. 15.6 we give
some conclusions.

15.2 Interface Quantum Dots

An important QD model system are thin semiconductor quantum wells (QWs). In
quantum wells, local monolayer height fluctuations at the interfaces (interface rough-
ness) and fluctuations of the alloy composition (alloy disorder) are unavoidable
(Fig. 15.1(a)). The resulting disordered potential leads to the localization of excitons
in single “interface™ QDs with a confinement energy of about 10 meV (Fig. 15.1(b)).
This disorder gives rise to a pronounced inhomogeneous broadening of far-field op-
tical spectra. In experiments with high spatial and spectral resolution, however, the
smooth, inhomogeneously broadened photoluminescence (PL) spectra break up into
narrow emission spikes from a few localized excitons [16-18, 41-43].
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Fig. 15.1. (a) Disorder in quantum wells arises from spatial fluctuations of the local quantum
well thickness (interface roughness) and of the quantum well composition (alloy disorder).
(b) Schematic illustration of the effective disorder potential V (R) and of a localized excitonic
center-of-mass wave function |¥ (R)|2. (¢)~(d) Representative near-field PL spectra (T =
12K) of (¢) a 5.1 nm thick and (d) a 3.3 nm thick (100) GaAs QW
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The linear optical properties of interface QDs resemble in many aspects those
of atomic systems. At low temperatures, the excitonic lines display a narrow homo-
geneous line width of 30-50 peV, in agreement with measured dephasing times of
20-30ps. The QDs show a discrete absorption spectrum [ 18] and often a fine struc-
ture splitting due to the spatial asymmetry of the monolayer islands. The temperature
dependence of the exciton line width and the fine structure splitting has been thor-
oughly investigated [18, 44]. The correlation length of the disordered potential and
thus also the center-of-mass wave function of localized excitons in QDs typically ex-
tends over several tens of nm, as known from near-field autocorrelation spectroscopy
[42]. This large extension of the excitonic wave function results in large QD dipole
moments of 50-100 Debye and a particularly strong coupling of these excitons to
light [45, 46]. This makes interface QDs a particularly interesting model system for
nonlinear spectroscopy of single QDs.

In this work, we investigate a sample consisting of 12 single QW layers of differ-
ent thicknesses grown on a (100) GaAs substrate. The QW layers are separated by
AlAs/GaAs short-period superlattice barriers, each formed by nine AlAs and GaAs
layers with a total thickness of 23.8 nm. Here, we study the top seven QWs with
thicknesses of 3.3-7.1 nm. The layers are buried at distances between 40 and 211 nm
below the surface. Growth interruptions of 10s at each interface lead to a large cor-
relation length of the QW disorder potential and to the formation of interface QDs.
The growth interruptions are kept short in order to avoid a monolayer splitting of
the macroscopic PL spectra and to minimize the incorporation of impurities at the
interfaces.

In Fig. 15.1(c) and (d) representative low temperature (7 = 12 K) near-field PL
spectra are shown for the 3.3 and 5.1 nm thick (100) GaAs QW. The spectra clearly
reveal the emission from excitons localized in interface QDs. The line width of the
sharp resonances is limited by the spectral resolution of 100 peV. The spectra are
recorded at an excitation intensity of 110 nW, corresponding to an average excitation
density well below one exciton per monolayer island. For excitation powers between
1 and 500 nW, we find a linear intensity dependence and an excitation-independent
shape of the emission spectra, indicating negligible contributions from biexcitons
and charged excitons.

In addition to the sharp localized exciton emission, at higher energies these spec-
tra display a spectrally broad background emission from more delocalized excitons
in QW continuum states [42]. This is a disadvantage for QIP applications, as it
may be difficult to avoid the uncontrolled population of such delocalized exciton
states when ultrashort and thus spectrally broadband pulses are used for optical ex-
citation. Yet, we will demonstrate in the following that such problems can be re-
duced by careful spectral shaping of the excitation pulses. Important properties of
interface QDs are the excellent interface quality of the (100) GaAs quantum wells
and the strong reduction of piezoelectric and strain fields. In the investigated sam-
ples, the energetic positions of the sharp exciton emission lines remains unchanged
over many hours and we observe no signs of a spectral diffusion of the exciton
lines.
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15.3 Coherent Spectroscopy of Interface Quantum Dots:
Experimental Technique

In the experiments on interface QDs, we read out quantum information from a sin-
gle QD by directly probing the transient nonlinear optical spectrum of ground-state
exciton transitions with subpicosecond time resolution. Our experimental concept is
outlined in Fig. 15.2(a). We use spectrally broad femtosecond laser pulses which are
centered around the excitonic QW absorption resonance and coupled into a near-
field fiber probe to probe the optical QD nonlinearity. As a near-field probe we use
an uncoated etched single mode optical fiber taper with a cone angle of about 30°
[47]. With such probes we reach—in an illumination/collection geometry—a spatial
resolution of about 150 nm, i.e., about A /5 [41]. This high spatial resolution together
with their large collection efficiency makes such uncoated fiber probes particularly
well suited for semiconductor nanospectroscopy. Experimentally, we find that for
GaAs samples about 1% of the light coupled into the fiber is collected in this illumi-
nation/collection geometry.

In the pump-probe experiments, the probe laser light reflected from the QW
sample is collected by the same fiber probe, dispersed in an 0.5 m monochromator
and then detected with a high-sensitivity liquid-nitrogen cooled CCD camera. This
steady-state reflectivity spectrum R(wget) contains weak, spectrally narrow reso-
nances from single QD transitions (Fig. 15.2(a)).

The interaction with a second pump pulse now affects the QD spectrum and
thus gives rise to a modified probe reflectivity R(wqe). Differential probe reflectivity
spectra AR (wger, A1)/ Ry = [R(wger, Af) — Ro(wder)]/ Ro(wyer) are recorded at a
fixed spatial position of the near-field tip as a function of the time delay At between
pump and probe pulses. To probe the nonlinear optical response from single QDs, the
high spatial resolution of the near-field technique is needed for two reasons. First, the
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Fig. 15.2. (a) Schematic illustration of the experimental setup and of near-field PL and re-
flectivity spectra of a QD sample. (b) Near-field PL spectrum of a single QD (solid line) and
differential reflectivity spectrum AR/Rq at At = 30 ps. PL and AR are recorded with identi-
cal pump pulses centered at 1.675 eV, exciting electron—hole pairs in 2D continuum states. The
100 nW probe pulses of 19 meV bandwidth are centered at 1.655 eV, around the QD absorption
resonance. Inset: Schematic energy diagram
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combined spatial and spectral resolution allows us to isolate single QD resonances
(Fig. 15.1). Second, the relative amplitude of the QD resonance in Ry(wger) scales,
in first approximation, inversely proportional to the square of the spatial resolution.
We assume for simplicity that the QD absorption spectrum can be modeled as
that of an ideal two-level system (TLS) and that the incident laser power is homoge-
neously distributed over an area A (the areal resolution of the microscope). Then the
incident power is P = IpA and the absorbed power is Pop = lpogp, with I being
the incident intensity and ogp the QD absorption cross section. For an ideal TLS

(J)ﬂ.'(?)D )/
neeoh y2 + (w — ‘”(2‘)1)).

ogp(w) = (15.1)

where wop = 2me/Agp denotes QD resonance frequency, @ the laser frequency,
pop the QD dipole moment, n the refractive index and y = 1/75> the dephasing
rate of the QD polarization. Improving the resolution from 1 um to 100 nm increases
the weak nonlinear QD signal by two orders of magnitude. For values typical for our
experiments, A = (250 nm)z. mop = 60D,y = (30 ps‘l)‘ n = 3.5, Agp = 750 nm,
we estimate ogp/A = 0.04, certainly measurable with the sensitivity of our setup.

The near-field PL and differential reflectivity AR spectrum of a single QD are
compared in Fig. 15.2(b). To record the AR spectrum we use 100-fs pump pulses
derived from a 80 MHz repetition rate Ti:sapphire laser. The pump pulses in this
experiment create less than five electron-hole pairs in QW states, corresponding to
an excitation density of 5 - 10 cm 2. Relaxation of these extra carriers into the QD
bleaches the QD absorption and this bleaching is probed with 1 fJ probe pulses cen-
tered around the QW absorption resonance. Figure 15.2(b) depicts a differential re-
flectivity spectrum A R(Eg4e) at a time delay of 30 ps in the low-energy region of the
5.1 nm QW absorption spectrum. It displays a single spectrally sharp resonance at
exactly the same spectral position Egp as the simultaneously recorded near-field PL
spectrum. The large amplitude of the signal of 5 - 1073 is consistent with a spatial
resolution of the experiment of 200-250 nm. Two-dimensional spatial scans indicate
a resolution of 230 nm, partly limited by the QD-to-surface distance.

To better understand the image contrast in these pump-probe experiments, we
compare in Fig. 15.3 differential reflectivity AR(Ege) and PL spectra recorded un-
der similar excitation conditions for single localized excitons in five different QWs
buried at distances of 95-211 nm below the surface. We very clearly observe a tran-
sition between a dispersion-like and an absorption-like line shape as the QW-to-
surface distance is varied. This behavior of the QD line shape can be understood in
the framework of a local oscillator model as caused by the interference between the
clectric probe laser field Eg(z) reflected from the sample surface and the field Eqp(7)
emitted from the QD in back direction. Our experiment works in the following way
(Fig. 15.4). A fraction Er(t) of the probe laser transmitted through the near-field
probe is reflected from the sample surface and coupled back into the near field fiber
probe. The probe field E1(r), transmitted into the semiconductor, induces a polar-
ization Pop(t) = [dt’ xop(t")Et(t — t') of the QD located at a distance d below
the sample surface. Here, E1(t) and xqp denote the probe field interacting with the
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Fig. 15.3. Differential reflectivity spectra (open circles) of five interface QD located at dif-
ferent depths of 95-210 nm below the sample surface (see inset). The differential reflectivity
spectra are compared to simultaneously recorded PL spectra. Note the transition between dis-
persive and absorptive line shapes
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Fig. 15.4. Heterodyne detection of coherent QD polarizations. A femtosecond probe laser is
coupled through a near-field fiber probe. A large fraction ER of the probe laser is directly
reflected the sample surface into the fiber probe. The transmitted probe light ET is induces a
QD dot polarization Pgp and the fraction Egp of the electric field re-emitted from the QD is
collected by the near-field probe. ER and Eqp are spectrally dispersed in a monochromator
and interfere on the CCD detector. This heterodyne detection scheme greatly enhances the
weak QD field

QD and the QD susceptibility, respectively. The QD polarization re-emits an electric
field and a fraction of this field, Egp(¢) is locally collected by the near-field probe
where it interferes with Er(1).
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The time-integrated reflectivity R(w) detected behind the monochromator is pro-
portional to IEQD((U) + ER(a)H: = ]E_?R(a))\2 + ZRCIE;';(Q))EQ])((U)]. where E(w)
denotes the Fourier transform of the field E (7). Here, the finite monochromator res-
olution and the weak contribution from iEQDIZ has been neglected. Excitation by the
pump laser affects the QD polarization and thus results in a change of the QD reflec-
tivity. The differential reflectivity AR (w, At) represents the spectral interferogram
ol ER and EQ[):

AR(w, At) & Re{ ER(@)[ Egp(w. At) — Eqp.o()]}. (15.2)

The spectral shape of this interferogram evidently depends on the QD polarization
dynamics and on the phase delay between Egp(r) and Eg(f). Treating the QD
for simplicity as a point dipole and the near-field tip as a point-like emitter, the
phase delay and thus the spectral shape of this interferogram depends on the dis-
tance between QD and the near field tip. This interference effect is nicely seen in
Fig. 15.3 and explains the transition between absorptive and dispersive line shapes.
Since the QDs are buried below the surface by more than 50 nm, the near-field terms
of the QD dipole emission can be neglected since they decay on a typical length
scale of A/(2rn)>~35nm (n =~ 3.5—refractive index). Based on an optical path
of 4wnd /A, we estimate a phase change of /2 for a change in QD-sample dis-
tance of 28 nm. This is in quite good agreement with the results of Fig. 15.3. We
consider this convincing evidence for the validity of the phenomenological local
oscillator model described earlier. Clearly a detailed analysis of these data using,
e.g., a Green function solution of Maxwell’s equations for a realistic experimental
geometry, is desirable for a more quantitative comparison between experiment and
theory.

15.4 Coherent Control in Single Interface Quantum Dots

In this section, we describe experiments probing the coherent polarization dynamics
of a single interface QD induced by impulsive excitation with ultrafast light pulses.
Specifically, three different topics are addressed. First, we ask the fundamental ques-
tions: To what extent does the ultrafast nonlinear optical response of a single QD
resemble that of an atomic system and how do many-body Coulomb interactions—
often governing optical nonlinearities of higher-dimensional systems such as quan-
tum wells and wires—affect the QD polarization dynamics? Then we demonstrate
coherent control of the phase of the QD polarization by probing the optical Stark
effect in a single QD and coherent control of the polarization amplitude by probing
Rabi oscillations in single QD.

15.4.1 Ultrafast Optical Nonlinearities of Single Interface Quantum Dots

To study the effects of many-body interactions on the QD nonlinearities, we per-
form a quasi-two-color pump-probe experiment, exciting the QD sample in the QW
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Fig. 15.5. (a) Temporal dynamics of AR/R for three different QD resonances (logarithmic
ordinate scale). All decays are biexponential with a slow decay time varying between 30 and
150 ps. (b) Early time AR /R dynamics of a single QD resonance. A slow rise of AR/ Ry is
observed at negative time delays. The time resolution of the experiment is 150 fs, as indicated
by the cross-correlation measurement (solid line around Ar = 0)

absorption continuum with 100 fs pump-pulses with a pulse energy of 1.5 f]. These
pulses create carriers in QW states and the resulting change in the QD spectrum
is probed. The dynamics of the spectrally resolved reflectivity change measured on
different QD resonances is shown in Fig. 15.5. After a picosecond rise of the sig-
nal at negative delay times (probe precedes pump) one finds a partial decay with a
time constant of about 6 ps, followed by a much slower decay with time constants of
50-150 ps, depending on the specific QD resonance investigated.

The nonlinearities observed at sufficiently long positive At are easily understood
on the basis of a simple two-level model for the QD nonlinearity. The pump pulse
creates a nonequilibrium distribution of electron-hole pairs in QW continuum states.
Subsequent trapping of these carriers gives rise to a bleaching of the QD absorption
and a concomitant change of the QD reflectivity A R. Hence, the decay time of AR
reflects the lifetime of the individual exciton state probed. Following an earlier con-
jecture [18], the QD population decay is mainly dominated by radiative recombina-
tion, i.e. Trag = Top. We can then estimate the dipole moment pgp of the individual
QD using [46, 48]: -

I . | (15.3)

T 3nephc?
We estimate dipole moments pgp of 50-85 Debye for 7,44 between 150 and 50 ps.
These values are in rather good agreement with previous estimates [29, 48]. They
exceed those of atomic systems by more than an order of magnitude and reflect the
large spatial extension of the exciton center-of-mass wave function in these QDs.
Near-field autocorrelation spectra indicate an exciton localization length of about
40-50 nm [49]. Due to the statistical nature of the disorder potential, the exciton lo-
calization length and thus the dipole moment and radiative recombination rate varies
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Fig. 15.6. (a) Near-field AR/ R spectra (circles) at different delay times Az. The spectra at
At < 0 display pronounced spectral oscillations around the excitonic resonance. The solid
lines show simulated spectra for the perturbed free induction decay of the coherent QD po-
larization assuming 7> = 15 ps. (b) Dynamics of Pgp(r) extracted from the time dependent
near-field AR/ Ry spectra

quite strongly from QD to QD, as seen in Fig. 15.5(a). Theoretical models of local-
ized excitons in disordered quantum wells [49, 50] yield comparable results.

The dynamics of the QD reflectivity on a time scale of less than 10 ps, how-
ever, are quite different from what is expected for an ideal atomic system. The time
evolution shows an 8-ps rise at negative delay times, much slower than the 150-fs
cross-correlation of pump and probe pulses. A biexponential decay is found at pos-
itive delays, where the slow component reflects the exciton lifetime as discussed
earlier. The fast decay time of about 6 ps is similar for all different QDs. The spectral
characteristics of the differential reflectivity are markedly different at positive and
negative delays. At negative delays, pronounced spectrally symmetric oscillations
around the excitonic resonance are observed (see Fig. 15.6). Their oscillation period
decreases with increasing negative time delay. At large positive delays, the spectra
show a bleaching of the QD resonance [34].

This complex behavior reflects directly the coherent polarization dynamics of
the excitonic QD excitation. To account for this behavior, one has to consistently
describe the dynamics of the field Egp(#) radiated from the coherent QD polar-
ization Pop(t). We phenomenologically describe the QD as an effective two-level
system with a ground (no-exciton) state |0}, and an excited one-exciton state |1).
Then the quantum state of the two-level system is given as a coherent superposition
[ (1)) = co(1)|0) + ¢1(£)[1). Within the density matrix formalism, Pgop(?) is given
as Pop(1) = “(31)»"01 + c.c., where the microscopic QD polarization pg; = (¢jcr),
1op denotes the QD dipole moment and (. . .) the ensemble average [51]. Then, the
well-known Bloch equations hold and pg; obeys the equation of motion

ad ’ ;
gpm(t‘) = —iwqQppo1 (1) + 1(1 = 2ngp)wr — ypo1(1), (15.4)
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with exciton energy wgp, dephasing rate y. exciton population ngp and generalized
Rabi frequency wg.

In the absence of a pump laser, the resonant probe laser impulsively excites a co-
herent QD polarization which then decays with the dephasing rate y (free induction
decay). The re-emitted field interferes with the reflected probe laser field, giving rise
o a Lorentzian QD line shape in Ry(e). The fact that we observe a line width that
is limited by our monochromator resolution of about 60 peV gives a lower limit for
the QD dephasing time of 7> = 1/y > 15ps.

The transient spectral oscillations around the QD exciton resonance at negative
time delays indicate that this free induction decay of Pgp(7) is perturbed by the pres-
ence of the pump laser. In semiconductors, such oscillations have so far only been
observed for higher dimensional system, e.g., studies of transient QW nonlinearities
[52. 53]. In our experiments, the off-resonant pump does not directly interact with
the QD dipole but creates electron-hole pairs (density now) in the QW continuum,
Many-body interactions between such carriers and the exciton that are mediated via
the Coulomb interaction perturb the free induction decay of Pop(r).

The spectraat At < 0 are quantitatively described by assuming that an excitation-
induced dephasing [54]. i.e., an increase in y due to the interaction between pg; and
nQw is the leading contribution to the QD nonlinearity at early times. Coulomb scat-
tering between the QD dipole and the initial nonequilibrium carrier distribution in
the QW causes this additional fast damping of py;. In the frequency domain, this
excitation-induced dephasing leads to oscillatory structures in the spectrum with a
period determined by the time delay between probe and pump. The solid lines in
Fig. 15.6(a) are calculated from (15.4) by assuming that the probe-induced QD po-
larization Pop (1) decays initially with an effective dephasing time 7> = 15 ps, de-
creasing to Tgip = 3 ps after the arrival of the pump laser (Fig. 15.6(b)). Such an
excitation-induced dephasing model accounts quantitatively for the transient oscilla-
tions and this analysis allows us to extract the QD polarization dynamics. A detailed
theoretical analysis of the data was performed on the basis of the semiconductor
Bloch equations in the mean-field approximation [34] and gives strong support for
this interpretation.

Beyond the density-dependent dephasing processes leading to the perturbed free-
induction decay, excitation of electrons and holes into continuum states gives rise (o
pump-probe signals at positive delay times, in particular the fast decay of the differ-
ential reflectivity at early delay times (Fig. 15.5(b)). Carriers initially populating con-
tinuum states relax into localized QD states, i.e., the population now of QW states
decays on a time scale of about 3 ps. Thus, the initial fast differential reflectivity de-
cay reflects the transition from a QD nonlinearity dominated by excitation-induced
dephasing to a nonlinearity dominated by exciton bleaching due to the population
relaxation into the QDs.

These results highlight two important features of interface quantum dots. First,
the coherence of the excitonic QD polarization persists for more than 10ps even
after resonant excitation with spectrally broadband femtosecond pulses. This deco-
herence time is two orders of magnitude larger than the duration of the excitation
pulses. On the other hand, Coulomb many-body interactions may contribute signifi-
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cantly to their optical nonlinearities on ultrashort time scales if an additional exciton
population in quantum well continuum states is created during the optical excitation
process. Such many-body interactions have to be taken into account as important
additional dephasing mechanisms.

15.4.2 Rabi Oscillations in a Quantum Dot

In this section, we demonstrate coherent control of both the amplitude and phase of
the coherent QD polarization on an ultrafast time scale. Coherent control of the pop-
ulation of a generic two-level system with finite electronic dipole moment p can be
achieved by resonant impulsive excitation with light pulses much shorter in duration
than the decoherence time of the microscopic polarization pp;. Neglecting for sim-
plicity the finite decoherence time, the excited state population after the interaction
with the excitation laser is given as nj = sin’(#/2), with # being the pulse area

~

. B o0
I F/ |E(1)] dt, (15.5)
ko J

where E(r) denotes the time-dependent electric field of the excitation laser and £ its
polarization direction. Thus, for weak excitation pulses the excited state population
first increases linearly with increasing pulse intensity until it reaches a value of n = 1
for & = 7, i.e., until the two-level system is fully inverted. Further increase in the
pulse intensity induces stimulated emission from the excited state back to ground
state and thus a decrease of excited state population. After interaction with a light
pulse of area § = 2 the excited state population reaches again n = 0, i.e. the
system is back in its original state. For higher excitation, the population shows the
well-known Rabi oscillations. This simplified picture only holds for resonant excita-
tion and negligible decoherence, of course. Thus, the study of QD Rabi oscillations
should generally give insight into the decoherence of quantum systems in the strong
excitation regime.

For resonant excitation of only a single excitonic transition, we use spectrally
tailored optical pulses with a spectral width of about 1 meV and a pulse duration
of about 1.5 ps. We tune these pump pulses to a specific quantum dot resonance
and probe the induced optical nonlinearity with collinearly polarized pulses of 15-
meV spectral width and 200 fs duration. The idea of the experiment is to read out
the transient exciton population by probing the induced absorption on the exciton—
biexciton transition. Since each confined electron state in the QD can be occupied
with two electrons of opposite spin orientation, two distinguishable single exciton
states with orthogonal polarization can be optically excited. Simultaneous excitation
of both exciton states results in a transient population of the bound biexciton state
[Fig. 15.7(a)]. In interface QDs, the biexciton energy is normally slightly smaller
(1-4 meV) than the sum of the two exciton energies due to the Coulombic inter-
action between the two excitons. Since the monolayer islands in interface quantum
dots are slightly elongated along the [—110] direction [18], the energetic degener-
acy of the two single-exciton states is lifted (by typically less than 100 peV) [18]
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Fig. 15.7. (a) Schematics of exciton ground (|00)), one-exciton (110}, and |01}), and biexciton
states |11} in a QD. (b) Excitation-level diagram in an interface QD and optical selection rules
for pump and probe laser. (¢) PL and AR for above-band gap excitation. In the studies of biex-
citon nonlinearities, the pump laser (dashed line) is tuned to the exciton resonance at 1.652 eV.
(d) Pump-induced biexciton nonlinearity. The time delay between pump (at 1.652eV) and
probe laser is Ar = 10 ps

and one finds linear polarization selection rules for the exciton and biexciton tran-
sitions [18, 55]. The energy level structure of the QD states and the polarization
selection rules can be summarized in a four-level system for the (no-exciton) crystal
ground state |00), two exciton states with orthogonal polarization |10) and |01) and
the biexciton state [11) [Fig. 15.7(b)]. Optical excitation of the |00) — [10) single
exciton transition gives rise to excited state absorption on the [10) — |11) tran-
sition. This excited state absorption is not present in the absence of single exciton
excitation.

In the experiment we observe, after single exciton excitation at 1.652eV
[Fig. 15.7(c)], a new transition at 1.648 ¢V, red-shifted by 4 meV from the single
exciton transition which is assigned to the exciton-biexciton X — XX transition
[Fig. 15.7(d)]. The dynamics of the pump-probe signal on the X — XX transition
1s consistent with this assignment [Fig. 15.8(a)]: There is no biexciton nonlinearity
at negative delay times (probe precedes pump), i.e., in the absence of [10) exciton
excitation. Around time zero the X — XX signal rises within the time resolution
of the experiment and then decays exponentially on a 40-ps time scale with the
radiative single exciton lifetime, demonstrating that the amplitude of the induced
X — XX reflectivity change is a direct measure of the transient |10} exciton popu-
lation generated by the pump pulse. The effect of the pump power on this biexciton
nonlinearity is shown in Fig. 15.8(b) where the pump-probe signal ARyy for a de-
lay time of Ar = 10ps is plotted vs. the maximum field strength Ep,, \/P_pu of
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Fig. 15.8. (a) Temporal dynamics of the biexciton nonlinecarity at 1.648 ¢V. The excitation
conditions are as shown in Fig. 15.7. The 40-ps decay at Ar > 0 reflects the exciton life-
time. (b) Rabi oscillation in a single interface QD. Magnitude of the biexcition nonlinearity as
function field amplitude of the pump laser at At = 10 ps

the pump pulse. The magnitude of the differential biexciton nonlinearity A Rxy dis-
plays pronounced oscillations, giving clear evidence for Rabi oscillations on a single
ground-state exciton transition in a single interface QD. Despite the clarity of these
oscillations, the experiment also shows that interface quantum dots are not an ideal
two-level system. The biexcitonic nonlinearity at the second maximum. correspond-
ing to a 37 excitation pulse, is about 1/3 smaller than that at the first maximum—
corresponding to a  excitation. This unwanted damping of the Rabi oscillations is
caused again by excitation-induced dephasing as an additional source of decoher-
ence.

The field dependence of the biexciton nonlinearity, A Ryx(Epy), is well repro-
duced within the framework of Optical Bloch Equations of a two-level system with
an intensity-dependent dephasing rate y = 1/T2 + y; - Egu [Fig. 15.8(b)]. Good
agreement between experiment and model is achieved by assuming a dipole moment
of 60 D, similar to those previously measured. The microscopic physics underlying
this excitation-induced dephasing is similar to that reported for above-band gap ex-
citation of QW continuum states in Sect. 15.4.1. Excitation by the picosecond pump
pulse not only drives the desired single exciton transition but also creates coherent
polarizations and incoherent populations in the QD environment. Since our pump-
probe signals are accumulated over a large number of typically 108 laser pulses,
these unwanted excitations give rise to fluctuating electric fields acting on the QD
and, thus, to decoherence of the ensemble-averaged QD polarization. Our experi-
mental results are well reproduced by assuming that the QD dephasing rate increases
from less than (15ps)~" (an upper limit given by our finite monochromator resolu-
tion) to about (6ps)~! for a pulse area of 37. In summary, these experiments show
coherent control of the population of a single QD exciton through the demonstration
of Rabi oscillations.
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15.4.3 Optical Stark Effect: Ultrafast Control of Single Exciton Polarizations

Full coherent control over a single exciton excitation requires not only control over
population—or more precisely the amplitude of the microscopic polarization pg;—
but also control over the polarization phase ¢ = arctan(Im(pg;)/Re(pp1)). In a
Bloch sphere representation, which is often used to visualize the quantum dynam-
ics of quasi-two-level systems, the momentary polarization pg; is represented as a
three-dimensional vector pg = [Re(pg1). Im(pg)), 1/2(ny — ng)], withn; = ((';"(‘;)
describing the population of state [i). In this representation, polarization control thus
means controlling the azimuthal angle ¢ in the [Re(pg,). Im(pg;)]-plane.

Here we demonstrate control of the relative phase between the driving laser and
the excitonic polarization by making use of the optical Stark effect (OSE). The
OSE is one of the fundamental coherent light-matter interactions describing the
light-induced shift (“dressing”) of energy levels in the presence of nonresonant laser
ficlds. In atomic systems the OSE is well known and, for weak excitation, well de-
scribed by optical Bloch equations for independent two-level systems [56, 57]. In
higher-dimensional semiconductors, e.g., quantum wells, however, the polarization
dynamics induced by nonresonant light fields is much more complex than in atomic
systems and often dominated by Coulomb-mediated many-body interactions [58—
61]. Effects such as exciton—exciton interaction, biexciton formation or hi gher-order
Coulomb correlations may affect the magnitude of the energy shift, the exciton os-
cillator strength and may even reverse the sign of the shift [60, 62-65]. Here, we
report the first experimental study of the OSE in a single quasi-zero-dimensional
semiconductor quantum dot [40].

Figure 15.9 compares the PL (solid line) from a single QD and the AR(w, At =
30 ps)/ Ry spectrum for above-band gap excitation of QW continuum states (solid cir-
cles). The absorptive AR spectrum reflects the bleaching of the QD resonance as de-
scribed earlier. For below-band gap excitation, however, we observe for weak excita-
tion (Ppy < 0.2 uW) and negative delay times, At = —4 ps (probe precedes pump),
a dispersive line shape centered around wgp. With increasing excitation power, we
find a drastic change in the line shape of AR(w) [Fig. 15.10(a)]: The signal max-
imum shifts slightly toward higher energies and an increasing number of spectral
oscillations is observed, in particular on the high-energy side of the QD resonance.
This change in line shape occurs together with a saturation of the strength of the
nonlinear signal A Ry,, taken as the difference between minimum and maximum of
AR(w) [Fig. 15.10(b)]. As we will show in the following, this characteristic change
in line shape allows us to extract the phase shift A¢ of the QD polarization due to the
interaction with the off-resonant pump laser from a Bloch equation simulation. The
extracted phase shift A¢ is plotted as a function of excitation power in Fig. 15.10(c).

To ensure that we are indeed probing only a light-induced shift of the exciton
resonance, we also plot the time evolution of the QD nonlinearity ARy, (Ar)/Ry
(Fig. 15.11). It is important that the signal vanishes completely for positive delay
times At > 0 (pump precedes probe) and rises around At = O within the time
resolution of our experiment of 250 fs. For At < 0, AR(At) decays with a time
constant of g = 8 ps.
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Fig. 15.9. (Left) PL spectrum of a single QD resonance wgp = 1.6503 eV and differential
reflectivity A R(w)/ Ry for above-band gap excitation at At = 30 ps and for below-band gap
excitation at Ar = —4ps with 2-ps pulses at 1.647eV (bandwidth ¢ = 0.8 meV) in the
weak excitation limit ( Ppy = 0.12 uW). Solid lines: Bloch equation model. (Right) Schematic
excitation diagram
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Fig. 15.10. (a) Optical Stark Effect in a single QD. Differential reflectivity spectra AR (w)/ Ry
for below-band gap excilation at At = —4 ps with 2-ps pulses at 1.647 eV (bandwidth o =
0.8 meV) for excitation powers between 0.12 and 0.58 uW. Solid lines: Bloch equation model.
(b) Variation of the signal magnitude AR(wqp)/Ro with pump power. (¢) Phase shift of the
QD polarization vs. pump power
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Fig. 15.11. Time evolution of AR(Ar)/Ry for a single QD at wgp = 1.6544eV. Here 200-fs
pump pulses with a power of 58 uW were centered at 1.640 eV. ARy (Ar > 0) vanishes and
the signal for Ar < 0 decays on a ps time scale. (a) 3-ps time scale. (b) 25-ps time scale

The dispersive AR line shape observed in Fig. 15.9(a) for below-band gap exci-
tation and small time delays is the signature of the OSE in the weak excitation limit
[58]. It reflects a transient light-induced blue shift of the QD exciton resonance. In
the presence of an AC electric field of frequency wp, the transition frequency of a

two-level system shifts by Awy(t) = ‘/[(wu — cv,;.)2 + 2r(1)?] + wp — wyg. Here,
wy is the transition frequency without external field, 2g(r) = i Ep(t)/h is the
Rabi frequency, p the transition dipole moment and Ep(1) - cos (wpt) the (pump)
AC electric field. The blue shift Awy(t) of the QD absorption resonance results in
a dispersive AR(w)/ Ry line shape, which can be approximated as AR(w)/Ry
Awp max - da(w)/dw, where a(w) is the QD absorption spectrum and Awg max is
the maximum blue shift. Thus, in the weak excitation limit, the amplitude of the
AR(w)/ Ry signal is expected to increase linearly with increasing pump power, with-
out change of the line shape. The spectra of Fig. 15.10(a), taken with pump powers
< 0.2 uW, exactly display this behavior. For such pump powers, the Rabi frequency
has a maximum value of 2g max = 1.75 meV 2 5 Awg max.

The origin of this transient blue shift becomes clear from an analysis of the op-
tical Bloch equations. We describe the QD as a two-level system with a radiative
lifetime of 73 = 100 ps corresponding to a dipole moment y = 50 Debye [34, 45,
46]. A dephasing time of 7> = 8 ps is assumed to account for our finite monochro-
mator resolution. It is important to stress that since we know both power and duration
7p of the pump pulses and the spatial resolution of about 250 nm, the electric field of
the pump laser is estimated to within a factor of 2 and no free parameters enter the
simulation.

The calculated dynamics of the QD polarization in the weak excitation limit are
displayed in the rotating frame in Fig. 15.12(a). The probe field resonant to the
exciton line changes the QD population and drives a coherent polarization oscil-
lating at the QD resonance frequency wqp. This polarization is 90° phase-shifted
with respect to the probe field (Re[ Pop] = 0). During the presence of the pump
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Fig. 15.12. Bloch equation simulation of the single QD optical Stark effect. Shown is the time-
dependent QD polarization Pgp in the rotating frame with (solid line) and without (dashed
line) pump laser. Nonlinear AR spectra are given in the inset. (a) Weak excitation limit,
(b) Strong excitation limit. The chosen pump power corresponds Lo a phase shift Ag = 172°

pulse, the polarization is externally driven, leading to oscillations at the detuning fre-
quency wge = wo — wp. After the interaction, the polarization is phase-shifted by
A¢ =~ [ Awg(t)dt. It is this shift A¢ of the QD polarization which changes the
product Ep(w) - Egp(w) of the complex electric fields and therefore the line shape.
Fourier-transformation of the polarization dynamics gives directly the dispersive line
shape of the A R(w) spectrum in the weak excitation limit, A¢ < 40°, at early delay
times (Fig. 15.9; inset in Fig. 15.12(a)).

The simulation also reproduces the time-dependent data shown in Fig. 15.11.
Evidently, a vanishing nonlinearity at positive time delays is predicted by the Bloch
model, since then the pump laser interacts with the sample before the excitonic po-
larization is created. At negative delays, the OSE nonlinearity is expected to decay
with the dephasing time of the polarization. The fact that we reproduce both pre-
dictions of this simple model experimentally is quite striking. In particular we find,
within our signal-to-noise ratio, no measurable nonlinearity at Ar > 0. This indi-
cates that we are indeed probing a pure light-induced shift of the resonance and that
nonlinearities induced by real carriers generated by one- or two-photon absorption in
the surrounding of the QD obviously play a negligible role [40]. This conclusion is
strongly supported by recording transient nonlinear spectra at different negative de-
lay times between 0 and — 10 ps. Here, pronounced spectral oscillations are observed
which are quantitatively fit by the Bloch equation. Thus, even under femtosecond
excitation, the nonlinear response of the interface QD for below-band gap excitation
is very close to that of an isolated atomic system and it appears that the excitonic
QD excitation is only weakly influenced by the complex solid state environment.
To be precise, one should note that from our experiments one cannot directly tell
whether the 8-ps decay at negative delay times reflects the polarization dephasing
time. We are spectrally resolving the QD nonlinearity with a monochromator with
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about 100 peV resolution and this finite resolution puts an upper limit of slightly less
than 10 ps to the measurable decay. Thus the 8-ps decay is close to our instrument
resolution and gives a lower limit only for the excitonic decoherence rate.

For higher electric fields of the pump pulse, the weak excitation limit of the OSE
nonlinearity is no longer valid. Experimentally, one finds additional features in the
transient reflectivity spectra [Fig. 15.10(a), traces for pump intensities of 0.32 and
0.58 uW]. These spectral oscillations are a direct consequence of the interaction of
the QD polarization with the strong pump field. The pump laser induces pronounced
large amplitude oscillations of QD polarization at the detuning frequency during the
presence of the pump laser. This is illustrated in Fig. 15.12(b) showing the solution of
Bloch equations for strong excitation with 2gr = 6 meV (wge, = — 10 meV). A large
phase shift Ag of 172° of the QD polarization results from this interaction and the
nonlinear AR spectrum shows additional oscillatory structures on the high-energy
side, as found in the experiment. This large amplitude phase rotation corresponds to
the observation of gain on the resonance of a single QD. In the Bloch sphere rep-
resentation this phase rotation basically reflects a nutation-like motion of the Bloch
vector, resulting in a change in azimuthal angle after the interaction. A comparison
between experimental spectra and simulation [solid lines in Fig. 15.10(a)] allows us
to quantify the phase shift A¢ experienced by the QD polarization. In Fig. 15.10(c)
we plot A¢ obtained from the simulation of the data in Fig. 15.10(a) as a func-
tion of the pump power Pp,. We find a linear increase in A¢ with Py. This means
that the light shift also increases linearly in our experiment, despite the saturation
of ARy,. This linear increase in the polarization phase A¢ is somewhat analogous
to the pulse area theorem for Rabi oscillations of the population of a two-level sys-
tem when driven with a resonant pulse. Currently, we can quantitatively measure the
phase shift with an accuracy of about 10° and achieve phase rotations of as much as
200°. Control of the exciton density, on the other hand, has been established above
by the observation of Rabi oscillations when varying the pulse area of a resonant ex-
citation pulse. The result show that a sequence of a resonant and an off-resonant laser
pulse gives full control over both amplitude and phase of the coherent excitonic po-
larization. In particular, we can switch the QD from absorption to gain within about
1 ps.

15.5 Coupling Two Quantum Dots via the Dipole-Dipole
Interaction

Coherent control of excitonic transitions in a single QD, as demonstrated in the last
section, is an essential prerequisite for exploring excitonic couplings between ad-
jacent dots and attempting to implement potentially scalable two-qubit operations.
Over the last few years, different microscopic coupling schemes have been proposed
to theoretically achieve such implementations, among them couplings via photonic
or plasmonic nanoresonator modes, via optical phonon wavepackets or through dipo-
lar interactions. In particular, ultrafast optical realizations of two-qubit operations in
dipole-coupled QDs have been studied theoretically in some detail [22, 23, 66-68].
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So far, experimental studies of the proposed ideas have not been reported. This
is partly due to a lack of suitable experimental methods. Since the strength of the
dipole-dipole interaction depends strongly on both the geometric arrangment (orien-
tation and separation of the dipoles) and on the microscopic interaction mechanism
(permanent dipole couplings, van der Waals dispersion forces, Forster dipole en-
ergy transfer, etc.), studies of single nanosystems and/or ordered and homogeneous
nanoarrays are often needed to resolve such couplings. Such experiments are scarce
and have so far investigated a pair of molecules in an organic crystal [69] or the
light-harvesting-2 complex [70] with steady-state techniques. Here, we demonstrate
that combining high spatial resolution with time-resolving optical techniques allows
us to separate different couplings through their individual real-time dynamics and
control nanosystems on ultrashort time scales [39].

To probe dipole interactions between two individual QDs, we go back to the
experimental situation depicted in Fig. 15.7. In Sect. 15.4.2 we discussed experi-
ments demonstrating coherent population control of the QD resonance at an energy
of 1.652¢eV (QD A). In these experiments, we probed the pump-induced biexcitonic
nonlinearity of this QD. The broad spectral bandwidth of the femtosecond probe
pulses enables us to simultaneously probe the pump-induced nonlinear optical re-
sponse of the other QDs detected at this NSOM tip position. We focus on the optical
nonlinearity of the neighboring QD resonance at 1.649¢V (QD B) and study now
the effect of a single-exciton excitation of QD A on the optical nonlinearity of this
QD. Nonlinear spectra ARg of QD B recorded with resonant excitation of QD A
are displayed in Fig. 15.13(a). The excitation conditions are identical to those in
Fig. 15.7(c) with an excitation pulse area of # = 0.75x.

Now, optical nonlinearities are observed at both positive and negative At, the
latter being evident from the noninstantaneous rise of the signal in Fig. 15.13(b). In
contrast to the absorptive line shape in Fig. 15.7(b), the nonlinear spectra display a
time-independent dispersive line shape, reflecting a transient blue shift of the exciton
resonance which does not change much with time delay. From the amplitude and
shape of the nonlinear spectra we deduce a line shift of 30 £ 15 peV around zero
time delay. As seen in Fig. 15.13(b), the time evolution of ARp . defined as the
difference between maximum and minimum of A Rg(w), is very different from that
observed at the biexciton resonance. At negative time delays, A Rg (Af) shows a
rise with a time constant of about 6 ps, followed by a slight dip and a slower decay
on a time scale of more than 100 ps. The change of ARg , with the excitation field
displays clear Rabi oscillations.

To discuss these results, we stress the following observations: (i) Dispersive line
shapes, caused by a transient blue shift of the QD resonance, are observed at all
time delays and we find no signature of absorptive AR changes which would reflect
pump-induced changes of the exciton population of QD B. This indicates that the ob-
served nonlinearity is not due to an exciton relaxation between QD A and B. (ii) The
presence of a strong laser field gives rise to transient excitonic line shifts via the op-
tical Stark effect (OSE). However, as shown in Sect. 15.4.3, the OSE leads to optical
nonlinearities at negative time delays (At < 0) only. Also, for a pump frequency
above the exciton resonance, a red-shift of the QD line is expected, in contradiction
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Fig. 15.13. (a) Nonlinear AR spectra of quantum dot B for resonant single-exciton excitation
of QD A at 1.652 eV as a function of time delay Ar. The pulse area of the 2-ps excitation pulses
is @ =~ 0.757. Inset: Excitonic |00} — |10) transitions in QD A and QD B coupled through
Vpp. (b) Time dynamics of ARB(At). The excitation conditions are the same as in (a) and
the time resolution of the experiment is indicated (thin solid line). (c) Rabi oscillation in a
coupled QD. Magnitude of ARg(Ar = 10 ps) as a function of the field amplitude of the pump
laser. The solid line shows a simulation based on an optical Bloch equation model

with our present findings. (iii) There is a clear correlation between the pulse-area
dependence of A Ryy in Fig. 15.8(b) and of ARg in Fig. 15.13(c).

The data in Fig. 15.13 thus reflect an electronic coupling between the QDs A
and B. The most likely candidate for such an interaction is a dipole—dipole coupling
between both QDs. Theoretical studies [22, 23, 66, 67] indicate that two different
mechanisms can contribute: resonant Forster energy transfer and direct Coulomb
interaction between permanent excitonic dipole moments. For two quantum dots
separated by less than the wavelength of light, pulsed optical excitation of one QD
leads to the re-emission of a transient electric field which can be reabsorbed by the
second QD, thus (Forster) transferring the excitation. The interaction Hamiltonian
Hy = Vg papg + c.c. includes the coupling Vg o ﬂA[LB/RiB between coherent ex-
citonic polarizations p;(t) = |10); (01 li+c.c.inQDs A and B. The coupling strength
is determined by the transition dipole moments Ki = [(00|M;|10);| (M;: dipole op-
erator) and the QD separation Rag. In the strong coupling limit, Vi /A is larger than
the detuning Aw = wp — wy between the QD resonances and the dephasing rate
1/T3, leading to entangled states of the coupled system and cooperative effects in
its radiative decay [67, 69, 71]. In the weak coupling limit, Vi < hAw, i/ T, the
interaction induces a population relaxation between the coupled states [72].

The direct dipole interaction Hp on the other hand involves permanent excitonic
dipole moments and thus interaction between the exciton populations n; = [10); (10|,
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with Hp = Vpnang and Vp o dAdB/R:;B. Here, d; represents the permanent dipole
moment originating from a shift of the electron and hole charge distributions in the
exciton. This interaction leads to a biexcitonic energy shift Vp in case that both QDs
are excited [22].

To examine these two interaction mechanisms, nonlinear optical spectra are cal-
culated from the time evolution of the density matrix in rotating wave approximation.
Here, the QDs are treated as effective two-level systems (states [00);, [10);), inter-
acting with the pump and probe fields and coupled via the dipole-dipole interaction.
Most of the parameters of these calculations, such as w;, p;, T ;, and electric field
profiles of the lasers are quantitatively known. The basic unknown is the mechanism
and strength of the dipole—dipole interaction.

For the Forster mechanism, the time-evolution of the spectra depends critically
on the ratios of Vg, hiAw, and h/T>. In our case, typical interdot distances are lim-
ited by the finite exciton size to about 20 nm, giving Vy =~ 30 peV for u = 60D.
Therefore Vi < h/Tr (0.1 meV) « hAw (3meV), ie., we are in the weak cou-
pling limit. At negative delay times At < 0, ARp 5, is due to the optical Stark
effect induced by the pump field with a dispersive line shape reflecting a red shift
of the exciton line, and a rise of ARg (At < 0) with 7> g (Fig. 15.14(a)). At
At > 0, the Forster mechanism induces exciton population relaxation between both
QDs, resulting in absorptive line shapes. The decay of AR m(Ar > 0) reflects
both the exciton lifetime 77 o =~ 40ps and the exciton transfer rate which scales
as T¥ o« VPTa[l + (AwT»)?]! [72]. Although the excitation field dependence of
ARp m(At = 10ps) (Fig. 15.14(c)) displays Rabi oscillations, the line shapes and
the temporal dynamics of A Rg m are in disagreement with the experiment. Also the
amplitude of ARg , is much smaller than in the experiment. We infer that dipole
coupling via the Forster mechanism is of minor importance for our QDs.

For a direct dipole interaction Hp between permanent excitonic dipole moments,
excitation of QD A transiently shifts the energy of QD B by Vp. The sign of this
shift depends on the sign of Vp and, thus, a blue shift occurs for parallel dipoles da
and dp. For a shift smaller than the homogeneous exciton line width, the coupling
results in a dispersive shape of AR (Fig. 15.14(b)). Both direct dipole coupling and
OSE contribute to the line shifts at At < 0 and net blue shifts are observed if the
Coulomb coupling is stronger than the OSE. The signal at A7 < O rises with 73 g.
For At > 0, ARg  decays exponentially with the exciton lifetime T; a, as there
is no population transfer between the dots. The amplitude of ARg , monitors the
exciton population in QD A and the intensity dependence of the pump-induced Rabi
oscillation (Fig. 15.14(b)) is thus similar to that found in the single exciton manipu-
lation experiments.

The experimental line shapes and Rabi oscillations are in good agreement with
the direct coupling model. The calculated decay of A Rg m. however, is faster. This
discrepancy may reflect signal contributions from more delocalized excitonic transi-
tions in the environment of QD A [42]. Such states have smaller dipole moments and
thus longer radiative lifetimes. Their presence may also lead to finite dipole shifts
that persist on time scales longer than 7 a. This notion is supported by finding ex-
perimentally a finite optical nonlinearity from QD B when the excitation pulse is
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Fig. 15.14. (a) Simulation of optical nonlinearities of two QDs coupled by Forster energy
transfer for excitation conditions similar to Fig. 15.13. The nonlinear spectra (inset) display an
absorptive line shape at Ar > 0 and dispersive red-shifted line shape at At < 0. (b) Coupling
via permanent excitonic dipole moments. For Vjy > 0, the nonlinear spectra (inset) reflect a
blue shift of the exciton line at all time delays. Pump-induced Rabi oscillations (At = 10 ps)
for (¢) Forster and (d) direct dipole coupling

slightly detuned from the resonance of QD A. For such a nonresonant excitation,
however, Rabi oscillations are not observed. This indicates that the direct coupling
between permanent excitonic dipole moments is the dominant interaction mecha-
nism. Apart from the permanent dipoles, the Coulomb interaction between excitons
in QD A and B may lead to induced charge rearrangements which lower the energy
(formation of distant biexcitons). The absence of a redshift in the experiment points
to a dominance of dipole repulsion over such correlation effects.

It is interesting to ask whether the weak Forster coupling is a general property
of this class of QD samples. The energy statistics of the localized exciton states are
heavily influenced by level repulsion effects [42], resulting in finite energy splittings
between excitons in neighboring QDs. Such splittings are typically 1-3 meV and thus
stronger than the dipole coupling. Thus, it is quite unlikely to find near-resonance
situations between adjacent QDs and Forster coupling is expected to be weak in
general.

15.6 Summary and Conclusions

We introduced a novel technique—ultrafast near-field optical spectroscopy—to probe
the nonlinear optical response of single semiconductor quantum dots. We used this
technique to demonstrate coherent control over amplitude and phase of the excitonic
QD polarization. Rabi oscillations of up to 47 are induced and probed by ultrashort
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light pulses. It appears that even in relatively weakly confined interface quantum
dots. the ultrafast polarization dynamics are in many respects similar to those of an
atomic system, yet with an enhanced dipole moment. Only when interacting with
strong excitation pulses with an area of order 2, excitation-induced dephasing due
to Coulomb-mediated many-body interactions is limiting the visibility of Rabi oscil-
lations. One may expect that using quantum dots with larger confinement energies
may reduce excitation-induced dephasing. Yet so far the experiments on Rabi os-
cillations in more strongly confined self-assembled quantum dots seem to indicate
that other factors, such as enhanced exciton—phonon coupling, may be important
additional decoherence sources. Certainly, the microscopic origin of exciton deco-
herence in single quantum dots will be the topic of much additional experimental
and theoretical work in the near future.

We introduced an experimental technique that probes transient optical nonlinear-
ities in a broad spectral range and thus is particularly well suited to study excitonic
couplings. This allowed us to demonstrate coupling between permanent excitonic
dipole moments in a pair of adjacent quantum dots. The coupling strength of about
30 peV is still about one order of magnitude too small to implement a nonlocal con-
ditional quantum gate as proposed in [22]. An increase in coupling should readily be
achievable by applying moderate lateral electric fields and two-qubit gating times of
a few picoseconds seem feasible [23].

Recent progress in nanofabrication allows for manufacturing linear arrays of ver-
tically and laterally stacked quantum dots with well-defined interdot distances. Such
systems may permit us to go beyond two-qubit operations toward scalable qubit ar-
rays. even though statistical variations of the coupling parameters within such ar-
rays and excitation-induced decoherence still pose major technological challenges.
Either energy-selective addressing (with inherently limited scalability) or cellular-
automaton schemes with globally applied multicolor pulse sequences may be used
for encoding information in such arrays. The now-established real-time probing of
many-body interactions between individual solid-state nanostructures will certainly
be of key importance for future progress in this area.
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