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Coherent control of individual two-level sys-
tems (TLSs) is at the basis of any imple-
mentation of quantum information. An im-
pressive level of control is now achieved us-
ing nuclear 12, vacancies ** and charge spins °.
Manipulation of bright exciton transitions in
semiconductor quantum dots (QDs) is less ad-
vanced, principally due to the sub-nanosecond
dephasing 7. Conversely, owing to their robust
coupling to light, one can apply tools of nonlin-
ear spectroscopy? to achieve all-optical com-
mand. Here, we report on the coherent ma-
nipulation of an exciton via multi-wave mix-
ing. Specifically, we employ three resonant
pulses driving a single InAs QD. The first
two induce a four-wave mixing (FWM) tran-
sient, which is projected onto a six-wave mix-
ing (SWM) depending on the delay and area of
the third pulse, in agreement with analytical
predictions. Such a switch enables to demon-
strate the generation of SWM on a single emit-
ter and to engineer the spectro-temporal shape
of the coherent response originating from a
TLS. These results pave the way toward multi-
pulse manipulations of solid state qubits via
implementing the NMR-like control schemes °
in the optical domain.

An appealing strategy to realize optically controlled
quantum networks in solid state, is to coherently
couple distant TLSs - like bright exciton transitions
in QDs - via photons confined in microcavities 191!
or propagating in waveguides!2*®. The efficient re-
trieval and manipulation of coherent responses from
single excitons is mandatory for assessing the prop-
erties of such solid state qubits and demonstrating
the coherence transfer between them. In this con-
text, substantial progress has been made by the in-
troduction of the heterodyne spectral interferometry
technique ® to measure four-wave mixing (FWM) from
individual excitons in various nanostructures 1116719,
Yet, measuring on single strongly-confined excitons in
InAs QDs remains challenging and has not been pre-
viously achieved. This is due to their small dipole
moment p and the resulting required high resonant
amplitudes of the three fields; &1, &, €3, employed to
drive the measured FWM polarization, being propor-
tional to ut&;Ee€5 and higher order terms with the
same phase dependence on the fields.

Here, the retrieval and manipulation of wave-mixing

signals from single InAs QDs is accomplished by em-
bedding them in a low-Q planar semiconductor micro-
cavity 2°, as detailed in Supplementary Fig.S2. Such
a semiconductor hetero-structure provides an intra-
cavity field enhancement of /@) ~ 13 at the QDs posi-
tion, whilst offering spectral matching of the photonic
mode with femto-second laser pulses. This cavity-
enhanced driving allows reducing the resonant exci-
tation intensity, required to induce the FWM, by a
factor around Q3/2 ~ 2200. In consequence, the re-
trieval efficiency of wave-mixing signals from single
excitons is improved by two orders of magnitude with
respect to previous experiments on bare QDs®. In
this work, we employ such wave-mixing responses to
realize a novel scheme for ultrafast coherent control
of optically active TLSs. We demonstrate gating of
their coherent emission, by converting the FWM po-
larization into the SWM one. We show engineering of
the FWM spectral response, also acting on the global
spectral lineshape of a TLS. Details regarding the cur-
rent experimental configuration are given in Supple-
mentary Fig. S1.

For the purpose of the experiment described in this
Letter, we require an optically active TLS in a solid.
In InAs QDs, this is the case of negatively charged
excitons (trions) 2!, where the level structure can be
trimmed down to two levels (disregarding spin degen-
eracy): the ground and excited states corresponding
to the presence of an electron and a trion in the QD,
respectively, as depicted in Fig.1a. We have there-
fore used a sample which is intentionally n-doped 2°
with a Silicon é-layer located in the cavity spacer. To
illustrate the coherent response of trions, we present
in Fig.1a the spectral interferogram detected at the
FWM frequency 25 — 1, as detailed in the Supple-
mentary Material. Based on series of interferograms,
we construct the FWM hyperspectral imaging ', as
exemplified in Fig.1b. Therein, the brightest, local-
ized peaks correspond primarily to the FWM gener-
ated by trions. Such imaging is employed to determine
spatial and spectral position of QDs. Also it enables a
detailed statistical analysis on excitonic complexes, as
exemplified for biexcitons in Supplementary Fig. S3.

We first retrieve the required parameters to infer
and model the optical response of single emitters in a
solid. The three-beam FWM spectroscopy offers di-
rect access to coherence and population dynamics in
the TLS. To probe the population dynamics, we de-
tect the time-integrated FWM at the Q3 + Qs — 4
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FIG. 1. Wave mixing spectroscopy of individual

negative trions in InAs QDs embedded in a low-
Q microcavity. a)Interferograms of four-wave mixing
(FWM) of a single trion for 2Qs — Q1, 712 = 0.5ps
and pulse areas (01, 02) = (7/2, 7), and six-wave mixing
(SWM) at 2Q3 — 2Qs + Q1 for 72 = 0.5 ps, T23 = 1ps,
(61, 02, 03) = (7/2, m, w). Integration time 20s. Het-
erodyned spectral shape of £ is shown with a purple,
dashed line. b)Amplitude of the FWM hyperspectral
imaging at 712 = 1ps. Localized peaks correspond to
the FWM of single QDs: the amplitude is displayed
as brightness, the energy is indicated as the hue of the
colour range (indicated by the bar) from -0.3 (red) to
+0.3meV (blue) with respect to the chosen center of
hw = 1350 meV. c) Population dynamics (brown squares)
of the trion probed with FWM, 712 = 0.5ps: exponen-
tial decay (brown line) yields the population lifetime of
T1 = (390 £ 10) ps. Coherence dynamics (black circles) of
the same trion probed with FWM, consistent with radia-
tively limited dephasing T2=2T; and a residual inhomo-
geneous broadening of o = (3 £+ 1) peV. d) FWM power as
a function of v/P1 = |&1| and of & pulse area 6; showing
Rabi oscillations, 2 = 2/3m, P2 = |&]* = 157 W /cm?,
712 = 0.5ps. Pulse areas of (61,02) = (7/2, 7), corre-
sponding to (P1, P2) = (72, 235) W/cm?, are determined
by the first maximum of the FWM versus 6; (62, not
shown). Predicted sin®(6;)exp(—£61) is depicted by the
orange dashed-dotted line, where £ is the damping con-
stant.

frequency, while varying the delay 13 between & and
&3 and fixing 72 = 0.5ps. The resulting evolution
of the FWM amplitude is shown in Fig.1c and fit-
ted by an exponential decay, yielding??23 the life-
time of Ty = (390 £+ 10)ps. Conversely, detect-
ing the FWM at the frequency 2 — €, reflects
the coherence in the TLS. Its evolution is governed
by the delay 712 between & and &, as displayed in
Fig.1c. The lack of FWM at negative delays and the
absence of fine-structure beating!? confirm the tri-
onic nature of the investigated transition. Our data

are well described by the product of an exponential
and a Gaussian decay '°. From the former, we infer
the dephasing time Ty and the related homogenous
broadening v = 2h/Ty (FWHM). The latter yields
the inhomogeneous broadening o due to the residual
spectral wandering, occurring during the integration
time. Note that even on the single transition level
such wandering creates a photon echo, manifested here
by a Gaussian decay of the coherence !?24. The co-
herence dynamics can be fitted using To=2T1=780ps
and ¢ = (3 £ 1) peV. We thus find that the coher-
ence of trions in these QDs approaches the radiative
limit. This is supported by observation of their first
order reflectance, as shown in Supplementary Fig. S5.
More examples of such transitions close to the radia-
tive limit are given in Supplementary Fig. S4.
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FIG. 2. FWM/SWM switching. a)Pulse sequence
used in the experiment, highlighting rationale of the
FWM/SWM switching. The evolution of the trion’s Bloch
vector (red) during FWM, switching and SWM is also de-
picted (ground state on the top of the sphere). The FWM
transient (blue line) is created by &£ and & fields arriving
at t = —7i12 and t = 0, respectively and it freely evolves
during 3. &3, arriving at t = 723, converts the FWM into
the SWM (green line). The FWM/SWM conversion effi-
ciency reaches unity for 03 = w. FWM (b) and SWM (c)
amplitudes as a function of real time ¢ and delay 723 for
03 = 0.87. FWM (SWM) signals are present above (be-
low) the diagonal giving the arrival of £5. Amplitude on
a linear colour scale, as given. Decreased amplitudes for
long times is due to the limited resolution of the spectrom-
eter. d)Demonstration of the FWM suppression (blue)
and the SWM build up (green trace) at the arrival of £ for
t = 193 = 22 ps. The noise floor is given by a gray dashed
line. Note the coexistence of both signals for ¢ > 22 ps and
corresponding residual signal in Fig. 3 c, owing to 03 # .

The coherent control experiment described be-
low requires a calibration of the pulse areas 6; =
[ dt pl&;(t)]/h, which are proportional to the square
root of the pulse intensities P;. To illustrate this
calibration, we present in Fig.1d the FWM power
as a function of v/P; and 6;. As expected 16:25:26
the FWM undergoes Rabi oscillations with increasing
f1. In addition, we observe a 6;-dependent damp-
ing, which is attributed to dissipative coupling with



acoustic phonons??. In the three-beam heterodyne

spectral interferometry technique, the additional de-
gree of freedom provided by the time delay 793 al-
lows to transform the FWM into SWM at the defined
time after creating the FWM. Such SWM signals and
their interferences with coexisting FWM have been
studied in atomic physics?®29. Higher order wave-
mixing has been also investigated in the condensed
matter physics to explore many particle correlations
in quantum wells 3932 and QD ensembles 33, recently
inferring their non-Markovian dynamics3*. In the
present study, we demonstrate for the first time gen-
eration of SWM on single emitters. Here, SWM de-
tection serves as a tool to implement coherent control
upon the FWM transient of a TLS. We use &3 pulse
to project the FWM into the SWM signal oscillat-
ing at the 205 — 20y 4 €3 frequency. The spectral
interferogram measured at this frequency is shown
in Fig.1la, for the applied pulse sequence given in
Fig.2a. The FWM/SWM swapping is controlled by
adjusting the pulse area 63 and 7»3, as derived in the
analytical model presented in the Supplementary Ma-
terial: FWM field £ and SWM field & read:

|E¢(t)| o sin 6, sin? %2 (@(t) — sin? %@(t - 723)) X
e ", (1)

0 0
E5(t)| o sin 6y sin® 52 sin? ;@(t — T3)e” 2, (2)

where © is the Heaviside function, and ¢ = 0 is
defined by the arrival of &;.

Conversion of FWM into SWM and their co-
existence is experimentally demonstrated in Fig. 2.
Therein, we present the FWM and SWM field am-
plitude transients for increasing o3 at 03 = 0.87. In
such maps, the arrival of &5 at t = 7»3, generating the
conversion, defines the diagonal. From Egs. (1) and
(2), we expect that the FWM is present in the upper-
side of the diagonal (¢ < T23), and has been converted
to SWM in the lower-side (¢ > T23), as indeed mea-
sured. This temporal gating of both signals is the key
to manipulate the spectral distribution of the FWM
from a TLS.

We note that the conversion efficiency reaches unity
for the 03 = 7 yielding, at the arrival of &, a complete
suppression of the FWM. In Fig. 3, we employ specific
pulse areas (61, 602) = (5, 7) in order to drive, between
& and &3, the maximum polarization to the FWM,
consistent with Eq. (1). In Fig.3a we present FWM
transients measured at 3 = 7 for various 7o3. Their
spectral amplitudes (also see Supplementary Fig. S6)
are given in Fig.3b. The spectra show a substan-
tial broadening and ringing due to the step-like sup-
pression in time, leading to a sine cardinal like shape.
FWM at 03 = 0 (topmost) is given for comparison.
The effect, also clearly visible in Fig. 3 ¢, is observable
from 793 = 110ps to 7o3 = 10ps where the FWHM
of the main peak increases from 38 ueV (given by the
spectral resolution) up to 700 ueV. This represents an
imposed broadening by two orders of magnitude with
respect to 2. With further decrease of 753 such spec-
tral broadening can reach 10meV range, as is only
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FIG. 3. Manipulation of the coherent response of a
single emitter via wave-mixing switching. a) FWM
transients generated for 712 = 0.2ps, 03 = 7 and 723 as
labeled. A complete suppression of the FWM is observed
after the arrival of £3 (¢ > 723); the noise level is shown
by the dashed yellow line. The free evolution of the FWM
for 03 = 0 is shown in the topmost panel. b) FWM spec-
tral amplitudes of the data in a), showing a substantial
spectral broadening of the FWM due to the step-like sup-
pression of the signal in time domain. Analytical predic-
tions using Eq. (3) are shown as red lines. ¢) FWM spec-
tral amplitudes of the transients given in Fig.2b, showing
the evolution of the FWM lineshape with increasing 723
for 03 = 0.8w. Logarithmic colour scale, as shown by the
vertical bar.

bounded by the duration of £. Due to the limited
amount of the emitted FWM for 73 ~ 0, its obser-
vation requires a large signal-to-noise ratio. Fourier
transforming Eq. (1) with respect to the real time ¢,
yields the spectrally resolved FWM amplitude:

0
|€¢(w)] o< sin 6y sin? 52677—1272 X

1/2

1 +sin? %36*272372 — 2sin? %36’72372 cos AwToz /
27 (72 + Aw?)

(3)

where Aw = w — wey. With the particular pulse ar-
eas (01, 0o, 03) = (5, m, ), the spectrum takes the
cosh(y2723) —cos (AwTaz) ) 1/2

7r('y§+Aw2) ’
which reproduces the observed features quantitatively,
as shown by red traces in Fig. 3b. The spectral broad-
ening of the central peak scales as %, characteristic
of the sine cardinal lineshape.

For intermediate values of 03, the FWM is only
partially converted to SWM. Therefore both non-
linearities coexist, as can be noted in Fig. 2d. This is
investigated in Fig. 4, where the FWM transients (a)

simple form 6*72("'12+T23)<
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FIG. 4. Manipulation of the FWM with the area of
the control pulse &;3. a) Measured evolution of the FWM
transient for A3 of 0.47 (blue dashed), 0.77 (green dotted)
and 7 (orange solid); for 712 = 0.2ps and 723 = 20ps.
An increasing suppression of the FWM for ¢ > 723 with
increasing 03 is observed. b) FWM spectral amplitudes of
the transients shown in a), with the corresponding theoret-
ical prediction according to Eq. (3). ¢) Map of the FWM
spectral amplitude as a function of 03 demonstrating a
gradual suppression of the spectrally narrow component
of the FWM. Delays as in a). d) Theoretical simulation of
¢). Logarithmic color scale, as shown with the colour bar.

and spectra (b) for increasing 03 and fixed 93 = 20 ps
are presented. Owing to the increasing FWM sup-
pression for t > 20ps, the amplitude of the spec-
trally narrow component is reduced (see Supplemen-
tary Fig.S7). In parallel, the broad pedestal devel-
ops. Hence, non-natural lineshapes can be designed
by tuning 03 and 723. Eq.(3), derived in the Supple-
mentary Material, reproduces the experimental data
shown in Fig.4b and c, without any free parameters,
apart from the absolute common scaling.

The ability to manipulate the spectral width of a co-
herent response from the TLS provides a novel degree
of freedom in solid state quantum optics. We empha-
size that the phase shift induced by the FWM/SWM
conversion modifies the coherent oscillation of the
dipole: the global lineshape of the TLS polarization is
altered, as highlighted in Supplementary Fig. S8. The

latter is strikingly manifested when the &5 is hetero-
dyned at 2Q5 — 1, leading to a stationary phase shift
between the two non-linearities generated by £ and
&3, respectively. Therefore by adjusting this phase
shift with 723 (see Egs. (11) and (12) in the Supple-
mentary Material), we can perform controlled phase
rotations of the TLS dipole. After arrival of &5, the
phase of the TLS emission could be inverted or en-
tirely frozen. Such on-demand blockade of emission
represents a fundamental step in optical control of sin-
gle TLS systems. As an example of application, let us
note that tuning the spectral shape of a TLS could
be employed to optimize injection and storing of sin-
gle photons in optical resonators. Furthermore, max-
imizing the spectral overlap within a pair of distant
TLSs promotes their coherent coupling via propagat-
ing photons 3, which is a prerequisite to realize opti-
cally controlled quantum networks in a solid. Multi-
wave mixing could be also used to selectively address
the coherence dynamics and transitions in higher man-
ifolds of the Jaynes-Cummings ladder of nanophotonic
devices operating in a strong-coupling regime 117,

By employing a low-Q semiconductor microcavity,
we improved the retrieval sensitivity of coherent re-
sponses from individual emitters, enabling wave mix-
ing spectroscopy of individual excitons in strongly-
confined InAs QDs. Using three beam configuration,
we inferred a new scheme for controlling coherent evo-
lution of a TLS via converting FWM to SWM. We
have demonstrated that, via temporal gating of the
FWM, we can control its lineshape by varying the
amplitude and the arrival time of the gate pulse. The
demonstration of SWM on individual emitters paves
the way towards investigations of their non-Markovian
dynamics 3* and to study higher order correlations 3°
involving more than two excitons within a QD. Ex-
tending our proof-of-principle protocol toward control
via multi-wave mixing is conceptually straightforward:
conversion between wave mixing processes is deter-
mined by areas and respective delays of driving pulses.
It is also technically feasible via multiplexed digital
heterodyning. An alluring perspective is to perform
multi-wave mixing on radiatively coupled pairs of dis-
tant excitons 3°, achieving non-local quantum control
in a solid.
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