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Supporting I nfor mation

Materials and M ethods

Experimental Techniques

The optical source used in this work is a wavelength tunabIsIAz optical parametric oscillator
laser system producing optical pulses aroundulr® The self-assembled InAs/GaAs quantum dot
wafer was mounted on an attocube nanopositioning stagieiadielium flow microscopy cryostat
at 10 K, as shown in Fig. S1. A high numerical aperture miapscobjective (NA 0.7, 109)

designed for infrared wavelengths was used for both lasgtagion and collection of the emitted
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photoluminescence. The photoluminescence spectrum westee using a 0.75 m monochroma-
tor with 30 ueV spectral resolution and a liquid nitrogen-cooled InGaAsy detector.

An ideal unshaped control laser pulse has a constant phase, leading to théeshpossible
temporal duration considering its frequency bandwidtichsaipulse is referred to as a transform-
limited (TL) pulse. The typical output from ultrafast odatbr laser systems is generally not an
ideal TL pulse, but can exhibit significant linear and higbetter phase structure.¢ the pulse
phase has an unintended frequency dependence, chilg). In addition, the optical pulse can
accumulate phase structure by propagating through vaoptisal components in the experimen-
tal apparatus. The associated unintended phase structisteoe characterized and compensated
for prior to application of the optimum shaping mask. Thisgass is called dispersion compensa-
tion, and is carried out in this work using multiphoton iptse interference phase scan (MIIFS).
The pulse shaping system used in these experiments coofsatsnfrared 4f pulse shaper incor-
porating a computer controlled dual mask 128 pixel spaigitImodulator (SLM). Feedback to
the pulse shaping system for dispersion compensation BdiHeS was provided by the second
harmonic spectrum, in which a BBO nonlinear crystal was plaatesin equivalent focus to the
sample position. Application of the dispersion compemsgbhase mask determined using MIIPS
resulted in an optimized unshaped pulse with a duration 0ff§ 3within 1 % of the TL valuei(e.
T/t < 1.01, wherer = 130 fs andrr is the ideal pulse duration dictated by the measured pulse
bandwidth). This dispersion compensation phase mask vegeldd the calculated optimum phase
mask for the phase control experiments. Figure S2 showslatdc MIIPS traces for the TL as
well as the shaped optical pulses. The equally spaced @diaéls in Fig. S2a are characteristic
of a TL optical pulse, while the cross-hatched pattern in B2p is a signature of the cosine phase
function used here. The measured interferometric autelation for the dispersion compensated
pulse is shown in Fig. S2c, together with the correspondaigutated autocorrelation in Fig. S2d.
Calculated MIIPS and autocorrelation plots for both TL andpsd pulses are in agreement with
the experimentally measured traces shown in Fig. S2 and2kigthe main text.

The Gaussian beam spot size of the focused excitation laslee @dample, required for cal-



culation of the electric dipole moments of the selected guandots, was determined using a
knife-edge type measurement. The focused laser beam wasteelfloff a laterally translating
metallic step edge on the masked quantum dot sample witbimtbroscopy cryostat. The result-
ing change in reflectivity was measured using an InGaAs mhotie. The collected reflectivity

data was differentiated and fit to a Gaussian function taaekthe laser spot size.

Sample

The InAs/GaAs quantum dot structure was grown by molecwdanbepitaxy under conditions op-
timized for a sparse quantum dot ensemble with the groune sfdical transition of the quantum
dots near 1.3um. The single quantum dot layer was deposited on top of 200 n@ads un-
der indium-rich conditions. The quantum dots were overgrawith Ing ,Gay gAs at a low growth
temperature to reduce intermixing, followed by 65 nm of GaAkGaAs carrier blocking layers
were deposited above and below the GaAs layers. The phatudgoence for this structure is
shown in Fig. S3. From corresponding photoluminescencigatixm experiments, we determined
that the peaks in Fig. S3b at 0.965 eV (1285 nm) and 1.017 e20(1h2n) are due to ground
state emission from two distinct subsets of quantum dothimvihe ensemble. The separation
between the ground state and excited state transitionesgethubsets are 95 meV and 75 meV
averaged over the ensemble, respectively. As a resultntiad peak at 1.083 eV (1145 nm) in
Fig. S3b is attributed to the excited state transition intilgdher-energy subset of quantum dots.
The lower-energy quantum dot subset has an estimated amesitylof 6x 10° cm ™2, an average
guantum dot height of 9 nm and a lateral size of 20 nm from eses$ional transmission electron
microscopy and atomic force microscopy on similar strugsurTo facilitate spectral isolation of
individual quantum dots, a metallic mask containing anyaofaapertures of varying sizes (Ouim

to 1.0um) was deposited onto the sample surface. Microphotolusogrece measurements, using
830 nm continuous wave laser excitation, show single quarmtat peaks in both subsets of the
ensemble (Fig. S3). The experiments reported here wenedaut on quantum dots within a 0.4

yUm aperture in the lower-energy subset. The power-depepdsrtbe s-shellPL for QD1 (QD2)



is shown in Fig. S8 (Fig. S3). The saturation of the s-shell emission for high pump pswears

been observed in similar QDs.

Description of Model

The theoretical model treats QD1 and QD2 as independentaved-systems, each consisting of
a vacuum stateg) and p-shell exciton state) with their respective transition energiegyy. The
guantum states are manipulated using the electric fieldadex Ipulse given by,

E (1) = Z€Eo(t)[exp(—itxt ~i(t)) + expicat +ip(t))]. ()

whereay is the center frequency of the laser pulgét) is the temporal phase, arth(t) is the

electric field envelope. In the calculation, the envelopeken to be in the form:
Eo(t) = |Eolsect{1.76t/1), 2)

wherert is the pulse width. For a transform-limited pulggt) = @ is constant. The interaction of
the electric field with each quantum dot is calculated usivegltiouville equation for the density
matrix

. i
p= ﬁ[l% Ho + Hint], (3

whereHy is the unperturbed Hamiltonian akth = — i - E(t) is the interaction Hamiltonian with
dipole moment operatqi. The resulting optical Bloch equations in the rotating wamgraxima-

tion, with change of variables;; — pij to remove fast variations in the coherences, are given by

5ee - (—i/2) [QRﬁge— f’egQ*R] - reef’ee; (4a)

5eg =(=1/2) [ZAﬁeg — Qr(20ee— 1)] — regﬁega (4b)



whereQr = —lgEo(t) /N'is the complex Rabi frequencl = wy — w is the laser detuningee
is the population in statg), andpg is the coherence between sta@sand|g). e andlgy are
the constant population decay rate and constant dephasimgrespectively. The density matrix
for the combined system is the direct product of the densgyrices for the two quantum dots

(p = p1® p2) and the fidelity of the operation is defined as

F = Tr[ppnpid], )

wherepp, is the physical density matrix for a given laser pulse ppds the ideal density matrix
for the quantum gate.

We engineer the quantum state evolution of QD1 and QD2 by poéating E(t), and hence
Hint, Using a 4f pulse shaper, which provides independent dooney the frequency-dependent
amplitude and phase of the pulse. The effect of the SLM in thegushaper may be modeled as a

linear filter with a frequency respond w) given by

M(w) = Aw(w) explidm (w)], (6)

whereAy (w) and®y (w) are user-defined amplitude and phase functions. The Fdraiesform

of the laser pulse after the shap&s., is related to the input puls&;,, by

Eout(o‘)) = Ein(o‘))l\/l(o‘))- (7)

The use of MIIPS for dispersion compensation allows us tarassa transform-limited input pulse
Ein(w). For the purposes of this study we #¢t(w) = 1 and use phase-only control, which serves

to conserve pulse power. The functional formdafi (w) was chosen to be

®w(w) = acogy(w - ap) — ¢], (8)



wherea is the amplitudey is the spectral frequency, agdis the phase shift. The fidelity =
f(a,y,¢,0) of the operation is optimized as a function@f y, ¢ and the pulse are®(= ([ -

£/R) J 5 Eo(t) dt).

During optimization, the parameters are subject to theWalg constraints

0<ac<m, (92)
0<y<315fs (9b)
—n<¢ <, (9¢)
m/2<O<5m/2. (9d)

The constraints oor andy serve to restrict the gradient in the phase to approximat£ly) radians
per pixel, a conservative restriction for the 128-pixel Subkd in this work, while the constraint
on O limits the optimized pulse shapes to relatively low pulssaar

To optimize the fidelity of the quantum gate, we choose a masktion defined by a vector
g = {ai, ¥, $i,©; } within the parameter space defined by equation 9, apply tis& toea TL pulse
(with the experimentally measured pulse width of 130fs)l eaiculate the electric field which dic-
tates the time dependence of the interaction Hamiltoniaa.th¥n integrate the Bloch equations
(equation 4) to determine the state dynamics and the fidgl{gquation 5). The vectaj is driven
towards a local optimum in fidelitifop: With associated vect@op: = {Aopt, Yopt s Popt, Qopt } USING
the constrained optimization by linear approximations (CQBYalgorithm.* We find that repeat-
ing this procedure with 500 initial vectogs, selected using a quasi-random Sobol’ sequéme-
vides sufficient coverage of the parameter space to fopghkavector with high fidelity £ > 0.95).

Shown in Fig. S4 is a comparison of the pulse characteriaiidsquantum state dynamics for
a TL pulse Fig. S4(d, e, f) and a shaped pulse Fig. S4(a, b,r@dsmonding to the highest gate
fidelity found by the optimization algorithm. (The quantutg is the same as that described in
the main text, i.e. ar rotation for QD2 and & rotation for QD1.) The shaped pulse is defined

by the vectorq = {0.9960r1, 307.1fs, —0.575111,2.042rt}. The first column of panels in Fig. S4



shows the spectral amplitude and phase, and the secondrcdiapiays the electric field intensity
as a function of time for both pulses. The third column of papeesents the resulting occupation
dynamics of the p-shell exciton stg& as a function of time for QD2 and QD1. The pulse area
of the TL pulse is chosen to match that of the shaped pulsedie 2.042m1). The shaped pulse
executes the gate with a fidelity of 0.968 compared to 0.20thioTL pulse.

Experimental Limitationson Gate Fidelity

Practical limits on the performance of the quantum gate idensd in this work were assessed
by calculating the gate fidelity including sources of expmmtal error. This allows us to gauge
the sensitivity of quantum gates more generally for the @aysmplementation of exciton qubits

in self-assembled quantum dots. The laser source exhibagiitions in pulse to pulse intensity
(0.5 %) and in centre pulse wavelengt;2 nm). The associated reductions in fidelity are 0.005
and 0.01, respectively. The wavelength instability arfses active feedback in the optical para-
metric oscillator laser source used in this work. The aaguod the applied pulse shape is limited
by the quality of dispersion compensation, which is indédaby the ratior /71, which is typi-
cally 1.002 in our experiments. Taking a more conservatalaeyof7 /71 = 1.01 and including
the associated residual phase distortions in the thealetidculations by adding a corresponding
amount of linear chirp, we obtaiiF = 0.005. For experimental uncertainties in the quantum dot
electronic structure parameters (p-shell transitionggnelipole moment), the reduction in fidelity
was largest when including deviations from the measuredegafor QD1, reflecting the robust-
ness of adiabatic passage on QD2. For QD1 A4Be25 meV uncertainty in the transition energy
(from photoluminescence excitation measurements)-abb for the dipole moment (from Rabi
oscillations), each result in a reduction in fidelity of 0.&br schemes involving optical control of
the s-shell transition (usingg. quantum state readout via a resonance fluorescence cotifigira
or detection of the nonlinear optical respofisehe uncertainty in the transition energy would be

smaller, limited only by the- 50-100ueV linewidth of the s-shell due to spectral wanderfhighe



relevant experimental error in the dipole moment for desifjtihe gate pulse is the measurement
error for the laser power required for a Rabi oscillation. &eand decoherence are incorporated
into the calculations within the relaxation time approxiioa.® For the s-shell transition, four-
wave mixing experiments on similar InAs QDs indicated a atidely-limited decoherence time
of 1 ns at low temperatur®® For the p-shell transitioril is several tens of picoseconds, limited
by energy relaxation to the s-shéfl.Due to the short time scale of the control pulse relative to
these relaxation times, the influence of decoherence onfigatay is small. For quantum com-
puting applications, optical control of the s-shell is @reéd due to the much longer lifetime of
the qubitafter the control pulseis over. The reduction in fidelity due to decoherence and relax-
ation using typical values df, and T, for the s-shell in these quantum d&#€ is 0.005, similar

to the calculated gate errors associated with other unotes, as described above. These small
errors are promising for the prospect of realising prattjcantum computing hardware based on

self-assembled quantum dots.
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Figure S1: Diagram of quantum control apparatus showiggalent configurations for laser spot
size measurement and imaging of quantum dot sample surface.
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Figure S2: Calculated MIIPS traces @) the transform-limited pulse and) the phase shaped
control pulse.c, Measured interferometric autocorrelation of the disjpersompensated pulse.

Calculated autocorrelation traces dj (he transform-limited pulse and)(the phase shaped con-
trol pulse.
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Figure S3: Photoluminescence spectra from the InAs/GaAsQizture at 10 Ka, Microphoto-
luminescence from the lower-energy QD subbeEnsemble PL from the unmasked QD structure.
The rectangles indicate the energy ranges of microphoiaksuence ira andc. ¢, Microphoto-
luminescence from the higher-energy QD subdét): Power dependence of the s-shell emission

observed inuPL for QD1 (QD2).
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Figure S4: Pulse characteristics and population dynanucsfshaped pulsea( b, c) and a
transform-limited pulsed; e, f). aandd show the amplitude (solid black curve) and phase (dashed
blue curve) b ande show the temporal electric field intensityandf show the population dynam-
ics of the p-shell exciton state (ES) for QD1 (red dashedeguanmd QD2 (black solid curve).
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