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The spin of a charged semiconductor quantum dot (QD) coupled to an optical cavity is a promising candidate
for high-fidelity spin-photon interfaces; the cavity selectively modifies the decay rates of optical transitions
such that spin initialization, manipulation, and readout are all possible in a single magnetic field geometry.
By performing cavity QED calculations, we show that a cavity with a single, linearly polarized mode can
simultaneously support both high-fidelity optical spin initialization and readout in a single, in-plane (Voigt
geometry) magnetic field. Furthermore, we demonstrate that single-mode cavities always outperform bimodal
cavities in experimentally favorable driving regimes. Our analysis, when combined with established methods of
control in a Voigt geometry field, provides optimal parameter regimes for high-fidelity initialization and readout,
and coherent control in both cavity configurations, providing insights for the design and development of QD
spin-photon interfaces as the basis of quantum network nodes and for the generation of photonic graph states.

DOLI: 10.1103/PhysRevB.110.235411

I. INTRODUCTION

Experiments have demonstrated that the spin states of sin-
gle electrons confined to quantum dots (QDs) are long lived
[1,2], with coherence times exceeding us [3,4], making them
promising candidates for an efficient light-matter interface [5].
Furthermore, quantum logic gates may be implemented on ps
timescales using ultrafast optical manipulation of spin states
[3]. Combined, these disparate timescales allow many gate
operations to be performed within a single lifetime of the
charge state. However, for spin-photon interfaces to be used in
optical quantum technologies, such as the efficient generation
of entangled photonic graph states [6—13] and spin-photon
logic [14,15] required for many long-range secure quantum
network protocols [16,17], it is necessary to prepare, control,
and readout the single-spin states with a high fidelity.

Ordinarily, combining optical spin control and readout re-
quires the use of orthogonal magnetic field geometries: spin
control relies on the in-plane Voigt geometry [Fig. 1(a)] to
provide an effective coupling between the spin ground states
[18], while readout drives a cyclic transition [19,20] in an out-
of-plane Faraday field to produce a detectable signal, ideally
within the “single-shot” limit [21,22]. However, optical spin
readout can also be achieved in the Voigt geometry through
polarization-dependent Purcell enhancement of the optical
transitions introduced by coupling to nanophotonic structures
[23-25].

In this work, we investigate the impact of coupling between
a single charged QD in a Voigt geometry magnetic field, and
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a single cavity supporting either one or two confined modes
(henceforth referred to as a single-mode or bimodal cavity,
respectively), on the spin initialization and readout fidelity.
We show that depending on the linewidths and detunings of
the cavity modes, a bimodal cavity may enhance all opti-
cal transitions present in a Voigt geometry field, reducing
the effectiveness of the quasicycling transition. While care-
ful selection of the bimodal cavity parameters may mitigate
these effects, the additional enhancement of the QD transi-
tions results in different cavity parameter requirements for
initialization and readout. Thus, when coupled to a bimodal
cavity, we show there is no single set of cavity parameters
that simultaneously results in both a good optical initialization
and readout fidelity. Furthermore, we show that single-mode
optical cavities outperform bimodal cavities for both optical
initialization and optical readout across all studied parameter
regimes, and can be used to achieve an optimal fidelity in both
stages using a single set of cavity parameters.

The paper is organized as follows: in Sec. II, we introduce
the background theory for a charged QD interacting with a
single-mode or bimodal cavity. Sections III and IV investigate
how the two cavity configurations impact spin initialization
and readout, respectively, in isolation. We then discuss the
best cavity configurations for initialization and readout in
tandem in Sec. V.

II. BACKGROUND THEORY

In the absence of any applied magnetic fields, a single
electron confined to a QD possesses a spin degree of freedom
with two degenerate ground states {|1)., |[{),} defined along
the QD growth (z) axis, which are chosen to have zero energy.
Optically exciting the QD introduces an exciton, forming two
negatively charged trion states {|{ 1, {),, [T, ).} with en-
ergy hwy. Applying a Voigt geometry magnetic field to the QD

Published by the American Physical Society
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FIG. 1. (a) Anenergy level diagram of a negatively charged quantum dot (QD) in an applied Voigt geometry magnetic field. The degeneracy
of the ground and excited eigenstates, written in the basis along the magnetic field axis parallel to the x axis, is lifted by the Zeeman interaction.
All four transitions are equally allowed, leading to the formation of two A-systems (1 - 4 — 2 and 2 — 3 — 1). The vertical transitions
possess the orthogonal linear polarization to the diagonal transitions. (b) A Y -polarized single-mode cavity coupled to the Y -polarized diagonal
transitions of a charged QD in a Voigt geometry magnetic field. (c) A bimodal cavity with two orthogonal, linearly polarized cavity modes
coupled to a charged QD in a Voigt geometry magnetic field. In (b) and (c), the curved lines indicate the configuration of the cavity mode(s),
and the line style (solid or compound) and color indicates the transitions to which the cavity mode couples.

lifts the energy degeneracy of both the ground and excited spin
states, splitting them by the Zeeman energies A% = g.upB
and Ag = gpupB, respectively [Fig. 1(a)]. Here, up is the
Bohr magneton, g, and g; are the electron and hole effective
in-plane g factors, B is the applied magnetic field strength, and
we have ignored any diamagnetic shift. For convenience, we
redefine the QD spin states in the basis along the magnetic
field axis as {[1) = |1),,12) = [{)., B) =1, )., 14) =
14, ).} Unless otherwise stated, we assume an applied field
of B =15 T, which yields AS/27 = 35 GHz and Al/27 =
20 GHz, with g, = 0.5 and g, = 0.3 [26].

In the Voigt geometry, there are four allowed optical transi-
tions with equal magnitude, forming two A-systems coupling
each excited state to both ground states via two orthogonal,
linearly polarized transitions [Fig. 1(a)]. While quasicycling
transitions are most easily introduced in the Voigt geome-
try via coupling to a cavity with a single, linearly polarized
mode [27-29] [Fig. 1(b)], there are many photonic struc-
tures, such as micropillar cavities [30], point-defect photonic
crystal (PhC) cavities [31], crossed nanobeam cavities [32],
and open-access microcavities [33], that naturally possess
two orthogonal, linearly polarized modes [Fig. 1(c)]. While
such bimodal cavities have been used to suppress resonant
laser background in QD single-photon sources [33,34], there
remain open questions as to the impact on the orthogonally
polarized transitions necessary for spin initialization and read-
out. Thus, in our setup, each of the A-systems transitions can
occur through coupling to the free electromagnetic vacuum
or via an optical cavity. The latter is included in the system
Hamiltonian Hy = Hy + H;, where (h = 1)

AS Al
Hy = TB(Gzz —on)+ (wo - 7B>U33

AR .
+ (a)() + TB)UM + Z v;\a/'\ax. (1)
r=X,Y

Here we have defined the spin operators as 0;; = |i){j| and in-
troduced the cavity mode creation (annihilation) operators ai

(a;) with frequency v, , where A = X, Y denotes the polariza-
tion of the cavity mode. In physical systems, the degeneracy of
the bimodal cavity is often lifted either by intentional design
[32,35-37] or by fabrication imperfections [38,39], and we
therefore assume the cavity modes are detuned.

Applying the rotating wave approximation to our Hamil-
tonian, the light-matter interaction takes a Jaynes-Cummings
form,

H; = Z 8xa:{0)\ —i—gja,\al, (2)
A=X.Y

where g; is the light-matter interaction strength for the
relevant cavity mode, and we have introduced the collec-
tive transition operators ox = o4 + 023 and oy = 04 + 013
[Fig 1(c)]. With the above definitions, we can recover the
single Y -polarized mode cavity setup depicted in Fig. 1(b) by
setting gx = vy = 0.

Spin initialization and readout necessitate coherent driving
of the spin and cavity degrees of freedom, respectively. This
is included semiclassically in the model via time-dependent
driving terms with frequency ;. This leads to a total Hamilto-
nian of the form Hy(t) = Ho + H; + HZ" (t) + HS (1), where,
in the dipole and rotating wave approximations, the QD driv-
ing term may be written as

1 .
HE (1) = -3 > Qi) oy + Hee. )

A=XY

Here, €2,(¢) is the time-dependent Rabi frequency for the
relevant polarization mode. Direct excitation of the QD occurs
when the excitation laser is spatially or spectrally decoupled
from the cavity mode(s). That is when the laser is orientated
orthogonally to the cavity axes or far detuned from the cavity
resonance. The cavity-driving Hamiltonian takes a similar
form to the direct QD excitation Hamiltonian,

HE(t)=— Y &)™ a, +He., 4)

r=XY
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FIG. 2. (a) A schematic of the initialization process. The |1) — |4) transition is coherently driven on resonance [w; = wy + (A + Ag) /2]
transferring the spin population to |2) via the [4) — |2) transition. Off-resonant driving of the |2) — |3) transition returns the spin population
to |1). (b), (c) The trace distance between the system steady state after the initialization process and the |2) ground state as a function of

g/« when coupled to a Y -polarized single-mode cavity and a bimodal cavity, respectively. Parameters: B =5 T, g,y = 0.5(0.3), y~

Qx /21 = 1073 GHz, vx = wy, and vy = wy + (Ag — Ag)/2.

where €, (1) is the time-dependent cavity-driving strength. Op-
tical excitation via a cavity mode occurs when the excitation
laser is spatially coupled to the mode and spectrally near
the cavity resonance. For convenience, we work in a rotating
frame with respect to the laser frequency .

During spin initialization, the two excitation schemes de-
fined here are qualitatively equivalent, with the only difference
being the required excitation power. Here we only consider
optical initialization via direct excitation to enable a fair com-
parison between the cavity configurations. On the other hand,
optical readout directly probes the properties of the cavity
mode and thus requires cavity driving.

In addition to the unitary dynamics generated by the
Hamiltonian Hr(¢), there are also loss processes acting on
the cavity-QD system, namely, the emission of photons via the
cavity or the electromagnetic vacuum. These are accounted
for through a standard Lindblad master equation of the form
[40]

3
% = —i[Hr (1), p(t)]

K Yu
+AZ S Lalp®O]+ Lo lp®],  (5)

=X,Y

where p(t) is the reduced density matrix of the cavity-QD
system, and Lo[p] = 20p00" — {070, p} is the Lindblad su-
peroperator. Equation (5) captures the emission of photons in
a given polarization state A via two different channels: the
first is leakage from the cavity mode, occurring with a rate
k., and the second is spontaneous emission directly from the
four-level system (4LS) with rate y,. Throughout this paper,
we shall assume that both polarization transitions have the
same lifetime, such that ¥, , =y~! =1 ns, and in the
bimodal case we assume that the cavity modes have iden-
tical linewidths (ky—xy = k) such that |gxy| = |g| (gx = &,
gy = ig). The effects of pure dephasing are considered in the
Appendix and are shown to be negligible in most cases. All
calculations presented in this paper were performed using the
PYTHON package QUTIP [41].

I'= 1 ns,

II1. SPIN INITIALIZATION

Assuming an initial state with p;; = 0.5 for j € {1, 2} and
pij = 0 otherwise, we wish to prepare the system in the spin
state |2) using the protocol presented in [42,43] and illustrated
in Fig. 2(a). Initialization is achieved by resonantly driving the
[1) — |4) transition using an X -polarized laser (i.e., Q2x > 0,
Qy = 0), such that w; = wy + (A% + A%)/2. The state |2)
is then populated by the |4) — |2) transition. We choose to
initialize the spin state by driving the X-polarized transitions
owing to the larger detuning between the transitions relative
to the laser bandwidth, minimizing the off-resonant processes
that induce unwanted spin flips away from the |2) target
state.

To quantify the initialization fidelity, we use the trace
distance, T (p, 0) = %Tr‘/(,o — 0)?, between the prepared (p)
and target (o) states [44]. The trace distance provides a mea-
sure of the distinguishability of two given states using the
entirety of the density matrix including all state populations
and coherences. For the pure target state used in this case
(0 = o22), this definition is equivalent to the fidelity used
in other studies [25,26,45]. Here we choose to quantify the
success of the initialization process using the more general
trace distance, as this is often simpler to calculate and provides
a true metric on density matrix space, naturally distinguishing
between coherent superposition and mixed spin states which
would be overlooked if relative spin populations were used
as a measure of preparation fidelity [42,46—48]. Using this
metric, T (p = o2, 022) = 0 indicates that the prepared state
is indistinguishable from the target state (unity initialization
fidelity). Conversely, T (p, 022) = 1 indicates that the pre-
pared state is orthogonal to the target state, and is therefore
completely distinguishable.

For both the single and bimodal cavity configurations, we
choose the Y -polarized mode to be resonant with the [2) —
|4) transition [i.e., vy = wo + (A% — A%)/2]. However, when
coupled to a bimodal cavity, we leave the X -polarized cavity
mode detuned from the corresponding transitions such that
Vx = wy as this has been shown to maximize the initialization
fidelity with this cavity configuration [42].

235411-3
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To allow a direct comparison between the two cavity con-
figurations, we assume that spin initialization is achieved by
directly driving the QD transitions. This differs from previ-
ous work studying spin initialization with bimodal cavities,
which used cavity driving rather than direct QD driving
to initialize the spin state [42]. However, both schemes
lead to qualitatively the same behavior and, importantly,
considering only one driving configuration, allows a fair
and consistent comparison between the individual cavity
setups [49].

A. Steady-state limit

Using the model in Sec. II, we begin by studying initial-
ization in the steady-state limit with a continuous wave (CW)
driving term [i.e., Qx(¢) = Qx V¢]. While this limit does
not accurately reflect experimental procedures for initializing
spin states, the steady state still provides an insight into the
behavior of the system and limits the available parameter
space. Figures 2(b) and 2(c) show the calculated trace distance
between the prepared steady state and target state with a fixed
driving strength as a function of g/« for a range of cavity
linewidths.

The results presented in Fig. 2 show that in the steady-state
limit, the inclusion of cavity effects reduces the initialization
fidelity. For small g, this is a result of the cavity modifying
the lifetime of the trion states, and thus the ratio Q2/y. As
the cavity coupling strength is increased, the fixed driving
strength is no longer optimized to achieve the smallest trace
distance. We therefore find that for each set of cavity parame-
ters, the Rabi frequency needs to be optimized to minimize the
trace distance. As the cavity-coupled system enters the strong-
coupling regime (g > «, y), the QD states hybridize with the
cavity modes, fundamentally changing the system eigenstruc-
ture, which leads to a maximally mixed ground state, where
T(p,o011) =T (p, 02) = 0.5. For a bimodal cavity setup, we
find that the steady state evolves to return 0.1 < T (p, 022) <
0.5 depending on the cavity linewidth.

In the limit of the narrowest cavity linewidths, we expect
both cavity configurations to display similar behavior. At
these linewidths, only the |4) — |2) transition experiences a
significant Purcell enhancement in either cavity configuration,
with all other optical transitions sufficiently detuned from
the cavity mode to experience little to no enhancement. This
expectation is borne out in Fig. 2 with /27 = 1 GHz. At
this cavity linewidth, both cavity configurations return similar
trace distances, with small differences resulting from some
nonzero enhancement of the X-polarized transitions when
coupled to a bimodal cavity.

With large coupling strengths, we find the bimodal cavity
outperforms the single-mode cavity, returning smaller trace
distances for 1 < «/2m < 100 GHz. At intermediate cavity
linewidths, the Purcell enhancement of the |3) — |2) transi-
tion is greater than that of the |3) — |1) transition. Thus any
population in the |3) state excited through off-resonant driving
will preferentially decay back to the desired |2) state, pro-
viding additional protection to the prepared state. While the
Purcell enhancement of the |[4) — |1) transition does hinder
the initialization process, this effect is less significant in the
limit of infinite driving time. Increasing the cavity linewidth

begins to equalize the enhancement of the transitions away
from the |3) state, and hence the system tends towards the
maximally mixed ground state with 7'(p, 02;) = 0.5 as in the
single-mode case.

B. Finite pulse duration

While the limit of infinite driving time provides some
insight into the system behaviors, it does not accurately re-
flect the experimental realization of optical spin initialization.
Any experimentally relevant protocol requires the initializa-
tion process to occur in a finite time, and is thus achieved
with finite optical pulses rather than CW drive. Maximizing
the spin initialization fidelity in this limit of finite driving
time requires maximizing the efficiency and speed with which
the spin population is transferred from the |1) state to the |2)
state. Thus we now consider the impact of cavity coupling on
the initialization of the spin system when driven by a finite
optical pulse with either a square or Gaussian envelope.

As pulsed optical driving is a more accurate representation
of the experimental realization of optical spin initialization,
we now opt to calculate T (o, 02) as a function of more
experimentally accessible parameters, namely, the Purcell fac-
tor and cavity linewidth. The combination of the light-matter
coupling strength and cavity linewidth leads to an enhanced
emission rate from the relevant optical transition quantified
through the Purcell enhancement Fp(X) = 4|g; |*/k;.y, when
on resonance [31]. We shall restrict the cavity linewidth and
Purcell factor to 1 < «/27 < 110 GHz and 1 < Fp < 40,
respectively. This maintains the Purcell enhancement in a
regime that has been experimentally demonstrated [31], and
limits the cavity quality factors to experimentally achievable
values (of the order of 10°-10° for wavelengths in the NIR
and telecommunications bands).

1. Square pulse

We first examine initialization with a finite square pulse
with Qx(t) = QH(t —ty + Atx/2) —H({t — to — Atx /2)],
where H (x) is the Heaviside function, 7, is the center of the
pulse, Aty is the pulse duration, and €2 is the Rabi frequency
of the pulse. For a given set of cavity parameter combina-
tions, we vary the Rabi frequency of the pulse in the range
0 < Qx < 10y to find the minimum trace distance for each
pulse duration Aty, leaving adequate time after the pulse for
the trion populations to fully decay. Figures 3(a)-3(c) show
the resulting minimized trace distance as a function of the
pulse duration for single-mode and bimodal cavity structures
for different cavity parameters. The effects of pure dephasing
are discussed in the Appendix and are shown to have similarly
negligible effects for either cavity configuration when driving
with a square pulse.

Irrespective of cavity configuration, we find a general trend
of decreasing trace distance with increasing pulse duration.
Longer pulse durations both increase the fraction of the |1)
state population transferred to the excited state, and, when
the pulse duration is longer than the excited state lifetime,
enable the reexcitation of any nonzero |1) population result-
ing from the decay of the trion states via the |[4) — |1) and
|3) — |1) transitions. Furthermore, increasing the duration
of the driving pulse decreases its bandwidth, which, in turn,
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FIG. 3. The calculated trace distances between the final state of the four-level system and the target state as a function of the duration of the
driving pulse when driving with a top-hat (top) or Gaussian (bottom) pulse. The trace distances are presented for the single-mode (blue solid)
and bimodal (orange dash) cavity configurations, as well as without a cavity (black dot), and are minimized with respect to the driving strength
(peak Rabi frequency and pulse area for square and Gaussian pulses, respectively). The cavity parameters used are (a) x /27 = 110 GHz,
Fpr=2,(b) k/2r =47 GHz, Fp =5, (¢) «/2m =21 GHz, Fp = 10, (d) /27 = 110 GHz, Fp = 2, (e) /2w = 33 GHz, Fp = 40, and (f)
K /2m = 6 GHz, Fp = 40. Other parameters: B = 5 T, g,ay = 0.5(0.3), y ! = 1 ns, vy = wp, and vy = wy + (Al — A%)/2.

reduces the strength of the off-resonant driving of the |2) —
|3) transition that moves the system away from the target
state.

When coupled to a single-mode cavity and driving with
a square pulse, we find the Purcell enhancement of the res-
onant Y-polarized transition is the most important factor in
achieving a high initialization fidelity. For the majority of the
studied cavity parameter combinations, the effect of the cavity
linewidth only becomes significant at longer pulse durations,
depending on the Purcell factor. We find that neither the
largest Purcell factor nor the narrowest cavity linewidth that
is studied necessarily produces the best fidelity in the limit of
finite pulse duration. Instead of the studied cavity parameter
combinations, an intermediate linewidth of /2w = 20 GHz
and Purcell factor of Fp = 10 produced the smallest trace
distance over the largest range of pulse durations. Maximiz-
ing the initialization fidelity requires balancing the rates at
which the system is driven to and from the target state. An
intermediate cavity linewidth is required to avoid the cyclical
reexcitation of the |4) state that would occur in the strong-
coupling regime, and act to increase 7 (o, 022). However, to
limit the rate at which the system is driven away from the
target |2) state owing to the increased spectral bandwidth of
the finite pulse, the Purcell factor must also be limited to
minimize the decay rate of the unwanted |3) — |1) transition.

Similar results are found when the QD is coupled to
a bimodal cavity. Again, the Purcell enhancement of the
resonant Y -polarized transition appears to be the dominant
factor in determining the trace distance as a function of pulse
duration. However, relative to initialization with a single-
mode cavity, the calculated trace distances are larger and
require a longer pulse duration to achieve. In this configura-
tion, we find that a Purcell factor of Fp = 40 produces the
largest trace distances for the majority of the studied cavity
linewidths. For the considered cavity parameters, we find that
Fp =10 and « /2w = 1 GHz produce the best initialization
fidelity with pulse durations less than 20.5 ns, while Fp = 10
and « /2w = 20 GHz produce the best initialization fidelity for
pulse durations greater than ~0.5 ns.

Plateaus and regions of decreased gradient in the trace
distance can also be seen in Figs. 3(a)-3(c). These plateaus are
artifacts of the limiting range over which the Rabi frequency is
swept for each data point. Driving the system with increasing
Rabi frequency naturally results in Rabi oscillations in the
system populations. The edge of each plateau occurs when
the pulse duration is long enough to encompass the next os-
cillation with a lower local minimum than the previous one.
These plateaus are not seen at longer pulse durations as the
global minimum in the trace distance as a function of Rabi
frequency usually occurs after two or three oscillations.

235411-5
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2. Gaussian pulse

We now move on to study initialization with a Gaussian
optical pulse. We define the Gaussian pulse with polarization
A = X, Y centered around ¢, as

(1 —10)°
- , (6)

o, {
exp 5
2w} 2w;
where ©®; = f fooo dt 2, (t) is the pulse area defined such that a
pulse with ®, = m would invert the population of a two-level

system, and w, is the Gaussian width of the pulse related to
the intensity full width at half maximum (A7, ) by

N A'L')\
S 2yIn2’

Following the procedure for the finite square pulse, we plot
the trace distance, minimized with respect to the pulse area
in the range 0.0l7r < ®x < 57, as a function of Arty. Fig-
ures 3(d)-3(f) show the results for Gaussian pulsed excitation.

Just as with the square optical pulse, we find that the
trace distance decreases with increasing pulse duration. Spin
initialization with Gaussian pulses occurs on much shorter
timescales than when using square pulses, with the trace dis-
tance being optimized in tens of picoseconds rather than a
few nanoseconds. Additionally, the trace distances achieved
with a Gaussian pulse are smaller than those achieved with
the shortest square pulses that are studied (<1 ns), which are
unlikely to be experimentally accessible. However, the small-
est achieved trace distances driving with a Gaussian pulse are
orders of magnitude larger than those found when driving with
a longer square pulse (>1 ns). Below Aty < 15 ps, this is a
consequence of the bandwidth of the driving pulse resulting in
a significant spectral overlap between the driving field and the
off-resonant |2) — |3) transition, which, in turn, increases the
driving of the system away from the desired state. However,
beyond Aty ~ 15 ps, this overlap is minimized and thus the
trace distance is governed by reexcitation of population that
initially decayed into the unwanted ground state (|1)). This,
in turn, is limited by the ratio of the decay rate of the trion
states into the |1) state and the pulse duration. Furthermore,
attaining these trace distances when driving with a Gaussian
pulse requires the largest Purcell enhancement for all but the
narrowest cavity linewidths due to the pulse duration being
much shorter than the trion lifetimes, which can prove chal-
lenging to realize experimentally.

We again find that coupling the QD to a bimodal cav-
ity significantly increases the calculated trace distances after
the initialization procedure. In fact, for some of the cavity
parameters studied for the bimodal case, the produced trace
distances are comparable to initialization with a Gaussian
pulse in the absence of any cavity effects. However, the Ap-
pendix shows that when driving with a Gaussian pulse, spin
initialization with a bimodal cavity configuration is the most
robust against pure dephasing.

Q1) =

)

IV. SPIN READOUT

In addition to high-fidelity spin initialization, it is crucial
that the cavity structures are also conducive to high-fidelity

readout. We therefore study optical spin readout for both sin-
gle mode and bimodal cavities using the method first proposed
in [23] and demonstrated experimentally in [24]. This readout
method uses the spin-dependent transmissivity or reflectivity
of a cavity mode resonantly coupled to a transition of the QD
to determine its spin state. In contrast to Ref. [23], we choose
the cavity configuration to mirror the setup used for high-
fidelity spin initialization, where the cavity mode is coupled
to the Y -polarized transitions. The |2) — |4) transition is then
weakly probed by a resonant drive via the Y -polarized cavity
mode present in either cavity configuration. If the emitter
occupies the |1) state, the photons are transmitted, while if
the QD resides in the |2) state, the photons are reflected [see
Fig. 4(a)]. By comparing the ratio of photons transmitted
versus incident with a threshold value [23], the state (|1) or
|2)) occupied by the QD can be determined.

The readout protocol is initialized by weakly probing the
Y -polarized cavity mode over some time interval [0, 7], where
T is much longer than the lifetime of the system. Over this
time interval, we set a threshold photon number &, where, if
the number of collected transmitted photons is less than &,
then the qubit state is |2), otherwise it is |1). The maximum
probability of a successful readout occurring is then given by
R = maxy[q1p1(k) + g2p2(k)], where ¢; is the probability of
finding the qubit in state i, and p; is the probability of getting
a correct result using threshold photon number k. As shown
by Ref. [23], for detectors with a dead time shorter than the
interval between detection events, and in the weak driving
limit, the probabilities p;(k) can be described by Poissonian
statistics. This allows the readout fidelity (R) to be written
as [23]

M
mw=%—%;ﬁﬁmquW”ﬁmwme%,
) ®)
where M is the optimal threshold value [23],
_ { Ny (7) — Ni(7) J’ )
In[N>(7)] — In [N (7)]

with |x] indicating the largest integer smaller than x, and N;
is the number of photons emitted from the cavity mode when
the QD starts in the ground state |i = 1, 2). The number of
photons emitted can be found by integrating the output flux of
the cavity over the duration of the optical readout pulse,

meznn/|ﬂmhmﬁmm- (10)
0

Here, 7 is the duration of the readout pulse, 1 is the pho-
ton collection efficiency, and p;(¢) are the density matrices
of the system at time ¢ when the QD is initialized in the
ground state |i = 1,2). We also continue to assume both
modes of the bimodal cavity have identical linewidths such
that «;,_x y = «. This readout method has been demonstrated
to work experimentally, producing R = 0.61 with a cav-
ity linewidth « /27 = 67 GHz, an enhancement factor Fp =
62, a collection efficiency n = 4.1 x 1073, and 75 ns pulse
duration [24].

Considering a square pulse with a duration of
35 ns [50] and time-dependent cavity driving strength
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FIG. 4. (a) A diagram of the spin-readout process. The Y-polarized cavity mode is probed with a square laser pulse and the QD-state-
dependent reflectivity /transmissivity is measured. By comparing the collected photon number with a threshold value, the spin state of the
system may be determined. (b), (c) The calculated readout fidelities (R) for a single-mode cavity and a bimodal cavity, respectively, when
driving the Y-polarized cavity mode with a 35 ns square pulse. Parameters: B =5 T, g.q) = 0.5(0.3), ¥ ~! =1 ns, ey = /(0.01 x 2g3),

n= l, Vx = o, and Vy = wo + (Ag — A%)/Z

€y (t) = +(0.01 x 2g%,) for ¢ € [0, 35 ns] to remain in the
weak-excitation regime [23], and assuming n =1, we
calculate the spin-readout fidelity for a range of cavity
parameters. The weak-excitation regime is used in the readout
stage to limit readout-induced errors resulting from the
readout pulse influencing the state of the system. Figures 4(b)
and 4(c) show these results for a single-mode and bimodal
cavity, respectively. In the case of the single-mode cavity, we
find the readout fidelity is primarily dependent on the Purcell
enhancement of the Y-polarized transitions, and varies little
with respect to «y. This is because the Purcell enhancement
increases the strength of the quasicycling transition required
to produce a detectable readout signal, while the cavity
linewidth has little impact on the Purcell enhancement of
the resonant transition being probed. Figure 4(b) shows that
Fp =17 gives R =~ 90%.

In contrast, the bimodal readout fidelity is sensitive to both
the cavity linewidth and Purcell enhancement of the optical
transitions. The highest readout fidelities with this cavity con-
figuration are produced with narrow cavity linewidths and
large Purcell factors, which prevent undesirable transitions
from being Purcell enhanced. This increases the cyclicity of
the A-systems, which naturally increases the strength of the
quasicycling transition probed during the readout procedure.
To achieve R > 90% with a bimodal cavity requires x /27 <
13 GHz and Fp > 9. Note that under these driving condi-
tions, when the cavity parameters are optimized for either
cavity configuration, we find that a collection efficiency of
n = 48% gives R > 99%. Such collection efficiencies have
already been demonstrated in an open-access microcavity
system [33]; for planar PhC or nanobeam structures, very
high efficiencies could be achieved by direct fiber coupling
[51,52]. The effects of pure dephasing on the readout fidelity
are shown in the Appendix. We find that while increasing
the pure dephasing rate increases the required Purcell factors
for both cavity configurations, the single-mode cavity is more
robust against these processes in the readout stage.

V. CONCLUSION

By performing full cavity QED calculations, we have in-
vestigated optical spin initialization and readout for a QD

interacting with either single-mode or bimodal optical cav-
ities. Interestingly, we find that for both initialization and
readout, a single-mode optical cavity outperforms the bimodal
cavity over the full parameter regime that is studied, regardless
of the pulse envelope that is used. This is a consequence of
the bimodal cavity Purcell enhancing undesirable transitions,
therefore suppressing desired spin-flip processes. While these
unwanted transitions can be suppressed for spin preparation,
we find that they restrict the parameter regimes for which
high-fidelity optical spin readout can be achieved with bi-
modal cavities. Furthermore, this range of optimal readout
cavity parameters (large Fp) does not overlap with the small
range of cavity parameters required for optimized spin initial-
ization in a bimodal cavity (small Fp).

In contrast, we have shown that a near unity readout fi-
delity is possible with a single-mode cavity across the vast
majority of the studied cavity parameters. In the single-mode
configuration with experimentally achievable [53-55] cavity
parameters (x /2w = 20 GHz, Fp = 10), we find an initial-
ization trace distance T(p, 02) = 1.3 x 10™* is achievable
with a 3 ns square optical pulse, while a readout success
probability of R > 0.90 is possible with a 35 ns optical pulse.
Increasing the Purcell factor to Fp = 35 increases the readout
success rate to R = 0.99 while maintaining an initialization
trace distance of the order of 10~*. For a bimodal system using
the same parameters, a comparable initialization trace dis-
tance of T(p, 022) = 2.2 x 10~* is achievable. However, the
corresponding readout success rate is reduced to R ~ 0.88. In
the parameter regimes studied here, no single set of bimodal
cavity parameters simultaneously allows for high-fidelity spin
initialization and readout with finite optical pulses.

These results suggest that to realize a high-fidelity spin-
photon interface, a single linearly polarized cavity mode
providing a modest (~20) Purcell enhancement is the optimal
configuration. In addition, further calculations presented in
the Appendix demonstrate that this parameter regime is also
robust against significant levels of pure dephasing, illustrating
the potential to achieve high-performance spin-photon inter-
faces in real physical systems. For inherently bimodal cavities
such as micropillars or point defects in PhCs, our analysis
suggests that there would be significant benefit in modifying
designs to induce a mode splitting much larger than the cavity
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FIG. 5. The calculated trace distance between the state prepared
by the initialization process and the target state minimizing with
respect to the driving strength when driving with a (a), (c) square
pulse or (b), (d) Gaussian pulse, and coupled to a (a), (b) single-mode
or (c), (d) bimodal cavity for different pure dephasing rates indicated
in the legend in (a) using the cavity parameters that minimize the
trace distance in the absence of pure dephasing processes. Parameters
used: y~!' =1 ns, (a), (c) k/2m =20 GHz, Fp = 10, (b) /27 =
40 GHz, Fp = 40, and (d) « /27 = 20 GHz, Fp = 40.

linewidth (e.g., elliptical micropillars [34]). We believe that
these insights and methods will contribute to the development
of high-fidelity spin-photon interfaces that meet the stringent
requirements of future optical quantum technologies.
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APPENDIX: PURE DEPHASING

Thus far, we have assumed that the trion states are lifetime
limited. However, in physical systems, elastic processes will
occur that preserve the spin populations, but reduce their co-
herence. We therefore also study the effect of pure dephasing
of the trion states on the spin initialization and readout pro-
cesses when driving with a finite duration pulse. We account
for pure dephasing through the addition of further Lindblad
terms,

r
> 5 Lo, lp0], (AD)

j=3.4

in the master equation. Here, I" is the pure dephasing rate, and
Lolp] =20p0" — {00, p} is the Lindblad superoperator.

1. Spin initialization

To study the influence of pure dephasing in the optical
initialization process, we follow the same procedure presented
in Sec. III, sweeping the duration of the given optical pulse
and minimizing the trace distance with respect to the Rabi
frequency or pulse area. However, we now only consider the
combination of cavity parameters that produced the smallest
trace distance in the absence of pure dephasing for a given
pulse envelope, and instead plot the calculated trace distances
for a number of pure dephasing rates.

Figure 5 shows that when I' < y, pure dephasing has a
minimal impact on the calculated trace distances after the
initialization process for any combination of driving pulse en-
velope and cavity configuration. For I' > y, Fig. 5 shows that
pure dephasing significantly increases the calculated trace dis-
tances. For all studied combinations, the divergence between
the traces distances calculated neglecting and including pure
dephasing increases with increasing pulse duration. However,
while producing the largest minimized trace distance, optical
spin initialization with the combination of a bimodal cavity
and Gaussian pulse drive appears the least susceptible to the
influence of pure dephasing. The Purcell enhancement of all
four optical transitions, combined with the fast optical driving,
work to reduce the relative impact of pure dephasing mecha-
nisms by minimizing the time the system spends in the excited
states. Nevertheless, we note that for all configurations, small
trace distances are achievable even in the presence of signifi-
cant pure dephasing.

2. Spin readout

To study the impact of pure dephasing on the spin-readout
process, we calculate the readout success probability for two
pure dephasing rates, I' = y and I = 10y. Figure 6 shows

Purcell Factor, Fp

50
r/27 (GHz)

Purcell Factor, Fp

Purcell Factor, Fp

R
1.0
0.9
0.8
0.7
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0.6
0.5
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FIG. 6. The calculated spin-readout success probabilities when
coupled to a (a), (c) single-mode or (b), (d) bimodal cavity when
the 4LS experiences pure dephasing with rates (a), (b) ' = y and
(c), (d) T' = 10y. Parameters used: B = 5T, g,z = 0.5(0.3), y ! =
1 ns, ey = +/(0.01 x 2g2), n =1, vy = wy, and vy = wy + (A} —
A5)/2.
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the results when coupled to a single-mode or bimodal cavity.
When coupled to a single-mode cavity, Figs. 6(a) and 6(c)
show that the readout process is impacted by pure dephas-
ing. While, at I' = y, R > 0.99 is still just achievable in the
studied parameter regimes, by increasing the pure dephasing

rate to I' = 10y, this is no longer achievable although there
remains a significant region where R > 0.9. When coupled to
a bimodal cavity, increasing the pure dephasing rate from I' =
y to I' = 10y roughly halves the parameter regime where
R >= 0.9 is achievable.
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