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We propose a scalable architecture for a quantum network based on a simple on-chip photonic circuit
that performs loss-tolerant two-qubit measurements. The circuit consists of two quantum emitters
positioned in the arms of an on-chip Mach-Zehnder interferometer composed of waveguides with
chiral-light-matter interfaces. The efficient chiral-light-matter interaction allows the emitters to perform
high-fidelity intranode two-qubit parity measurements within a single chip and to emit photons to generate
internode entanglement, without any need for reconfiguration. We show that, by connecting multiple
circuits of this kind into a quantum network, it is possible to perform universal quantum computation with
heralded two-qubit gate fidelities F ~ 0.998 achievable in state-of-the-art quantum dot systems.

DOI: 10.1103/PhysRevLett.117.240501

The overarching goal of modern quantum physics is to
construct large-scale quantum networks [I] where the
evolution and interaction of its constituents can be con-
trolled at the quantum level. Such systems would provide a
platform to simulate arbitrary quantum systems [2], per-
form quantum computation [3], and provide provably
secure information transfer [4]. Building a monolithic
quantum system with a large number of qubits is a very
challenging task, while controlled quantum operations on a
small number of qubits with high fidelity is a feasible
objective. An attractive approach to scale to a large
quantum system is thus to construct a large number of
few-qubit nodes and connect them with optical links [5-8].
In such systems, it has been shown that quantum processing
can successfully proceed even if the optical links are noisy
[6,7]. Building a scalable network of such few-qubit nodes
becomes possible if one can combine an efficient light-
matter interface with high-fidelity quantum operations
between qubits within a single node.

In recent years, quantum nanophotonic systems have
matured greatly, and photonic nanostructures have been
interfaced efficiently with quantum dots [9,10], atoms
[11,12], and diamond color centers [13]. In particular,
photons in photonic-crystal waveguides (PCWs) can be
interfaced with quantum dots (QDs) with near-unity effi-
ciency [14] and can also exhibit chiral-light-matter inter-
action where optical transitions with opposite helicity
couple efficiently to opposite directions [15-18]. A multi-
tude of two-qubit gates have also been proposed for
photon-emitter systems; however, there is no clear path
for how to scale these ingredients to build large networks.
In particular, since most schemes involve photon transfer
between qubits to implement gates over long distances, it is
unclear how to scale the systems without an on-chip
reconfiguration and/or lossy in- or outcoupling from chips.

In this work, we propose an architecture for realizing a
quantum network based on simple elements. To this end,
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we develop a novel scheme to measure the parity of two
quantum dots’ spin state in a manner that is robust to loss
and achieve near-unity fidelity even for imperfect cou-
plings. By linking many copies of these circuits together,
we are able to realize a quantum network capable of
universal quantum computation. The layout is shown in
Figs. 1(a) and 1(b) and consists of two QDs embedded in
the arms of an on-chip Mach-Zehnder interferometer
(MZI), with an additional single-photon source. Here,
dielectric waveguides couple to form beam splitters and
are integrated with on-chip photon detectors. The wave-
guides are coupled to chiral elements y [Fig. 1(a)], each of
which contains a quantum emitter in a waveguide with a
chiral-light-matter interaction. The modes of this wave-
guide have electric fields with in-plane circular polarization
where counterpropagating modes have countercirculating
polarizations [12,15]. In our proposal, the chiral element
is a QD coupled to an engineered PCW [15], but other
systems such as atoms coupled to whispering gallery mode
resonators [12] can also be used. The logical qubits are
formed by the spin ground states of the QDs, || ) = |0) and
|1) = [1), and the optical transitions are used for both gate
operations and communication. A chiral-light—matter inter-
action gives two important advantages. (i) It provides an
efficient way to separate two optical transitions with
opposite helicity, allowing each to be used for a distinct
purpose. Here we use the right-hand circularly polarized
(o,) transition for local operations and the left-hand
circularly polarized (¢_) transition for internode commu-
nication [Fig. 1(c)]. (ii) Our scheme requires a photon to
coherently scatter off a quantum emitter and acquire a
conditional phase shift before being passed on to the next
element. The use of a chiral interaction allows this to be
achieved with near-unity fidelity in a simple passive
structure without active switching. Similar functionality
could, in principle, also be achieved with circulators or by
exploiting the polarization in single-sided structures
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FIG. 1. Architecture for a quantum network. (a) The chiral
element y is composed of a quantum dot coupled to a photonic
crystal waveguide. The quantum dot’s optical transitions are
circularly polarized with spin ground states that act as logical
qubits, and the waveguide is engineered to have a chiral-light—
matter interaction [15]. A ¢, (o_) polarized optical transition
couples to the right (left) propagating waveguide mode.
The electric field intensity emitted from a ¢, dipole is shown
with bright (dark) colors representing high (low) intensity.
(b) The building block of the quantum network consists of
two chiral elements y in the arms of an interferometer with
photon detectors at the output. (i) A two-qubit parity measure-
ment within a node is performed using a single photon resonant
on the ¢, transition scattering off the emitters. The parity of
the emitters’ spin states determines the phase difference of the
interferometer and thus the output path of the photon.
(i1) Photon emission from the o_ transition is used to link nodes
through an optical fiber. (c) Photons are routed to mix with the
output from another node with photon detection heralding
entanglement between any two nodes.

supporting circular polarization. Such elements would,
however, be difficult to implement on chip.

Information is processed within a node using a single-
photon source which sends a photon resonant with the o
polarized transition into the MZI from the bottom-right arm
[see Fig. 1(b)(1)]. This ancilla photon interacts with the two
emitters and, as we detail below, measures the parity
[19,20] of the two qubits upon detection; i.e., it returns
0 for |00) and [11) and 1 for |01) and |10) and projects the
system into one of these subspaces. Since the operation is
heralded by a photon detection, we show that losses act to
lower the success probability of the measurement rather
than its fidelity. Finally, we show that such a parity
measurement integrated in a simple passive circuit enables
entanglement generation, swapping, and distillation, as
well as teleportation-based gates. These operations

constitute a complete toolbox to perform universal quantum
computation across a quantum network.

We now consider the operation of the circuit in
Fig. 1(b)(i) for performing a parity measurement. The
chiral coupling of the emitter to the waveguide is quantified
by the directional # factor of the o, polarized optical
transition to the rightward propagating waveguide mode
p=Tr/(Tr+T; +7y), where I'r and I'; are the respective
decay rates to the right- and left-propagating waveguide
modes and y is the decay rate to radiation modes. In the
presence of a detuning A;, the transmission coefficient is
t;=1=2p4;/(1 -2if;A;/T%) [15,21], where the script j
denotes emitter O [left emitter in Fig. 1(b)(i)] or 1 (right
emitter). Ideally, narrow band on-resonance photons
(B; = 1, A; = 0) have unit transmittance and are imparted
with a 7 phase shift (1; = —1) in each arm of the MZI if the
emitter is in state |1). The ideal operation of the MZI for
measuring parity is then clear: For odd-parity spin states
(|01) and |10)) the MZI is imbalanced and photons register
clicks on detector 1, while for even parity (|00) and |11))
the MZI is balanced and clicks are registered on detector 0.
For an arbitrary input pure state W) = >, .o ¢;;|ij)[1)pn,
where i and j denote the states of the left and right
stationary qubits, respectively, the output state is

lout) M) = {0),,[2¢00|00) + (zg + 1) ey 11)]/2
+10)pn[(1 +21)co1[01) + (1 +29)c10[10)]/2
+ [1)pn[(1 = 10)c10[10) = (1 = £1)cp;|01)]/2
+ [1)pnl(to = t1)cyi [11)]/2 + [lost), (1)

where [0),, (|1),,) represent a photon in the left (right) arm.
Here, |lost) is not normalized and describes states where the
photon is scattered into modes other than the right-
propagating waveguide mode and is lost. The exact form
of this term is not important, as gate successes are heralded
by detector clicks. The terms on the first and third lines of
(1) are the desired output states for a parity measurement,
while the terms on the second and fourth lines of (1) are
erroneous results due to imperfections; i.e., the state of the
ancilla photon is not equal to the parity of the qubits. The
error terms on the second line occur due to imbalance in the
MZI caused by loss (f3y, #; < 1) or detuning (Ay, A; # 0),
while the error term on the fourth line occurs due to
inequivalent emitters (¢, # #;). For all errors, the proba-
bility of getting an erroneous click scales quadratically
with its respective error parameter resulting in a very low
probability, which scales as, e.g., (1 — ﬂ)z, and thus
vanishes rapidly as f — 1. The corresponding success
probability and infidelity are shown in Figs. 2(a) and 2(b).

If even higher fidelity gate operation is required, errors
caused by imbalances in the MZI can be minimized using a
two-click protocol: The first photon detection is followed
by a o, operation (spin flip) on both qubits, and a second
photon is launched into the MZI. Two detection events on
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FIG. 2. Analysis of the parity measurement. (a) The success
probability versus f factor of the emitters (f, = f3;) for the two
protocols. (b) Choi-Jamiotkowski infidelity 1 — F ¢y versus 1 — S
for resonant emitters with f = f§, = ; (light lines) and versus
mutual detuning A = —Ay = A; (dark lines), for one-click
(broken lines) and two-click (solid lines) protocols. Fidelity
for two-click protocol F&Hk versus (c) By and f; for resonant
emitters and (d) Ay/T'r and A, /T'x with g, =, = 0.9.

the same detector heralds success; otherwise, the gate fails.
The rotation and second photon scattering has three effects.
(1) It reduces the probability of loss and detuning-induced
errors to ~|1 + £y[|1 + #;|?. (ii) It removes the distortion in
the states spanned by |00) and |11) caused by different
multiplicative factors of |00) and |11) in the first line of (1).
(iii) It removes the error term due to inequivalent emitters.
The reduced errors come at the expense of a reduced
success probability with the two-click protocol requiring
two successful detection events. A comparison of the
success probabilities for one- and two-click protocols is
plotted versus the f factor in Fig. 2(a). For detailed
calculations, see Supplemental Material [22]. We have also
computed the fidelity of our implementation of the parity
measurement. We compute the Choi-Jamiolkowski (CJ)
fidelity, which can be thought of as an average fidelity of all
input states [23,24] (see [22] for more information).
Figure 2(b) compares the CJ infidelity for one- and two-
click protocols versus the f factor and mutual detuning.
The two-click protocol (solid lines) has significantly lower
infidelity compared to the one-click protocol (dashed
lines). Additionally, Figs. 2(c) and 2(d) show the two-click
protocol fidelity for emitters with different $ factors and
detunings. In PCWs, coupling to nonguided radiation
modes is suppressed, and QDs can typically have f 2
0.9 [14], which for A = 0 gives an infidelity 1 — F&lik <
1073 for the two-click protocol. The fidelity is, however,

more sensitive to detuning. Since the resonance frequencies
of the QDs can be tuned electrically, we can expect Ay,
A, <Tx/10, which, for a g factor f=0.9, gives
FElik >0.999.

Until now, we have considered only errors due to loss
and detuning. Another source of error is incoherent
scattering off the quantum emitter, which for QDs can
be induced by pure dephasing and phonon-assisted scatter-
ing. These errors scale linearly with the fraction of
incoherent scattering (see [22]). Encouragingly, observa-
tions of photon emission with up to 99% indistinguish-
ability [25-27] and lifetime-limited linewidths [28] indicate
that the effects of pure dephasing can be limited in QDs.
However, phonon-assisted relaxation accounts for ~10% of
the emission in bulk QD samples [26,29]. Operating the
gate with high fidelity thus requires filtering out incoher-
ently scattered photons. The spectral sideband associated
with phonon-assisted scattering is spread over a width of
~2 nm [26,29]. The zero-phonon line can therefore be
selectively filtered using a cavity with quality factor
0O ~ 10*, which can be integrated on chip [30] and
positioned before the single-photon detectors. Once the
incoherent light is filtered out, it acts only to lower the
success probability and fidelity via a lower f factor. Since
these errors scale with the fourth power for the two-click
protocol, the effect becomes small for phonon-assisted
relaxation fractions <10%.

We now consider how the nodes in Fig. 1(b) can be
connected to perform a quantum computation. The aim is to
perform a teleportation-based quantum computation based
on nodes linked via entanglement [6]. To this end,
spontaneously emitted photons from the o_ polarized
transition are used for internode communication, since
its emission couples to the left-propagating mode. This is
shown schematically in Figs. 1(b) and 1(c), where single
photons emitted from adjacent nodes couple to output
fibers and meet at a beam splitter. Photon detection then
heralds the generation of entanglement between the spin
states in the two nodes using a time-bin version of the
protocol of Refs. [31,32] (see [22]). Since the generation is
heralded, it can be attempted until successful. We note that
beam splitter 1 has a 50:50 splitting ratio so that half the
photons are lost, but its efficiency can be improved by a
reconfiguration [33]. Although entanglement can be gen-
erated through protocols that are robust to noise, imperfect
local operations and gates add infidelity to the Bell states.
To improve the quality of entanglement, it is possible to
apply entanglement distillation if two nodes A and B share
two Bell states [34,35]. A standard entanglement purifi-
cation protocol [35] can be directly implemented through
the parity measurement described above, enabling the
generation of high-fidelity Bell states (see [22]).

Once entanglement has been generated between nodes, it
is a resource enabling the construction of larger networks.
As a particular example, entanglement swapping by
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measuring the qubits within a node in the Bell basis can be
used in a quantum repeater architecture to achieve long-
distance quantum communications [36]. In the proposed
circuits, this can be achieved by measuring parity followed
by a rotation and a projective measurement of the spins (see
[22]). Here, the projective spin measurement can be
performed by scattering photons off the o, polarized
optical transition from an external laser and using the
on-chip detectors to measure the fluorescence.
Alternatively, we can use the generated entanglement
between nodes to perform a teleportation-based controlled
phase (Cz) gate between distant logical qubits |a) and |b),
as shown in Fig. 3(a). In this scheme, one emitter in the
MZI plays the role of a resource qubit, forming half of a
Bell pair distributed across two nodes, while the other is the
logical qubit. The circuit diagram of the ¢z gate is shown in
Fig. 3(b) and consists of two parts: (i) accumulation of a
controlled phase and (ii) a quantum eraser. As shown in
Ref. [22], this procedure implements a gate on the logical
qubits after successful parity and resource-qubit measure-
ments. The first part involves a parity measurement on each
pair at A and B with conditional qubit rotations depending
on the measurement outcomes. The quantum eraser then
consists of Hadamard rotations H and projective measure-
ments on the resource qubits 1 and 3 with conditional
rotations on the logical qubits. Since the parity measure-
ments each operate on different qubits, the fidelity of the cz
gate scales with the product of the two parity measurement
fidelities, i.e., ]-%J (see [22]). The construction of a gate
between distant qubits along these lines is known to be a
sufficient resource for universal quantum computation
despite it being probabilistic, since it enables the con-
struction of cluster states [37,38]. At the same time, it is
conceivable that more efficient architectures may be

B

o)y eoemlel

Local parity
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—_—
and feedback

FIG. 3. Teleportation-based Cz gate using parity measurements.
(a) Schematic showing that a Bell pair |¢*);3 = (|00) +
[11))/+/2 shared between nodes can be used as a resource to
perform a teleportation-based cz gate between distant qubits |a)
and |b). (b) Circuit diagram for the teleportation-based cz gate
using parity measurements P along with unitary single-qubit
rotations represented by the o, and ¢, Pauli operators conditioned
on the measurement outcomes along with Hadamard transfor-
mations H.

constructed by combining it with error-correcting codes
designed to correct for qubit loss [39].

We finally consider implementations based on different
quantum emitters and photonic platforms. Quantum dots in
PCWs have been used to demonstrate near-unity f factors
[14] with Purcell-enhanced optical transition lifetimes of
~0.2 ns [9,14]. Our implementation is based on coherently
scattering photons; therefore, to maintain near-unity fidelity,
the single photons need to have temporal widths that are
much longer than the emission lifetime, i.e., T'/o = 50 (see
[22]). This means that the optical transition must be free
of noise on this time scale. Indistinguishable photon gen-
eration through coherent scattering [26] indicates that this
is possible with QDs. The photon pulse width sets the
minimum time required to measure parity. Since the two-
click protocol requires two scattered photons, the minimum
measurement time is 220 ns, setting a minimum bound on
the required coherence time of the spin states of the qubits.
Recent work on hole spins in QDs [40,41] is encouraging,
but further work is required to examine these properties
when the external magnetic field points along the growth
direction, which is required to suppress diagonal transitions
and make the transition dipoles circularly polarized [42].
Additionally, an integrated photon source that produces
photons of the required linewidth is needed. This may be
achieved using a QD whose spontaneous emission lifetime
is suppressed [43] in comparison to the QDs in the MZI,
which can be Purcell enhanced. Alternatively, photons may
be produced using Raman fluorescence [44]. Finally, our
protocol requires coherent spin manipulation which can also
be achieved optically or by using microwave pulses match-
ing the detuning of the spin states. Optical spin manipulation
can be implemented in QD molecules, which possess both
spin-pumping and cycling transitions [45]. Alternatively,
microwave spin resonances have been demonstrated with
QDs [46], but coherent manipulation has yet to be achieved.

In conclusion, we have designed and analyzed a simple
architecture for a quantum network based on quantum dots.
The architecture uses chiral interaction to construct a
simple on-chip universal building block which can be
merged and scaled to perform universal quantum compu-
tation. Our implementation uses stationary qubits for
computation and photonic flying qubits for communication
and as ancillas to herald gate success. Although we mainly
considered QD-based applications, other emitters also have
the potential to be used to construct our proposed circuit.
Diamond color centers provide an alternative solid-state
platform for realizing chiral photonic systems and can be
integrated into photonic nanostructures [47]. In particular,
silicon vacancy centers’ bright zero-phonon line [48,49]
makes them a promising candidate. Efficient atom-based
chiral-light-matter interaction has also recently been dem-
onstrated [12], making single atoms trapped near photonic
nanostructures another potential platform for realizing our
proposed gate.
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