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Quantum memory and gates using a A-type quantum emitter coupled to a chiral waveguide
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By coupling a A-type quantum emitter to a chiral waveguide, in which the polarization of a photon is locked
to its propagation direction, we propose a controllable photon-emitter interface for quantum networks. We show
that this chiral system enables the SWAP gate and a hybrid-entangling gate between the emitter and a flying
single photon. It also allows deterministic storage and retrieval of single-photon states with high fidelities and
efficiencies. In short, this chirally coupled emitter-photon interface can be a critical building block toward a

large-scale quantum network.
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I. INTRODUCTION

A quantum network could provide secure information dis-
tribution protected by the quantum no-cloning theorem [1-3].
Photons at optical frequencies, which usually interact weakly
with their environment, are natural information carriers (a
quantum bus) in a quantum network, connecting remote quan-
tum computer nodes [4-7] via quantum emitters. Within this
paradigm of a quantum network, a highly efficient and reliable
interface between flying photons and stationary emitters is a
prerequisite for building quantum networks [8,9].

A cavity strongly coupled to a quantum emitter is a well-
known photon-emitter interface. It can accomplish a variety
of elementary quantum information processing (QIP) tasks
[10-12], ranging from single-photon sources [13—16] to quan-
tum gates [17-23], quantum memories [24], and quantum
routers [25-32]. However, constructing a multinode quantum
network requires an array of strongly coupled cavities in a
cascaded arrangement. Despite all this remarkable experi-
mental progress, it remains a difficult technical challenge to
connect different cavities while maintaining the required strong
coupling [33].

Nanoscale optical waveguides provide an intriguing alter-
native to cavities as an efficient interface between a single
photon and a single atom. In a one-dimensional (1D) nanoscale
optical waveguide, photon fields are tightly confined in the
transverse direction, so that a photon can interact strongly
with a nearby atom [34,35]. Conversely, atoms can act as
quantum scatterers for photons and control the photon propa-
gation along the waveguide. Near-unity coupling efficiency
of a quantum emitter to a photonic-crystal waveguide has
been achieved experimentally [36]. Moreover, waveguides are
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naturally scalable and can be easily integrated on a chip to
scale up the number of nodes of a quantum network. With these
attractive characteristics, coupled waveguide-emitter systems
have generated tremendous interest for QIP and quantum
network applications [37-47].

Recent studies of the coupled atom-waveguide system have
revealed it as a versatile tool for quantum networks [37-39].
For instance, in a 1D waveguide a two-level atom strongly
coupled to the optical field can be treated as a mirror with
a tunable reflectivity [48-53]. A multilevel atom allows an
even more flexible control of photon propagation [38,54—60].
For example, a V-type atom can act as a single-photon diode
[31,61]. A A-type emitter, resonantly coupled to a single
photon propagating in a 1D waveguide through one of two
transitions, can flip its two ground states and simultaneously
emit a photon coupled to the other transition with a probability
up to 50% [62]. Even more interestingly, when the two
transitions of a A-type atom are driven by the same waveguide
mode [54], an effective flip of the two atomic ground states
can occur. This process has been exploited to perform a
controlled-phase-flip gate on two atoms [63]. By introducing a
Sagnac interferometer and placing the atom at a balanced point,
a single-photon interference via a A-type atom can enable a
deterministic frequency conversion of single photons [64].

In this paper, we propose a photon-emitter interface by
coupling a A-type quantum emitter to a 1D chiral waveg-
uide [37-39]. The photonic spin and momentum are locked
for photons propagating in a 1D chiral waveguide [40—44].
Consequently, the emitter transition between each of the
ground states and the excited state selectively couples to the
forward- or backward-propagating photons. A single photon
propagating in such a waveguide thus has a chiral interaction
with the A-type emitter, with coupling strength dependent
on its traveling direction. Here we show that such a chiral
photon-emitter system, which we refer to as a multifunctional
quantum interface (MQI), can perform a wide variety of QIP
tasks useful for a quantum network. These tasks include the
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SWAP gate and its square root o/SWAP (which is an entangling
gate) between the emitter and a single photon, as well as using
the emitter as a quantum memory of a single photon in an
arbitrary superposition state. A key advantage of this chiral
system is that all these quantum processes could be realized
in the exact same setup using a chiral protocol. A particular
function of the MQI can be selectively enabled by applying
a proper detuning between the emitter and the input photon.
We show that such a selection is robust against deviations
from ideal scattering conditions, such as a finite bandwidth
of the photon and a finite effective interaction between the
emitter and the waveguide. A specific quantum function (such
as the SWAP gate) can be triggered if and only if photons are
injected into the setup in a specific direction, while photons
injected in the opposite direction do not cause any effect. This
is significantly different from standard realizations of quantum
gates, such as the protocol for a photon SWAP gate discussed
in Ref. [18]. In short, such a chiral quantum system could
be a truly compact, versatile, and powerful addition to the
development of a complex quantum network.

The rest of the article is organized as follows: In Sec. II, we
present the single-photon chiral scattering process in a coupled
emitter-waveguide system. In Sec. III, we propose an MQI
based on single-photon chiral scattering, which enables state
swapping, entanglement generation, and quantum memory. In
Sec. IV, we analyze the performance of the MQI for different
QIP tasks. Finally, we conclude with a brief discussion and
summary in Sec. V

II. PHOTON SCATTERING BY A CHIRAL
EMITTER-WAVEGUIDE SYSTEM

The schematic of our MQI via a chiral scattering process is
depicted in Fig. 1. Specifically, we consider a single (natural or
artificial) three-level A-type atom [65], e.g., nitrogen-vacancy
(NV) centers in diamond, which is embedded in a photonic
crystal waveguide [45,46] or a nanobeam waveguide [66].
The atomic transition |+) <> |E) (|—) <> |E)) is optically
driven by the ot (o 7) polarized photon. The chiral interaction
between the atom and the waveguide originates from the com-
bination of the following properties. Through our investigation
below, we refer to the right-moving (left-moving) waveguide
modes as the forward-propagating (backward-propagating)
modes. The forward-propagating electromagnetic field with

the wave vector k and the backward-propagating modes
. . -

with the opposite wave vector (— k) are related to each
.=z = .

other via £ = E *? due to the time-reversal symmetry

[37,41-44]. When placing the atom in the waveguide at a point
where the local in-plane electric field is circularly polarized,
the two circularly polarized dipole transitions of the atom
are coupled to oppositely propagating modes. The transition,
driven by a o4 (o) polarization, can only be coupled to the
forward-propagating (backward-propagating) k-mode with the
coupling constant I" y(k) = sz.(k) [Tp(k) = V2(K)].

The Hamiltonian A is, thus, given by

H=Hy+ Hy, (D

In
== ¢-
- R T .
| T

FIG. 1. (a)Chiral scattering of a single photon by a A-type emitter
coupled to a photonic-crystal waveguide, (b) energy levels and the cir-
cularly polarized (o4 ) dipole transitions of a A-type emitter (decaying
with a damping rate y ), and (c) chiral scattering of a single photon by a
A-type emitter coupled to the waveguide. Here R and T represent the
reflection and transmission amplitudes of the scattered output modes.
For simplicity, we show only a photon entering the waveguide from
its left-hand side (say, a forward-propagating photon), although we
also consider a backward-propagating photon. The atom is placed
at a point of the local in-plane (circular) polarization of the electric
field in the waveguide (see Ref. [37] for a pedagogical description of
this configuration). The circularly-polarized o (o_) dipole transition
couples only to the forward- or backward-propagating modes with the
coupling constants I"s(k) = V}(k) or T (k) = V;/(k), respectively.

where the free Hamiltonian Hy and the interaction Hamiltonian
Hj canbe given in the dipole and rotating-wave approximation,
respectively, as

oo
Hy=Q,6,+) [ / dk w;p(k)al (k)ajp (k)
j= 00

0
+ f dk w,,,(k)ajb(k)&jh(k)], 2)
i = / KV, (0a] (006, + Vokoal (06, + Heel,

3)

where, for simplicity, we set the group velocity ¢ = 1 and
h =1, the frequency of a single photon is assumed to be
identical to its absolute value of the wave vector (w; = |k|),
and the energy of the atomic ground states |+) is assumed
to be zero. Moreover, 6;g = |[i){E| with i = 4+, E are the
atomic transition operators, and Qg is the optical-transition
frequency of the atom. This chiral Hamiltonian, given in
Eq. (1), is a generalization of standard Hamiltonians describing
a nonchiral interaction of a multimode electromagnetic field
and a two-level [67] or three-level [62] atom. The creation
operator &j Y (w) [&; »(w)] creates a j-polarized photon of fre-
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quency w in the forward-propagating (backward-propagating)
modes along the waveguide. As considered in previous works
[34-39], a linearized dispersion relation of photons around
the frequency wy = | & _k>0| of an input photon is used here
withw (%) = wo + k — koand @ (= K ) = wo — k + ko. In
addition, all the couplings are taken to be constant V¢(k) =
V,(k) = V//2, because |V (k)|> and |V,(k)|> are much less
than w( and vary slowly around k¢. This is a direct result of
the memoryless character of the photonic field, known as the
Markov approximation [67,68].

In the quantum-jump (or quantum-trajectory) approach, the
dissipative time evolution is described by a non-Hermitian
effective Hamiltonian [67,68]:

Ay = H — i3 4)
where the imaginary term iy /2, with the damping constant y,
refers in our model to a nondirectional spontaneous emission of
the excited state | E'). The evolution, governed by Hamiltonian
(4), can be interrupted by random quantum jumps. However,
we study the conditional dynamics, which is described only by
the non-Hermitian Hamiltonian I:Ieff without quantum jumps,
since the dissipation results in detectable photon loss [67].

After transforming the Hamiltonian (4) into the frame
rotating with input-photon frequency wy, the integration ranges
in Egs. (2) and (3) can be extended to (—oo,00) for performing
the Fourier transform of the field operators, because only a
narrow bandwidth in the vicinity of wy will be taken into
consideration and has a nontrivial contribution to the final
scattering process. The dynamics of the system consisting of a
A-type atom and a waveguide is described by the Hamiltonian
H.f in real space as follows:

H = Hy + H,,

Hy=Aé,, —i / dx[al(0)d,ap(x) — af (0)dcap(x)),

i = / dxd(0)lyTral ()64, +VThal0s, +Hel.
)

Here §(x) is the Dirac § function modeling the scattering point
at x = 0, where the atom is placed. The effective detuning
between the atom and an input photon is

A=w, —Q, +iy/2.

Moreover, dy,(x) [&},b(x)] annihilates (creates) a forward-
propagating (backward-propagating) propagating photon at
the point x. These operators are related to the corresponding
operators in the wave-vector representation by the Fourier
transforms:

a0) = — [ dkay@e™
rx) = 7 ag(k)e™ ,

1 .
ap(x) = > / dk ap(k)e . (6)

To study the scattering of a single photon with frequency w,
by this atom-waveguide system, one should consider two cases:
(1) If a given input photon does not match a circularly polarized
transition of the atom, then it propagates in the forward modes

in the waveguide without any disturbance; however, (2) if
an input photon matches a given transition, then it strongly
couples to the atom. Note that forward-propagating (backward-
propagating) modes evolve into the circularly polarized state
o) (Jo—)) at the position of the atom. Thus, if the atom
is initially prepared in the state |4), the quantum state of
a forward-propagating photon changes significantly due to
scattering from the atom. Otherwise, it passes through the atom
without change.

For calculating the reflection and transmission amplitudes,
we first give a general state of the single-excitation subspace of
the system composed of the atom and waveguide modes [35],
which reads as

V1) = 6,19.5) + [ dagyajwie)

+ f dx ()t} (1)) . —). %)

where &f (x)|P) [&Z (x)|®)] denotes a forward-propagating
(backward-propagating) photon at the point x with single-
photon wave function ¢ r(x) [¢ s(x)], |®) denotes the vacuum
state for optical-field operators, and ¢, represents the probabil-
ity amplitude that the atom is excited to the state |E'). We can
then give a set of equations resulting from the time-independent
Schrodinger equation Heg|y) = o, Y1) :

0= (—idy — w,)¢(x)+ /T 8(x)p,,
0 = (idy — ,)p(x) + VTr3(x)p,,
0= —A¢,(x)+ T $0) + Ty (0). (8)

We assume the following ansatz for the solutions of the above
equations:

¢5(x) = exp (ikpx)[Oy(—x) + TOH(x)],
$p(x) = exp (—ikpx)ROp(—x), (€))

where T and R are the transmission and reflection probabil-
ity amplitudes of this atom-waveguide system, and &g (x)
is the Heaviside step function with ®y(x)|,—0 = 1/2 and
%h_)m = 1. The set of equations, given in Eq. (8),
evolves into

0= (ky — w)¢pr(x) — ie™ 5T — 1]+ /T 8(x)¢,,
0 = (ky — w,)pp(x) — ie " *S(xX)R + /Tp8(x), ,
0=—2A¢, + T ¢10) + VTr5(0). (10)

After inserting the solution ansatz into the above equations, we
directly obtain

2/ ¢
2A +i(JTpT; +T)
R=—-iyTpo,,
2A +i(Ty — JTuT)
T = ‘
2Ty
It could easily be found that an input photon in a proper

direction is totally reflected with R = —1 and 7 = 0 in the
ideal resonant scattering process, assuming no detuning, A =

¢E=

b Y
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FIG. 2. Absolute values of the transmission |7'| and reflection
| R| amplitudes versus the detuning A (in units of the damping rate y)
between an input photon and the atomic transitions with (a) 8 = 10,
(b) B =30, and (c) B = 50. Here B = I'/y is the ratio of the coupling
constant I" and the damping rate y describing the enhancement of the
directional emission of the atom.

w, — 2, =0, and the same coupling rates I'y, =Ty =T,
which are much greater than the damping rate, i.e., I' > y.
This means that we assume the strong-coupling regime [34].
At the same time, the ground state of the atom is flipped into the
other one. That is, a perfect single-photon scattering process
is completed and the photon state and the ground states of the
A-type atom are flipped simultaneously.

Before analyzing a possible application of the MQI for
QIP, we first study the transmission and reflection amplitudes
versus practical parameters: the photon detuning A and the
ratio B = I' /y of the coupling and damping rates showing the
enhancement of the directional emission of the atom, shown in
Fig. 2. The absolute values of the transmission and reflection
amplitudes, |T| and |R]|, in Eq. (11) are obtained from the
stationary solutions in real space. Furthermore, we numerically
verify these amplitudes T’ and R by solving the time-dependent
Schrédinger equation —i %l/t’) = H|¥), where |) denotes a
general single-excitation state in the wave-vector space and
evolves under the wave-vector space Hamiltonian ﬂeff in
Eq. (4), and the wave-vector distribution of an input photon
is assumed to be a Gaussian pulse,

5
kov/7

On the scale of Fig. 2, there is no difference between the ana-
Iytical results and the corresponding numerical calculations.
It is clearly seen that there are three distinct detuning
points for a single-photon scattering process, involving the
atom-waveguide discussed here. One of those is the resonant
point, where the input single photon is almost deterministically
reflected with the atomic ground state flipped, and the largest
difference is observed between the reflection and transmission

flo) = exp[—(k — ko)*(5/ko)*]. (12)

modes. While at the other two points for the detuning A ~
4TI, the scattered photon propagates with equal probability
in the reflection and transmission modes and the atom is
projected into the corresponding ground state, which leads to
an entanglement between the ground states of the A-type atom
and the photon state [69].

III. MULTIFUNCTIONAL QUANTUM
INTERFACE FOR QIP

The proposed system, consisting of a A-type atom and a
nanowaveguide, provides a deterministic quantum interface
between a single photon and a single atom. When a photon
is injected in the direction that excites a local circularly
polarized field that the atom is coupled to, then the photon
is either reflected along with a ground-state flip of the atom or
keeps propagating in the transmission modes, leaving the atom
without changing its original state. The relative probabilities of
these two scattering modes can be controlled by the detuning
A. In this section, we describe a MQI as an elementary building
block of chiral quantum networks. The SWAP gate, the quantum
memory, and a hybrid-entangling gate between a single atom
and a polarized-encoded single photon could, in principle, be
implemented in the same setup that is trigged only when a
polarized-encoded photon is input in a particular port. When a
photon enters the MQI from the other port, it passes through
the setup with a polarization flip, leaving the atom unchanged.
This provides potential applications for chiral quantum net-
works when multiple channels, linking different nodes, are
tunable [39].

A. General scattering output matrix

The setup for chiral QIP with polarized-encoded single
photons is shown in Fig. 3(a). It is composed of a dominant
nanowaveguide coupled to a A-type atom and several linear
optical elements: a polarized beam splitter (PBS), an optical
circulator (OC), and a polarization controller (PC). The PBS
transmits horizontally polarized photons (state |H)) and re-
flects vertically polarized photons (state |V)). The PC flips
the polarization of a photon passing through it and performs
the conversion |H) < |V), while the OC is used to spatially
separate the input and output modes [17-19] by transmitting
an input photon in one port to an output port determined by the
operation direction of the circulator.

A single photon encoded in the superposition polarization
state [Y,) = «, |H) 4+ o, | V) is split into two directions by the
PBS, followed by a polarization flip on the transmission modes.
Therefore, a single photon passing through either the right or
left OC has the same polarization, which maximally couples
the photon into a waveguide from either direction and creates
aright- (|og)) or left- (Jo_)) circularly polarized local field at
the atom position [37-44,66]. For the atom initialized in the
state [,) = B+|+) + B-|—), the combined atom-photon state
evolves into

Y1) = B+(Ta,los,+) + Ra,lo_,—))
+ ﬂ,(TO{HlO',,—> + R(XH|U+,+))
+ Bray,lo-.+) + B-«a,log,—). (13)

062318-4



QUANTUM MEMORY AND GATES USING A A- ...

PHYSICAL REVIEW A 97, 062318 (2018)

N PBS N

(@)

a2

Node 1 Node 2

FIG. 3. (a) Schematics of the multifunctional quantum interface
(MQI) using a A-type emitter and a 1D waveguide and (b) heralded-
entanglement generation and quantum-state transmission between
two remote quantum nodes. Here, PBS denotes a polarized beam
splitter, OC is an optical circular, and PC is a polarization controller.

According to the time-reversal symmetry of the waveguide, the
polarization of a photon evolves into the vertically polarized
state |V), and it is rerouted by the OCs followed by a
polarization flip on the left-propagating modes. Subsequently,
the two propagating modes of the photon recombine together
at the PBS, and the combined system evolves into the state
|Y,), when the photon is leaving the PBS:

1¥2) = BilH)(Ra,|—) + o, [+))
+ ﬂ*|v>(av|_> + Raﬁl—"_))
+ T(Bya, |V, +) + B, |H,—)). (14)

This process could be described by a general scattering matrix
S that connects the initial and final states of the combined
system consisting of a polarized photon and a A-type atom as

lva) = SIv,)1v,), (15)

where

(5%
I

(16)

c o o~
S N O
o N X o
- o o o

B. Quantum gates and memory

In general, specific functions of the MQI depend on the
reflection and transmission amplitudes, R and T, which are
tunable by controlling the detuning between an input photon
and the atom. By properly selecting scattering conditions, the

atom-waveguide system evolves as intended, leading to desired
functions of the MQL.

1. SWAP gate

As discussed in the previous section, when the frequency of
an input photon is nearly resonant with the atom, the photon
is deterministically reflected by the atom. Simultaneously, the
state of the atom is flipped, with R = —1 and T = 0 for anideal
directional scattering process, if the coupling constant is much
greater than the damping rate, i.e., I" >> y, which corresponds
to the strong-coupling regime. Therefore, the general scattering
matrix § is simplified to

1 0 0 0

A 0 0 -1 0

=0=1y 1 0 o a7
0 0 0 1

Obviously, this scattering process equivalently performs the
standard SWAP gate between a polarized photon and a single
atom, because the 7r-phase shift could be completely compen-
sated by local phase-flip operations 6:

SWAP = (I ® 6,)Sa—o(I ® 6.), (18)

where I is the qubit identity operator.

2. Quantum memory

In order to perform the quantum memory of a single
photon encoded in an arbitrary polarization state, one can first
perform the SWAP gate, as described above, and then perform
a measurement of the scattered photon to guarantee that the
SWAP gate has been completed and the state of the polarized
photon is now stored in the atom. After a while, to read out
the state of the original photon, one can perform another SWAP
gate by impinging another photon. Although the second photon
could, in principle, be initially in an arbitrary pure state or
even a mixed state, here, for simplicity, we assume that the
initial polarized photon state is |V). The atom, in an ideal
scattering process, is mapped into the ground state |—) and
a photon of the same polarization as that of the original photon
is generated simultaneously. Thus, these operations store and
retrieve a single-photon state, which completes the quantum
memory procedure.

3. /SWAP gate

The setup shown in Fig. 3(a) could also be exploited to
generate entanglement between a polarized photon and a single
atom, which can be referred to as hybrid entanglement. Instead
of working near the resonant point, one introduces a detuning
of (£I') for a given input photon. Now the general scattering
matrix, shown in Eq. (16), is specified as follows:

1 0 0 0

. o -5 _H o9

Sa=r = 12i i31 (19)
o - =L
0 0 0 1
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and
1 0 0 0
. o H _IZ 9
Sazr =383l = R (20)
0o -5 Ho90
0 0 0 1

By applying Sa_r or Sx—_r on a hybrid system consisting of
a single atom and a polarized photon, |V 4)|¥p), the square
root of the SWAP gate (1/SWAP) is accomplished in this system,
because

(Sa=r)* = Sac—r)* = Saco. 1)

We note that our gate, given in Eq. (20), differs from the
standard ,/swap gate only by local operations, i.e.,

VsWAP = (I ® 6,)8a——r(I ® 6,). (22)

Thus, our system can be used to generate the maximal en-
tanglement between a polarized photon and a single atom, by
initializing these to be in the state |H)|+) or |V)|—). When
combined with the classical swapping procedure described
above, one can establish the maximal entanglement between
two remote atoms placed at different nodes of quantum
networks, as shown in Fig. 3(b).

So far, we have described the SWAP gate, the quantum
memory, and the hybrid-entangling «/SWAP gate, based on the
effective scattering of the atom-waveguide system. However, if
one switches the output port of the MQI to be a new input port,
one can easily find that the probability amplitude of the input
polarized photon is first divided into two amplitudes of propa-
gating modes, and then the photon exhibits a polarization flip.
These modes are directly transmitted to the PBS by any of the
OC:s. Finally, the photon reaches the PBS with a polarization
flip from the original input port of the MQI. In summary, when
a photon enters at a particular input port, it enables the MQI
to perform various QIP tasks, while the photon enters from
the other input port then just passes through the MQI leaving
the atom unaffected. This provides an interesting application
for complex quantum networks when multiple connecting
channels are available, because the quantum function of the
MOQI could be switched on or off for various QIP tasks simply
by choosing different connecting channels.

IV. FIDELITY AND EFFICIENCY OF QIP WITH MQI

In the previous section, we described the MQI for unidi-
rectional implementations of the SWAP and +/SWAP gates, and
quantum memory, for all the tasks which, in principle, work in
a deterministic way. However, the practical scattering output
of the MQI can deviate from the ideal outcome due to the
finite linewidth of the input photon and the nondirectional
spontaneous emission of the atom. Here we use both the
average fidelity F' and the average efficiency 7 to evaluate the
performance of the MQI for different QIP tasks.

For the SWAP and quantum hybrid-entangling +/SWAP gates,
the fidelities and efficiencies depend on the states of the atom
and the photon involved. To evaluate the performance of these
processes, one can use the average fidelity and efficiency
[5,70,71]. The average fidelity F is defined as the average
overlap between the ideal and the practical outputs for different

photonic and atomic states. Thus, the average fidelities for the
SWAP and +/SWAP gates read, respectively, as

N ot @) 2

1 [(Vi[Sa—olVswap) |

swap N Z <1//(l-) |w(i) > ) (23)

i=1 \ swap | Y'swap
N ot @)

1 | (Wi | Sa—r | Went)

-N Z (D) 1.7, ’ (24)
i=1 (erm went)

where S A—o and S a=r are the ideal transition matrices given,
respectively, in Egs. (17) and (19), and [¢{),)) (wyy s
the corresponding output state obtained from the frequency-
dependent scattering matrix resulting from Eq. (16). Moreover,
|[;) is a state chosen from the overcomplete set of N = 36
states: {|+),|=), (14) £ [=)/V2, (14) £ i|-))/v/2} ® {|H),
V), (1H) £ V)/v/2, (|H) £ i|V))/~/2}, where

= [ dos@ijwio) 25)

where (j = H,V) represents a single-photon pulse of the
frequency distribution f(w).

When the MQI is used to perform the quantum memory
for an arbitrary single-photon pulse, an initially separable
state of the combined system, consisting of a single photon
and an atom, is modified due to its nonzero transmission
in a practical scattering process. In order to increase the
fidelity of the quantum memory, one can initially prepare
the atom in a deterministic state |—). After the storage and
read-out processes, the measurement on the atom in the basis
{|+),]1—)} is performed. The average fidelity conditioned on
the measurement of the atom to the state |—) is given by

_— (26)

Fmem = -
N ; (Vinom | Wthem)

where N = 6; |¢;) is chosen from the overcomplete set of
states {|H), |V), (1H) £|V))/~2, (H) £i[V))/~/2}; and
|1ﬂr(r’;gm) = M|¢;) is the realistic output state with the following
frequency-dependent filter matrix: M = (’;2 (1)).

Moreover, the average efficiencies #; can be given by the
average probabilities of observing directional scattering, i.e.,

(i [P 2

= Z W) 27)

In special cases, this formula reduces to fswap, fent> and mem
which are shown in Figs. 4 and 5.

The performance of the quantum gates and memory via the
MQI are shown in Fig. 4, where we plotted the fidelities and
the efficiencies versus the effective directional scattering rate
I'/y for a given Gaussian single-photon pulse defined by the

spectrum
1 w— W, 2 (28)
exp | — ,
JTo, P Oy

where w, is the center frequency and o,, denotes the pulse band-
width. In general, the MQI implements the SWAP and /SWAP
gates better than the quantum memory. This is because only

flw) =
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FIG. 4. (a) The average fidelities Fyy, stap, and Fem and (b) the
average efficiencies fent, fswap» and fmem Versus the coupling constant
I' (in units of the damping rate y). The averages are calculated over
all detunings of an input photon, with the Gaussian wave form given
by Eq. (28) with o, = 5y.

one nonideal single-photon scattering process is involved in
our implementation of the gates, while two scattering processes
are involved for realizing a quantum memory. For the /SWAP
gate, both the average fidelity and the average efficiency
approach their respective stable values of Fey = 0.9996 and

T T T ‘
(S5
8 L ~_
E Fmemo
e
(a)
0o | . | . L
' \ ‘ \ ‘ |
1 L ﬁentan
N B Towap
(S
& |
g ~ -
-2 Nmemo
2
= (b)
09 | J | L]
10 20 30

Pulse bandwidth a,,/y

FIG. 5. (a) Average fidelities Fen, Fiwap, and Frnen and (b) average
efficiencies lenc, fswaps and fmem versus the pulse bandwidth o,,/y (in
units of the damping rate y). These averages are calculated over all
detunings of an input photon, with the Gaussian wave form given by
Eq. (28) and I'/y = 50.

flent = 0.9901 when the directional scattering rateisI'/y > 50
for a narrow input-photon pulse o, = 5y . For the SWAP gate,
the average fidelity and efficiency are almost as high as those
for the \/SWAP gate, with Fyyap = 0.9982 and flgyap = 0.9810,
for I'/y > 50. The fidelity and efficiency of the quantum
memory are slightly lower than those for the two gates. The
average fidelity and average efficiency of the quantum memory
are still large enough for a practical quantum network, because
Froem = 0.9928 and fjmem > 0.9345 are achievable for the
effective directional scattering rate I'/y > 30.

To study the influence of the bandwidth of an input photon,
the performances of all three functions of the MQI are shown
in Fig. 5 for the ratio of the directional coupling constant and
dampingrate, I'/y = 50.In general, the average fidelities of all
three functions decrease with increasing the bandwidth o,,/y
of the single-photon pulse. This is because the increment of
I'/y leads to a larger deviation from the ideal scattering condi-
tion for each quantum process. However, this larger deviation
compensates partially other detrimental effects and contributes
to the average efficiency of the SWAP and /SWAP gates, because
the wide bandwidth leads to a larger detuning at the edge
range that contributes less to a realistic scattering, resulting
in a smaller absorbtion for the subsequent nondirectional
emission. Furthermore, the MQI performs excellently for the
three QIP tasks when o,/y < 25. The lowest performance
among these three tasks is for the quantum memory, which has
an average fidelity of Fiem > 0.95 and an average efficiency
of mem = 0.92.

So far we have assumed that the optical circulator (OC) has
perfect efficiency. Nevertheless, realistic OCs always cause
some small losses of photons passing through them [72]. For
example, a waveguide-based OC with a loss rate of 0.05 dB
has been designed and simulated [73]. Moreover, photon losses
introduced by OCs only slightly reduce the fidelity of an MQI,
because an OC reduces equally both polarization components
of a single photon. In this respect, an OC can be replaced by
an unbalanced beam splitter [22,23].

To date, single-photon sources of narrow bandwidth based
on both natural and artificial atoms have been significantly
improved [13-15,74]. Nevertheless, solid-state single-photon
sources still suffer from spectral diffusion and dephasing
caused by phonons. These effects limit the application of such
photons for practical QIP tasks [74]. Fortunately, such spectral
broadening can be partially suppressed at low temperatures
and by coupling emitters to optical cavities or waveguides.
For example, a Fourier-transform-limited source based on NV
centers in nanocrystals has been demonstrated with a linewidth
of 16 MHz at cryogenic temperatures [75]. Narrowband single
photons could also be efficiently generated by a three-level
emitter, strongly coupled to a high-finesse optical cavity, with
vacuum-stimulated Raman transitions [13—-15]. Furthermore,
a solid-state single-photon source of subnatural linewidth has
been demonstrated by operating in the small Rabi frequency
limit of resonance fluorescence [76].

The dominant element of the MQI is the chiral interaction
between a A-type atom and a single photon in a waveguide.
A promising implementation is a single negatively charged
NV center coupled to a photonic-crystal waveguide. Here the
states |£) of the A-level structure, shown in Fig. 1(b), are the
ground states of the NV center with magnetic numbers m; =
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+1 associated with the orbital angular momentum m; = 0.
The excited state |E) is given by the state

L
V2

of the NV center, where |E.) are the orbital states with
angular momentum m; = %1, and |£1) are the spin states with
magnetic numbers m; = £1[69,77-79]. According to the total
angular momentum conservation, the transition |[+) < |E)
(|—) < |E)) is accompanied by the absorption or radiation
of a single o (0_) polarized photon, and it has been used to
generate quantum entanglement involving polarized photons
[69,77].

A photonic-crystal waveguide is a well-developed one-
dimensional system for enhancing the effective interaction
between a flying photon and a solid-state emitter [10]. A
strong coupling between an emitter and a waveguide with
I'/y ~ 50 has been demonstrated [36]. A waveguide photon
can also be collected by a grating, a tapered-mode adapter, or
even a fiber for subsequent operations [36,80-82]. By using
glide-plane waveguides, the maximum interaction between an
atom and a waveguide is achieved for unidirectional scattering,
because a chiral point corresponds to the field maximum of the
waveguide [82,83]. Moreover, regular nanobeam waveguides
and nanofibers coupled to NV center or other three-level
A-type emitters could also be used to build this MQI [84-86].

[A2) = —=(+ DIE-) +| = DIEL))

V. DISCUSSION AND SUMMARY

The chiral interaction between a single photon in a waveg-
uide and a quantum emitter has gained considerable attention
[37-39,45,46]. It combines the advantages of both a chiral
waveguide system and a controllable A-type emitter system.
The spin-momentum-locked light in the chiral waveguide
changes its polarization when its direction is reversed [41-44].
This leads to a totally different scattering when it is coupled to
single emitters with polarization-dependent dipole transitions.
That is, either zero- or -phase shift occurs on the transmitted
modes conditioned on whether a propagating photon is coupled
to the dipole transition. Recently, deterministic entangling
gates on single photons and single emitters [45,46,82] have
been proposed with negatively charged quantum dots which
have two independent dipole transitions and the initialization
of this system usually takes a much longer time. For a A-type
emitter, it could, in principle, be initialized to an arbitrary state
determined by the state of an input photon, because a passive
quantum swapping exchanges the states of an input photon
and the emitter. Moreover, arbitrary single-qubit rotations on
both a stationary emitter and a polarized input photon are easily
achievable by faithful optical control and passive linear-optical
elements. Furthermore, when the A-type atom is initially in

the excited state |E), the circular-dipole transitions generate
a maximally entangled state between the atom and a photon
encoded in the propagating modes [66].

Our MQI combines the advantages of chiral quantum optics
and A-type systems, and it has the following two important
merits. () If an input photon is resonantly coupled to the dipole
transitions, then the destructive interference of the incident and
transmitted modes of the photon leads to a complete photon
reflection accompanied by a ground-state flip of the atom,
analogously to the one observed for the Sagnac interferometers
[64]. However, (ii) if an input photon is nonresonantly coupled
to the transitions, then it can be both reflected and transmitted
with some nonzero probabilities. In particular, if the detuning
A is equal to (£I"), then the reflection and transmission
probabilities are equal to each other. This generates a maxi-
mally entangled state between the atom and the photon. This
entanglement can be transferred (via transmitted photons and
using the SWAP gates) into the entanglement between two
different quantum nodes of quantum repeater-based networks
[87-90].

In summary, we have presented an effective atom-photon
interface with a chiral waveguide. The tunable scattering
process is exploited to design the MQI for quantum net-
works, such as quantum swapping and hybrid-entanglement
generation between a single atom and a single-photon pulse,
which then leads to direct layouts of quantum memory and the
entanglement between different nodes. A high performance of
this proposed MQI is within reach of the existing experimental
capabilities. Moreover, both the fidelity and the efficiency of
the MQI are robust to the potential imperfections originating
from a finite bandwidth of a single photon and a finite effective
coupling constant between the atom and a waveguide, which
makes our proposal useful for realistic quantum networks.
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