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The construction of a photon-photon quantum phase gate based on photonic nonlinearity has long been
a fundamental issue, and is vital for deterministic and scalable photonic quantum-information processing.
It requires not only strong nonlinear interaction at the single-photon level but also suppressed phase noise
and spectral entanglement for high gate fidelity. In this paper, we propose that a high-quality-factor micro-
cavity with strong χ(2) nonlinearity can be quantized to anharmonic energy levels and can be effectively
treated as an artificial atom. Such an artificial atom has a size much larger than the photon wavelength,
which enables passive and active ultrastrong coupling to traveling photons. A high-fidelity quantum con-
trol phase gate is realized by our mediating the phase between photons with an intermediate artificial
atom in a photonic molecule structure. The scheme avoids two-photon emission and thus eliminates
spectral entanglement and quantum phase noise. Experimental realization of the artificial atom can be envi-
sioned on an integrated photonic chip and holds great potential for single-emitter-free, room-temperature
quantum-information processing.
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I. INTRODUCTION

The quantum photonic integrated circuit (PIC) has been
extensively studied in the last decade for photon-based
quantum-information processing [1–5] due to its advan-
tages of stability, compactness, and low power consump-
tion. Essential quantum optical components, including
quantum photon sources [6], quantum gates [7,8], and
single-photon detectors [9–11], have all been demonstrated
on the PIC with excellent performances, and a fully inte-
grated quantum PIC is within reach [12]. However, the
absence of single-photon nonlinearity greatly limits the
development of a PIC for scalable quantum processors
[13]. It is believed that the intrinsic nonlinear effect of a
dielectric is too weak compared with the material absorp-
tion [13], and thus the desired quantum operation cannot
be accomplished before the photon is lost. As a result,
photonic two-qubit quantum gates are implemented prob-
abilistically with pure linear optical components and rely
on quantum interference and ancillary photons [7,14].

*chunhua@ustc.edu.cn
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Another approach to overcome this obstacle involves intro-
ducing single emitters into the PIC, but this suffers from the
experimental challenges of nanomanipulation and instabil-
ities of emitters [15–17].

Fortunately, recent exciting progress in nonlinear optics
on the PIC has encouraged efforts to pursue nonlin-
earity at the single-photon level by realizing microres-
onators and nanoresonators of ultrahigh quality factor and
ultrasmall mode volume [18–21]. In the past few years,
cavity-enhanced nonlinear photonics has achieved great
success in frequency conversion, frequency comb, and
quantum photon sources [19,22–25]. Especially, ultrahigh-
efficiency second-harmonic generation (SHG) with effi-
ciency as high as 106%/W has been achieved [26–29].
All this exciting progress achieved with χ(2) nonlinearity,
such as in lithium niobate (LN) [29–32], (AlN) [26,33],
and gallium arsenide (GaAs) [27], indicates a saturation
of conversion efficiency even at single-photon-level pump,
and reveals a promising path toward single-photon-level
nonlinearity. When the single-photon coupling strength
approaches the cavity dissipation rate, the vacuum strong-
coupling regime is reached, and the bare cavity without
external driving shows photon energy levels with strong
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anharmonicity. It was anticipated that the atomlike nature
of a cavity with strong χ(2) and χ(3) nonlinearity could find
applications in single-photon sources by photon blockade
[34–36].

However, there is still another obstacle for deterministic
photonic quantum gates, since they demand the process-
ing of the photon’s quantum states while maintaining
the spectral-temporal wave function. As pointed out by
Shapiro et al. [37–40], the fidelity of a photon-photon
quantum gate based on photonic nonlinearity, such as the
Kerr effect, suffers from spectral entanglement and phase
noise, due to the spatially local interaction and multimode
nature of traveling photons in the frequency domain. Even
though several schemes have been proposed to overcome
such a limitation by introducing nonlocal interaction, the
quantum Zeno blockade effect, and cascaded sites [41–46],
these studies are still based on propagation modes and the
intrinsic optical loss in nonlinear media is not considered.

In this work, we propose an artificial atom on a PIC
by using χ(2) nonlinearity in a well-engineered microres-
onator. The artificial atom has a size of microns, and
thus is easy to use for strong coupling with a waveguide,
which enables efficient quantum storage and extraction
of photons. As an example, we proposed an architec-
ture for realizing a quantum controlled-Z (CZ) gate based
on a photonic molecule [31], breaking the limitations of
the spatially-local-interaction condition for traveling pho-
tons, thus being immune from spectral entanglement and
phase noise. With potentially achievable parameters in
the experiment, we predict a fidelity of the CZ gate of
99%. Combining the CZ gate with the mature (Hadamard
and phase gates) by linear optical elements, the universal-
quantum-gate set [47] can be accomplished and scalable
quantum computation is promising on the PIC platform.

II. ARTIFICIAL ATOM

Figure 1(a) schematically illustrates the artificial atom,
which is based on a phase-matched χ(2) ultrahigh-
Q microresonator. By careful design of the geometry
dispersion of the cavity, certain modes that fulfill the
phase-matching condition for nonlinear interaction can
be realized. For example, the highly efficient second-
harmonic generation between modes in the visible and
near-infrared bands have been experimentally demon-
strated with AlN, LN, and GaAs microrings [26,27,29,33].
For nonlinearly coupled optical modes, the system Hamil-
tonian reads [23,26] (� = 1)

HAA =
∑

j

ωj j †j + gd
(
a†2c + a2c†) , (1)

where j ∈ {a, c} represents the resonant modes of the
cavity and the mode frequency 2ωa ≈ ωc for a degen-
erate three-wave mixing process. For the nondegenerate

(a)

(b) (c)

FIG. 1. Artificial atom based on an optical cavity with strong
χ(2) nonlinearity. (a) Left: degenerate and nondegenerate three-
wave mixing, corresponding to SHG and sum-frequency genera-
tion. Right: energy-level structures for χ(2) interaction. (b) Vac-
uum Rabi splitting of the populations of state |2a0c〉 for SHG.
The black curve corresponds to gd/κa = 4 and the red curve cor-
responds to gd/κa = 8. The driving strength εp = 0.2. (c) Rabi
oscillation of the single-photon-excitation state |1a0c〉 population
under coherent driving. The black curve corresponds to εp = 10
and red curve corresponds to εp = 20. The coupling strength
gd/κa = 80. The cavity decay rates are set at κa = κc = 1.

case j ∈ {a, b, c}, the interaction reads gnd
(
a†b†c + abc†

)
,

with ωa �= ωb and ωb ≈ ωc − ωa. Here a, b, c denotes the
bosonic operator for the modes, and gd, gnd ∝ χ(2)ξ/

√
V is

the coupling strength, which is determined by the modal
overlap ξ , cavity mode volume V, and the material nonlin-
ear susceptibility χ(2).

In conventional bulk nonlinear optics, the coupling rate
is much less than the dissipation rate due to large V (i.e.,
g � κj , with dissipation rate κj = ωj /2Qj , where Qj is
the corresponding cavity quality factor). Thus, the conver-
sion from a, b to c occurs only by strong pumping of the
system [23,26]. With increased ξ and drastically reduced
V in the PIC, g increases and approaches κ , and thereby
the quantum effect appears, as shown in the right panel in
Fig. 1(a). Considering only few excitations in those modes,
the system energy levels can be rewritten as |lanc〉 or
|lambnc〉 in the Fock-state basis, with l, m, n ∈ Z (the sub-
scripts of the states are omitted in the following). Because
of the nonlinear interaction in degenerate case, the energy
levels |20〉 and |01〉 are hybridized and produce eigen-
states (|20〉 ± |01〉) /√2, whose energy levels are shifted
by +√

2gd and −√
2gd, respectively. Similarly, for the

nondegenerate case, the state |110〉 strongly couples with
|001〉 and produces new eigenstates (|110〉 ± |001〉) /√2
with frequency splitting 2gnd. Then, the cavity shows
anharmonicity for Fock states of modes a (or a and b),
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as shown by the dashed lines in Fig. 1(a). When κ <

gd, gnd, the states with excitation number N ≥ 2 are no
longer resonant with the bare cavity, which will lead to the
photon-blockade effect [35,36,48]. In this case, we treat the
cavity as an artificial atom. It is worth noting that the artifi-
cial atom based on the anharmonicity of Fock states shares
the same spirit of a superconducting qubit [49], which is an
LC circuit with strong anharmonicity and is usually treated
as a two-level system.

To verify the artificial atom, a weak coherent driving
εp

(
a† + a

)
is used to probe the system with gd/κa = 4

or 8 for the degenerate case. The numerical simulation
is performed with QUANTUM TOOLBOX IN PYTHON [50].
Figure 1(b) shows the dependence of the |20〉-state popu-
lation on the frequency of a continuous driving field (εp =
0.2). The population at zero detunings is greatly suppressed
due to the splitting of the hybrid energy levels. Further-
more, the temporal behavior of the artificial atom under on-
resonance driving shows clear Rabi oscillation [Fig. 1(c)],
since only |00〉 and |10〉 can be effectively excited, thus
confirming the equivalence of our system to a two-level
atom. The blockade effect on the high-excitation energy
levels can be used to build a deterministic single-photon
source.

It worth noting that the vacuum Rabi splitting shown in
Fig. 1(b) is essentially distinct from the recently demon-
strated all-optical strong coupling in a χ(2) microring [23].
Our scheme here requires the vacuum coupling strength
g > κj , which manifests itself as vacuum strong coupling,
in contrast to the coupling strength

√
Npumpg > κj stimu-

lated by the intracavity pump photon number (Npump) in
Ref. [23]. The result of vacuum strong coupling similar
to that in Fig. 1(b) was also studied by Irvine et al. [34],
in which the possible schemes, including better engineer-
ing of the cavity or use of a coherent pump to stimulate
the coupling, to observe the strong coupling effect are dis-
cussed. However, here we focus on the quantum effects
arising in the cavity due to the anharmonicity. For example,
the Rabi oscillation due to a continuous external driving in
Fig. 1(c) indicates the quantum nature of the artificial atom,
and also indicates the manipulation of the internal state of
the artificial atom by a laser.

Compared with natural atoms, the artificial atom main-
tains many advantages of photonic cavities. Firstly, degen-
erate clockwise and counterclockwise modes are supported
in a traveling-wave microresonator. Therefore, the artifi-
cial atom can couple with external photons unidirectionally
[Fig. 2(a)], which is possible only for natural atoms with
photonic spin-orbit coupling [51]. Especially, the twofold
degeneracy of modes enables the construction of two iden-
tical artificial atoms with only one design, offering more
energy levels for quantum-information processing. Sec-
ondly, the artificial atoms are more flexible for photonic
structure designs and allow highly efficient coupling with a
waveguide or other photonic structures. In previous studies

(a) (b)

(c) (d)

FIG. 2. Coupling between a waveguide and an artificial atom
made by a microring cavity. (a) The artificial atom is coupled
with a waveguide with a wrapped-around structure. The coupling
rate can be 3 orders of magnitude greater than the decay rate.
(b) Dual-rail encoding scheme for a quantum gate of two prop-
agating photons. The two photons are multiplexed into the same
waveguide and interact with each other in the χ(2) medium and
are then demultiplexed to different waveguides. A time delay is
added in the first path to make |0〉c and |1〉c synchronized in the
time domain. (c) Input state of a separable two-photon state with
Gaussian shape φin (k1, k2) = (1/2πσ 2) exp

[− (
k2

1 + k2
2

)
/2σ 2

]
,

where k1 (k2) is the frequency of the photon and σ = 0.5 is the
width of the frequency distribution. (d) Output state. The nonlin-
ear coupling strength gd = 3 and the decay rates of the second-
harmonic mode κc,0 = κc,1 = 1 and the fundamental mode κa,0 =
1, κa,1 = 3, where κa,0 (κc,0) is the intrinsic decay rate and κa,1
(κc,1) is the external coupling rate to the waveguide. DEMUX,
time-bin demultiplexer; MUX, time-bin multiplexer.

on waveguide quantum electrodynamics [52,53], the coop-
erative interaction between single emitters and waveguide
modes could be described by the Purcell factor, which cor-
responds to the ratio between the rate of spontaneous emis-
sion into the waveguide and the rate of intrinsic emission
into free space. Similarly, the Purcell factor for the arti-
ficial atom can be calculated as FP = κ1/κ0, where the
external coupling rate κ1 between the waveguide and the
cavity can be tens of gigahertz, while the intrinsic decay
rate κ0 of a cavity is on the order of megahertz for intrin-
sic Q ∼ 107. Therefore, an effective Purcell factor FP =
κ1/κ0 exceeding 1000 is achievable by an artificial atom
with the configuration in Fig. 2(a). In contrast, the achiev-
able FP for natural atom-waveguide coupling is limited
to O (1). In addition to the passive design, the interac-
tion between the artificial atom and photons as well as
the energy levels could also be dynamically controlled
by active antennas via electro-optic (EO) or thermal-optic
effects.
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III. CZ-GATE SCHEME

These merits of artificial atoms make them an excellent
platform for realizing scalable quantum gates for photons
or atoms. By use of the photon-blockade effect in a strongly
coupled artificial atom and waveguide, the probe single
photon will gain a π phase when passing the artificial atom
if its frequency is on resonance with its transition. How-
ever, if the photon is off resonance with the transition, the
artificial atom will not induce a phase shift. Therefore, it is
anticipated that one photon could induce a π phase shift of
another photon, manifesting the CZ gate for photons. In this
work, we consider the dual-rail encoding of single photons,
as shown in Fig. 2(b). When both the control and the target
photon enter into same path, the artificial atom can mediate
the strong interaction between the photons and thus realize
a deterministic controlled-phase gate.

A. Two-photon scattering

First, we test the artificial atom by coupling it to a bus
waveguide [Fig. 2(a)] with a direct input of two cooper-
ating photons [Fig. 2(c)]. The two-photon wave function
evolves to the superposition of a single-photon state in
the second-harmonic frequency and a two-photon state in
the fundamental frequency during the nonlinear interaction
inside the nonlinear cavity. The input-output formalism of
the two-photon scattering problem is derived as (see the
Appendix for details)

S(p1, p2; k1, k2) = tk1 tk2(δp1,k1δp1,k2 + δp1,k2δp2,k1)

+ B(k1, k2)√
2κa,1

(2 − tp1 − tp2)δp1+p2,k1+k2 ,

(2)

S(p; k1, k2) = C(k1 + k2)δp ,k1+k2 , (3)

where S(p1, p2; k1, k2) [S(p; k1, k2)] is the probability
amplitude for two photons with frequencies p1 and p2 (p
is the frequency of a single photon in the second-harmonic
frequency band) with input photons of frequencies k1 and
k2, δi,j has nonzero value 1 only for i = j , C(k1, k2) =
−[2gd

√
2κc,1

(
2 − tk1 − tk2

)
/
√
π

(
ξ−

a ξ
−
c − 2g2

d

)
], and B(k1,

k2) = √
2g2

d

(
1 − tk1

) (
1 − tk2

)
/π

(
ξ−

a ξ
−
c − 2g2

d

)
where

tk = (k −ωa + iκa,0 − iκa,1)/(k −ωa + iκa,0 + iκa,1) is the
transmittance of the single-photon state, ξ±

a = 2(
ωa − iκa,0 ± iκa,1

) − k1 − k2, and ξ±
c = (

ωc − iκc,0 ± iκc,1
)

− k1 − k2, where κi,0 and κi,1 are the intrinsic decay rate
and external coupling rate to the waveguide of the ith
mode, respectively. For a separable two-photon input state
with a Gaussian shape

φin (k1, k2) = 1
2πσ 2 exp

[− (
k2

1 + k2
2

)
/2σ 2] , (4)

the output two-photon state is calculated as

φout (k1, k2) =
∫∫

dk1dk2φin (k1, k2) S (p1, p2; k1, k2) .

(5)

The outcome [Fig. 2(d)] shows a broadened spectral dis-
tribution and undesired frequency correlation between the
two photons. The output is a superposition of the directly
transmitted state and the two-photon bound state [54–56],
which corresponds to the first term and the second term
in Eq. (2). Therefore, the CZ gate is not obtained because
the artificial atom not only induces a π phase change but
also induces the entanglement of other degrees of free-
dom. Such a problem was also predicted in a previous
Kerr-type nonlinear medium [41,42], and the reason is
attributed to the continuum modes in the waveguide: the
excitation states |01〉 and |20〉 of the artificial atom could
spontaneously emit photon pairs without conserving the
frequency of individual photons, although the total energy
p1 + p2 of the two photons is conserved.

The direct two-photon interaction mediated by the artifi-
cial atom prevents the building of a quantum logic gate. In
other words, the two-photon spontaneous-emission chan-
nels of the artificial atom must be suppressed during the
gate operation, and thus the coupling between the con-
tinuum and the two-photon energy levels of the artificial
atom should be shut off. Therefore, we introduce a scheme
based on storing the control photon in the artificial atom
to avoid the decay of the control photon to the continuum
during its interaction with the target photon, and realize a
photon-photon quantum phase gate on the PIC.

B. Photonic molecule scheme

As shown in Fig. 3(a), an architecture based on the pho-
tonic molecule is proposed to induce the χ(2) interaction
in Fig. 2(b) and perform the CZ gate. The architecture is
composed of two microresonators and a bus waveguide,
with one microresonator engineered for the artificial atom
and the other serving as an antenna to simultaneously cou-
ple with the artificial atom and waveguide. Since the two
microresonators are made of the sameχ(2) material, the fre-
quency of the antenna can be modulated by the EO effect
and thereby the coupling between the waveguide and arti-
ficial atom can be controlled in real time. Such a photonic
molecule can be experimentally realized in LN integrated
microrings and has been demonstrated to store coherent
lasers [31]. The Hamiltonian of the system reads

H = HAA + ωdd†d +
∑

A∈{a,b}

[
�A (t)Ad† + h.c.

]
, (6)

where d is the bosonic operator for the ancillary mode
(frequency ωd) in the antenna cavity and A ∈ {a, b} is the
operator for the modes in the artificial atom. By careful
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(a)

(b)

(c)

With postselec�on

Without postselec�on

FIG. 3. The photon-photon controlled-phase gate in a pho-
tonic molecule. (a) Schematic of a photonic molecule. The
cavity coupled to the waveguide serves as an active antenna
as shown in Fig. 2(b). (b) Time sequence of the EO drive
for the quantum storage and retrieval of the photons. In
the calculation, κd,1 = 103 κd,0, κd,0 = 2κ , and the intrinsic
decay rate of the artificial atom κa,0 = κb,0 = κ = 1. The pulse
shape of the control photon is a Gaussian function ac

in =
α {exp [−25(t/Tc − 0.5)− exp(−6.25)]}, and similarly for the
target photon bt

in. α is the normalization factor. The duration
of the two photons is Tc = Tt = 0.1/κ . (c) Gate fidelity versus
nonlinear coupling strength g.

design of the geometry and tuning of the microresonators,
the two cavities have sightly different free spectral ranges.
The mode d is detuned from both mode a and mode b, and
the coupling �a,b (t) between d and a or b can be switched
by controlling the EO driving. For a strongly overcou-
pled antenna cavity with external coupling rate κd,1 � κd,0
(κd,0 is the intrinsic loss rate of the antenna cavity), it can
be adiabatically eliminated and this mediates the effective
coupling between the waveguide and the artificial atom.
For the input field Ain (t) for A ∈ {a, b}, the dynamics of
the mode A of the artificial atom follows [57]

d
dt

A = −i [A, HAA] − (
κ̃A,0 + κ̃A,1

)
A + √

2̃κA,1Ain(t) ,

(7)

with κ̃A,0 ≈ κA,0 + |�A (t)|2 κd,0/
(
κd,0 + κd,1

)2 and κ̃A,1 ≈
|�A (t)|2 κd,1/

(
κd,0 + κd,1

)2 denoting the time-dependent
effective external coupling rate controlled by the antenna.
By optimization of the shape and frequency of the EO field
�A (t), the antenna can couple photons of different shapes
and frequencies in the waveguide to different energy levels.
To avoid crosstalk during the operation, the nondegenerate

χ(2) interaction is used and the EO drives have different
frequencies.

Figure 3(b) shows the sequence of the CZ-gate
scheme. Initially, quantum states are encoded in control
(|ψc〉 = αc |0〉c + βc |1〉c) and target (|ψt〉 = αt |0〉t + βt
|1〉t) photons, which are temporally separated and sent to
the photonic molecule. These two photons can be cou-
pled to the artificial atom only if they are prepared in
state |1〉, which can be realized by the dual-rail encod-
ing shown in Fig. 2(b). Under an appropriate EO drive,
the control photon of shape ain (t) is stored in the arti-
ficial atom (|ψAA〉 = αc |000〉 + βc |100〉). Subsequently,
the target photon of shape bin (t) comes and another EO
drive with strength κb,0 � �b � g is applied. Because of
the strong χ(2) interaction, the transition |100〉 → |110〉
is blocked, while the transition |000〉 → |010〉 is allowed.
Thus, the target photon will be reflected back to the
waveguide and acquires a π phase depending on the
state of the artificial atom. The state becomes αc |000〉 ⊗
|ψt〉 + βc |100〉 ⊗ Z |ψt〉, manifesting the CZ gate, where
Z denotes the Pauli matrix. Finally, another EO drive
is applied to retrieve the control photon to the waveg-
uide. During the whole process, the two photons never
meet each other and two-photon spontaneous emission is
avoided.

C. Control-photon storage and retrieval

To ensure high fidelity, not only the pulse shapes of the
photons are required to be preserved but also the storage
and retrieval efficiency should be as high as possible. Since
the two photons are operated independently, the storage
and retrieval are the time-reverse of each other. The single-
photon state is expressed as |ψ〉da = c10|10〉 + c01|01〉,
where |mn〉 = |m〉d ⊗ |n〉a denotes the Fock states, with
d being the antenna cavity mode. Under single-photon
pulse excitation of a perfectly-phase-matched cavity, the
dynamics of the intracavity and output fields follow

d
dt

c10 = −κdc10 − i�∗ (t) c01 + √
2κd,1Ain(t), (8)

d
dt

c01 = −κac01 − i�(t) c10, (9)

Aout = Ain − √
2κd,1c10, (10)

where Ain(t) [Aout(t)] represents the pulse shape of the
input (output) single photon. The goal is to store the input
control photon as |01〉 and retrieve it from the cavity after
the gate operation. For the storage process, we assume
that both cavities are initially in the ground state (c10 =
c01 = 0), and also assume that the input field excitation
Ain(t) has nonzero values only in time interval [0, T], where∫ T

0 dt|Ain(t)|2 = 1. Then the storage efficiency is given by

ηs = |c01(T)|2. (11)

044013-5



MING LI et al. PHYS. REV. APPLIED 13, 044013 (2020)

For the retrieval process, we set c10(tr) = 0, c01(tr) = 1,
with tr being the start time of the retrieval. Then, the
retrieval efficiency is given by

ηr =
∫ ∞

tr
|Aout(t)|2dt. (12)

During the retrieval process with Ain(t) = 0 for t > tr, we
have

d
dt

(|c10|2 + |c01|2
) = −2κd|c10|2 (13)

in the situation where the quality factor of the artificial
atom is much larger than that of the ancillary mode, since
the latter overcouples with a bus waveugide. Therefore, the
retrieval efficiency is derived as

ηr = 2κd,1

∫ ∞

tr
dt|c10|2

= κd,1

κd,0 + κd,1

× (|c10(tr)|2 + |c01(tr)|2 − |c10(∞)|2 − |c01(∞)|2) .

If there is no excitation in the cavity after the retrieval pro-
cess, |c10(∞)|2 = |c01(∞)|2 = 0, the efficiency reduces
to

ηr = κd,1

κd,0 + κd,1
. (14)

This expression indicates the retrieval efficiency is inde-
pendent of the pulse shape of the driving fields, provided
that the driving field pumps all excitation out of the cav-
ity completely. To achieve high retrieval efficiency, an
overcoupled condition of the waveguide-ancillary cavity
system is required.

The driving field for the retrieval process can be derived
under the adiabatic approximation with κd � g/T, which
gives a smooth pulse shape, and also adiabatic elimination
of the population of state |10〉; that is, Eq. (8) reduces to
−κdc10 − i�c01 = 0. If we substitute this into Eq. (9), we
get

d
dt

c01 = −|�(t)|2
κd

c01 (15)

and thus obtain

c01(t) = e−(1/κd)
∫ t

0 |�(t′)|2dt′ (16)

using the boundary condition c01(0) = 1 (the start time of
the retrieval process is set to be 0 for simplicity). If we

denote�(t, t′) = ∫ t′
t |�(t′′)|2dt

′′
, the output field is derived

by Eq. (10) as

Aout(t) = i

√
2κd,1

κd
�(t)e−(1/κd)�(0,t). (17)

We compute the retrieval efficiency using Eq. (17):

ηr =
∫ ∞

0
dt|Aout|2

= κd,1

κd,0 + κd,1

(
1 − e−(2/κd)�(0,∞)

)
.

For a strong or long driving pulse, �(0, ∞) � 1, the
retrieval efficiency reduces to the previously derived form
[Eq. (14)].

To be more practical, we consider the case that not
all excitations are driven out of the cavity, which means
either c01(∞) or c10(∞) does not equal zero. The effi-
ciency can be obtained by giving �(0, ∞) a finite value.
Here we shape the driving field �(t) to retrieve the pho-
ton to the desired mode Ain(t) (the input shape). Equal-
ing

√
κd,1/(κd,0 + κd,1)Ain(t) and Eq. (17) and their norm

square integrals, we obtain
∫ t

0
dt′|Ain(t)|2 = 1 − e−(2/κd)�(0,t). (18)

We derive the optimal retrieval pulse shape:

�(t) = −i
√
κd

2
e�(0,t)/κcAin(t)

= −i
√
κd

2
Ain(t)√∫ ∞

t dt′|Ain(t′)|2
. (19)

The optimal drive for the storage process is the time-
reverse of that for the retrieval process, and one can use
the driving pulse �∗(tr − t) to store the input pulse of
shape Ain (t) with maximal efficiency. It is shown that the
quantum storage and retrieval efficiencies are independent
of the pulse shape [58], and efficiency higher than 99.9%
is expected for the strongly overcoupled antenna due to
the very large coupling rate κd,1/κd,0 > 103 between the
waveguide and the cavity.

D. Transmission of target photon

For the operations on both the control photon and the tar-
get photon, there are at most two excitations, and thus the
quantum dynamics of the system [Eq. (7)] can be solved
in a truncated Fock-state space. Since the nonlinear inter-
action happens when the control photon is already stored
in the cavity, we calculate only the transmission of the
target photon encoded in state |1〉t. The quantum state of
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the target photon |1〉t can be expressed in the time domain
as |ψ〉 = ∫

dtAin (t) b† (t) |∅〉. The normalization condition
requires

∫ T
0 dt|Ain (t) |2 = 1 for the input state.

In the two-excitation subspace, the state can be
described by a pure state with a general form of the super-
position of Fock states. For one control photon initially
stored in mode a with a long lifetime, the state of the
system can be expressed as

|ψ〉dbac = c1010|1010〉 + c0110|0110〉 + c0001|0001〉, (20)

where |mnkl〉 denotes Fock state m, n, k, l in modes d,b,a,
and c, respectively. Here d is the ancillary cavity mode, a is
the mode that stores the control photon, b is the mode that
matches the target photon, and c is the second-harmonic
mode. According to the system Hamiltonian, the dynamics
follows

d
dt

c1010 = −κdc1010 − κac1010 − i�c0110 − iAin(t), (21)

d
dt

c0110 = −κbc0110 − κac0110 − i�c1010 − igndc0001,

(22)

d
dt

c0001 = −κcc0001 − igndc0110. (23)

We set the initial state as c1010 = c0110 = c0001 = 0 to solve
the dynamics of the system. For EO driving strength κA �
� � gnd, the waveguide is effectively overcoupled with
the atom. The target photon couples into and out of the
atom for the control photon in state |0〉c, whereas it trans-
mits directly without entering the atom for the control
photon in state |1〉t. In this case, it is no longer necessary
to design the shape of the EO drive, but an appropriate
strength should be carefully chosen. For a cavity quality
factor of 107, corresponding to a decay rate of about 10
MHz, � is required to be 1–10 GHz, which can be real-
ized with EO modulators under the current experimental
conditions.

For Fig. 3(b), we calculate the evolution of the pulse
shape for both photons. It is shown that the shapes of the
output fields bout,0 and bout,1 (subscripts 0 and 1 denote the
output conditioned on control state |0〉c or |1〉t) for the
target photon and aout for the control photon are nearly
the same as their inputs, indicating the high fidelity of
the quantum gate. The π phase shift is indicated by the
negativity of bout,1. The relationship between the gate
fidelity and g/κ (the atom decay rate κA,0 = κ) is plotted
in Fig. 3(c) (dashed line). The gate fidelity is defined as
the state fidelity between the real output state and the ideal
output state with input state of |ψ〉 = 1√

2
(|0〉c + |1〉c)⊗

1√
2
(|0〉t + |1〉t). In our case, the main imperfection affect-

ing the gate fidelity is the lifetime of the atomic states,
which decays during the transmission of the target pho-
ton. By normalization of the output state via postselection

of the two-photon events, the gate fidelity can be as high
as 99% for g/κ ∼ 100 [Fig. 3(c), solid line)].

Recalling that the internal states of an artificial atom
can be manipulated through coherent driving [Fig. 1(c)],
the artificial atom can also be used to mediate the entan-
glement between photons. For example, the Duan-Kimble
protocol [59] and the Lindner-Rudolph protocol [60] can
be realized without photon storage and retrieval, but
require the manipulation of the internal state of the arti-
ficial atom. These protocols are feasible in light of the fact
that two-photon spontaneous emission is avoided. Addi-
tionally, the higher-excitation eigenstates of the artificial
atom can also be engineered to construct quantum gates
for the multilevel encoding of quantum states.

IV. DISCUSSION AND CONCLUSION

From these studies, the performances of artificial atoms
depend on g/κ , as a benchmark for the cooperation of non-
linear optical processes at the single-photon-level. Among
various available platforms, LN is appealing. It has a high
χ(2) susceptibility of about 4 × 10−11 m/V and excellent
electro-optic behavior. Recent advances in its etching have
resulted in the quality factor of an integrated LN micro-
cavity with a diameter of tens of micrometers of up to
approximately 107 for phase-matched nonlinear frequency
conversion [28], corresponding to an intrinsic cavity decay
rate (κ0) of 10 MHz. More excitingly, the intrinsic quality
factor of the LN microcavity limited by material absorp-
tion is higher than 109 [31], implying κ0 ∼ 0.1 MHz. With
a periodically poled LN-microring resonator for better
phase matching, Lu et al. demonstrated the second-order
nonlinear coupling strength to be 1.58 MHz with effective
χ(2) 3.63 pm/V in experiments. By use of the d33 non-
linear susceptibility, the nonlinear coupling strength can
be increased to about 17 MHz with a cavity of similar
size and quality factor. More recently, Zhang et al. [61]
reported a LN microcavity with a quality factor as high
as 4.7 × 107. Therefore, with optimized phase-matching
conditions, a g/κ of about 10 is achievable with current
fabrication technology. By further reduction of the pho-
tonic mode volume below 200 μm3 and increase of the
cavity factor to 5 × 108, g/κ could reach 100.

There are also many other potential candidates for artifi-
cial atoms. Other materials with excellent nonlinear-optics
properties, such as GaAs [27], organic single crystals [62],
and two-dimensional materials [63], have been developed
recently and are compatible with current PIC platforms
[64]. At the same time, new techniques to engineer χ(2)

nonlinearity have been developed [65]. For example, an
effective χ(2) effect can be induced in centrosymmetric
materials, such as silicon waveguides, by applying an
external-bias electric field [66].

In conclusion, we introduce an artificial atom on a pho-
tonic integrated circuit by harnessing the cavity-enhanced
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optical χ(2) nonlinearity. Such an artificial atom preserves
the advantages of both the atom and the photonic cavity,
and offers single-photon-level nonlinearity for determinis-
tic quantum gates as well as experimental compatibility
and flexibility for scalable quantum devices. Moreover,
we propose a scheme based on the artificial atom to real-
ize a high-fidelity two-photonic-qubit quantum controlled-
phase gate by switching the coupling channels between the
artificial atom and the continuum, which also addresses the
concerns raised by Shapiro et al. [37,39]. Because of recent
advances in the development of low-loss thin-film LN
on an insulator platform, an artificial atom with g/κ ∼ 1
is currently feasible, and thereby quantum effects (such
as photon blockade) could be envisioned in a photonic
chip maded with pure dielectrics. The universal-quantum-
gate set [47] would also be achievable, paving the way
toward room-temperature, single-emitter-free quantum-
information processing.
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APPENDIX

Here we derive the two-photon transportation through a
waveguide side coupled to a cavity supporting χ(2) inter-
action. The waveguide supports continuum states in the
fundamental (f ) and second-harmonic (s)frequency bands.
Inside the cavity, modes a and c couple with each other via
the process of second-harmonic generation. The Hamilto-
nian of the whole system includes the continuum states in
the waveguide

HW =
∫

dx
[

f †(x)
1
i

d
dx

f (x)+ s†(x)
1
i

d
dx

s(x)
]

, (A1)

the localized states in the cavity

HC = (
ωa − iκa,0

)
a†a + (

ωc − iκc,0
)

c†c, (A2)

the nonlinear coupling inside the cavity

Hnl = gd
(
a†2c + a2c†) , (A3)

and the linear coupling between the waveguide and cavity

Hl = Va

∫
dxδ(x)[f †(x)a + f (x)a†]

+ Vc

∫
dxδ(x)[s†(x)c + s(x)c†], (A4)

where x is coordinate along the waveguide, f (x) [s(x)]
and f †(x) [s†(x)] are the annihilation and creation oper-
ators at position x in the waveguide, gd is the nonlinear
coupling strength of SHG, Va (Vc) is the coupling strength
between the waveguide and the cavity in the fundamen-
tal (second-harmonic) frequency band, and κa,0 (κc,0) is the
intrinsic decay rate of the cavity mode. Since the coupling
near the narrow resonant-frequency window is considered,
the dispersions of the coupling strengths gd, Va, and Vc
are ignored. The input state is initially prepared in a two-
photon state at the fundamental frequencies. A general
form of the two-excitation state can be written as

|E2〉 =
∫

dx1dx2g(x1, x2)f †(x1)f †(x2)|∅〉

+
∫

dxm(x)f †(x)a†|∅〉 +
∫

dxh(x)s†(x)|∅〉

+ fa
1√
2

a†a†|0〉 + fcc†|∅〉, (A5)

with |∅〉 being the vacuum state. Following the Schrödinger
equation H |E2〉 = E2|E2〉 (E2 = k1 + k2, ki is the fre-
quency of the ith photon), one gets

(
−i

∂

∂x1
− i

∂

∂x2
− E2

)
g(x1, x2)

+ Va

2
[δ(x1)m(x2)+ δ(x2)m(x1)] = 0, (A6)

(
−i

d
dx

+ ωa − iκa,0 − E2

)
m(x)

+ Va[g(x, 0)+ g(0, x)] +
√

2Vafaδ(x) = 0, (A7)

(
−i

d
dx

− E2

)
h(x)+ Vcfcδ(x) = 0, (A8)

(
2ωa − 2iκa,0 − E2

)
fa +

√
2gdfc +

√
2Vam(0) = 0,

(A9)

(
ωc − iκc,0 − E2

)
fc +

√
2gdfa + Vch(0) = 0. (A10)
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Using the discontinuous functions

g(x, 0) = g(0, x), (A11)

g(x, 0) = [g(x, 0+)+ g(x, 0−)]/2, (A12)

m(0) = [m(0+)+ m(0−)]/2, (A13)

h(0) = [h(0+)+ h(0−)]/2, (A14)

d
dx

m(x)
∣∣∣∣
x=0

= [m(0+)− m(0−)]δ(x), (A15)

we get
(

−i
d
dx

+ ωa − iκa,0 − iκa,1 − E2

)
g(0+, x)

=
(

−i
d
dx

+ ωa − iκa,0 + iκa,1 − E2

)
g(0−, x).

(A16)

With use of the method in Ref. [52], g(x1, x2) is divided to
three regions: g1(x1, x2) for x1 ≤ x2 < 0, g2(x1, x2) for x1 <

0 < x2, and g3(x1, x2) for 0 < x1 ≤ x2. For the two-photon
monochromatic wave input state

g1(x1, x2) = 1

2
√

2π

(
eik1x1eik2x2 + eik2x1eik1x2

)
,

g(x1, x2) in the other two regions is derived from Eq. (A16)
as

g2(x1, x2) = 1

2
√

2π

(
tk2ei(k1x1+k2x2) + tk1ei(k2x1+k1x2)

)
,

g3(x1, x2) = 1

2
√

2π
tk1 tk2

(
ei(k1x1+k2x2) + ei(k2x1+k1x2)

)

+ Be−i(ωa−iκa,0−iκa,1)(x2−x1)ei(k1+k2)x2 ,

with

tk = k − ωa + iκa,0 − iκa,1

k − ωa + iκa,0 + iκa,1
. (A17)

Eliminating fa and fc, we obtain

2i
Va

[ξ−
a g(0+, 0+)− (ξ−

a + ξ+
a )g(0

−, 0+)+ ξ+
a g(0−, 0−)]

+ 2gd
Va

Vc
[h(0+)− h(0−)] = 0,

ξ−
b h(0+)− ξ+

b h(0−)

+ 2igdVc

V2
a

[g(0+, 0+)− 2g(0−, 0+)+ g(0−, 0−)] = 0,

with ξ±
a = 2

(
ωa − iκa,0 ± iκa,1

) − k1 − k2 and ξ±
c =(

ωc − iκc,0 ± iκc,1
) − k1 − k2, where κi,1 = V2

i /2. Using
the values at the discontinuous conditions, one finally
obtains

C = −2gd
√

2κc,1
(
2 − tk1 − tk2

)
√
π

(
ξ−

a ξ
−
c − 2g2

d

) ,

B =
√

2g2
d

(
1 − tk1

) (
1 − tk2

)

π
(
ξ−

a ξ
−
c − 2g2

d

) .

The wave functions of the two-photon input and output
states are computed as

φin(x1, x2) = g1(x1, x2)θ(x2 − x1)+ g1(x2, x1)θ(x1 − x2),

φout(x1, x2) = g3(x1, x2)θ(x2 − x1)+ g3(x2, x1)θ(x1 − x2),

where θ (x) is the step function. Then the two-photon scat-
tering matrix is obtained by calculating the wave-function
overlap between the output state and the two-photon plane-
wave state:

S(p1, p2; k1, k2)

=
∫

dx1dx2
1

2
√

2π

(
e−i(p1x1+p2x2) + e−i(p2x1+p1x2)

)

× φout(x1, x2).

The transmission plane-wave term is

Splane = Sp1k1Sp2k2 + Sp1k2Sp2k1 ,

where Spk = tkδ(p − k). The bound-state term is

Sbound = B√
2κa,1

(2 − tp1 − tp2)δ(p1 + p2 − k1 − k2).

The total scattering matrix is

S(p1, p2; k1, k2)

= tk1 tk2 [δ(p1 − k1)δ(p2 − k2)+ δ(p1 − k2)δ(p2 − k1)]

+ B√
2κa,1

(2 − tp1 − tp2)δ(p1 + p2 − k1 − k2).

(A18)

According to the scattering matrix, one can compute the
output spectrum of the two-photon state as

φout(p1, p2) =
∫∫

φin(k1, k2)S(p1, p2; k1, k2)dk1dk2,

(A19)

where φin(k1, k2) is the input spectrum.
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