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Hybrid integrated quantum photonic circuits have the potential to scale up the number of quantum nodes
and to build a network with distributed quantum-information-processing units at affordable resources.
A central need of such systems is to have near-unity success-rate state transfer between the quantum
nodes. This turns out to be a grand challenge since stringent conditions of spatial mode matching and
time-reversal symmetry between the sending and receiving nodes have to be simultaneously satisfied.
Here we devise a type of hybrid quantum node consisting of a single solid-state quantum system and a
coupled-cavity structure toward achieving perfect state transfer between two distant nodes connected via
waveguides. The hybrid node possesses flexibility in tailoring the temporal profile of the emitted single-
photon wave packet without any dynamic modulation. In particular, we show it could emit time-reversal
symmetric single-photon wave packets and fully couple the emission to the waveguide, fulfilling the con-
ditions for perfect quantum state transfer. We develop a complete theoretical framework and provide a
clear physical picture of the protocol for transferring a superposition state. We show ideally the simple
node structures with one, two, and three chain-coupled microring resonators could lead to total success
rates of 90.5%, 97.5%, and 99.3%, respectively. We then further discuss the influence of imperfections

and experimental realizations of our scheme with integrated quantum photonics.
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I. INTRODUCTION

For emerging quantum technologies, scaling up cooper-
atively the number of quantum nodes in a system is crucial
and difficult. One viable solution is hybrid integrated quan-
tum photonics, where a large number of quantum nodes
and optical components could be integrated on one chip
[1-4]. Indeed, nanofabricated resonators, waveguides and
beam splitters on one chip can have excellent system
stability and provide fine control over photon behav-
ior as well as the coupling with the quantum systems
[3,5-10]. In a hybrid quantum photonic circuit, single
solid-state quantum systems could communicate via single
photons through waveguides and thus promise an on-chip
network with distributed quantum-information-processing
units [11,12]. A central need of this scenario is to have
both high-efficiency and high-fidelity quantum state trans-
fer between the nodes, which means that an emitted single
photon carrying the state information from the sending
node should be fully directed to the receiving node for
perfect absorption. This requires not only spatial mode
matching between the emission and absorption but also
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an on-chip time-reversal operation on the emitted expo-
nentially decaying single-photon wave packet [13—16],
which is a great challenge. To invert an optical pulse,
researchers have recently considered using dynamically
modulated cavity arrays [17,18] and direct modulation
with an acousto-optic modulator [16]. Despite impressive
progress, inverting a single-photon wave packet (typi-
cally of nanoseconds’ duration) for each node on the chip
without loss remains difficult and becomes formidably
expensive as the size of the system increases.

In a broader perspective, quantum state transfer is
highly relevant for the implementations of quantum-
communication protocols and distributed quantum com-
putation, and has been studied for decades. Various
approaches based on dynamic single-photon wave-packet
shaping, dynamic modulation of the cavity and matter
systems, and adiabatic passage have been proposed for
high-fidelity and success-rate state transfer through free
space or optical fiber [19-24]. A milestone experiment by
Ritter et al. [25] implemented the dynamic wave-packet
shaping protocol [19], and achieved a fidelity of 84% and
an overall success rate of 0.2% for the whole state-transfer
process between two single trapped atoms. Towards the
goal with both high fidelity and efficiency, there are also
experimental reports on state swap between a quantum
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node and a photon [26—28], and single-photon wave-
packet shaping based on four-wave mixing processes of
a cold atomic ensemble [29-31]. Nevertheless, existing
schemes generally need delicate dynamic control of the
quantum systems or/and specific atomic level schemes,
being intrinsically incompatible with solid-state integra-
tion. The realization of large-scale quantum networks on
a photonic chip remains elusive.

Here we propose a class of quantum nodes consisting of
a single solid-state quantum system and a coupled-cavity
structure to circumvent the challenges without dynamic
modulation. The hybrid quantum node offers extra degrees
of freedom to synthesize a time-reversal symmetric single-
photon wave packet for the node emission via the interfer-
ence of the eigenstates of the hybrid system. In addition,
by interfacing the node with a waveguide, all the emis-
sion of the node can be funneled into the single waveguide
mode and delivered towards the receiving node, mak-
ing the emission and absorption spatially mode matched.
We develop a general theoretical framework for the proto-
col and paint a clear physical picture of the state transfer.
We show theoretically with a series of simple configura-
tions based on microring resonators that it is possible to
achieve quantum state transfer between two distant nodes
with near-unity overall success rate. Moreover, we dis-
cuss the effects of imperfections and possible experimental
realizations.

II. HYBRID QUANTUM NODE AND
THEORETICAL FORMULATION

The goal is to transfer a quantum state or one exci-
tation registered in the emitter of the sending node with
ideally unity fidelity and efficiency to the emitter of the
receiving node through a single-photon wave packet in
the waveguide. This goal can be achieved when the emis-
sion of the sending node couples with unity efficiency
to the waveguide and simultaneously the emitted single-
photon wave packet possesses a time-reversal symmetry
[14,15]. The first condition could be satisfied by using pho-
tonic crystal waveguides [2], plasmonic nanowires [32],
or dielectric-wire interfaced plasmonic nanocone struc-
tures [33]. However, the resulting single-photon emission
has an exponentially decaying temporal profile because the
emitter couples irreversibly to a continuum of waveguide
modes with an infinite number of degrees of freedom. To
get around this difficulty, we introduce a type of hybrid
quantum node consisting of a matter quantum system or
two-level system (TLS) and a cavity cluster, which allows
the TLS to couple to a finite number of degrees of free-
dom [34]. The hybrid node is then interfaced with the
waveguide and couples to the continuum. The hybrid node
enables flexible control over the amplitude, phase, and
complex eigenfrequency of each eigenstate of the coupled
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FIG. 1. Structure and physics of the proposed hybrid quan-
tum node. (a) Schematic diagram of the node and coupling
scheme; (b) the eigenstates of the node with eigenvalues €2, and
single-photon wave-packet synthesis via the interference of the
eigenstates of the hybrid system.

system, which can be harnessed for static single-photon
wave-packet shaping.

Figure 1(a) schematically illustrates the proposed
composite quantum node and its coupling schemes. The N
cavities in the cluster form a nontrivial connection topol-
ogy represented by the coupling rate matrix J. The cavity
cluster interfaces with the TLS and the waveguide with
the first and Nth cavity, respectively. We assume that the
original spontaneous decay rate of the TLS I’y is much
smaller than its coupling with the cavity and the radia-
tion decay rates of the cavities I'¢ are negligible compared
to the intercavity and cavity-waveguide coupling rates.
These conditions guarantee predominant emission of the
TLS eventually funnels into the waveguide. The assump-
tions are realistic with the consideration of developments
of integrated photonics and solid-state quantum technolo-
gies in recent decades [2,35—37]. The composite quantum
node can be characterized in terms of the eigenstates of
the entire coupled system. Consequently, the time evo-
lution of the single-photon probability amplitude in the
Nth cavity coupled to the waveguide continuum can be
considered as a superposition of the decays from all indi-
vidual eigenstates, as schematically depicted in Fig. 1(b).
Crucially, the probability amplitude in the waveguide is
a copy of that in the Nth cavity because the cavity cou-
ples to the waveguide continuum with an infinite number
of degrees of freedom. Therefore, the single-photon pulse
amplitude in the waveguide can be synthesized to a desired
shape by controlling the amplitudes and relative phases
of the eigenstates of the cavity cluster. In other words,
the cavity cluster thus provides flexible controls, includ-
ing TLS-cavity coupling constant g, intercavity coupling
rates J,, »,, and cavity-waveguide coupling rate «, towards
the synthesis of a time-reversal symmetric single-photon
wave packet.
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The emission and excitation processes of the quan-
tum node can be rigorously formulated by applying the
waveguide-cavity quantum electrodynamic model under
the following system Hamiltonian [6,9,38]:

[A']:[A‘Io —I-I:IAC +1:1cc +]:1cw. (1)

It consists of the uncoupled Hamiltonian 1:10 /h = (wy —
iT0/2)646_ 4+ YN (0, — iTc/2asa, + Y, axéiér, the
TLS-cavity coupling Hac/h = g(6.a; + H.c)) with g
being the coupling constant, the intercavity coupling
Hee/h= Y S oI @ity + Hee)  with
being the mutual coupling rate, and the cavity-waveguide
coupling Acw /b = Zk(Vk&j\/E‘k + H.c.) with ¥}, being the
coupling rate. Here wy is the TLS transition frequency with
[y being the spontaneous decay rate. 6. is the raising or
lowering operator. The cavities are described by the pho-
ton creation (annihilation) operators a,, (,), the resonant
frequencies w, and the decay rate I'¢. Usual rotating-wave
approximation is applied. The waveguide continuum is
denoted by the wave vector £, frequency wy, and the corre-
sponding creation (annihilation) operator EZ (¢r). For state
transfer the system is limited to the one-excitation sector
and each node can be described in the interaction picture

by

N
W) = |:co(t)8+ + Y eayal + Y Ck(t)e;:i| 1), (2)
n=1 k

where |@) denotes the zero-excitation state. The time
evolution of the probability amplitudes ¢y, c¢,, and c;
can be determined by substituting Eq. (2) into the

Schréodinger equation iho;|y) = V4 |[v), where ¥ is the
interaction Hamiltonian. Eliminating the continuum (see
Appendix A), we obtain a dynamic equation for the prob-
ability amplitude vector ¢ = [co, c1, . ..,cy]T as

3¢ = —iHe + d. 3)

The Hamiltonian is expressed herein as a matrix
H = [-iTy/2,g;g", Hg] with g = [g,0,...,0] and Hg =
diag (81,82,...,0y —ix/2) —ilcl/2 +J. 8, = w, — o
are the detunings of the cavity resonances with respect to
the TLS transition and « is the cavity-waveguide coupling
rate. The inhomogeneous term d serves as the drive for the
system. The probability amplitude e(¢) of the emitted sin-
gle photon in the waveguide is directly related to cy (¥) as
e(t) = —i/kcy(f) (see Appendix A).

Next we describe the protocol of quantum state transfer
between two identical nodes (4 — B). While the principle
can be fully explained with two TLSs, practical imple-
mentation at optical frequencies may need two three-level
A systems. Thus we consider the quantum information

is encoded in the two lower-lying states (|go), |g1)) of
a three-level A system, where the transition from |go)
to the excited state |e) is coupled to the cavity. Initially
node A is in a superposition state po|go4) + p1lg14) and
node B is prepared in the state |ggp). The deterministic
state transfer gets started by coherently bringing the occu-
pation at |g14) to |e4s) with a proper m pulse [39]. The
system now can be compactly expressed with the prod-
uct state (pl&f + po)lgo4, 0, o), Where |0) represents no
photon in the waveguide. With the emission of a single
photon from node A4 into the waveguide, the system state

evolves to p11go4, 1, o) + polgoa, 0, gos). Upon propagat-
ing to the receiving node, the emitter is excited to |ep)
with the resulting state (p{&f + po)1go4, 0, 2o5). Then the
receiving process is terminated at an optimal time #r by
coherently bringing |ez) to |g15) with another 7 pulse.
This completes the transfer process with node B in the
superposition state polgos) + p;lgis). If the single-photon
wave packet possesses time-reversal symmetry and expe-
riences no loss, the superposition state can be perfectly
recovered (p; = p1). We note #; can be determined from
theoretical design and postfabrication calibration. Precise
timing (<1 ps) for switching off is possible with a clock
distribution network [40].

We now discuss the emission process with d = 0 and
the initial condition of ¢(0) = [p,0, . ..,0]”. Equation (3)
admits a formal solution of ¢(7) = e ™¢(0) and the emit-
ted pulse amplitude takes the form of

N+1

e(t) =p1 Y ane " = piE(). )

n=1

Here €2, is the nth complex eigenvalue of H and in gen-
eral the complex amplitude «,, is determined numerically.
One clearly sees from Eq. (4) that the node has N + 1
eigenstates and the pulse shape is a result of superposi-
tion of all the states, confirming the physical picture of
interference (superposition). By defining e, (f) = a,e %",
one sees that the pulse profile can be shaped by tuning
the complex amplitudes and eigenvalues as schematically
shown in Fig. 1(b). While the real part of €2, indicates
the energy shift relative to wg, the imaginary part means
an exponential decay of the eigenstate due to coupling to
the waveguide as well as various channels of loss. Thus,
by tuning the normalized coupling parameters (J;,», k)/g,
it is possible to generate time-reversal symmetric single-
photon wave packets. To quantify the pulse symmetry, we
introduce a symmetry factor

2

) ) 6))

with 8 = 1 denoting a perfectly symmetric pulse. From
Eq. (3) and the expression of H, one sees that only the

B = max, (‘/00 e()e(ty — t)dt
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FIG. 2. Microring-resonator-chain-based hybrid quantum node and single-photon wave-packet synthesis. (a) The schematic diagram
of the node; (b)~(d) wave-packet symmetric factor 8 as functions of x /g, (J12,k)/g, and (J12,J23,x)/g for N = 1 ~ 3; (e) the optimal
normalized pulse shape e(¢) for N = 3 is shown as a coherent superposition of emissions from eigenstates.

ratios, i.e., (Ju.,k)/g, affect the pulse shape. Although
arbitrary connection topologies seem to lend additional
design freedom, a full coupling matrix J in fact con-
tains more elements than necessary for taming the pulse
shape. In the following, the specific topology of the cavity
chain in Fig. 2(a) is elaborated as it is facile to real-
ize and proves adequate for synthesizing a time-reversal
symmetric single-photon wave packet.

III. SYMMETRIC SINGLE-PHOTON WAVE
PACKET AND STATE TRANSFER

We demonstrate the performance of our protocol with
chain-coupled microring resonators (MRRs) in Fig. 2(a) as
the cavity cluster. Routinely used in integrated photonics
[36,41—44], a MRR is known to support two degenerate
modes, i.e., clockwise and counterclockwise whispering
gallery modes (WGMs). An emitter with a linearly polar-
ized dipole at the sending node couples equally with each
WGM of the first MRR and the WGMs of the Nth MRR
funnel to the waveguide in the form of single-photon
wave packet, which subsequently propagates and excites
the emitter in the identical receiving quantum node, com-
pleting the state-transfer process. The coupling of the
emitter to the clockwise and counterclockwise WGMs in
the MRRs is symmetric and eventually the emission out-
puts to both directions of the waveguide. The dynamics
of the whole system can be solved by the same procedure
developed in the previous section with a modified Hamil-
tonian considering two modes per MRR. As formulated in
detail in Appendix B, the updated Hamiltonian includes

the energies of an additional set of modes and various cou-
plings, such as the emitter-cavity coupling, mode-mode
couplings, and mode-waveguide coupling. The formula-
tion is shown in Appendix B to be formally equiva-
lent to the case with one mode per cavity as proved in
Appendix B. For the chain-coupled configuration, the coef-
ficient «,, in Eq. (4) can be obtained analytically as o, =
—ix/2cg ([T 21 Tms 1) /L Ty in (2 — Q)] (s deriva-
tions in Appendix C). We focus on practical situations of
MRR arrays with number N = 1 ~ 3. Moreover, for con-
ciseness we first consider only the resonant case w, =
wo and neglect the losses 'y = I'c = 0. Later we explic-
itly discuss various imperfections, including the intrinsic
losses of the TLS and cavities as well as detuning.

We scan the coupling rates in the realistic ranges and the
resulting B-factor distributions are summarized in Fig. 2.
For N = 1, the symmetry factor in Fig. 2(b) approaches
0.54 when the TLS-MRR coupling is either very strong or
very weak. The emitted pulse gets the maximal symme-
try factor of 0.9 when k¥ = 3.3g. For N = 2, we sweep the
intercavity coupling rate Jj, and the out-coupling rate k.
The results are coded in the color map of Fig. 2(c).
The contours of 8 = 0.54, 0.90, and 0.97 are overlaid
on the map. One can see the B factor exceeds 0.9 in a
large area, and even reaches 0.97 at the optimal coupling
rates (J12,k) = (2.3,6.2)g. Finally, Fig. 2(d) displays 8 in
color-coded contours for N = 3 as a function of three nor-
malized coupling rates (Jy2,J23,«)/g. Part of the param-
eter space is enlarged and visualized with the contours of
B =0.9,0.97, and 0.99. The maximum value of § = 0.993
is obtained at (J,,J23,x)/g = (1.9,2.9,7.9). As expected,
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the symmetry factor can be systematically improved by
including more MRRs in a quantum node. This series of
results also reveals to us that N = 3 could be a practical
trade-off enabling a near-unity symmetry factor with only
a few MRRs.

The pulse synthesis can be understood by adopting the
physical picture of eigenstate superposition. We compute
the eigenstates of the optimized N =3 quantum node
and find that the system splits into two pairs of states
with eigenvalues of 1, = (£2.73 — 0.87i)g and Q34 =
(£0.93 — 1.11i)g, respectively. To intuitively understand
the result, we plot in Fig. 2(e) the time evolution of the nor-
malized complex probability amplitude e(#) and the com-
ponents ¢,(f) from the four independent emitting states.
One observes that the imaginary part of each channel
destructively cancels to zero. The real part adds up to
the final more symmetric €(f), although each individual
emitting state shows Rabi-like oscillations with an expo-
nential decay. The four different emitting states with dis-
tinct phases, amplitudes, and Rabi frequencies synthesize
a pulse with a near-unity symmetry factor.

We have thoroughly studied the process of sending one
excitation of a node into the waveguide a time symmetric
single-photon wave packet. In the following, we examine
the receiving process. With an arbitrary incoming single-
photon probability amplitude f () in the waveguide, the
dynamics of the receiving process co(f) and c,(¢f) can
be obtained by solving Eq. (3) with the drive term d =
[0,0,...,—i/kf (H)]". Our modeling thus allows access to
the whole quantum-state-transfer dynamic process, includ-
ing the emission process with one excitation in the TLS,
the propagation of single-photon wave packet along the
waveguide and the excitation of the receiving node with
the single-photon wave packet f () = e(¢). When the pop-
ulation of the TLS reaches the maximum |co(tf)|2, the
receiving process completes. To evaluate the performance
of state transfer, we define the maximum normalized pop-
ulation of the TLS [¢o(#)|* = |co(tr)|*/|p11* in the receiv-
ing node as the overall success rate R,, which can be
proved equal to the symmetry factor (see Appendix D).

For the chain-coupled MRR-based quantum nodes,
Fig. 3(a) illustrates one possible realization towards near-
unity state transfer. The emission from the sending node
couples to the two identical branches of waveguide, trans-
ports and combines at the receiving node. The dynamics
of the whole quantum-state-transfer process between the
two quantum nodes are shown in Fig. 3 for N =1 ~ 3 at
the optimal coupling rates. In each graph, the time evo-
lution of the sending, transport, and receiving processes
are demonstrated with various traces in light blue, green,
and pinkish shaded regions, respectively. Overall success
rates of 0.905, 0.975, and 0.993 are achieved for the
nodes with N = 1 ~ 3, respectively. For the quantum node
with N =3 in Fig. 3(d), as expected, the single-photon
wave packet in the waveguide (green shaded) becomes

Receiving
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FIG. 3. (a) Schematic diagram of a complete state-transfer

process between two identical chain-coupled MRR-based quan-
tum nodes; (b)~(d) time evolution of normalized excitation prob-
abilities of various channels |¢;()|*> = |c;(O|*/|p1|? for N =1 ~
3. Sending, transport, and receiving processes are shown in light
blue, green, and pinkish sections, respectively.

highly symmetric in time and thus can excite the identi-
cal quantum node with maximum probability according to
the time-reversal symmetry [14,15]. In this case, one also
clearly observes time-reversal symmetry of the entire state-
transfer process, including the emission (sending) and the
absorption (receiving) processes.

IV. TOLERANCE TO IMPERFECTIONS

We show that the proposed hybrid quantum node can
secure a near-unity overall success rate of state transfer
under ideal conditions. Here we discuss the tolerance of
the protocol to imperfections relevant to the experimental
realization, including the radiative losses of the TLS and
MRR, MRR-TLS resonance detuning and cross-coupling
between the two degenerate WGMs. The effects of the
imperfections on the optimal overall success rate are eval-
uated quantitatively for the series of MRR-chain quantum
nodes. First, we introduce separately radiative losses of the
TLS and MRR in the range of (0,0.05)g to the optimized
quantum nodes and examine the effects on the perfor-
mance. The results of the overall success rate R; depicted
in Figs. 4(a) and 4(b) show that all the quantum nodes still
retain remarkable performance. As discussed shortly in the
experimental realization, the typical values of I'g/27 and
I'c/2m are about 30 MHz amounting to I'g,c/g = 0.013
(with g/27 ~ 2.3 GHz) and have been indicated with the
vertical dashed lines in Figs. 4(a) and 4(b). The success
rate reduction due to such a level of loss rate for each

054043-5



TIAN, ZHANG, and CHEN

PHYS. REV. APPLIED 185, 054043 (2021)

1.00

0.96
R

*0.92

0.88 B e T T

olg

FIG. 4. Effects of nonideal conditions on the overall success
rate for the chain-coupled MRR-based quantum node with N =
1 ~ 3 are plotted as functions of the radiative losses of (a) the
TLS and (b) MRR, and (¢) MRR-TLS resonance detuning or
cross-coupling energy of the clockwise and counterclockwise
WGMs. The typical values of I’y and I'¢ are indicated with the
vertical dashed lines.

curve is seen to be less than 2%. Improved emitter-cavity
coupling promised by optimal resonator and waveguide
designs, including MRR, microdisk, and microsphere res-
onators, may help to mitigate the influence.

Besides the radiative losses, fabrication imperfections
may also cause resonance detuning § = w, — wy, which
is assumed homogeneous among the MRRs for simplic-
ity. The theoretical analysis procedure developed in the
previous sections can be equally applied to study situa-
tions with inhomogeneous resonance detuning. The dotted,
dashed, and solid traces in Fig. 4(c) depict the dependences
of the overall success rate R, on the detuning for N =1,
2, and 3, respectively. One sees that the influence is mild
and pretty high R, can still be obtained even for § = 0.5g.
We emphasize that the effect of detuning can be effectively
minimized in practice, as the emitter transition frequency
can be fine tuned via Stark effect and the cavity reso-
nances could also be tuned by various techniques such as

postfabrication trimming [45] and MEMS actuation [46].
Additionally, scattering by roughness on the waveguide
may degrade the performance of state transfer by induc-
ing cross-coupling between degenerate WGMSs. Theoret-
ically, the cross-coupling can be described by adding an
extra term hhn&li)n + H.c. in the Hamiltonian, where #,, is
the cross-coupling rate, and a (a,) and b (b,) the cre-
ation (annihilation) operators of the degenerate WGMs.
As shown in Appendix B, the cross-coupling rate #,
appears together with the detuning g, in the form of 6, +
h, (for n =1~ N) in the resulting Hamiltonian matrix
H. Therefore, its effect is the same as the detuning, as
shown in Fig. 4(c), and turns out practically negligible
with typical rates reported for high-quality-factor cavities
[36,47]. When the typical loss rates are assumed and other
imperfections carefully brought under control, calculations
showing a success rate of 95.7% can be expected.

V. DISCUSSION ON EXPERIMENTAL
REALIZATION

Next we discuss possible experimental realizations of
the hybrid quantum node. We explore the feasibility of
the silicon-nitride (SiN) platform for building the photonic
circuits and germanium vacancy (GeV) centers in nanodi-
amond [4,48,49] as solid-state emitters. The SiN platform
has the advantages of having ultralow waveguide propa-
gation loss (as low as 0.1 dB/m) in the visible and near-
infrared range [36,37,43]. GeV centers are attractive due
to near-unity quantum yield, nonblinking emission, excel-
lent photostability, and lifetime-limited emission linewidth
(about 30 MHz) at cryogenic temperatures. As schemati-
cally displayed in Figs. 5(a) and 5(b), one may fabricate
MRRs based on a SiN slot waveguide on silica with a
radius of about 8 um. The rectangular slot waveguide

50 100 150 200
Gap size d, (nm)

100 250 200 250 300 350
Gap size d, (nm)

FIG. 5. (a) A sketch of the node based on SiN slot waveg-
uide microring resonators and embedded quantum emitters;
(b) TLS-MRR coupling constant g distribution; Semilog plots
of (¢) MRR-MRR coupling rate J and (d) MRR-waveguide
coupling rate « as functions of the gap sizes.
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cross section is specified by (w, [, #) = (80,210,230) nm
and the slot can be filled by resin with nanodiamond
embedded [49,50]. Such a kind of MRR could provide
intrinsic quality factors in the order of 107 (I'c ~ 30 MHz).
The TLS-MRR coupling constant can be calculated as
g = 0.5\/302cTy/2rm3 V), where A, ¢, n, Ve are the
emission wavelength in vacuum, speed of light, refrac-
tive index of the matrix, and the effective mode volume
(see Appendix E), respectively. Figure 5(b) shows a color-
coded map of g on the cross section of the waveguide. Cou-
pling constants of a few GHz are achievable. For the N =
3 node with the optimal parameters of (Jy»,/23,k)/g =
(1.9,2.9,7.9), the emission of the GeV centers will be
delivered to the waveguide with efficiencies up to about
99% due to enhanced emission by the MRR resonance
and large MRR-waveguide out-coupling rate. Based on
the above basic configuration, we examine the achiev-
able parameter ranges of MRR-MRR coupling rate J and
MRR-waveguide coupling rate «, which can be calculated
semianalytically (see Appendix E). Figure 5(c) [Fig. 5(d)]
depicts the coupling rate J (k) as a function of MRR-MRR
(MRR-waveguide) gap size. The TLS-MRR coupling con-
stant g is only slightly modified due to the small changes
of Ve in the presence of coupling. One clearly observes
that the required J and « are feasible at realistic gap sizes
and their values are orders of magnitude greater than the
radiation loss of the MRRs. In the MRR-based configura-
tion, phase stability of the two paths to the receiving node
is required and could be maintained as a merit of the inte-
grated photonic platform. In practice, phase-tuning units
along the paths could be applied to ensure that the emitter
in the receiving node is at an antinode of the two WGMs.
The guidelines and the designs given here are to demon-
strate the experimental feasibility for nearly perfect on-
chip quantum state transfer. Alternative cavity structures,
matter-based quantum systems and design strategies could
certainly be explored for other experimental realizations.

VI. CONCLUSION

We theoretically propose and systematically investigate
a category of hybrid quantum nodes comprising a single
matter-based quantum system and a couple-cavity cluster
towards perfect state transfer between nodes on a pho-
tonic chip. Our scheme for state transfer relies on the
synthesis of a time-reversal symmetric single-photon wave
packet through optimizing the interference (superposition)
of the eigenstates of the hybrid node. With a chain of three
microring resonators as an example of the cavity cluster,
we demonstrate, in principle, that the hybrid node allows
for 99% overall success rate in deterministically transfer-
ring a state between two nodes. We remark that the MRR-
based configuration is just one exemplary implementation
and alternative schemes based on cavities with unidirec-
tional out coupling [51,52] should also work. The scheme

is static without the need for any dynamic modulation
and could be implemented on CMOS-compatible inte-
grated photonic platforms [35,37,53], promising scaling
up the size of the system at affordable resources. In a
wider context, our work enables the complete transfer
of an elementary excitation between two distant systems
through a propagating wave packet, and is extendable
to other types of systems, for instance, superconducting
qubits [54-56] and optomechanical systems [57], which
are highly promising platforms for quantum information
processing. It is also applicable for efficiently interfacing
heterogeneous quantum systems, such as single molecules
in solid-state matrix and trapped cold atoms [58], nitro-
gen vacancy centers and superconducting qubits [59], and
acoustic and superconducting qubits [60,61]. We believe
our work paves the way for chip-scale elementary excita-
tion transfer in a variety of network systems.
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APPENDIX A: ELIMINATION OF THE
WAVEGUIDE CONTINUUM UNDER THE
WEISSKOPF-WIGNER APPROXIMATION

In the main text we present the dynamical equations of
the composite quantum node based on a coupled-cavity
system. Here we provide a supplementary treatment on
the elimination of waveguide continuum from the system
dynamics by using Weisskopf-Wigner approximation [62].
We start with substituting the wave function, Eq. (2), of
the main text into the Schrédinger equation in the inter-
action picture. The probability amplitudes in the wave
function are then found to satisfy the following system of
differential equations:

i0,co = (—=il'o/2)co + g1, (AD)
N
ider = (81 —iTc/er +geo+ ) Jimenms  (A2)
m=2
iatcn - ((Sn - iFC/z)cn
N
+ Z Jn,mcma (n == 2: ce 5N - 1): (A3)
m=1,m#n
N-1
idey = By — iTe/2en + D JInmem
m=1
+ Y Vicge oo (A4)
k>0
0,05 = Vieye' k@0t (AS)
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To eliminate the waveguide continuum in Eq. (A4), we
replace ¢, with the integration of Eq. (A5) and get

N-1
iatCN = (5}\] — iFC/2)cN + ZJN,mcm +I,

m=1

(A6)

with

t
I Z Ve i@ [_in / ey () e gf + Ck(o)] :
P 0
(A7)

Here the waveguide modes are formally defined in a seg-
ment of waveguide of finite but macroscopic length L,
so that the spectrum is in practice continuous and con-
sequently the summation in Eq. (A7) over k converts to
an integral, i.e., >, — L/2mw fooo dk. Our proposed quan-
tum node works within a very narrow bandwidth relative to
the dispersion of the waveguide modes, such that the dis-
persion can be linearized around the central frequency w,
and the corresponding wave vector &, i.e., k — k. & (o —
w.)/ Vg (vg is the group velocity). This condition on band-
width is equivalent to the assumption that the temporal
evolution of ¢y is much slower than that of the waveguide
modes, which is the standard assumption of Weisskopf-
Wigner approximation for studying atomic spontaneous
decay. Using the linearization the integration variable &
can be changed to wy. After these operations, Eq. (A7) is
reformulated as I = I} + I, with

—ilL ! o0 .
h=o— /0 ey ()dt /0 Ve 0 Doy, (AS)
g
h=— /0 ci(0) Vie k=0 gy, (A9)
g

The narrow bandwidth also implies very weak wave-vector
dependence of the coupling rates, and justifies the approx-
imation V' = V}. Moreover, the finite integration range of
wy can be extended to (—o0, 00) considering the limited
bandwidth. Under these approximations the integral /; is
simplified into

—ilV2L
2vg

I = en(t) = —ich(t). (A10)

One can see the coupling to the waveguide continuum
amounts to an irreversible energy transfer from the Nth
cavity to the waveguide with an effective rate k = V2L/v,.
The integral I, represents an external input from the

waveguide and leads to the definition of input pulse

L o0 .
f@= Iz/\/_ = #/ Ck(O)e_l(wk_wO)tdO)k.
- (A11)

At last we substitute / = /; + I, back to Eq. (A6) and
obtain the dynamical equation for cy,

N-1
idey = Sy — iCc/2 — ik /ey + Y Ivmenm + VS -

m=1

(A12)

Now the waveguide continuum is decoupled from the cou-
pled cavity system, whose dynamics is governed by the
Egs. (A1) to (A3) and (A12). They are rewritten in a com-
pact form as Eq. (3) of the main text. Additionally, the
photon pulse e(¢) in the waveguide consists of the emis-
sion from the Nth cavity and possibly an external input,
and therefore can be expressed as

e(t) =f (1) — ivikey (D). (A13)

APPENDIX B: FORMULATION FOR THE CASE
OF ONE CAVITY WITH TWO MODES

The general formulation of the hybrid quantum node in
the paper assumes single-mode description for each cavity.
In view that a MRR has two degenerate WGMs, here we
show the MRR-based quantum nodes can be treated equiv-
alently with the single-mode formulation. A MRR supports
two degenerate modes denoted by annihilation (creation)
operators & (a) and b (b1, respectively. The MRR-chain
quantum node as shown in Fig. 2(a) in the main text is then
described by the Hamiltonian

I:[=]:]0+[:IAM+I:IMM +1:IMW, (B1)

consisting of the uncoupled Hamiltonian Hy/h = (wy —
iTo/2)8+6— + Y0 (@, — iTc/2) @nan + bib,) + X
?:,t?:k, The TLS-MRR coupling Ham/h =g(6ra + 64
by +H.c.), intermode coupling Aywm/h = Zivz_ll Tt
(Gybpir + &ZHIA),, +Hec)+ Z;V:l(hnali),, +Hc) and
MRR-waveguide coupling Hyw/h = Zk(VkEz}:,&k_ + Vi
B};,éH 4+ H.c.). The waveguide modes propagating in
opposite directions are characterized with the wave vectors
k+. Herein the intercoupling 4, [63,64] accounts for the
cross-coupling between the degenerate WGMs of MRR.
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We describe the state of the system in the interaction
picture rotating at wy with the wave function

|W=P@@+X}Mwwmawﬁ

+> ck(z)e,i] 12).
k

Then its evolution is determined by the Schrodinger
equation iho,|y) = ¥4 [v) with ¥4 being the interaction
Hamiltonian deduced from H. Applying the Weisskopf-
Wigner approximation [7,62,65] we obtain the evolution
equations for the coefficients

(B2)

id;co = (—ilo/2)co + gc14 + gC10, (B3)
i0ic1,a = (81 —ilc/2)c1a + gco +J12¢2p + hicip,
(B4)
idc1p = (81 —il¢/2)e1p 4+ gco + 12624 + hiCig,
(BS)
i0icng = (6n — il'c/2)Cng + Jnnt1Cn+1b + In—14Cu—1p
+ hpcpp, n=2~N—1, (B6)
i0icnp = (6n — 10 c/2)Cnp + Tpnti1Cnti,a + Jn—1,nCn—1.a
F houay m=2~N—1, (B7)
i0eng = (v —il'c/2 — ik /2)en g +IN_1NCN-1
+ hyeny + V/-, (BY)
ienpy = Oy —il'c/2 — ik /2)enp + IN-INCN-1.a
+ hyena + Vil (B9)

where « is the coupling rate between the WGM and the
waveguide. Note that in the formulation here we allow
possible external input wave packets fi(f). The output
pulses in opposite directions of the waveguide then can be
expressed with an input-output form as [66]

e_ () =f-(t) — ivken o),
er () = f1.() — ivken p(@).

(B10)
(B11)

We assume the various coupling rates in the above
formulation are symmetric with respect to the clock-
wise and counterclockwise WGMs, and only symmet-
ric input [f_ () =f.(¢)] is considered. The coefficients
thus exhibit the same symmetry c,,(f) = ¢, (), which
allows us to define the effective amplitudes c,(f) =
\/Ecm(t) and effective input f (¢) = \/zf,(t) and out-
put e(?) = V2e_(1). Expressed in terms of the effec-
tive variables, the evolution equations can be writ-
ten compactly in matrix form as Eq. (3) of the main
text. Therein the Hamiltonian H = tridiag[u, v,u] with

u=(v2g,J12,J23, ..., Jy-1x) and v = (=ilo/2,81 + hy
— iFC/Z, 52 + hz - iFC/Z, e ,51\/ + hN - iFC/Z - iK/2).
One can see that this Hamiltonian assumes the same form
as that of a chain-coupled N single-mode cavities except
that the effective TLS-cavity coupling strength becomes
ﬁg. This justifies the treatment of the MRR-based quan-
tum nodes with the single-mode formulation.

APPENDIX C: DERIVATION OF «,

In this appendix we derive the expression of «, for
the chain-coupled MRR-based quantum node by solv-
ing Eq. (3) in the main text with the initial condition of
¢(0) = [p1,0,...,0]” and d = 0. In particular, we apply
the Laplace transform L[f ](s) = fooo f (t)e™*dt to the evo-
lution equation and transform it into a system of algebraic
equations in the matrix form as

(sI +iH)c(s) = Te(s) = ¢(0). (C1)
Here T is a symmetric tridiagonal matrix and its inverse
admits an analytical form:

d, d
(="t 1_[ quﬂu, m<n

X Sm -+ On+1 -
(- )m,n = m— ] d d 5
(— 1)"+manq+1M’ m>n
g O vyl
(C2)

which depends on two recurrence sequences {d,} and {§,}
[67]. Since the emitted pulse has the amplitude e(?) =
—i/ken (), we need only to find ey (s) = p1(T i1
By using Eq. (C2) and the relation §;5; - - - Sy, 1 = det{T}
[67], we obtain

2+ T vt

1 o v T
(T Hn+11 = (=D det(T)

(C3)
Alternatively the determinant of T =sI+i/H can be
expressed as det{T} = ]_[N+1(s + iQ2,), where 2, is the
nth eigenvalue of H. Then Eq. (C3) is further altered to
give

Tip - Tyn+i

= p (=N L2 INNEL
pi(=1) 1776+ i)

en(s) (C4)

Now we find the coefficient cy(f) by applying inverse
Laplace transform

wmztﬂww}

N+1 e~ it

l_[ Tyg+1 Z N+1 (<, —

m 1,m#n

=pii .
Q)

(©5)
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For the MRR-chain quantum nodes 7}, = i«/ig, Ty =
iJin, ..., Tn,n+1 = l'.]nfl,n, thus

N+1

en (D) =pi Z N+1
m lm;én(Q m)

Jm ,m—+1 e,iQnt

(Co)

Comparing e(f) = —i /kcy(t) with Eq. (4) of the main
text, we finally arrive at

_ —iV2kg HZL; Imm+1

n = .
Hﬁ;\ii},m;ﬁn(gn - Qm)

(C7)

APPENDIX D: PROOF OF THE EQUALITY
BETWEEN B AND R;

To quantify the pulse symmetry, we introduce symmetry
factor B in the main text. § is defined as the maximal over-
lap integral between a certain pulse and its time-reversed
copy with a variable time shift #,. We now show that
the success rate R; equals 8. The time evolution of the
whole system is described by Eq. (3) in the main text,
whose formal solution can be expressed in a matrix form
as follows [68]:

t
c(t) = e ™Mt (c(O) + f Mg dt’) , (D)
0
where ¢(0) is the initial condition for ¢(¢). e~ would be
an (N + 1) x (N + 1) matrix
e M= M(1). (D2)

Since H is a symmetric matrix for our system, M(?)
is naturally also symmetric, i.e., M,,,(f) = M, (t). For
the emission process of the system, the TLS is initially
in the superposition state (p16¢ + po)|g4), then ¢(0) =
[71,0,...,0,0]" and d = 0. The solution reduces to

() = e "[p,0,...,0,0]". (D3)
Then ¢y (f) can be expressed as follows:

() = M (0 = e, (D4)
where in the last step we use the relation e(f) = —i/key (f)

given in Appendix A. For the receiving process, the input
pulse f(¥) = e(?) and the dynamics is determined by solv-
ing Eq. (D1) with the drive d = [0,0,...,0, —i/ke()]"

and the initial condition ¢(0) = 0. The solution reads

t
c(t) = / M=) gy
0

t
=/ M(t — ) - [0,0
0

The excitation amplitude of the atom in the receiving node
thus turns out

0, —iv/ke(®]'df. (D5)
t
co(t) = /0 My (t—1) - [—i/ke(d)]dt
= / My y11(t — 1) - [—ivke(?)]dt
0

=/0 %e(t—t/)-
=/ e(t—1e()dt .
0

[—ivke()]dt

(D6)

By definition the success rate is the maximum of
lco(8)/p1]?, and becomes

2

) . (D7)

Ry = max; (

On the other hand, the 8 factor defined in the main text
can be reformulated by realizing that the emitted pulse in
quantum state transfer strictly has amplitude of zero before
emission starts. The integrand in the definition of 8 fac-
tor is thus nonzero only in a finite range. We specifically
include Heaviside function ® (¢) in the integral and get

)

2
):&. (D)

/ e(t)e(t —t)dl |p?
0

21,
B = max,, ('/ 0 OW)e(H)O 2ty — ety — Z)dt/pl2
0

2ty
= max,, (' f e(De(ty — t)dt/p}
0

APPENDIX E: EVALUATION OF THE COUPLING
RATES FOR REALISTIC WAVEGUIDE AND
CAVITY STRUCTURES

We discuss the guidelines to the experimental realization
of our proposal. In this appendix, more details are provided
regarding the estimation of the coupling rates including
g,J,and k.

The coupling strength g of the emitter with the first
MRR is calculated according to Ref. [64]

13 Azcr
E= W omnvg ¥

where the emitter with a transition corresponding to a
free-space wavelength A = 602 nm is located at x¢ in the

(ED)
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dielectric of refractive index n. Ve = 27w RSt is the mode
volume of the whispering gallery mode in the MRR of
radius R. The effective mode area is in turn obtained with

_ J[elEPds

~ , E2
eld - E(x)|? (2

where the mode profile E is found numerically with the
finite-element method. In particular, we work with a hori-
zontally oriented emitter with decay rate I'y = 30 MHz x
2. Following the above procedures, the distribution of
the coupling strength g for the emitter is rendered as a
color map in Fig. 5(b) of the main text when the emit-
ter is located at arbitrary positions on the waveguide cross
section.

As for the MRR-MRR (MM) and MRR-waveguide
(MW) coupling rates J and «, both can be estimated
using the method proposed by Bahadori et al. [42]. Here
we briefly outline the major steps to obtain the coupling
rates. Firstly we find the guiding mode of the single slot
waveguide at the wavelength A = 602 nm. The effective
index of the fundamental mode nqg1s 1.65. When two such
slot waveguides are placed side by side, two super modes
(of even and odd parity) form via fundamental mode cou-
pling. Then we numerically calculate the effective indices
of the super modes as functions of the gap size d between
the two waveguides and fit the functions with the following
expressions:

He = Nefr + aee_yed: (E3)
Ny = Heff — aoe_y()d, (E4)

where the indices “e” and “0” indicate even and odd
super modes, respectively. As displayed in Fig. 6, the fit-
ted traces agree very well with the discrete data points.
The fitted parameters are found to be a. = 0.0355, y, =
0.0162 nm™!, a, = 0.0139, and y, = 0.0113 nm~". These
parameters are needed for determining the dimensionless
parameter

k' = sin <% [%eyedB(Xe) + @ey”dB(xo):D , (E5)

e o

which is used in transfer matrix computation. Herein the
functions B(x.) and B(x,) depend on the waveguide cur-
vature in the specific coupling configuration, e.g., MM or
MW. In particular, they can be approximated as

BMW(xe/a) ~ AV 277:xe/0

= V27veo R+ W)2),

(E6)

Bym (Xeso) & 0.5Bvw (2xe/0)
= 0.5/27 - 2x.0
= T[ye/a(R + W/z):

(E7)

1.67
-2 Even mode
-8~ Odd mode
5 1.66
=
.8
[
=
3
G
S 1.65
1.64 L A S
50 150 250 350 450
Gap size d (nm)
FIG. 6. The effective indices of the two super modes of two

identical slot waveguides placed side by side are numerically
calculated (markers) and analytically fitted (solid traces).

where W = 2/ + w is the full width of the slot waveguide.
Finally the coupling rates ¥ and J can be expressed as [41]

12

K

K = %vg, (E8)
K/

= ;;—A;ug, (E9)

and the numerical results are presented in Figs. 5(c)
and 5(d) in the main text.
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