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We propose a scheme to implement quantum state transfer between two distant quantum nodes via a hybrid solid–
optomechanical interface. The quantum state is encoded on the native superconducting qubit, and transferred to the mi-
crowave photon, then the optical photon successively, which afterwards is transmitted to the remote node by cavity leaking,
and finally the quantum state is transferred to the remote superconducting qubit. The high efficiency of the state transfer
is achieved by controllable Gaussian pulses sequence and numerically demonstrated with theoretically feasible parameters.
Our scheme has the potential to implement unified quantum computing–communication–computing, and high fidelity of
the microwave–optics–microwave transfer process of the quantum state.
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1. Introduction

Quantum state transfer (QST) is an important constituent
part of quantum computing (QC), quantum network and quan-
tum communication.[1–6] During QC, quantum state is not
only required to be transferred between qubits within the spe-
cific computing procedure, but also be transferred between
qubits within different steps of computation. When construct-
ing a quantum network, after completing native QC, the quan-
tum state is required to be output from the native quantum
node and thus transferred to the remote quantum node.

During native QC, superconducting qubits (SQ)[7,8] cou-
pled to superconducting resonators (SR) such as coplanar
waveguide (CPW) resonators[9–11] as the data bus are poten-
tial candidates, because the SQ and SR provide the advantages
on scalability, controllability, integration, and coherence.[9,12]

However, the SQ and SR work in the microwave frequency
band, so that the low frequency noise fluctuation can affect the
microwave photons, and leads to short coherence times during
long distance transmitting.[13] Therefore, microwave photons
are not suitable for long distance transmission. Meanwhile the
optical photons have good coherence at room temperature, and
thus are more suitable for long distance quantum communica-
tion and scalable quantum network.[6,14] To combine the ad-
vantages of solid qubits for native QC with the advantages of
an optical cavity (OC) system for long distance transmission is
a crucial task for QST. In previous research, the quantum hy-
brid interface is a hotspot which contains the solid qubits, the
nanomechanical resonator (NAMR) and the OC system. The
NAMR is adopted to the medium, which connects to the solid

qubits and the OC system, respectively. In previous works, the
hybrid interfaces coupled with different physical systems, e.g.
ions,[15] cold atoms,[16,17] SRs,[18] and flux qubits[19] are in-
vestigated. Yin et al.[20] proposed a scheme to realize quantum
networking. The SQ is coupled to the SR, which is indirectly
coupled to the OC through the optomechanical interface. They
reported their measurements to achieve a remote quantum en-
tanglement. In addition, Cernotik et al.[21] showed that me-
chanical oscillators can mediate such coupling and light can be
used to measure the joint state of two distant qubits, the mea-
surement provides information on the total spin of two qubits
such that entangled qubits states can be post-selected. Most of
the predecessors explored the coupling strength of the quan-
tum hybrid interface, and studied in conversion properties of
microwave and optics.

In this paper we proposed a scheme to implement QST
from an SQ in the native quantum node to the SQ in the
remote node. Within each quantum node, SQ is connected
to the solid–optomechanical interface which consists of SR,
NAMR, and OC. A quantum state is transferred from SQ
to optical photons in OC through the hybrid quantum inter-
face, then optical photons leak out from OC and transmit
directionally to OC of the remote node. subsequently the
quantum state is transferred from the optical photons to SQ
of the remote node via the hybrid interface. Our scheme
can accomplish the integrative physical process of quantum
computing–quantum communication–quantum computing, in
addition, it realized the whole conversion of the microwave–
optical photons–microwave of the quantum states.
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2. Model
The schematic diagram of the whole model is shown in

Fig. 1(a), which contains the left unit and the right unit. The
quantum state initially encoded on the left unit is transferred
to optical photons, and then the optical photons are leaked out
from the left unit OC and are transmitted to the right unit OC,
finally the photons can be transmitted to the right unit SQ via
the hybrid solid–optomechanical interface. In this process, we
use a black body absorber[2,22,23] to avoid multiple refections
between the two OCs. As shown in Fig. 1(b), within each
unit, the superconducting system can be divided into SQ and
SR, which couples SQ and SR by capacitively coupling. The
NAMR is used as the medium and is coupled with the super-
conducting system and OC respectively. However the cou-
pling strength, e.g., SQ coupled with SR, SR coupled with
NAMR, and NAMR coupled with OC, are typically small, so
there are three control pulses used to drive them respectively
to enhance their effect.

(a)

left unit
right unit

black body
absorber

(b)

SQ SR NAMR OC
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control pulse
control pulse
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Fig. 1. (color online) (a) Schematic diagram to transfer a quantum state from
the left unit to the right unit. The quantum state initially encoded on the left
unit is transferred to the right unit, the state can be transferred completely
by using adjustable OC leakage rates κ

j
1 . A black body absorber can ensure

the state transfers in a single direction. (b) Schematic diagram of each unit.
The SQ is coupled with the SR by capacitively coupling. The SR and the
OC are coupled to the NAMR respectively. The coupling between SQ and
SR is driven by a microwave field, meanwhile the SR is driven by a coher-
ent classical field on the microwave band and the OC is driven by an optical
field.

The Hamiltonian of each unit has the form H j = H j
0 +

H j
I +H j

d ( j = l, r),[17] where

H j
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we have set the subscripts of Hamiltonian 0, i, and d as the
symbols of free Hamiltonian, interaction Hamiltonian, and
driving field, respectively. The superscripts j = l, r as the
symbols of left unit and right unit, and taken the definition
σµν = |µ〉〈ν |, a j

2,a
j
m,a

j
1 are the annihilation operators of SR,

NAMR, and OC, respectively. ω
j

2 ,ω
j

m,ω
j

1 are the frequencies
of SR, NAMR, and OC, respectively. And ω

j
Li = ω

j
m −ω

j
i .

The g j
c is the coupling strength of SQ coupled with SR, and

the g j
i (i = 1,2) is the coupling strength of SR and the OC

coupled with NAMR respectively. The control pulses are used
to tune SQ to be resonant with SR with ω

j
e = ω

j
2 .[2,17] The

Ω ′ j and Ω
j

i (i = 1,2) are three Rabi frequencies which origi-
nate from three control pulses coupled with the system. These
Rabi frequencies are used to regulate the relationship between
the coupling strengths.

By making use of the rotating-wave approximation,[24–26]

the Hamiltonian of the driving field can be obtained in the form
of

H j
d = ∑
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(
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)
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Then we take the rotating frame H ′ j0 = H j
0 −∑i=1,2 ω

j
ma† j

ia
j
i ,

the Hamiltonian under this frame reads

H̃ j = ∑
i=1,2,m

ω
j

ma† j
ia

j
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i=1,2
g j

i a† j
i a j

i
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a j
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)
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Finally we use steady-state amplitudes of the operators a j
i ,

and the operators can be expanded by ã j
i = a j

i − c j
i , where

c j
i = Ω

j
i /2ω

j
m, and under the rotating-wave approximation,

the effective Hamiltonian of each unit in the interaction
picture[2,20,27] is given by

H j = G j
(

a† j
1 +a† j

2

)
a j

m +g j
cσ

j
ega j

2 +H.c., (6)

we take G j = g j
1c j

1 = g j
2c j

2 and the Hamiltonian of the whole
system is

H = ∑
j=l,r

G j
(

a† j
1 +a† j

2

)
a j

m +g j
cσ

j
ega j

2 +H.c., (7)
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and based on the Hamiltonian, the eight Langevin
equations[14,28] are taken in the forms as
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(8)

where κ
j

σ ,κ
j

2 ,κ
j

m are the damping rates of SQ, SR, NAMR, re-
spectively. κ

j
2 is the leakage rate of OC. Then the input–output

relation is used for the left unit OC and the right unit OC, the
boundary condition[24] is given by

ar
1,in(t) =

√
κ l

1al
1(t− τ)−al

1,in(t− τ), (9)

and the classical equations for Langevin equations[2,20,29–32]

can be taken in the forms as
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(10)

where αi and ϑµν are the classical forms for ai and σµν respec-
tively. Under the classical Langevin equations, the steady-state
of each mode is given by
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the form of σ
j

z by solving equations[24] is shown as

σ
j

z =−
κ

j
1κ

j
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σ +κ
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2
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While the quantum state is transferred from the left unit
OC to the right unit OC, we define al

1(0) = 1, ar
1(0) = 0,

gl
c = gr

c = Gl = Gr = 0, by solving the Langevin equations,
ar

1(t) is taken as the form[2,29]

ar
1(t) = ar

1(0)exp
(
−κ r

1t
2

)
+al
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√

κ r
1

×
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2
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, (13)

and the state transfer efficiency can be defined as

η =
√

κ r
1 ·
∫ t
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dt ′
√

κ l
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′)exp

(
−κ r

1(t− t ′)
2

)
×exp
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2
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dt ′′κ l
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, (14)

this can be rewritten as

η(A,A′, t) =
√

κ r
1 ·
∫ t

0
dt ′
√

A′exp
(
−κ r

1(t− t ′)
2

)
e−A/2. (15)

According to the form of Euler–Lagrange formalism, the leak-
age rates are obtained by solving ∂η/∂A = d(∂η/∂A′)/dt is
given by

κ
l
1(t) =

κ

2eκ(tm−t)−1
, (16)

κ
r
1(t) =

κ

2eκ(t−tm)−1
, (17)

where κ is the maximum value of OCs. And the tm guarantees
the directionality of photons transmission, when 0 ≤ t ≤ tm,
and then κ l

1(t)≤ κ r
1(t), so the quantum state is stored in the left

unit OC, meanwhile when t ≥ tm, the quantum state is stored
in the right unit OC. This operation can be shown by choosing
a time-dependent switching which is between the OC and the
transmission line.[2,6]

The model of the QST has eight parts, under the influence
of coupling strengths, the QST between the parts is bidirec-
tionally. If the state is transferred, it returns to the previous
part, we call it inverse flow, which can damage the transfer ef-
ficiency. To avoid it, we investigate the appropriate values of
the tm and G j in the next sections.

3. The QST by the hybrid solid–optomechanical
interface
Here we consider the QST from the left unit to the

right unit, and demonstrate the results of transfer in three
parts. In order to be closed to reality, we adopt parame-
ters verified in theories and experiments as κ/2π = 215 kHz,
κ l

2/2π = κ r
2/2π = 1 kHz, κ l

m/2π = κ r
m/2π = 140 Hz and

κ l
σ/2π = 5 kHz,[2,20] and consider κ r

σ/2π = 0 to investigate
the quantum state to be transferred to the right unit SQ.
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3.1. Energy transfer efficiency of the hybrid quantum in-
terface

In this section, the energy transfer capability of the hybrid
quantum interface is investigated, the energy begins to trans-
fer from the left unit SR, then to the left NAMR, the left OC,
the right OC, and the right NAMR successively, finally trans-
ferring to the right unit SR. We set gl

c = gr
c = 0 to avoid SQ

participating in the transfer process and set the initial value as
α l

2(0) = 1, ϑ
j

ge(0) = α
j

m(0) = α
j

1(0) = α r
2(0) = 0, and charac-

terize the capability by the energy transfer efficiency

E = |α r
2(t)|

2/
∣∣∣α l

2(0)
∣∣∣2.

In order to facilitate the calculation, we consider Gl = Gr =

G = g j
i Ω

j
i /2ω

j
m by adjusting coupling strengths gi (i = 1,2)

and Rabi frequencies Ω
j

i , then choose the appropriate value of
tm to achieve a high energy transfer efficiency, here the effi-
ciency is discussed as a function of the G/κ for different tm.
The results are shown in Fig. 2. In each figure, we select dif-
ferent procedure times t as t ·κ = 25, t ·κ = 35, and t ·κ = 45.
In different figures, we set tm ·κ = 17.55 and 4.7 in Figs. 2(a)
and 2(b) respectively.
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Fig. 2. (color online) The energy transfer efficiencies for the hybrid quan-
tum interface under the different tm as the function of G/κ . In Figs. 2(a) and
2(b) we set tm ·κ = 17.55 and tm ·κ = 4.7 respectively, and the efficiency for
the different procedure times t ·κ = 25 (dash-dotted, blue), t ·κ = 35 (solid,
black), and t ·κ = 45 (dashed, red).

Comparing Fig. 2(a) with Fig. 2(b), tm influences the
maximum efficiency, since figure 2(a) has a longer tm, the en-
ergy will be transferred to the right unit SR with the procedure
time we select. Meanwhile the tm in Fig. 2(b) is shorter, so the

photons will be leaked prematurely and the energy has been
transferred to the right unit SR before the times (t ·κ = 25, 35,
and 45) we selected, then the energy will emerge with inverse
flow and cause the peak value of the efficiency to decrease.
Moreover, the maximum efficiencies in Figs. 2(a) and 2(b) cor-
respond to different coupling strengths, the longer tm causes
the maximum efficiency with a weaker coupling strength. Be-
cause when tm is longer, the optical photons have been stored
in the left unit OC before photons transmission by leaking,
and it does not need a larger coupling strength to accelerate
the energy transferring to the left unit OC, so that the longer
tm provides the prerequisite for reducing the coupling strength.
In each figure, the efficiency presents quasi-periodic decreas-
ing as a function of the coupling strength G. The reason is that
the coupling strength increases by double emerging the max-
imum effect of the inverse flow which causes the minimum
energy transfer efficiency. When the coupling strength contin-
ues to increase, the inverse flow will occur in the six parts of
the model, and disperses the energy in all parts of the transfer
route, so the peak values of the efficiency will decrease with
the coupling strength increasing periodically.
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Fig. 3. (color online) The efficiency of the energy transfer from the
left unit SR to the right unit SR for t · κ = 28.5 as a function of
Gl/κ and Gr/κ . The parameter is taken as tm · κ = 17.55. The max-
imum efficiency is 97.5% under the coupling strengths Gl/κ = 0.12
and Gr/κ = 0.2.

According to the result in Fig. 2, in order to achieve a high
efficiency, we adjust and fix the parameters as tm ·κ = 17.55
and t ·κ = 28.5. Without loss of generality, the plot of the en-
ergy transfer efficiency is investigated as a function of the two
coupling strengths Gl and Gr, as shown in Fig. 3. There are
multiple peaks appearing as the coupling strengths increase,
the optimum efficiency ∼ 97.5% is obtained by two coupling
strengths Gl/κ = 0.12 and Gr/κ = 0.2. These parameters will
be used in the next sections. Notice that the peak values have
different numbers as the functions of G j, there are four peak
values within the range of Gl, meanwhile the range of Gr has
three. That is because the Gl influences the whole process of
the transfer, while the Gr just influences the process after tm
when the energy has been transferred to the right unit.
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3.2. Occupation number transfer for the hybrid quantum
interface

The occupation number transfer of the hybrid quantum
interface is investigated in this section, the transfer route of
the model has six parts ∼left SR–left NAMR–left OC–right
OC–right NAMR-right SR, and the occupation numbers are
used to show the QST between the six parts. The initial value
is taken as α l

2(0) = 1, ϑ
j

ge(0) = α
j

m(0) = α
j

1(0) = α r
2(0) = 0,

and to achieve the maximum efficiency, the parameters are
taken as tm · κ = 17.55, Gl/κ = 0.12, Gr/κ = 0.2, the cou-
pling strengths of the SQ are not considered. The results of
numerical simulation are obtained by Eqs. (10).

left SR
left OC

right OC

right SR

0 5 10 15 20 25 30
0

0.2

0.4

0.6

0.8

1.0

O
c
c
u
p
a
ti
o
n

κSt

Fig. 4. (color online) Shape of occupation numbers for the four modes
as a function of procedure time t · κ , the parameters are taken as
tm ·κ = 17.55, Gl/κ = 0.12, Gr/κ = 0.2. The dash–dotted blue curve,
the dotted purple curve, the dashed orange curve, and the solid black
curve are the left unit SR, the left unit OC, the right unit OC, and the
right unit SR, respectively.

The plot of the occupation numbers is shown in Fig. 4,
there are four occupation numbers to be demonstrated, which
can show the quantum state in the beginning and the ending
of the model, it is further shown that the optical photons are
stored in the left unit OC and leaked out to the right unit OC.
The initial occupation numbers are stored in the left unit SR,
and go through NAMR and OC in the left unit, then leak out
and go to OC-NAMR in the right unit, finally they will be
stored in the right unit SR.

The occupation numbers of the right unit SR in Fig. 4 can
exceed 0.9, however the occupation numbers of OCs are not
close to 1 during the transfer process. The reason is as follows.
One cannot store all the occupation numbers into OC and then
transfer them completely to the right unit, since the coupling
strengths are considered as constants in this case. Thus, while
the occupation number is transferring to the right unit, the con-
tinuous couplings between SR–NAMR–OC result in the occu-
pation number transferring back to the left NAMR, and even
further to SR. We can note that the efficiency for both the two
OCs is higher than that for the right SR. When the quantum
state is transferring from the OCs to the right SR, the inverse
flow causes the transfer process to have two directions, one
can transfer the state to the right SR, the other will transfer
the state back to the left NANR and other parts within the left

unit. To avoid this inverse flow, the tm is adjusted in order that
once the occupation number begins to be stored into the OC,
it is transferred to the right unit simultaneously. We can adjust
the tm as an optimal value to achieve the maximum efficiency,
if tm is larger than the optimal value, the optical photons will
be stored in the left unit OC and emerge in the inverse flow,
if tm is less than the optimal value, the photons have no time
to be transmitted to the left unit OC, so the OC does not have
enough optical photons to be leaked out.

3.3. QST from the left unit SQ to the right unit SQ

Here we discuss the QST from the left unit SQ to the right
unit SQ, the SQs are coupled to SRs of the hybrid quantum in-
terface by coupling strengths g j

c. In this section, the model
includes eight parts. The longer transfer route causes the sub-
systems increasing and the numbers of coupling strengths in-
crease to four (g j

c and G j) simultaneously, therefore the in-
verse flow is aggravated. Furthermore, QST in the longer
transfer route will take more procedure time, thus the effi-
ciency is prone to be decreased by damping. This effect
is manifested in Fig. 5(a), the quantum state is transferred
within eight parts of the whole system by using the contin-
uous pulses, and we set the optimal value of the coupling
strengths Gl/κ = gl

c/κ = 0.12, Gr/κ = gr
c/κ = 0.2. The ef-

ficiency for each part is lower than that for the corresponding
parts in Fig. 4.

The reason for causing the inverse flow is that the cou-
pling strengths are induced by continuous pulses. To avoid
it, the control pulse should provide a strength to couple con-
joint parts when the quantum state needs to be passed for-
ward, and once the quantum state has been transferred to the
next part, the control pulse should be cut off and the coupling
strength vanishes simultaneously. Thus a controllable cou-
pling strength to set the trigger time and the duration of the
coupling strength is essential. In order to restrict the influence
of the damping, the coupling strength can also be controlled
to shorten the procedure time by hurrying the trigger time. So
the Gaussian pulses are the candidates to control the coupling
strengths and take the forms as

gl
c(t) = gl

0× exp
[
−
(
t− 1

2 td1
)2

2× t2
w1

]
, (18)

Gl(t) = Gl
0× exp

[
−
(
t− 1

2 td2
)2

2× t2
w2

]
, (19)

gr
c(t) = gr

0× exp
[
−
(
t− 1

2 td3
)2

2× t2
w3

]
, (20)

Gr(t) = Gr
0× exp

[
−
(
t− 1

2 td4
)2

2× t2
w4

]
. (21)

In the expression of the Gaussian pulses, g j
0 and G j

0 are the
controllable amplitudes which take the forms G j

0 = g j
i Ω

j
i /2ω

j
m
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and g j
0 = ωmΩ ′ j/Ω

j
2 ,[2,20] where Ω

j
i and Ω ′ j are the control-

lable parameters by applying the driving fields. tdi and twi

(i = 1,2,3,4) are the peak times and the pulse widths of the
four Gaussian pulses Eqs. (18)–(21) respectively. These pa-
rameters influence the coupling strengths and procedure times
during the QST, only the appropriate parameters of Gaussian
pulses [shown in Fig. 5(c)] can avoid the inverse flow and
achieve the maximum efficiency.
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Fig. 5. (color online) (a) and (b) Occupation numbers for the six modes.
The coupling strength of panel (a) is induced by the continuous pulses,
meanwhile (b) is the Gaussian pulses, we set tm · κ = 21 and 8 in pan-
els (a) and (b) respectively. The quantum state is initially encoded on the
left unit SQ (solid, blue) is transferred to the left unit SR (dotted, pur-
ple), and the left unit OC (dash-dotted, red) by using coupling strengths
gl

c and Gl, then the photons radiate to the right unit OC (dashed orange
curve), finally the photons are transmitted to the right unit SR (dotted,
black) and the right unit SQ (solid, cyan) by utilizing coupling strengths
Gr and gr

c respectively. (c) The shapes of four Gaussian pulses gl
c(t) (dot-

ted, black), Gl(t) (dash–dotted, brown), Gr(t) (thick-dashed, gray) and gr
c(t)

(dashed, green). The parameters are taken as gl
0/κ = 3.2, Gl

0/κ = 4.5,
Gr

0/κ = 4.5, gr
0/κ = 3.2, td1 ·κ = 2, td2 ·κ = 5, td3 ·κ = 30, td4 ·κ = 33,

tw1 ·κ = tw2 ·κ = tw3 ·κ = tw4 ·κ = 0.2.

In this section we demonstrate the QST by using occupa-
tion number and consider the initial conditions as ϑ l

ge(0) = 1,

α
j

1(0) = α
j

m(0) = α
j

2(0) = ϑ r
ge(0) = 0. As shown in Figs. 5(a)

and 5(b), the quantum state is encoded on the left unit SQ ini-
tially, then the state is transferred to the left unit SR through
Gaussian pulse gl

c(t) and encoded on the microwave photons.
After that, the quantum state is transferred to the optical pho-
tons in the left unit OC by applying the Gaussian pulse Gl(t),
in this part the optical photons leak out and is transmitted to
the OC in the right unit, and then the optical photons are trans-
ferred back to microwave photons and are transmitted to the
right unit SR by utilizing the Gaussian pulse Gr(t). Finally
the state is encoded on the right unit SQ by using the Gaus-
sian pulse gr

c(t). Figure 5(c) is the schematic diagram of the
Gaussian pulses, the time interval between g j

c(t) and G j(t) is
small, since narrowing the distance between g j

c(t) and G j(t)
can reduce the procedure time and weaken the influence of the
damping. Notice that the distance between Gl(t) and Gr(t) is
not controlled within a small range. The reason is as follows:
during the time interval between Gl(t) and Gr(t), the optical
photons are required to be leaked out from the left unit OC
and into the right unit OC, so the optical photons need enough
procedure time to transfer sufficiently. Thus we set the time
interval between td2 and td3 as 12.5/κ to ensure the transfer
efficiency between the OCs. In the continuous pulses situation
[shown in Fig. 5(a)], the efficiency is close to 75%, meanwhile
the efficiency as shown in Fig. 5(b) can be nearly 95% in the
Gaussian pulses situation.

We call the process where the quantum state can be trans-
ferred from the left unit to the right unit the “writing protocol”,
and the reverse process, the “reading protocol”, can also be re-
alized to transfer the quantum state from the right unit to the
left unit. The Gaussian pulses are applied in the reverse or-
der, the state initially stored in the right unit SQ is transferred
to the right unit SR by Gaussian pulse gr

c(t), and then passed
to the hybrid quantum interface by using Gr(t) and Gl(t) suc-
cessively, finally the gl

c(t) is used to make the quantum state
transfer to SQ in the left unit.

4. Summary and prospect

In summary, we have described a blueprint of the QST
based on the hybrid solid–optomechanical interface. The
transfer route consists of SQ–SR–NAMR–OC in the na-
tive quantum node and OC–NAMR–SR–SQ in the remote
quantum node, we call the structure which contains the
SR–NAMR–OC the “hybrid solid–optomechanical interface”.
When the quantum states are within the interface, the states
will be transferred from the microwave photons to the optical
photons and are stored in OC. We adjust tm to control OC to
leak out the optical photons and to transfer the photons to the
remote quantum node. The significance of the scheme is uni-
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fied microwave photons–optical photons–microwave photons
transfer process of the quantum states.

According to this model, the further research can proceed
as follows. In order to transmit the optical photons more con-
trollably, the optical fiber can be used between OCs,[33] and we
can set the trigger time to couple the optical fiber with OCs to
achieve an optimal transfer efficiency. Moreover, we can also
investigate the QST based on other solid qubits, NV center,[34]

flux qubits,[35] and ions[36] to promise stability and controlla-
bility, which are other candidates for the QST.
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