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Scaling quantum computation is a crucial challenge for practical applications, hindered by the inherent
errors and noises in real-world quantum systems. The quantum modular architecture offers a possible
solution, where smaller quantum modules are individually constructed and assembled into a larger
architecture. In this architecture, the nonlocal quantum gates are the building blocks; until now, it has
remained challenging for practical applications to implement a nonlocal quantum gate with the memory
modules under deterministic and room-temperature conditions, due to intrinsic probability and hardware
complexity. Here, we propose and demonstrate a scheme to deterministically implement a nonlocal
quantum gate between the room-temperature memory modules. The key technologies include cavity-
enhanced atomic modules, two of which are connected by a single pair of distributed entangled optical
modes and real-time mutual feedforward controls. The nonlocal quantum nondemolition gate between two
room-temperature memory modules is deterministically demonstrated with different input coherent states,
and the quantum nature is confirmed by outputting entangled atomic modules. Our results illustrate the
functionality and feasibility of nonlocal quantum gate and may have potential applications in modular
quantum information processing.
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Quantum computation with exponential computational
power can solve problems that cannot be dealt with the
classical approach. In the past decades, the computational
advantages for a particular task have been dramatically
enhanced by exploring quantum resources [1–3]. The
scalability of quantum computation is key for computa-
tional power [4,5]; nevertheless, it is limited by unavoid-
able errors and noises, which disturb fragile quantum states
and quantum operations. To address these challenges, fault-
tolerant quantum error correction can significantly improve
its scalability, where multiple physical qubits are combined
into a logical qubit for robustly preserving quantum
information [6–9]. Particularly, quantum modular architec-
ture can build complex quantum systems robustly by
connecting small distributed modules into a quantum
network [10–12]. Quantum modules, capable of storing
and processing quantum information, operate individually
as functional nodes and enable the high-quality quantum
operations inside each module. Even in a large-scale
quantum network, each module is well isolated from every
other module, so that the residual interactions across the
entire network are minimized. Thus, it is highly demanded

to realize the nonlocal quantum gate across spatially
separated modules, which makes the computation capacity
greatly enhanced [13,14].
Quantum networks play a significant role in enhancing

the scalability of quantum information processing by
interconnecting quantum modules [15,16]. Quantum nodes
are employed to process quantum information, while the
flying optical modes through quantum channels can coher-
ently connect quantum nodes and transfer quantum infor-
mation. Quantum entanglement constitutes the building
block of quantum network [17,18] and has been established
and stored in a variety of physical systems ranging from
neutral atoms [19,20] and trapped ions [21–23] to super-
conductors [24,25] and solid systems [26,27]. If the
entanglement of light is mapped into the atomic ensembles,
these ensembles can be entangled [28–30]. Beyond the
capability to generate and store quantum entanglement in
quantum nodes, the ability to implement nonlocal quantum
gate is a pivotal step for modular quantum architecture
[31,32]. Photonics offers a promising distant and reconfig-
urable platform for a larger-scale quantum computation,
where photonic quantum modules with a relatively small
number of quantum states are interconnected [33].
Extensive efforts on the photonic nonlocal quantum gates
have been achieved in different kinds of physical platforms
based on quantum entanglement between cryogenically
cooled crystals, laser-cooled atoms, and ions [34–36].
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Nevertheless, it remains challenging to deterministically
execute a nonlocal quantum gate across room-temperature
quantum memory modules, which is essential for the
scalable quantum modular architecture.
Here, we design and demonstrate a nonlocal quantum

gate between memory modules with a spatial separation of
3 m, which operates under deterministic and room-temper-
ature conditions. We develop two sets of cavity-enhanced
atomic modules, which are interconnected by a single pair
of distributed entangled optical modes and real-time mutual
feedforward controls. Both functions of quantum gate and
quantum memory can be realized in this system, which
consists of three quantum modules in Fig. 1. A logical
quantum mode is encoded in the conjugate quadrature
components of the collective atomic spin waves in quantum
modules A and B. First, two sets of cavity-enhanced atomic
modules with birefringent crystals are developed as control
and target modules for processing and storing quantum
information. The room-temperature atomic cells offer an
attractive physical system with advantages featuring strong
and controlled interaction and simple operation [37–39]
and can be explored for quantum memory of optical

quantum states [29,40,41]. However, there is a trade-off
between the memory temperature and noise in atomic cells.
With the cavity-enhanced technique [42], the memory
cavity with birefringent material suppresses noise by the
perfect cavity antiresonance, while the memory cavity
enables strong interaction by cavity resonance with the
signal and control beams. Thus, cavity-enhanced quantum
memory with birefringent material makes room-temper-
ature operation feasible. Second, continuous-variable (CV)
Einstein-Podolsky-Rosen (EPR) entangled modes are
deterministically generated in module C and distributed
to connect two spatially separated modules A and B. The
CV quantum information paves an effective avenue for
deterministically generating, manipulating, and detecting
quantum states [43–45]. Quantum memory for CV
entangled modes has been achieved in room-temperature
atomic modules [30,46], which is the building block of
quantum gate. In our scheme, the submodes of EPR state
(â1 and â2) are generated by two optical parametric
amplifiers with a beam splitter and are distributed to two
spatially separated modules with the atomic spin wave (Ŝ1
and Ŝ2). Third, the real-time mutual feedforward controls
are developed to implement a nonlocal quantum non-
demolition (QND) gate [47]. The measurement-based feed-
forward is utilized for quantum operations across spatially
separated atomic modules and offers an ideal interface to
avoid the unrecoverable loss of quantum information
during transfer across quantum channels [48]. With real-
time mutual feedforward controls, the nonlocal QND gate is
deterministically implemented. The quantum state in one
module can be changed on the basis of the quantum state in
the other one, and the genuine quantum nature of the gate is
verified by deterministically entangling these two output
atomic modules. Therefore, this system not only determin-
istically achieves nonlocal quantum gate between room-
temperature memory modules, but also significantly
decreases the hardware cost and simplifies the complexity
of scalable quantum networks.
To achieve such a nonlocal quantum gate, a quantum

network architecture is developed to address all aspects
including the quantum source, distribution modules, and
mutual classical controls. The aim of nonlocal QND gate
between quantum nodes is to realize controlled-NOT oper-
ation for the target state with the help of the control state. For
CV systems, the basic units of quantum information are
quantum modes, instead of quantum bits in discrete variable
systems, and an equivalent of the basic controlled-NOT gate
for quantum bit systems is a QND gate for quantum mode
systems (

P
AB jaiAjbiB ¼ jaiAjaþ biB, a; b∈R) [49,50].

The QND gate is implemented between two nonlocal atomic
modules interconnected by a pair of distributed entangled
modes. The input states of the modules are coupled with the
shared EPR state based on the light-atom interference.
Subsequently, the balanced homodyne detection (BHD) of
transmitted modes on each module make the projection on

Module C

a^

Module A

S

CV EPR
a^

S^

Module B

FIG. 1. Schematic diagram of the deterministic nonlocal
quantum gate between spatially separated room-temperature
memory modules. Quantum modules A and B are two cavity-
enhanced atomic modules at room temperature to process and
store quantum information. Quantum module C is the quantum
resource to deterministically generate a pair of CV EPR entangled
optical modes (solid lines), which are distributed to connect two
atomic modules. The nonlocal quantum gate is implemented by
real-time mutual feedforward control with the BHD results via
classical communication channels (dashed lines).
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the eigenstate of either amplitude or phase quadratures.
Finally, a nonlocal QND gate between cavity-enhanced
atomic modules is deterministically realized with the aid
of entangled optical modes and real-time mutual feedfor-
ward controls in a two-way architecture between modules A
and B (see Supplemental Material [51] for the detailed
experimental setup).
The quantum memory is achieved in room-temperature

quantum modules A and B, where the electromagnetically
induced transparency in a three-level atomic system is
employed in Fig. 2(a). The cavity-enhanced atomic module
consists of an atomic cell, an optical cavity, and a
birefringent crystal shown in Fig. 2(b), which is key for
processing quantum states with high fidelity. When the
collective atomic spin wave ŜðtÞ interacts with the signal
mode âðtÞ via effective light-atom interaction constant κ,
the quantum states of the signal mode and the atomic
ensemble can be reversibly transferred, owing to the beam
splitter interaction of Hamiltonian Ĥ ¼ κâj†Ŝj þ H:c:
(j∈ 1, 2) [61]. The total efficiency is defined as the ratio
between the energies of the released signal mode and the
input signal mode, which is the product of the write-in and
readout efficiency, and can be directly measured by a
detector. The dependence of the total efficiency on memory
time is shown in Fig. 2(c). The total efficiency can reach
0.60 with a storage time of 500 ns, and the maximum
storage lifetime is 10 μs. The noise suppression effect is
characterized by the power in cavity shown as Fig. 2(d).
The noise suppression factor with the birefringent crystal is
enhanced to 0.10 compared with that of 0.24 without the
birefringent crystal and can reach the limit of 0.02 (see
Supplemental Material [51] for the quantum memory
details).
With such high-performance quantummodules, a nonlocal

QND gate is deterministically realized with quantum module
C, where the parametric amplification in the cavity is widely
used as quantum source module for connecting quantum
modulesA andB. TheHamiltonian of the quantumsource is a
parametric amplification-type interaction, expressed as ĤL ¼
χâj†âj† þ H:c: (j∈ 1, 2)with anonlinear coefficientχ.Apair

of CV Einstein-Podolsky-Rosen entangled optical modes
are generated by coupling two squeezed states from two
opticalparametricamplifiersonabeamsplitter.Theamplitude
and phase quadratures of their submodes are, respectively,
x̂j ¼ âj þ â†j and p̂j ¼ ðâj − â†jÞ=i (j∈ 1, 2), and the quad-
rature correlation variances with squeezing parameter r are
δ2ðx̂1 − x̂2Þ ¼ δ2ðp̂1 þ p̂2Þ ¼ 2e−2r, where the squeezed
parameter of 0.35 at the rubidium D1 line is used.
By using mutual feedforward controls, the nonlocal

quantum gate is deterministically realized, and the output
quadratures of one atomic module depend on the other one.
The amplitude and phase quadratures of distributed
entangled optical modes can be mapped to the quadratures
of atomic spin wave in quantum modules, X̂j ¼ Ŝþ Ŝ† and
P̂j ¼ ðŜ − Ŝ†Þ=i (j∈ 1, 2). The nonlocal QND gate between
memory modules is encoded in the amplitude and phase
quadratures of quantum modules. In the ideal case, the
output amplitude and phase quadratures of quantum mod-
ules are
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where X̂0
1ð2Þ and P̂0

1ð2Þ are the amplitude and phase quad-
ratures, respectively, of the initial quantum state. The
calculation details of the quadrature variances in the actual
case are given in Supplemental Material Note III [51]. To
test the universal input-output relations of the QND gate, the
vacuum state and the four different coherent states are used
as input states. The covariance matrix for Gaussian states
can completely describe the QND gate output state, and the
measurement results of the corresponding output covari-
ance matrixes with different input states are demonstrated
in Figs. 3(a)–3(e), respectively. Figure 3(a) shows the
output noise variances of the quadratures X̂Q
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FIG. 2. Performances of the room-temperature memory module. (a) The atomic energy levels for the quantum module.
(b) Experimental setup of the cavity-enhanced quantum module. (c) The dependence of the total efficiency on memory time.
(d) Noise suppression effect of the memory cavity. The black star represents the signal mode resonant with the cavity; the blue star
represents the control mode resonant with the cavity; and the red star represents the four-wave mixing noise antiresonant with the cavity.
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and P̂Q
2 of the quantum modules A and B with a vacuum

input mode. In the ideal case, the output variances of X̂Q
1

and P̂Q
2 are 3.0 dB above the shot-noise level (SNL), while

the output variances of X̂Q
2 and P̂Q

1 are at the level of SNL,
due to the effect of QND gate [see Eq. (1)]. The ideal
performance is marked by the red lines, and the deviation
from the actual measured noise variances is caused by finite
squeezing and mapping efficiency. The blue lines stand for
the output noises with a coherent state instead of the
entangled state, and the variances of X̂Q

1 , P̂
Q
1 , X̂

Q
2 , and P̂Q

2

are both 3.0 dB above the SNL. In experiment, the
variances of X̂Q

1 (P̂Q
2 ) and X̂Q

2 (P̂Q
1 ) measured with the

entangled modes are 2.9 and 2.6 dB above the SNL,
respectively. Figures 3(b)–3(e) demonstrate the measure-
ment results of the corresponding output covariance
matrixes with four different coherent states X̂0

1, X̂
0
2, P̂

0
1,

and P̂0
2. The output quadratures X̂

Q
1 and P̂Q

2 depend only on
the single module. The output quadratures P̂Q

1 and X̂Q
2 are

controlled by the quadratures of the other modules P̂0
2 and

X̂0
1, respectively, where the uncorrelated quantum fluctua-

tions of P̂0
2 and X̂0

1 are added to those of P̂0
1 and X̂0

2,
respectively.
Notably, the QND gate is confirmed by checking the

entanglement between the output states, which can be
verified using the positivity under the positive partial trans-
position criterion [62,63]. If the value of the minimum
symplectic eigenvalue E is less than the benchmark of unity,
the QND gate can create the entangled atomic modules from
two pure separable states, when the initial quantum states
owned by these modules are the coherent states. To analyze
the entanglement of the QND gate output state, the

(a)

(d)

(c)(b)

(e)

FIG. 3. Covariance matrices of the deterministic nonlocal QND gate output states. (a) Covariance matrices of the output states (X̂Q
1 , X̂

Q
2 ,

P̂Q
1 , and P̂

Q
2 ) for vacuum input states. (b)–(e) Covariance matrices of the output states for four different coherent input states (X̂0

1, X̂
0
2, P̂

0
1,

and P̂0
2) with displacements of vacuum noise, respectively. The output states marked with red and blue dashed lines correspond to r ¼ ∞

and r ¼ 0, respectively.

(a)

(b)

FIG. 4. Characterizations of the deterministic nonlocal QND

gate. Minimum symplectic eigenvalue E (a) and fidelity F (b) of
nonlocal QND gate output states versus the input squeezing level
of the optical mode and write-in efficiency of quantum memory,
respectively. The red dashed lines correspond to coherent states.
The red stars are the experimental point.
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dependence of the minimum symplectic eigenvalue E on the
input squeezing level of the optical mode and the write-in
efficiency of the atomic module is as illustrated in Fig. 4(a).
Entanglement can be achieved within the upper boundary
region indicated by the red line, and the minimum sym-
plectic eigenvalue E can be optimized by enhancing the total
efficiency and optical transmission efficiency. In the experi-
ment, the minimum symplectic eigenvalue E in the atomic
ensemble reaches 0.80� 0.08 with normalization (corre-
sponding to 0.94� 0.10 of the released optical modes),
when the input squeezing level is 3.0� 0.1 dB, and a write-
in efficiency of 0.80� 0.01 is experimentally used. These
results show the output states form an entangled state
between these two atomic modules and characterize the
quantum logical process.
Furthermore, the fidelity describes the overlap between

the experimental output state ρ̂e and the ideal output state ρ̂i
and quantifies the performance of the QND gate. Figure 4(b)
shows the function of fidelity on the input squeezing level
of the optical mode and the write-in efficiency of the atomic
module. The optimal write-in efficiency and higher squeez-
ing level are required for fidelity. The experimental fidelity
of 0.81� 0.06 is achieved as the red star, and the
theoretical limit can reach 0.88, when the fidelity is 0.75
with the coherent state. Thus, a nonlocal QND gate can be
deterministically realized in such a quantum network,
which demonstrates its functionalities of quantum gate
and memory as well as feasibility of room-temperature
operation. Furthermore, the fidelity of the nonlocal QND

gate can be improved by the enhancement of squeezing
levels and total efficiency, reductions of memory noise, and
optical transmission losses, besides noiseless linear ampli-
fication (see Supplemental Material [51] for the QND gate
calculation details).
In summary, we have simultaneously realized determin-

istic quantum gate and memory with spatially separated
room-temperature modules while minimizing the cost of
quantum hardware and simplifying the complexity of
quantum networks. With distributed a pair of entangled
optical modes and mutual feedforward control, the nonlocal
QND gate with storage capability is deterministically
realized between cavity-enhanced atomic modules.
Moreover, our implementation can be adapted in the future
to incorporate schemes for frequency conversion and
commercial optical fibers [64–66] and enables quantum
networks with more modules to implement complex
quantum operations by using multipartite entanglement
[67,68]. This resource-efficient quantum network over-
comes the deterministic and room-temperature operation
challenges of scalable modular quantum processors and
may offer an efficient way toward distributed quantum
networks [69].
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