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Abstract

Thirty years after it was first proposed, quantum teleportation remains 
one of the most important protocols in quantum information and 
quantum technologies, enabling the nonlocal transmission of an 
unknown quantum state. Quantum teleportation can be used to 
overcome the distance limitation in directly transferring quantum 
states in quantum communication and the difficulty in realizing 
long-range interactions among qubits in quantum computation. 
Since 2015, experimental quantum teleportation has moved from 
simple to complex quantum states (multiple degrees of freedom, 
high-dimensional quantum states) and from proof-of-principle 
demonstrations to real-world applications. We overview these 
advances, in particular, the understanding of the nonclassical 
nature of quantum teleportation, the teleportation of complex 
quantum states, progress in experiments with photons, atoms and 
solid-state systems and applications to quantum communication 
and computation, and discuss the challenges and opportunities 
for future developments.
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networks using remote quantum teleportation based on near-Earth 
satellites16 and metropolitan optical fibre networks17,18 (Fig. 1b,e). 
Researchers have also laid the foundation for distributed quantum com-
puting19–21 by demonstrating quantum teleportation of controlled gates 
in superconducting qubits22, trapped ions23 and single neutral-atom 
quantum electrodynamics (QED) cavities24 (Fig. 1c,f).

In this Review, we discuss the progress in quantum teleportation 
since 2015 and discuss the remaining challenges and future opportuni-
ties. We begin by introducing the theoretical progress, focusing on the 
new understanding of the nonclassical nature of quantum teleporta-
tion25,26 and some potential applications based on quantum teleporta-
tion. Next, we overview quantum teleportation of complex quantum 
states, focusing on multiple DoFs15 and high-dimensional13,14 systems. 
We then outline the development of teleportation in quantum com-
munication16–18,27 and quantum computing22–24,28. Finally, we highlight 
future challenges and opportunities for quantum teleportation, hoping 
that ideas from recent experiments will provide new inspiration for the 
rapid development of quantum technologies.

Theoretical progress
In quantum teleportation, an unknown quantum state is transmitted 
from one location, usually referred to as the sender, Alice to another, 
the receiver, Bob. It is necessary to establish two channels between 
Alice and Bob, a quantum channel and a classical channel. In Fig. 1a, 
we take the simplest qubit system as an example to introduce the basic 
protocol of quantum teleportation2. The quantum channel consists of 
an entangled pair shared between Alice and Bob,

Ψ � =
1
2

( 0� 1� − 1� 0� ) , (1)−
23 2 3 2 3∣ ∣ ∣ ∣ ∣

which is one of the four maximally entangled Bell states 
( Ψ = ( 0 1 ± 1 0 )± 1

2
 and ( Φ = ( 0 0 ± 1 1 )± 1

2
. Alice and Bob 

share this entangled state, in which particle 2 is with Alice and particle 3 
is with Bob. Another party, called Charlie, provides the input particle 
1 to be teleported to Bob in a general quantum state

α βΨ � = 0� + 1� , (2)A 1 1∣ ∣ ∣

in which α and β are complex coefficients that satisfy |α|2 + |β|2 = 1, 
unknown to both Alice and Bob. Then Alice performs a Bell-state meas-
urement (BSM)29–31 and randomly projects particles 1 and 2 each to one 
of the four Bell states with equal probability. Finally, Alice informs Bob of  
the BSM result through the classical channel, and Bob performs the 
corresponding Pauli or combinations of operators {I, X, Z, ZX} on his 
particle according to the results to recover the unknown quantum state 
∣Ψ �A  of the particle of Charlie.

As an important protocol in quantum information, a basic frame-
work for quantum teleportation was established and then many vari-
ants have been developed, such as quantum entanglement swapping5, 
gate teleportation32, port-based teleportation33 and quantum tel-
eportation networks34,35. Recent theoretical advances in quantum 
teleportation focus on understanding its nonclassical nature and its 
potential applications.

Nonclassical teleportation
Quantum entanglement is key to realizing lossless transmission of 
unknown quantum states in quantum teleportation. In the ideal tel-
eportation scheme, the fidelity between the input and output states 

Key points

•• Quantum teleportation is the transfer of an unknown quantum state 
over long distances. This process requires entanglement and therefore 
cannot be simulated with classical channels.

•• In practice, a single particle has many degrees of freedom, forming a 
complex quantum state. Quantum teleportation of such states requires 
more complex entanglement preparation and Bell-state measurements.

•• Quantum teleportation is key for quantum communication 
technology. Long-distance quantum teleportation has been realized 
over a 100-km optical fibre channel and a 1,400-km satellite-to-ground 
free space channel, respectively.

•• Quantum gate teleportation distributes local gate operations between 
spatially separated particles, so that it can be used to establish links 
among distributed quantum computing nodes in quantum networks.

Introduction
Human beings have long dreamt of being able to transport themselves, 
or objects, from one location to another without actually travelling in 
between. A technology achieving this dream was imagined in science 
fiction stories and was called ‘teleportation’. Three decades ago, a simi-
lar idea appeared in quantum information and was dubbed quantum 
teleportation. Quantum teleportation enables the reconstruction 
of an arbitrary unknown quantum state of a real particle at a differ-
ent location without actually transmitting the particle. Unlike fiction, 
quantum teleportation has physical constraints: it requires entan-
glement1 between the two locations and the transmission of classical 
information, which is limited by the speed of light.

Quantum teleportation was first proposed2 in 1993 and in the early 
days, it was a theoretical scenario used in developing a formal theory of  
quantum information. But ever since, it has become an important con-
cept in the now-established field of quantum information science3 and in 
quantum technologies, for example, in urban-scale quantum communi-
cation networks4–6 or noisy intermediate-scale quantum computing7–9. 
The essential feature of quantum teleportation, that of enabling the  
nonlocal transfer unknown information, can be used to overcome  
the distance limitation in quantum communication and the difficulty 
in realizing long-range interactions in quantum computing.

Quantum teleportation was first demonstrated experimentally10,11 in 
1997. Since then, scientists have performed quantum teleportation exper-
iments in different quantum systems3 including photonic qubits (polari-
zation and time bins), optical modes, NMR, atomic ensembles, trapped 
atoms and solid-state systems. These state-of-the-art experiments on 
quantum teleportation have been summarized elsewhere3,12.

Over the past 8 years, two main trends have emerged in the devel-
opment of quantum teleportation (Fig. 1) owing to the increasing 
control over large-scale quantum systems. First, there is great interest 
in teleporting complex quantum states such as photons with informa-
tion encoded in high dimensions13,14 or in multiple degrees of free-
dom (DoFs)15, marking an important step towards the ultimate goal 
of teleporting all the information of a quantum system (Fig. 1a,d). 
Second, quantum teleportation has moved from the proof-of-principle 
demonstrations to practical applications. Great progress has been 
achieved in constructing long-distance quantum communication 
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is Ftel = 1, but in real experiments one always obtains a smaller value. 
It is possible to simulate quantum teleportation using only classical 
correlations or classical measure–prepare strategies36. This method, 
called classical teleportation, does not require the distribution of 
entangled states in advance, but it cannot achieve quantum teleporta-
tion with a theoretical fidelity of 1. The most commonly used method 
to verify nonclassical quantum teleportation is to construct fidelity-
based quantum witness. If the fidelity of the transmitted quantum 
states can exceed the maximum fidelity that can be achieved by 
classical teleportation (Fcl), then the process is called nonclassical 
teleportation.

For the single-qubit case, the fidelity bound of classical teleporta-
tion25 is Fcl = 2/3. This fidelity bound was later extended to an unknown 
state in a d-dimensional single-qudit case37,38:

F d
d

( ) =
2
+ 1

. (3)cl

According to the fidelity criterion, not all entangled states can be used 
for nonclassical teleportation. However, a new benchmark has been 
proposed in recent years, which uses all the information available in 
the teleportation experiment and proves that all entangled states can 
achieve nonclassical quantum teleportation26,39–41. The underlying idea 
of this approach is to carefully consider all the information in quantum 
teleportation, such as the density matrix of the input and output states, 
to show more nonclassical properties of quantum teleportation42.

Port-based teleportation is an important variant of quantum tel-
eportation3,33, which does not require any corrections on the side of 
the receiver (Bob). However, the disadvantage of this scheme is that the 
fidelity of teleportation converges to unity only when an infinite number 
of Bell pairs are shared. In the qubit case, in fact, it has been demonstrated 
that it impossible to realize nonclassical quantum teleportation when 
sharing one or two Bell pairs. Only when more than three Bell pairs are 
used, this scheme can achieve an average fidelity higher than two-thirds 
(reviewed elsewhere33). In recent years, port-based teleportation has 
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Fig. 1 | Different types of quantum teleportation and examples of 
applications. a, Quantum-state teleportation2: previous shared entanglement, 
Bell-state measurement (BSM), classical communication and unitary operations 
are used to transmit unknown quantum states without transmitting the 
particles themselves. The red, yellow and blue circles represent particles in  
the quantum teleportation protocol. SA, SB, SC represent the quantum channels 
for transmitting particles A, B and C. ∣ψ �A  is the input quantum state. ∣ψ �B  is the 
output quantum state. An Einstein–Podolsky–Rosen (EPR) pair is a maximally 
entangled quantum state. b, Quantum entanglement swapping5: individuals 
in two pairs of independently entangled particles become entangled with 
two non-neighbouring particles through intermediate BSM. ψ �AB

−∣  and ψ �CD
−∣  

are maximum entangled states. c, Quantum gate teleportation32: through 

entanglement and classical channels, quantum-controlled operations between 
particles 1 and 2 (C1,2) and particles 3 and 4 (C3,4) are transferred to controlled 
operations between non-neighbouring particles 1 and 4. M2 and M3 represent 
projection measurements of 2 and 3 particles, respectively. d, Applications 
of quantum teleportation in quantum communication: ultra-long-distance 
quantum-state distribution can be realized through continuous quantum 
entanglement-swapping operations. e, Applications of quantum gate tele
portation in quantum computing: quantum gate teleportation is important  
for distributed quantum computing to establish a connection between quantum 
computing nodes. Panel d is reproduced with permission from ref. 194, 
Springer Nature Ltd. Panel e is reproduced with permission from ref. 9,  
Springer Nature Ltd.
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been widely expanded, for example, to improve its efficiency43–45 and to 
propose high-dimensional46 and continuous variable (CV) port-based 
teleportation47. With the development of multicopy entanglement 
technology48,49 and joint measurements50,51, the first experimental 
demonstration of port-based teleportation can be realized.

Quantum teleportation-based theoretical applications
Quantum teleportation can not only be applied to practical tasks such as 
quantum communication or quantum computing but also can be used 
as an important theoretical tool in the theory of quantum information.

Quantum channel simulation52 has been used to design a general 
and dimension-independent technique that reduces adaptive proto-
cols into a block form53. It simplifies the mathematical expression of 
complex adaptive protocols (for example, local operations and classi-
cal communication). This technique is called ‘teleportation stretching’ 
and is especially powerful when certain protocols are implemented 
over teleportation-covariant channels53 (such as Pauli, erasure54 or 
Gaussian channels55). With this new tool, scientists established the 
ultimate capacity limits of CV and discrete-variable (DV) quantum  
key distribution in point-to-point lossy53,56, multipoint57, repeater-
assisted58,59 and network60 quantum communications. Owing to its 
capability to simplify adaptivity, teleportation stretching is used to 
achieve the ultimate precision of adaptive noise estimation for any tele-
portation-covariant channel, thus extending the teleportation channel  
simulation technique to quantum metrology61–63 and quantum chan-
nel discrimination64,65. Note that port-based teleportation is also an 
important tool in the theory of quantum information, for example, in 
the optimization66,67 and resource quantification68,69 of programmable 
quantum processors, and for the exploration of the fundamental limits 
of quantum channel discrimination64,65.

Quantum teleportation also has a role in understanding many 
physical phenomena such as quantum catalysis70, quantum decoher-
ence71,72, directly measuring quantum wave function73, macroscopic 
quantum74, the indistinguishability of photons75,76 and so on.

Quantum teleportation of complex quantum 
states
Photonic systems have various DoFs such as polarization77, orbital 
angular momentum (OAM)78, time bins79, path80 and frequency81, most 
of which can encode in high dimensions. In the real world, a single 
particle often contains many DoFs, forming a complex quantum state. 
BSM is the key technology of qubit and complex quantum-states tel-
eportation. In the qubit case, owing to the limit of linear optics, the BSM 
success probability is at most 50%82,83. This limitation can be overcome 
by using the entanglement in multiple DoFs (hyper-entanglement)84–86 
or nonlinear processes87. Theoretical studies prove that this can also 
be achieved by adding auxiliary photon pairs88,89 or error correction 
codes90,91. With the help of auxiliary photons, BSM with a success prob-
ability of 57.9% was reported in an experiment92. In the case of complex 
quantum states, the implementation of BSM is more difficult. In this 
section, we discuss quantum teleportation of photonic complex quan-
tum states, including multiple DoFs quantum states, high-dimensional 
quantum-states and hybrid systems, the ultimate goal being to teleport 
all the information of a quantum system.

Quantum states in multiple degrees of freedom
A single quantum particle can naturally have different internal and 
external DoFs with coherent coupling between them. Multiple DoFs 
represent more operational possibilities and can be used to implement 

more transmission protocols such as superdense quantum teleporta-
tion93,94 and quantum teleportation from polarization to OAM DoFs95. 
A basic challenge is to teleport multiple DoFs at the same time, which 
is necessary for a complete description of quantum particles.

Achieving multi-DoF quantum teleportation requires sharing 
hyper-entanglement in advance and implementing BSM on multiple 
DoFs. In photonic systems, the most difficult task is to implement 
hyper-BSM because it requires coherent controlled gates between inde-
pendent qubits of different DoFs and measuring one of the DoFs with-
out interfering with others96. In 2007, it was theoretically proved that it 
is impossible to distinguish hyper-entangled Bell states deterministi-
cally using only linear optics without auxiliary particles97 because BSMs 
with different DoFs will interfere with each other, leading to failure of 
simultaneous recognition of all hyper-entangled Bell states. However, 
some protocols have been proposed for quantum teleportation with 
multiple DoFs98,99 and in 2015, scientists successfully overcame this 
challenge and simultaneously teleported photonic polarization and 
OAM DoFs for the first time15 (Fig. 2a). This was possible owing to the 
creative use of quantum non-demolition measurement (QND), which 
refers to the observation of a single photon without destroying it and 
preserving its quantum information intact. Interestingly, quantum 
teleportation assisted by entanglement can achieve probabilistic QND 
detection. The protocol in ref. 15 can also be extended to the quantum 
teleportation of more DoFs at the same time.

Researchers have teleported five hyper-quantum states with a 
fidelity greater than the classical upper bound of 0.4 for simultaneous 
quantum teleportation of two DoFs state in one photon37,38. The last 
teleported quantum state was a hyper-entangled state, which is an 
entangled state formed by polarization and OAM DoF on the same pho-
ton and its fidelity exceeded the bound of the entangled state (0.5)100. 
Because of the existence of auxiliary particles, the whole quantum 
teleportation was a six-photon experiment, and the photon counting 
rate was approximately 15 clicks per hour.

Photon hyper-entanglement has been realized with two or more 
DoFs101–104 and can be distributed over an 11-km fibre channel105 and a 
1.2-km free-space channel106. When this is combined with QND meas-
urement, one can expect that long-distance quantum teleportation of 
more DoFs will be achieved in the future.

Quantum states in high dimensions
Compared with two-level systems (qubits), high-dimensional systems 
(multilevel systems encoding qudits) are more prevalent in nature. 
The ability to coherently control high-dimensional quantum states is 
important for developing advanced quantum technologies80,81,107–109. 
Compared with conventional qubit systems, qudit systems can offer 
extended possibilities such as both higher capacity110–112 and more 
noise resilience in quantum communications113–115, more efficient 
quantum simulation116 and computation117 and greater violation of 
Bell inequalities118.

The challenges in high-dimensional quantum teleportation are: 
preparing high-quality high-dimensional entanglement sources and 
implementing high-dimensional BSMs12. Progress has been made in 
developing high-dimensional entanglement preparation technologies 
that use OAM78, time bins79, paths80,119 and frequency81. Achieving high-
dimensional BSM has become urgent for realizing high-dimensional 
quantum teleportation.

In 2002, it was pointed out that partial high-dimensional BSM 
requires additional auxiliary particles120. The key insight is that it is 
impossible to clearly distinguish a single Bell state from other d2 − 1 
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states using only linear optics, and all Bell states can only be divided into 
several categories97,111. Similar to the concept of genuine multipartite 
entanglement, genuine high-dimensional teleportation cannot be 
simulated by low-dimensional quantum teleportation with a fidelity 
exceeding (d − 1)/d. In 2017, experimenters successfully demonstrated 
the teleportation of multiple OAM states121, which makes the simulta-
neous transmission of 2D subspaces possible with high-dimensional 
quantum states.

In 2019, genuine 3D quantum teleportation was realized in two 
experiments13,14 using the path DoF of photons (Fig. 2b). The difference 

between these two experiments is that the two research groups used 
different high-dimensional BSM schemes. In one experiment, a Fourier 
transformation with three inputs and three outputs was used, which 
requires an auxiliary particle14. This method can be extended to any 
number of dimensions, requiring (d − 2) auxiliary photons. This experi-
ment requires a pair of 3D entangled photons, a transmitted photon 
and an auxiliary photon, finally resulting in a four-photon experiment. 
Twelve states from four mutually unbiased bases were transmitted122 
with an average fidelity of 75 ± 1%, which exceeds the classical limit (1/2) 
and the genuine 3D limit (2/3). The count rate of this experiment was 
400 counts per hour.

In the other experiment, a pair of polarization-entangled states was 
used as an auxiliary in the 3D BSM13 (Fig. 2b). This method can also be 
extended to any number of dimensions, requiring (log 2(d) − 1) entangled 
pairs. Nine information-complete states were teleported, and the pro-
cess matrix of quantum teleportation was reconstructed with a fidelity 
of F = 59.6 ± 3.7%. Genuine high-dimensional quantum teleportation was 
verified to have been achieved by calculating the non-simulability of the 
process matrix from 2D quantum teleportation26. Because entangled-
photon pairs were used as auxiliary particles, the final experiment was a 
six-photon experiment with a count rate of 10 counts per hour.

The limitation of linear optics in BSM is mainly due to the fact that 
photons do not interact with each other, but this can be overcome by 
using a nonlinear photon process. In 2000, nonlinear processes were 
successfully used for simultaneous deterministic measurement of 
four polarized Bell states87. In 2022, two experiments used a nonlinear 
process to teleport a high-dimensional photonic quantum state, with 
one experiment encoding the state in OAM and the other encoding it 
in Hermite-Gaussian (HG) modes. The core principle of using nonlin-
earity for high-dimensional BSM is that two photons in different high-
dimensional Bell states acquire distinguishable single-photon states 
in the up-conversion process123 (Fig. 2c).

In an experiment124 using 3D OAM BSM, the average quantum 
teleportation fidelity of 12 mutually unbiased base quantum states 
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Fig. 2 | Teleportation of photonic complex quantum states. a, Concept 
for quantum teleportation with multiple degrees of freedom (DoFs)15. 
The polarization and orbital angular momentum (OAM) DoFs of a photon 
are teleported simultaneously. To avoid the influence of the Bell-state 
measurement (BSM) of the polarization DoF (in PBS) on the OAM DoF (in BS), 
the experimenter used a quantum non-demolition measurement (QND), 
which is based on assisted entanglement quantum teleportation. The success 
probability of the final multiple-DoF BSM is 1/32. U O and U S represent the 
unitary operations on OAM and spin DoFs, respectively. b, Concept for 
quantum teleportation of a 3D path state. To realize the path DoF of the 3D 
BSM, a pair of entangled photons is used to assist in ref. 13 (as illustrated 
here), and a single-photon-assisted Fourier transform with three inputs 
and three outputs is used in ref. 14. In these two experiments, the success 
probabilities of the 3D BSM are 1/162 and 1/81, respectively. c, Concept 
for high-dimensional OAM124,125 and Hermite-Gaussian-mode125 quantum 
teleportation. The experimenter prepared the spatial-mode entangled state 
through SPDC. HDBSM can be achieved using mode conservation in the up-
conversion of a nonlinear crystal (NLC). APD, avalanche photodiode detector; 
BS, beam splitter; h-BSM, hybrid Bell-state measurement; HDBSM, high-
dimensional Bell-state measurement; PBS, polarization beam splitter;  
SLM, spatial light modulator; SPDC, spontaneous parametric down-conversion;  
U3, 3D unitary operation. Panel a is reproduced with permission from ref. 15, 
Springer Nature Ltd; panel b is reproduced with permission from ref. 13,  
APS; panel c, image courtesy of Berenice Sephton.
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was F = 0.879, which proves that it was nonclassical and a genuine  
high-dimensional process. Another experiment125 (Fig. 2c) achieved high- 
dimensional quantum teleportation with 9D HG modes in addition to 
OAM. The fidelity was 99 ± 3% for 4D OAM states and 81 ± 2% for 9D HG 
mode states. Although these two experiments used a coherent source, 
with future advances in nonlinear optics they could also be performed 
at single-photon level without changing the single-entangled-pair 
configuration.

Note that an optical image has been successfully teleported by 
exploring the full transverse spatial entanglement126. Combined with 
phase information, this technology is expected to realize quantum 
teleportation of spatial mode wave functions in the future127.

The concepts and techniques of the experiments discussed in this 
section can be transferred to other high-dimensional DoFs. Combin-
ing them with high-dimensional entanglement distribution techno
logy81,106,119,128,129 can achieve high-dimensional quantum teleportation 
over a long distance. With the development of high-dimensional quan-
tum memory technologies130–135, high-dimensional quantum teleporta-
tion will hopefully be used in high-dimensional quantum networks136 
to improve performances.

Quantum states in continuous variables and hybrid 
approaches
Infinite-dimensional Hilbert spaces, which are CV systems55,137, are 
important to optical quantum teleportation3. In the early years, CV 
quantum teleportation was demonstrated in optical modes138 and 
collective spins of atomic ensembles139,140.

CV quantum teleportation is not only an important tool for Gauss-
ian channel simulation52 but also to other theoretical studies. For exam-
ple, a resource theory framework has been constructed to calculate 
the minimum entanglement consumption required for CV quantum 
teleportation56,141–144. Furthermore, a concatenated error-correction 
method based on CV quantum teleportation has been used to build 
a loss-tolerant quantum repeater architecture145. A sequential phase 
estimation protocol enabled by repeated CV teleportation has shown 
both super resolution and super sensitivity146.

From the experimental point of view, efforts have been dedicated 
to increasing the capacity of quantum teleportation channels in CV 
systems. One group innovatively used a high-gain parametric amplifier 
based on four-wave mixing in an 85Rb vapour cell to realize BSM without 
detection, which avoided the optic-electro and electro-optic conver-
sion required by traditional BSM in a CV system55. Using such all-optical 
feedforward technology, measurement-free all-optical quantum tel-
eportation147 and quantum entanglement swapping148 protocols were 
experimentally realized, which are expected to release the bandwidth 
limitation of CV quantum information protocols in building broadband 
quantum networks. Multiplexing optical modes can effectively increase 
the transmission capacity of quantum teleportation. A CV system was 
successfully teleported using nine OAM147 and five optical frequency 
comb149 multiplexed channels.

CV quantum information processing benefits from complete 
BSM, high detection efficiency and unambiguous state discrimina-
tion. However, its sensitivity to loss limits its fidelity. DV systems can 
effectively resist losses, but they are limited by probabilistic opera-
tions and BSM. Combining the two in a hybrid architecture could have 
significant advantages150,151.

Many attempts have been made to teleport hybrid quantum sys-
tems but the biggest challenge is preparing hybrid entanglement and 
special BSM. Hybrid entanglement of Fock-squeezed states152, cat-Fock 

states153,154 and polarization-cat states155 can be used to build hybrid 
quantum networks. When combined with other DV quantum states or 
entanglement types such as polarization entanglement and Fock-state 
entanglement, this can achieve teleportation of hybrid quantum states 
or hybrid quantum entanglement swapping.

BSM is also a key factor in such experiments. For instance, using a 
cat-state BSM, the experimenter can teleport a CV cat qubit to a DV Fock 
qubit state153. Although only one Bell state has been recognized in this 
experiment153, in principle, four Bell states can be identified determin-
istically at the same time by including a detector that can distinguish 
the number of photons. Entanglement between a DV polarization qubit 
and CV opposite-amplitude coherent state has been realized through 
quantum entanglement swapping using a BSM of a polarization DoF155. 
Heralded creation of a hybrid entrance has been realized at a 47-ns 
delay distance using a Fock-state BSM with a single-shot counter and 
a homodyne detector for hybrid entanglement swapping154. These 
experiments open the prospect of connecting heterogeneous nodes 
in a network with increased integration and new functions.

Quantum teleportation for quantum 
communication
Quantum teleportation can be used to transmit an unknown quantum 
state without it actually travelling along the way, which is important in 
quantum communication4. The quantum non-cloning principle36 that 
an unknown quantum state cannot be copied limits the transmission 
distance of quantum communication. For a direct fibre-based link 
from the transmitter to the receiver, the key rate decreases exponen-
tially with the transmission distance and cannot surpass the Piran-
dola–Laurenza–Ottaviani–Banchibound −log2(1 − η)53, where η denotes 
the transmittance of the link. As a variant of quantum teleportation, 
quantum entanglement swapping (Fig. 1b) can be used to overcome 
this limit. The basic principle of quantum entanglement swapping is 
that the key rate attenuation can be reduced from exponential to poly-
nomial through segmented communication. Quantum memories156 
can effectively improve the efficiency of quantum entanglement swap-
ping among multiple nodes. Memory-based quantum entanglement 
swapping can be used in a quantum repeater5 and has been demon-
strated in an atomic ensemble157, a single atom6,158, an ion trap159, rare-
earth solid state memory160,161 and a nitrogen-vacancy (NV) centre162. 
However, these experiments have mainly focused on the platforms 
or on short distances. The progress in quantum repeaters has been 
discussed in other reviews163–166. In recent years, interesting variations 
of teleportation have also emerged in quantum communication, such 
as controlled quantum teleportation112,167 and teleportation of a shared 
quantum secret168.

We subsequently overview recent developments of long-distance 
quantum teleportation, including photonic quantum teleportation 
based on optical fibre networks, free-space satellites and integrated 
systems that are expected to be implemented on a large scale.

Optical fibre network
In a future quantum network19,169, multiple nodes will share entangle-
ment through quantum repeaters to form a quantum entanglement 
connection. Quantum networks with remote nodes require each 
node to have an independent quantum entanglement source, and 
photons from different sources are indistinguishable when quantum 
interference occurs after long-distance distribution170.

Achieving high-visibility and highly stable interference 
between photons in a long-distance optical fibre network requires 
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a high-precision synchronization system and a quantum channel 
stabilization system. However, in the real world, the effective length 
and polarization of the quantum channel will fluctuate, making the 
two photons distinguishable and reducing the interference visibility. 
This situation did not exist in the previous proof-of-concept local 
experiments in stable laboratory environments171,172.

In 2016, two groups independently realized long-distance quan-
tum teleportation in metropolitan optical networks in the cities of 
Hefei and Calgary (Fig. 3a).

In the Hefei experiment17, the transmitted state was encoded with 
true single photons77 at the telecom wavelength, and an active feed-
forward scheme was used to increase the BSM success probability to 
50%. This was the first time quantum teleportation was achieved with 
independent quantum sources, previous entanglement distribution 
and active feed-forward operations simultaneously in a long-distance 
optical fibre network. In this experiment, the error signal derived 
from the photon arrival time in the feedback loop was used to reduce 
the total arrival time jitter of photons from the remote nodes to 6 ps, 
which is negligible compared with the photon coherence time of 110 ps.

In the Calgary experiment18 (Fig. 3a), the transmitted state was 
not encoded with single photons, but with an attenuated laser beam, 
a method that can be applied to a decoy state protocol developed 
through quantum cryptography173. This was different from the Hefei 
experiment in that it used nondegenerate entangled photon sources 
with wavelengths of 1550 nm and 795 nm. The state was teleported from 
1550-nm photons to 795-nm photons, which permits more efficient 
and robust photon detectors to be used around Bob. These different 
settings made this experiment achieve a higher transmission rate of 
12 clicks per minute.

The aforementioned two experiments show that a quantum net-
work spanning cities is realistic. The entangled photon sources in 
these experiments were generated through spontaneous parametric 
down-conversion (SPDC)77. The random nature of this process limits 
the generation rate for multiphoton states, but more recently, great 
progress has been made in developing on-demand solid-state quantum 
emitters. Quantum teleportation using solid-state emitters has been 
demonstrated successfully174–177, providing an alternative high-speed 
solution to SPDC. The development of superconducting detectors 
has significantly improved photon detection efficiency in the com-
munication band, thus increasing the teleportation distance to over 
100 km178–180. One experiment181 used a high-performance time bin 
entangled quantum light source with a single-fibre-pigtailed periodi-
cally poled lithium niobate (PPLN) waveguide to achieve high-speed 
quantum teleportation along a 64-km-long fibre channel at a rate of 
7.1 Hz. CV quantum teleportation through a 6-km optical fibre has been 
also realized in the laboratory182. Some experiments have also verified 
that decoherence in quantum teleportation can be effectively reduced 
by regulating the channel noise183,184.

Free space
Owing to the unavoidable photon loss of the distribution channel, 
the transmission distance of quantum teleportation using optical 
fibres178,179 and ground-free space185,186 channels was limited to about 
100 km in previous studies. Realizing a ‘quantum internet’187 on a global 
scale requires greatly expanding the scope of quantum teleportation.

One method is to use quantum repeaters164–166 to continuously 
complete quantum entanglement swapping to extend the distance of 
photon entanglement over a long distance. However, quantum repeat-
ers need quantum memory156 and quantum interface188 technologies 

with excellent performance, and these are still in the laboratory 
verification stage.

Another promising way is to use satellite platforms and space-
based links to connect remote modes on Earth. In this case, most of the 
photon propagation paths are in empty space, which greatly reduces 
channel loss and decoherence. Many satellite projects have been pro-
posed for quantum communications, such as the Micius satellite189, the 
Quantum Encryption and Science Satellite (QEYSSat) project in Can-
ada190 and the CubeSat Quantum Communications Mission (CQuCoM), 
undertaken by a joint research team191.

In 2017, quantum teleportation was achieved from a ground obser-
vatory station in Ngari to the Micius satellite16 (Fig. 3b). The ultra-bright 
four-photon sources had a wavelength of 780 nm192, the counting 
rates were 5.7 × 105 s−1 for the teleported photons and 1 × 106  s−1 for the 
frequency-uncorrelated entangled photon pairs and the fidelity was 
0.933. The experiment optimized the efficiency of entanglement dis-
tribution and overcame atmospheric turbulence in the uplink by using 
narrow beam divergence, high bandwidth, high-precision acquisition, 
pointing and tracking techniques (Fig. 3b). The average teleportation 
fidelity for the six input states was F = 80 ± 1% > 2/3. As for CV systems, 
this scheme can also perform remote quantum teleportation via satel-
lite connection193. More complex space-to-ground quantum teleporta-
tion is expected to be realized soon and to have a key role in the future 
space–ground quantum internet194.

Integrated chips
Integrated quantum information processors provide an excellent 
opportunity for developing quantum communication with superior 
performance because of their high stability and scalability. Integrated 
quantum photonics195–197 has made rapid progress in recent years, which 
has enabled high-quality generation, processing and detection of 
multiphoton states198,199.

In 2014, quantum teleportation was demonstrated in an ultravi-
olet-written silicon photonic chip200. However, a major challenge fac-
ing this setup is implementing sufficiently high-quality multiphoton 
sources and multiqubit operators in a single integrated system.

In 2020, another group realized fully integrated interchip quantum 
teleportation27. The design of on-chip microring resonators (Fig. 3c) 
achieved a spectral purity of 92% and a two-photon interference of 
90.99 ± 3.91%. The heralding efficiency after the resonators was meas-
ured to be 50%, which means that the signal photon of a photon pair 
can escape the resonator with a probability of 50%. The transmitter and 
receiver were coherently linked by a 10-m single-mode fibre, enabling 
quantum teleportation between chips. The teleported states were 
recovered on the receiver chip with an average fidelity of F = 88.5 ± 3.7%. 
This chip was also used to prepare three-photon and four-photon 
Greenberger–Horne–Zeilinge states with fidelities of F3 = 73.5 ± 1.7% 
and F4 = 68.3 ± 1.4%.

Scalable integrated optical quantum chips permit to implement 
high-dimensional quantum information processing tasks80,201. In 2022, 
experimenters applied unsupervised machine learning to train an 
on-chip autoencoder to encode 3D quantum states onto 2D quan-
tum teleportation, observing 3D teleportation with a fidelity of 0.894 
(ref. 202). With the development of integrated quantum chips, an 
on-chip high-dimensional quantum teleportation is expected to be 
realized, which contains high-dimensional quantum-state transmission 
and high-dimensional BSM.

Quantum teleportation with an integrated quantum memory has 
also been investigated. For example, high-frequency nano-optical 
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systems203 can be used for quantum memory in optical communication 
and are therefore promising as nodes in a future quantum network. In 
2021, a polarization-encoded optical input state was teleported into 
the joint state of a pair of integrated nanomechanical resonators204. 
The mechanical coherence lifetimes of the two integrated nanome-
chanical resonators were T = 1.3 µsA

1
( )  and T = 1.9 µsB

1
( ) , which should be 

long enough to store the teleported state until it is read. In 2022, an 
experiment demonstrated long-distance quantum teleportation from 
a photonic qubit to a 17.5 μs rare-earth crystal quantum memory 
through a 1-km fibre channel205. Integrated quantum teleportation will 
be realized in the future by combining integrated solid-state quantum 
memory206–208 with simultaneously integrated entangled photon 
sources and interfaces.

Quantum teleportation for quantum computing
Gate quantum teleportation (Fig. 1c) is an important variant of quantum 
teleportation that distributes local gate operations between spatially 
separated particles (Fig. 4a).

In 1999, a theoretical proposal suggested that a universal quan-
tum computer could be built using only quantum teleportation, local 
operations and classical communication32. More importantly, telepor-
tation-based quantum computing can effectively block propagating 
errors so that fault-tolerant quantum computing can be expanded on 
a large scale.

Gate teleportation is also the core of quantum computing based 
on cluster states49,209 and other kinds of measurement-based quantum 
computing210. In this model, gate operations can be distributed through 
quantum gate teleportation among different particles that come from 
multipartite entangled states.

Both entanglement distribution and state transfer via teleportation 
are necessary in quantum networks60. In a quantum network19,187, quan
tum teleportation is the core technology for remote connection of 
quantum computers, to achieve synchronous distributed computing  
of different nodes20,21,211.

Quantum gates
Quantum gate teleportation was first demonstrated in a photonic sys-
tem212,213 and could be applied in linear optical quantum computing 
theory214. Quantum gate teleportation has also been implemented 
with superconducting qubits22, trapped ions23, QED cavities24 and 

quantum dot spin qubits215,216. These systems have excellent scalabil-
ity and are candidates for future large-scale fault-tolerant quantum 
computers217,218.

In 2018, gate teleportation was demonstrated using a supercon-
ducting cavity219 coupled to a superconducting circuit qubit22. This 
setup had a record quantum lifetime (approximately 1 ms) and sub-
microsecond feed-forward controls (Fig. 4a). In addition, the experi-
ment used an error-correcting code that uses the bosonic nature of 
the cavity. This is more robust than standard qubits. With error correc-
tions, the process fidelity of the gate teleportation was increased from 
68 ± 2% to 79 ± 2%. A propagating microwave is an important carrier 
of the superconducting circuit interface. In another experiment, a 
propagating coherent microwave state was teleported over a distance 
of d = 0.42 m in the laboratory220. Superconducting qubit entangle-
ment has achieved a 10-m distribution221–224. These advances lay the 
foundation for quantum gate teleportation of remotely separated 
superconducting qubits.

In 2019, an entangled pair of 25Mg+ ions was used to verify deter-
ministic gate teleportation between two 9Be+ ions23 (Fig. 4b). From the 
measurement outcomes, the experimenters determined the quantum 
process by maximum likelihood estimation and inferred a 95% con-
fidence interval of (0.845, 0.872) for the entanglement fidelity with 
respect to an ideal C-NOT gate. The interface between a photon and 
trapped ion has been used to entangle two ion traps 230 m apart225. 
In the future, similar technologies can be used to achieve ion-based 
remotely distributed quantum computing in quantum networks.

In 2021, quantum teleportation was achieved between two QED 
cavities226 connected through a 60-m optical fibre227 (Fig. 4c). This 
approach demonstrates a new teleportation protocol that, in princi-
ple, allows for unconditional teleportation without the need for the 
commonly used pre-shared entanglement resource. This scheme 
requires two C-NOT operations between the QED cavity nodes and  
the auxiliary photon. Using this new quantum teleportation scheme, the  
experimenters realized a remote C-NOT operation24 between QED 
cavity nodes with a spacing of 60 m. The experiment achieved an aver-
age overlap fidelity of 76.6 ± 1.0% with ideal Bell states. In this scheme,  
only one single-photon transmission and measurement is used for tel-
eportation, effectively reducing the consumption of entangled photon 
pairs, and providing a new solution for large-scale and long-distance 
quantum networks.

Fig. 3 | Quantum teleportation for quantum communication. a, Quantum 
teleportation was achieved in metropolitan optical networks in the cities 
of Calgary18 and Hefei17. The map shows the experiment in Calgary. The 
experimenters successfully synchronized two independent photon sources 
(in nodes A and C) with an interval of 8.2 km. Quantum teleportation was 
demonstrated in a three-node fibre-optic network with lengths of 6.2 km and 
11.1 km. A, B and C represent the nodes of Alice, Bob and Charlie. b, Quantum 
teleportation was realized in free space from an observatory ground station in 
Ngari to the Micius satellite over a distance of 1,400 km. In the experiment16, 
780-nm photons were used as the quantum communication carriers. In the right 
figure, the Ngari observation station is on the ground, and the Micius satellite is 
in the air, and the physical distance between the ground station and the satellite 
varied from a maximum of 1,400 km to a minimum of 500 km. As a result, the 
channel loss of the uplink varied from 52 dB to 41 dB. The four-photon source 
preparation and Bell measurement were completed at the Ngari observatory 
station. One photon of the entangled photon source was sent to the Micius 
satellite to establish a ground-to-satellite entanglement distribution. c, Quantum 
teleportation in an integrated chip27. Four microring resonators were prepared 

on silicon to generate single photons with high spectral purity and high heralding 
efficiency by eliminating the requirement of spectral filtering. A connection 
was established using a 10-m single-mode fibre, enabling quantum teleportation 
from one chip to another. Subpanels on the right are microring resonator 
structures and teleportation receiver. HOM, Hong–Ou–Mandel effect; BSM, 
Bell-state measurement; CC, classical channels; QC, quantum channel; FBG, fibre 
Bragg grating; IM, intensity modulator; FM, Faraday mirror; MZI, Mach–Zehnder 
interferometer; BS, beam splitter; PBS, polarization beam splitter; HWP, half 
wave plate; LD, laser diode; PDs, photodiodes; PPLN, periodically poled lithium 
niobate; DM, dichroic mirror; FP, Fabry–Perot cavity; FPGA, field-programmable 
gate array; VEDL, variable electronic delay line; DWDM, dense-wavelength 
division multiplexers; AWG, arbitrary waveform generators; Si-APD, silicon 
avalanche photodiodes; SPD, single-photon detector; SNSPD, superconducting  
nanowire single-photon detectors; CMOS, camera; SHG, second harmonic 
generation; SPDC, spontaneous parametric down-conversion. Panel a is 
reproduced from ref. 18, Springer Nature Ltd; panel b is reproduced from 
ref. 16, Springer Nature Ltd; panel c is reproduced from ref. 27, Springer 
Nature Ltd.
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Individual electron spins in semiconductor quantum dots are a 
candidate platform for quantum computing owing to their long corre-
lation time and scalability228. Two experiments used quantum dot spin 

qubits to realize quantum-state teleportation, entanglement swapping 
and gate teleportation215,216, which can be used to create and manipulate 
long-range states and correct errors in quantum dot spin qubits.
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Fig. 4 | Quantum gate teleportation for quantum computing. a, Concept of 
distributed quantum computing and gate teleportation with superconducting 
qubits. The left side illustrates distributed quantum computing in a quantum 
network. Divide the particles in each node of quantum computing into data 
qubit (qubits) (red) and communication qubit (qubits) (blue). Each node is 
connected by entanglement (purple), and different nodes perform synchronous 
quantum computing through quantum gate teleportation. The circuit diagram 
for gate quantum teleportation is shown in the middle; it consists of four 
steps: first, entanglement of two communication qubits (blue line); second, 
controlled gate operation of data qubit (red line) to communication qubit; 
third, perform X and Z Pauli measurements on two communication qubits 
separately; fourth, perform X and Z operations on the data qubits on the basis 
of the measurement results. The right side shows quantum gate teleportation 
with superconducting qubits22. The gate teleportation consists of a logical qubit 
defined as a coaxial quarter wavelength (λ/4) 3D cavity (data qubit (red)) and 
an entanglement qubit defined as a Y-shaped transmon qubit (communication 
qubit (blue)) . b, Setup for quantum gate teleportation with trapped ions23. 
The blue dots represent 9Be+, and the red dots represent 25Mg+ ions. A–F shows 

ions trapped in a segmented linear Pauli trap, which can be moved between 
different regions of the trap. Therefore, the experimenters can simplify the 
C-NOT gate by using only one laser interaction zone (LIZ) and transporting the 
separated qubits to this location. The experiment demonstrates a deterministic 
teleported C-NOT between two 9Be+ ions using a shared engaged pair of 25Mg+ 
ions. c, Quantum-state teleportation in cavity quantum electrodynamics 
(QED)227. Two cavity QED setups are connected with a 60-m-long optical fibre. 
This is different from the previous quantum teleportation protocols because 
a single photon is used as the medium, and the QED cavity on both sides 
completes the C-NOT gate operation in turn with the single photon. Then 
the experimenter performs projection measurements on the single photon 
and on the QED cavity of Alice, and the measurement results are reported to 
Bob through the classical channel to complete the quantum teleportation. 
This protocol can achieve C-NOT gate operation of two remotely located QED 
cavity nodes with slight changes24. A/D, antidiagonal/diagonal polarization; 
NPBS, non-polarized beam splitter. Panel a reproduced from ref. 22, Springer 
Nature Ltd; panel b reproduced from ref. 23, AAAS; panel c reproduced from 
ref. 227 under a Creative Commons licence CC BY 4.0.
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Multiple nodes
In future quantum networks, qubits implemented in atomic227, trapped-
ion23 and various other systems22,229 will form network nodes for quan-
tum computing, quantum sensing and other applications. Through 
flying qubits, such as microwave photons, quantum teleportation will 
be used to send quantum information between these quantum nodes. 
Connecting multiple nodes or non-neighbouring nodes becomes a 
major challenge as the number of nodes increases. In recent years, 
entanglement between three cold atomic ensembles230 or three 
independent NV centre spins231 has been achieved by optical interfer-
ence postselection or local spin entanglement. In these studies, the 
three nodes were neighbours, and the non-neighbouring nodes were 
connected by quantum teleportation.

In 2022, an experiment showed quantum teleportation between 
NV qubit nodes without direct connection through quantum chan-
nels28. The experimenters used NV qubits as the three nodes to 
construct a quantum network and used NV electronic spin as the com-
munication qubit and a nearby 13C nuclear spin as a memory qubit. 
First, an entanglement of non-neighbouring nodes was established 
through quantum entanglement swapping, and then quantum tel-
eportation was conducted between two nodes. The average teleported 
state fidelity was 70.2 ± 1.1% at a rate of 0.5 per minute. Compared with 
previous efforts to entangle three nodes230,231, this experiment clearly 
demonstrated multinode quantum repeaters164–166 which is an impor-
tant functional tool in quantum networks. The advantage of memory 
qubits is that they can be used to read out and protect qubit informa-
tion while generating entanglement and, at the same time, achieve the 
real-time rejection of false remaining signals. Quantum teleportation 
between multiple nodes should also be realized in other solid-state160,161 
or atomic systems6,158 in the near future.

Quantum error correction
Quantum error correction is essential for reliable quantum information 
processing on a large scale217,218. Quantum teleportation is an important 
means to encode physical qubits into logical qubits232.

In 2021, two experiments demonstrated the teleportation of 
physical qubits to fault-tolerant logical qubits. In one experiment233, 
a photonic polarization qubit was teleported to a logical qubit of the 
nine-qubit Shor code234, and the nine qubits were encoded in three DoFs 
(polarization, path and OAM) of three photons. A bit flip of one of the 
nine physical qubits encoding the logical qubit resulted in a change 
in the error syndrome measurements and thus could be excluded. 
After correction, the average fidelity of the three teleported states 
was F = 78.6 ± 1.7%, well exceeding the classical bound of two-thirds.

The other experiment235 simulated the teleportation of a physi-
cal superconducting qubit to a logical code qubit (the Majorana zero 
mode qubit236). The Majorana code is a quantum error-detecting code 
for phase-flip errors that is used to improve the average fidelity of 
teleportation for six states from 70.76 ± 0.35% to 84.60 ± 0.11%, well 
beyond the classical bound in either case.

Outlook
Since 2015, developments in quantum teleportation technology 
have mainly focused on transitioning from simple to complex quan-
tum states and from proof-of-principle demonstrations to practical 
applications. Table 1 summarizes the performance of various systems 
in quantum teleportation. Flying photonic qubits are often used in 
long-distance quantum communication media, and atomic and solid-
state systems are often used in quantum computing nodes. The two 

can be combined to construct quantum networks using quantum 
teleportation19.

Developments in the teleportation of complex quantum states 
have mainly focused on photonic systems, the challenges being 
the preparation of entanglement12 and the BSM in complex quan-
tum states120. In photonic systems, BSM with multiple DoFs or high 
dimensions in linear optics requires auxiliary particles13–15,88,89,92,237 or 
nonlinear processes124,238. The randomness of SPDC77,239 and the inef-
ficient nonlinear process240 limit the success probability of quantum 
teleportation. Quantum teleportation via a deterministic photon 
source49,241,242 and highly efficient on-chip nonlinearity243 may be the 

Table 1 | Comparison of quantum teleportation advances 
since 2015

Quantum technology Bell 
efficiency

Fidelity Maximum 
distance

Quantum 
memory

Photonic qubit (or qudit)

Multiple DoF15 1/32 0.68 Table-top NA

Path (entangled photon pair 
assisted)13

1/162 0.684 Table-top NA

Path (single-photon 
assisted)14

1/81 0.75 Table-top NA

OAM mode124,125 1/16 
(ref. 125)

0.99 
(ref. 125)

Table-top NA

HG mode125 1/81 0.81 Table-top NA

Time bin (fibre 
network)17,18,178–181

50%17 0.85 
(ref. 17)

103 km 
(ref. 178)a

NA

On-demand photon174–176 25% 0.883 
(ref. 176)

Table-top NA

Polarization (free-space 
satellite)16

25% 0.80 1,400 kmb NA

Integrated optics27,202 25% 0.894 
(ref. 202)

10 ma NA

Optical modes

CV182 100% 0.62 6 kma NA

Multiplexing CV147,149 100% 0.78 
(ref. 149)

Table-top NA

Hybrid152–155 100%152 0.93 
(ref. 155)

47 ns 
(ref. 154)b

NA

Propagating microwaves220 100% 0.689 0.53 mc NA

Solid state

Rare-earth crystal205 50% 0.86 1 kma 17.5 μs

Optomechanical 
memory204

25% 0.75 0.2 ma 1.9 μs

NV centre28 100% 0.688 Table-top d

Superconducting qubit22 100% 0.79e Chip 1 ms

Quantum dot spin215,216 25% 0.95 
(ref. 216)

Chip NA

Trapped atoms

Cavity QED24,227 100% 0.833 
(ref. 227)

60 ma d

Ion trap23 100% 0.845e Chip d

CV, continuous variable; DoF, degree of freedom; HG, Hermite-Gaussian; NA, not applicable; 
NV, nitrogen vacancy; OAM, orbital angular momentum; QED, quantum electrodynamics. 
aOptical fibre. bFree space. cFree-space superconducting coaxial cable. dThere is a memory, 
but no specific memory time. eQuantum gate teleportation.
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key to improving this. These new technologies will also greatly increase 
the transmission rate of quantum teleportation based on urban fibre-
optic networks and satellites. High-dimensional entanglement of 
trapped-ion108,244, NV centres109 and superconducting qubits107,244 have 
also been reported. Deterministic BSM can be performed in these 
systems without auxiliary particles28,224,245. These advances suggest 
that quantum teleportation of complex states will be realized in these 
systems in the near future.

Quantum teleportation can be used in quantum communication 
to overcome the distance limit of direct transmission of quantum 
states. A variation of quantum teleportation is quantum entangle-
ment swapping, which is the core technology in quantum repeaters246. 
A quantum memory is essential in synchronizing entanglement swap-
ping of all nodes to maximize the quantum information transmis-
sion rate156,164. Quantum swapping can be enhanced by developing 
large-bandwidth, long-life and high-fidelity solid-state memories160,161 
and atomic memories247,248. The method of increasing the success 
probability of BSM by adding auxiliary photons88,89,92 or using error 
correction codes90,91 is expected to be applied in quantum teleporta-
tion in the near future to increase the quantum communication rate of 
each node. We can also expect quantum repeaters to achieve quantum 
communication beyond the rate of direct optical fibre communication 
in the near future.

Developments in the application of quantum teleportation in 
distributed quantum computing have focused mainly on solid-state 
systems (superconducting qubits and NV centres) and atomic systems 
(QED cavities and ion traps). Although a quantum advantage has been 
demonstrated in quantum computing9,249, many quantum algorithms 
(including Shor’s and Grover’s algorithms) require large numbers of 
qubits and long-range interactions. Quantum teleportation is expected 
to solve the problem of long-range interactions between different par-
ticles20,32,250. Arrays of neutral atom251,252, integrated magneto-optical 
traps253 and ion trap chips254 have effective scaling potential, which 
is the dawn of large-scale distributed quantum computing based on 
quantum teleportation20,21.

Quantum teleportation will be necessary for quantum networks 
with photons interfacing with solid-state or atomic systems as the com-
puting nodes19. Two-node gate teleportation has been achieved over  
a distance of 60 m, but there are still major challenges before achieving a  
distance on the scale of kilometres or more. One of these challenges is 
due to photons emitted or absorbed by atomic or solid-state systems 
often being incompatible with existing fibre-optic networks. Advances 
in areas such as on-chip frequency conversion technology243, non-
degenerate entanglement sources255, hybrid quantum teleportation74 
and hollow-core optical fibres256 should help overcome this issue.

Published online: 24 May 2023
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