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We demonstrate teleportation of quantum bits between two single atoms in distant laboratories. Using a

time-resolved photonic Bell-state measurement, we achieve a teleportation fidelity of ð88:0� 1:5Þ%,

largely determined by our entanglement fidelity. The low photon collection efficiency in free space is

overcome by trapping each atom in an optical cavity. The resulting success probability of 0.1% is almost

5 orders of magnitude larger than in previous experiments with remote material qubits. It is mainly limited

by photon propagation and detection losses and can be enhanced with a cavity-based deterministic

Bell-state measurement.
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The faithful transfer of quantum information between
distant memories that form the nodes of a quantum net-
work is a major goal in applied quantum science [1]. One
way to achieve this is via direct transfer, e.g., by the
coherent exchange of a single photon [2]. Over large
distances, however, the inevitable losses in any quantum
channel render this scenario unrealistic, as its efficiency
decreases exponentially with the distance between the net-
work nodes. For any classical information, the solution is
simple: It can be amplified at intermediate nodes of the
network. It can also be copied before transmission, allow-
ing for a new transmission attempt should the previous one
have failed. For a quantum state, the no-cloning theorem
states that this is impossible. Therefore, quantum repeater
schemes have been proposed to establish long-distance
entanglement using photons and memories [3,4]. This
entanglement can then be used as a resource for the transfer
of quantum information via teleportation [5].

The underlying principle of teleportation was first real-
ized with photonic qubits [6–8] and since then has been
exploited in many experiments [9,10]. Teleportation
between matter qubits was first achieved with trapped
ions [11,12], albeit over a distance limited to a few micro-
meters owing to the short-range Coulomb interaction.
Teleportation between distant material qubits, however,
requires photons distributing entanglement, as was dem-
onstrated with two single ions separated by about 1 m [13].
The low photon-collection efficiency in free space, how-
ever, prevents scaling of that approach to larger networks.
We eliminate this obstacle by trapping two remote single
atoms each in an optical cavity. This allows for an in
principle deterministic creation of atom-photon entangle-
ment and atom-to-photon state mapping using a vacuum-
stimulated Raman adiabatic passage (vSTIRAP) technique
[14–16]. To teleport the stationary qubit at the sender atom,
encoded in two Zeeman states of the atomic ground-state
manifold, we map it onto a photonic qubit and perform a
Bell-state measurement (BSM) between this photon and
that of an entangled atom-photon state originating from the

receiver atom [17,18]. Compared to realizations with
atoms in free space, the use of cavities boosts the overall
efficiency by almost 5 orders of magnitude [13].
In our experiment, single 87Rb atoms trapped in high-

finesse optical cavities act as quantum memories at both
node A and node B (Fig. 1). The independent systems have
a distance of 21 m and operate in the intermediate coupling
regime of cavity QED. Quasipermanent trapping is
achieved by using far-off-resonance dipole traps that shift
the relevant atomic transition frequency by 150 (node A)
and 115 MHz (node B), respectively. We identify the states
j #i and j "i with the atomic jF;mFi ground states j #iA ¼
j2;�1iA, j "iA ¼ j2;þ1iA and j #iB ¼ j1;�1iB, j "iB ¼
j1;þ1iB, where the index denotes the memory atom at
node A and B, respectively.

FIG. 1 (color online). Experimental setup for teleportation
between remote single-atom quantum memories. Single atoms
(gray spheres A and B) are trapped in optical cavities (blue
cones) in independent laboratories at a distance of 21 m.
(a) Entanglement is generated between atom B and an ancilla
photon C. (b) The atomic qubit at node A is mapped onto a
photonic qubit A0 and a Bell-state measurement between the two
photons is performed. (c) Detection of a j��i event heralds the
successful teleportation of the atomic qubit fromnodeA to nodeB.
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To demonstrate teleportation between the two memo-
ries, we initialize node A in the state j’iA ¼ �j #i þ �j "i
by setting the polarization of a weak coherent laser pulse
(about five photons on average) and mapping it onto the
atomic spin with the procedure used in Ref. [19]. At node
B, entanglement is created locally between the spin state of
the atom and the polarization of a photon C using a
vSTIRAP [15,16] [Fig. 1(a)]. The maximally entangled
atom-photon state reads

j��iBC ¼ 1ffiffiffi
2

p ðj #iBjuiC � j "iBjviCÞ: (1)

Here jui and jvi denote right- and left-circularly polarized
photon states, respectively. The subscripts label the indi-
vidual particles. Photon C is sent to memory A via an
optical fiber. The three-particle state of the qubits A, B,
and C can be written as

j’iAj��iBC ¼ 1

2
ðj�þiAC�̂x�̂zj’iB � j��iAC�̂zj’iB

þ j�þiAC�̂xj’iB � j��iACj’iBÞ; (2)

j��i and j��i denote the four normalized, maximally
entangled Bell states in the basis of our BSM setup, and
�̂i denote the Pauli operators (i ¼ x, y, z). A BSM of the
qubits A and C projects qubit B onto the initial state j’i of
qubit A up to a unitary transformation that depends on the
measurement outcome. We perform the BSM optically, by
employing single-photon detectors and linear-optics quan-
tum interference between the two photons [17,18]. For this
purpose we first map the atomic state of memory A onto
the polarization of a photon A0 [Fig. 1(b)]. Then the two
photons A0 and C are superimposed on a nonpolarizing
beam splitter (NPBS). We adjust the control laser fre-
quency and intensity of the vSTIRAP aiming for identical
frequency and wave packet envelope of the photons [20].
They will always be detected in the same output port if
their common wave function is symmetric with respect to
particle exchange and in different ports if it is antisymmet-
ric. This allows for unambiguous detection of the j��i
Bell state which directly heralds the successful state trans-
fer from memory A to memory B [Fig. 1(c)]. In combina-
tion with polarization-sensitive detection, the j�þi Bell
state can be identified as well. The simplicity of the optical
BSM comes at the price of an inherently probabilistic, but
nonetheless heralded, process, with a maximum efficiency
of 0.5, as only two out of the four photonic Bell states can
be identified unambiguously [21].

The photon-production efficiency into the single spatial
mode defined by the cavity is 39% at node A and 25% at
node B. These photons are detected in the BSM setup with
an efficiency of 31% and 12%, respectively. These num-
bers include all propagation losses and the quantum effi-
ciency of the detectors [20], such that the probability for a
two-photon correlation is 0.36%. Our teleportation is con-
ditioned on the detection of a j��i Bell state. As all four

Bell states are equally probable (1=4 each), the success
probability of teleportation is 0.1%. In contrast to previous
demonstrations, the efficiency is therefore not predomi-
nantly limited by the single-photon generation and collec-
tion efficiency but by the requirement to transmit and
detect two photons simultaneously, which is inherent in
the optical BSM.
In order to characterize the fidelity of the teleportation,

we perform quantum state tomography on atom B condi-
tioned on a j��i detection [22]. For this purpose, the state
of atom B is mapped onto the polarization of another
photon B0, whose polarization is measured. The fidelity is
defined as the overlap between the state j’i ideally pre-
pared at node A and the density matrix �B0 of photon B0
following a successful j��i detection: F ¼ h’j�B0 j’i.
The measured fidelity thus includes imperfections during
state preparation and state readout and is therefore a lower
bound to the fidelity of the teleportation itself [20].
Table I shows the fidelity for six input states initially

prepared at node A, forming three mutually unbiased bases.
The fidelity for input states which are mapped onto eigen-
polarizations of the detection basis of the BSM setup (j #xi
and j "xi) is considerably larger than for the eigenstates of
the other bases, because it does not depend on the quality
of the two-photon interference [20]. For the average fidel-
ity, defined as the mean of the six individual values, we find
F ¼ ð78:9� 1:1Þ%, more than 10 standard deviations
above the classical limit of 2=3. In case a j�þi Bell state
is detected in the experiment, node B is projected to a
state that is rotated with respect to the input state [Eq. (2)].
With respect to this rotated state �̂xj’i, we find F�þ ¼
ð82:4� 1:1Þ%. All quoted uncertainties reflect statistical
standard errors.
The teleportation fidelity directly depends on the con-

trast C of the two-photon interference used to implement
the Bell-state measurement, the entanglement fidelityF ent,
and the fidelity of state preparation and mapping F A at
atom A. Using a simple model we find [20]

TABLE I. Teleportation fidelity conditioned on a j��i detec-
tion event. The table shows the individual teleportation fidelities,
defined as the overlap between the state ideally prepared at node
A (input state) and the teleported state at node B, for six mutually
unbiased input states of node A. The quoted errors are the
statistical standard error.

Input state Fidelity (%)

j #i 74:5� 2:6
j "i 72:3� 2:8
j #yi ¼ 1ffiffi

2
p ðj #i þ ij "iÞ 73:0� 3:0

j "yi ¼ 1ffiffi
2

p ðj #i � ij "iÞ 75:0� 3:0

j #xi ¼ 1ffiffi
2

p ðj #i þ j "iÞ 88:6� 2:3

j "xi ¼ 1ffiffi
2

p ðj #i � j "iÞ 90:2� 2:5

Average 78:9� 1:1
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�
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The entanglement fidelity F ent is defined as the overlap
between the readout state of atom B and photon C with the
ideal j��i Bell state.

The achieved interference contrast C determines the
quality of the optical BSM. Assuming perfect interference,
only photons in the j��i state will lead to correlations in
different output ports of the NPBS [Fig. 2(a)]. In this state,
the photons have orthogonal polarization. Therefore, the
number of coincidences between detectors in different
output ports of the NPBS and with identical polarization
Nni should be zero. Its ratio to the number Nj��i of j��i
events is thus a direct measure of the distinguishability of
the generated photons.

For the interference contrast, defined as C¼1�Nni=
Nj��i, we measure C ¼ 64%, clearly demonstrating quan-

tum interference between the two photons emitted from the
independent memories. We attribute the nonperfect con-
trast to fluctuations within the photonic wave packets, most
likely caused by the uncorrelated motions of the two
trapped atoms that lead to fluctuating ac Stark shifts and
fluctuating atom-cavity coupling strength. In this context,
using a vSTIRAP for photon production has two advan-
tages. First, the frequency of the emitted photons can be
tuned. This allows for the creation of frequency-matched
photons even though the relevant atomic transition fre-
quencies at the two nodes differ by about six atomic line-
widths due to different ac Stark shifts induced by the used
dipole traps [20]. Second, it allows us to generate photons
with a temporal length (’ 250 ns) largely exceeding the
temporal resolution of our detection system (� 5 ns).

This enables us to herald teleportation events with
increased fidelity. For this purpose we investigate the con-
trast of two-photon interference as a function of the detec-
tion time difference [23]. The correlations between the two
NPBS output ports Nj��i and Nni are plotted in Fig. 2(b).

For short time differences Nni nearly vanishes, providing
near-perfect discrimination of j��i. This proves that the
BSM setup is well aligned and that the single-photon
sources exhibit excellent antibunching. Reducing the co-
incidence time window allows us to increase the interfer-
ence contrast to almost unity, while the success probability
of the whole protocol naturally decreases [Fig. 2(c)]. For
time differences shorter than 20 ns, the contrast is 98.9%.
We now apply the criterion of short detection time

differences as an additional heralding condition for tele-
portation events. This allows us to dramatically increase
the teleportation fidelity. Figure 3(a) shows the measured
teleportation fidelity as a function of the interference con-
trast for different data subsets. Solid and dashed lines are
theory plots [Eq. (3) and Ref. [20], respectively] according
to our simple model. The average fidelity (red points)
exhibits good agreement with the linear relation expected
from Eq. (3) (red line). As an example, reducing the
coincidence time window to 80 ns increases the contrast
to 92.8% and the teleportation fidelity to ð88:0� 1:5Þ% for
a detected j��i correlation (Fig. 3). In the case of the two
input states j #xi and j "xi there is no need to detect the
symmetry of the state, as polarization correlations between
photons that did not interfere are sufficient to herald the
projection of atom B into the state initially prepared at
atom A [20]. The measured fidelity is thus independent of
the interference contrastC [black triangles in Fig. 3(a)] and
always higher than for all other states. This results in the

FIG. 2 (color online). Bell-state measurement using time-resolved two-photon interference. (a) The photons (red and orange) overlap
at an NPBS. Two single-photon detectors (gray semicircles) and a polarizing beam splitter (PBS) in each output port of the NPBS
allow us to discriminate between horizontally (H) and vertically (V) polarized photons. Correlations between different detectors either
herald a j��i or a j�þi Bell state or indicate that the photons did not interfere (ni). (b) Result of a time-resolved coincidence
measurement for photons of identical (Nni, blue filled bars) and orthogonal (Nj��i, black open bars) polarization in opposite output

ports of the NPBS. The number of coincidences between photons with the same polarization is strongly suppressed. The red data points
show the ratio Nni=Nj��i between no-interference and j��i events. The error bars indicate the statistical standard error.

(c) Interference contrast C (red points) and relative number of evaluated counts (blue diamonds) as a function of the maximal
detection time difference for a two-photon correlation in different output ports of the NPBS. By postselecting on short detection time
differences, the interference contrast can be greatly enhanced. All statistical error bars are smaller than the respective symbols.
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ellipticity of the reconstructed Bloch sphere of the tele-
ported state [Fig. 3(b)].

The demonstrated ability to teleport a quantum state
between nonidentical memories opens up new perspectives
for solid-state-based approaches to quantum networks,
where identical network nodes are hard to realize [24–27].
Moreover, with the use of optical cavities we have put
teleportation between material systems into a regime
where the time needed for a successful teleportation event
(about 0.1 s at a repetition rate of 10 kHz) is shorter than
the coherence times observed in single atoms [28].

The optical BSM can also be applied to perform entan-
glement swapping [29,30] as required for the experimental
realization of a quantum repeater. Nevertheless, it com-
prises two efficiency limits. One is a fundamental upper
bound of 1=2, as only two of the four Bell states can be
identified unambiguously [21]. The other is the require-
ment to efficiently detect two single photons. Our cavity-
based approach provides the possibility to overcome both
bottlenecks in the future: The interaction of two atoms with
one cavity mode [31,32] and atomic state detection [33,34]
can be used for a BSM that has the potential to be deter-
ministic, as it discriminates all four Bell states and does not
require single-photon detection. This paves the way for
more complex quantum networks with many nodes.
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Manuel Uphoff for discussions. This work was supported
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Ikonen, S. Götzinger, and V. Sandoghdar, Phys. Rev.
Lett. 104, 123605 (2010).

[26] H. Bernien, L. Childress, L. Robledo, M. Markham, D.
Twitchen, and R. Hanson, Phys. Rev. Lett. 108, 043604
(2012).

[27] A. Sipahigil, M. L. Goldman, E. Togan, Y. Chu,
M. Markham, D. J. Twitchen, A. S. Zibrov, A. Kubanek,
and M.D. Lukin, Phys. Rev. Lett. 108, 143601 (2012).

[28] C. Langer et al., Phys. Rev. Lett. 95, 060502 (2005).
[29] D. L. Moehring, P. Maunz, S. Olmschenk, K. C. Younge,

D. N. Matsukevich, L.-M. Duan, and C. Monroe, Nature
(London) 449, 68 (2007).

[30] J. Hofmann, M. Krug, N. Ortegel, L. Gérard, M. Weber,
W. Rosenfeld, and H. Weinfurter, Science 337, 72 (2012).

[31] J. I. Cirac and A. S. Parkins, Phys. Rev. A 50, R4441
(1994).

[32] S. Lloyd, M. S. Shahriar, J. H. Shapiro, and P. R. Hemmer,
Phys. Rev. Lett. 87, 167903 (2001).
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