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We generate multipartite entangled states of two, three, and four matter qubits, where the entanglement is
distributed over macroscopic distances via a photonic network link. Trapped-ion 88Srþ qubits are entangled
directly via an optical fibre link, and the entanglement is subsequently extended to 43Caþ memory qubits
cotrapped in each network node, using local mixed-species logic gates. We create remotely entangled
Srþ-Caþ and Caþ-Caþ states, as well as mixed-species Greenberger-Horne-Zeilinger (GHZ) states of up
to four qubits. We demonstrate storage of the remotely entangled memory qubits for ∼10 s, more than
100× the state creation time.
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Introduction—Quantum networks enable the distribution
of entanglement between physically separated systems.
This capability is critical for a variety of quantum tech-
nologies such as entanglement-based cryptography [1],
distributed quantum computing [2–4], quantum sensing
[5], and metrology [6]. Many of these applications are
based on the ability to repeatedly generate multipartite
entangled states between separated modules during the
execution of a protocol. Realizing these applications
requires network modules that can not only establish
remote entanglement but also process and store quantum
information locally between subsequent rounds of entan-
glement generation. Therefore, integrating robust quantum
memories with photonic interfaces into quantum network-
ing modules is essential [7–11].
The generation of multipartite entanglement across net-

work nodes is a key milestone toward scalable architec-
tures. Multipartite entangled states underpin many
advanced quantum networking protocols, such as net-
worked quantum error correction, quantum secret sharing,
and distributed sensing with entanglement-enhanced sen-
sitivity [6,12,13]. Demonstrating such states in real net-
works is, therefore, essential to benchmark performance
beyond bipartite entanglement.

At the same time, supporting multiple types of qubits
within a quantum network is critical to building hetero-
geneous modular systems that combine the strengths of
different types of qubits, such as optimal photonic cou-
pling, high-fidelity logic, or long-lived memory [14–18].
Cross-qubit entanglement opens the door to hybrid quan-
tum networks that can integrate diverse platforms or future-
proof evolving hardware.
Trapped ionsareamong the leadingcandidates forquantum

information processing due to their long coherence times
[19], high-fidelity quantum gates [18,20–26], and robust
state preparation and measurement protocols [27–29].
Furthermore, trapped ions naturally interface with optical
photons, and photonic interconnects between ion-based
modules have demonstrated state-of-the-art networking capa-
bilities, enabling the generation of remote entanglement
between qubits separated by macroscopic distances [30–33].
In trapped-ion quantum networks, it is often advanta-

geous to separate the roles of photon generation and long-
lived quantum storage across distinct qubit types. This
separation can be realized either using different internal
states of a single atomic species (dual-type encoding)
[34,35] or by employing two different atomic species
[16,36]. In this Letter, we present an elementary quantum
network consisting of two mixed-species trapped-ion
modules—each containing one 88Srþ ion and one 43Caþ
ion—where the 88Srþ ion serves as the network interface
and the 43Caþ ion provides a robust quantum memory [36].
We demonstrate the integration of local mixed-species
operations with quantum networking by generating bipar-
tite entangled states and multipartite Greenberger-Horne-
Zeilinger (GHZ) states of up to four qubits. We also show
enhanced storage of remote entanglement using the 43Caþ
memory qubits, preserving entanglement between the
modules for more than 10 s, which greatly exceeds the
entanglement generation timescale (∼100 ms).
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Quantum networking modules—The quantum network-
ing apparatus comprises two trapped-ion modules con-
nected by a quantum optical link, as depicted in Fig. 1(a).
Each module comprises an ultrahigh vacuum chamber
containing a microfabricated surface-electrode Paul trap,
which is used to cotrap one 88Srþ and one 43Caþ ion (see
Supplemental Material, Section S1 [37]). A ∼0.5 mT
magnetic field sets the quantisation axis and lifts the
Zeeman state degeneracies, enabling the selection of pairs
of energy states to form qubits, as outlined in Figs. 1(b) and
1(c). Specifically, 88Srþ provides an optical network qubit,
QN¼fj0Ni≡ jS1=2;mJ¼−1

2
i;j1Ni≡ jD5=2;mJ¼−3

2
ig. The

ground hyperfine manifold of 43Caþ provides a long-lived
memory qubit, QM ¼ fj0Mi≡ jF ¼ 4; mF ¼ 0i; j1Mi≡jF ¼ 3; mF ¼ 0ig, which has a first-order magnetic field

sensitivity of 122 kHzmT−1 at 0.5 mT, roughly 2 orders of
magnitude lower than that of the network qubit. In addition,
an auxiliary qubit is defined in the ground hyperfine
manifold of 43Caþ, QX¼fj0Xi≡ jF¼4;mF¼þ4i; j1Xi≡
jF¼3;mF¼þ3ig. The auxiliary qubit is used in the state
preparation and measurement of the memory qubit, as well
as for mediating mixed-species quantum logic.
Within each module, laser beams are used for cooling,

state preparation, coherent manipulation, and fluorescence
detection of each species of ion. Single-qubit rotations of
the QM and QX qubits are implemented using a pair of
copropagating 402 nm Raman beams; single-qubit rota-
tions of the optical network qubit, QN, are implemented
using a 674 nm laser to drive the quadrupole transition
connecting the qubit states, as shown in Fig. 1. To perform
mixed-species entangling gates between the two ions, we
follow Ref. [18], in which the interference pattern gen-
erated by a pair of non-co-propagating Raman beams gives
rise to a σz ⊗ σz-type spin-dependent force (see
Supplemental Material, Section S2 [37]). This spin-depen-
dent force is used to implement geometric phase gates
between the QN and QX qubits. As this gate mechanism
does not couple to the QM qubit, we require the ability to
coherently interconvert between the QM and QX qubits.
This conversion is performed using the copropagating
Raman beams to coherently address the transitions within
the ground hyperfine manifold of Caþ (see Supplemental
Material, Section S2 [37]).
Complementing the ability to perform local quantum

operations with the two ions in each module, another
critical tool is the ability to establish remote entanglement
between the two network qubits in separate modules. This
is achieved using a two-photon try-until-success protocol
[78–81], outlined in Ref. [31]. Each entanglement gener-
ation attempt begins with the preparation of the Srþ ion in
each module in the j0Mi ¼ jS1=2; mJ ¼ − 1

2
i state in the

ground Zeeman manifold using approximately 320 ns of
optical pumping. A ∼10 ps pulse of σþ polarized 422 nm
light excites the Srþ ion to the jP1=2; mJ ¼ þ 1

2
i state, which

has a lifetime of 7 ns. The excited state decays to the ground
Zeeman states, resulting in the spontaneous emission of a
422 nm photon [82]. The spontaneously emitted photons
are collected from each module using high-numerical-
aperture imaging systems, which couple the photons into
single-mode optical fibers. These fibers bring the sponta-
neously emitted photons from each module to a central
heralding station, where a projective Bell state measure-
ment is performed on the photons. Particular measurement
outcomes herald the successful generation of entanglement
between the Zeeman states of the Srþ ions in the two
modules. Finally, a 674 nm pulse maps one of the Zeeman
states into the D5=2 manifold, thereby establishing the
remote entanglement of network qubits.
Characterization of entangled states—In this Letter, we

combine the ability to generate remote entanglement between

(a)

(c)(b)

FIG. 1. Overview of mixed-species trapped-ion quantum net-
working. (a) Two modules, Alice and Bob, each cotrap one 88Srþ

and one 43Caþ ion. High-numerical-aperture lenses collect single
photons from the 88Srþ ions and couple them into optical fibers.
The photons interfere at a central heralding station, where
particular detection patterns herald the generation of entangle-
ment between the Srþ ions in each module. (b) The ground
hyperfine manifold of 43Caþ provides a robust memory qubit,
fj0Mi; j1Mig, and an auxiliary qubit fj0Xi; j1Xig. Transitions
between the states within this manifold are driven using a pair of
402 nm Raman beams. (c) The 88Srþ ion provides a network
qubit, fj0Ni; j1Nig, which is connected by the optical 674 nm
quadrupole transition. Ion-photon entanglement is generated via
the rapid excitation of the Srþ ion and subsequent decay via the
422 nm transition, generating entanglement between the polari-
zation state of the spontaneously emitted photon and the ground
Zeeman states of the 88Srþ ion.
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trapped-ion modules with local mixed-species quantum logic
to create higher-dimensional entangled states. In particular,
we consider N-particle states of the following form:

jψi ¼ j0i⊗N þ eiφj1i⊗N

ffiffiffi

2
p ; ð1Þ

where for N ¼ 2, this is the jΦþi Bell state, and for N > 2,
this is the N-particle GHZ state, up to a phase φ.
We characterize the generated multipartite states using

both partial [83] and full state tomography (see
Supplemental Material, Section S3 [37]). Full state tomog-
raphy enables the complete reconstruction of the density
matrix representing the quantum state of the ions from a
tomographically complete set of single-qubit measure-
ments. Partial state tomography assumes that the ideal
target states have the form given by Eq. (1); thus, to
characterize the fidelity of the produced state to a particular
target state, it is sufficient to perform population measure-
ments, i.e., measurements of all qubits in the computational
basis to determine P ¼ Pðj0i⊗NÞ þ Pðj1i⊗NÞ, and parity
measurements, i.e., measurements of all qubits in the σ̂ϕ ¼
cosðϕÞσ̂x þ sinðϕÞσ̂y basis. Given quantum states of the
form of Eq. (1), we anticipate that the expectation values for
the parity measurements will be of the following form:

�

⊗
N

n¼1
σ̂ϕ;n

�

¼ C cosðNϕ − φÞ; ð2Þ

where C and φ are the parity contrast and phase, respec-
tively. By performing these population and parity mea-
surements, we can estimate the fidelity to the target state, up
to the parity phase offset, as

F ¼ Pþ C
2

: ð3Þ

A summary of all the entanglement fidelities and average
generation rates for the remotely entangled states generated
in this Letter is given in Table I.
Bipartite mixed-species entanglement—We first charac-

terize remotely entangled bipartite states, i.e., states with

N ¼ 2, starting with the remote entanglement of two
network qubits, shown in Fig. 2(a). Full state tomography
with 200,000 tomographic measurements of the Srþ-Srþ
ions yielded a density matrix representing a state with an
entanglement fidelity of 96.94(9)%. This is consistent with
the results of partial state tomography, shown in Fig. 2(a),
which yielded a fidelity of 96.0(7)%. The average entan-
glement generation success probability was measured to be
1.236ð3Þ × 10−4. We suppress excess heating during entan-
glement generation by interleaving 500 μs of entanglement
generation attempts with approximately 320 μs of Doppler
cooling on both Ca and Sr and 500 μs of electromagneti-
cally induced transparency (EIT) cooling on the axial
modes of the crystal via Srþ. Including this cooling, we
observe a net entanglement generation rate of 39.31ð9Þ s−1.
A comparison with earlier results in the same setup and a
discussion of the impact of cooling on the remote entan-
glement fidelity are provided in Supplemental Material,
Section S5 [37].
We combine this remote entanglement generation

between each module’s network qubits with local oper-
ations to create mixed-species entangled states. In particu-
lar, we use local mixed-species iSWAP gates to transfer the
quantum states of the remotely entangled network qubits to
the Caþ auxiliary qubits, thereby enabling the generation of
remotely entangled Srþ-Caþ and Caþ-Caþ states, as shown
in Figs. 2(b) and 2(c), respectively. To enhance the fidelity
of this quantum state transfer process, we perform mid-
circuit measurements of the Srþ ions after the iSWAP gates
to detect errors in the mixed-species gates (see
Supplemental Material, Section S2 [37]). The modules
exchange the outcomes of these measurements in real time
via a classical communication link connecting the two
control systems, allowing them to abort and restart the
experiment if either module detects an error.
As with the Srþ-Srþ entangled state, we characterize the

Srþ-Caþ and Caþ-Caþ remotely entangled states using
both full and partial state tomography. In these experi-
ments, the Srþ qubit and the auxiliary qubit QX of 43Caþ

are used, while the 43Caþ memory qubit is not employed.
Full state tomography with 10,000 tomographic

TABLE I. Summary of mixed-species remotely entangled states characterized in this Letter. This table includes
the observed entanglement fidelities extracted from both partial state tomography (PST) and full state tomography
(FST). The density matrices extracted from FST can be found in Supplemental Material, Section S3 [37].

Ions Fidelity Total success probability Average rate

Alice Bob State PST (%) FST (%) ×10−4 s−1

Srþ Srþ j0N0Ni þ j1N1Ni 96.0(7) 96.94(9) 1.236(3) 39.31(9)

Srþ Caþ j0N0Xi þ j1N1Xi 95.1(8) 94.1(6) 1.03(1) 7.14(7)

Caþ Caþ j0X0Xi þ j1X1Xi 92(1) 93.1(7) 1.24(1) 8.6(1)

Srþ Srþ, Caþ j0N0N0Xi þ j1N1N1Xi 94(1) 93.1(7) 1.20(1) 8.26(8)

Srþ, Caþ Srþ, Caþ j0N0N0X0Xi þ j1N1N1X1Xi 91(1) 91.9(8) 1.44(2) 9.9(1)
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measurements yielded density matrices representing states
with entanglement fidelities of 94.1(6)% and 93.1(7)% for
the Srþ-Caþ and Caþ-Caþ states, respectively. The parity
and/or population measurements for the Srþ-Caþ and
Caþ-Caþ states are shown in Figs. 2(b) and 2(c), respec-
tively. From these measurements, we extract entanglement
fidelities of 95.1(8)% and 92(1)% for the Srþ-Caþ and
Caþ-Caþ states, respectively. The error detection following
the iSWAP gate reduces the infidelity of the Srþ-Caþ and
Caþ-Caþ entangled states by 4.2(2)% and 8.4(2)%, respec-
tively. For these experiments, we interleave 200 μs of
entanglement generation attempts with 500 μs of
Doppler cooling and 500 μs of EIT cooling of the out-
of-phase mode using the Srþ ions since the local mixed-
species operations require the motional mode used to be
cooled to close to its ground state, resulting in an overall
reduction of entanglement generation rate. This cooling
sequence allows us to achieve average phonon numbers of
the two-qubit gate motional mode of n̄ ∼ 0.15 and n̄ ∼ 0.1
before entering the excitation loop in Alice and Bob,
respectively, with an additional average heating of ∼0.2
phonons accumulated during the excitation loop [36].
Multipartite mixed-species entanglement—We go on to

generate multipartite entangled states using the mixed-
species trapped-ion modules. As shown in Figs. 2(d) and
2(e), these states are generated by first creating a jΦþi Bell
state between the network qubits in each module, followed
by local mixed-species CNOT gates to entangle the Caþ
auxiliary qubits with the network qubits, creating the states
in Eq. (1) with N ¼ 3 and N ¼ 4, respectively.

Full state tomography with 10,000 tomographic mea-
surements yielded density matrices representing states with
entanglement fidelities of 93.1(7)% and 91.9(8)% for the
3-qubit and 4-qubit GHZ states, respectively. The parity
and/or population measurements for the 3-qubit and 4-qubit
GHZ states are shown in Figs. 2(d) and 2(e), respectively.
From these measurements, we extract entanglement fidel-
ities of 94(1)% and 91(1)% for the 3-qubit and 4-qubit
GHZ states, respectively.
Storage of remote entanglement—The ability to faith-

fully preserve quantum information in the modules on
timescales longer than the time taken to generate remote
entanglement is critical for many quantum networking
applications. In the mixed-species experiments presented
so far, the additional cooling required to implement the
mixed-species operations means that this timescale is on
the order of 100 ms. We have observed coherence times of
the network qubit of approximately 8 ms; while this can be
somewhat extended using dynamical decoupling, it is not
sufficient for practical applications. We, therefore, utilize
the long-lived memory qubit in 43Caþ to gain access to a
longer-lived memory qubit. In previous work, we demon-
strated the integration of this memory qubit into one of our
network modules [36]; we stored the ionic half of an ion-
photon Bell pair for up to 10 s and demonstrated that the
storage was robust to network activity, i.e., the simulta-
neous generation of photons using the cotrapped Srþ ion.
Here, we extend this to both modules, thereby enabling the
long-lived storage of entanglement between remote matter
qubits.

(a) (c)(b) (d) (e)

FIG. 2. Partial state tomography of the mixed-species remotely entangled states. (a) “Raw” Srþ-Srþ entanglement. (b) Srþ-Caþ

entanglement, created using an error-detected iSWAP. (c) Caþ-Caþ entanglement, created using error-detected iSWAPs. (d) 3-qubit GHZ
state, created using a CNOT gate. (e) 4-qubit GHZ state, created using CNOT gates. Parity measurements are shown below each circuit,
with insets displaying the population measurements. The shaded regions represent the 95% confidence interval of the fit given by
Eq. (2). The error bars on the measurements indicate one standard deviation. The inferred remote entanglement fidelities are given in
Table I.
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In order to demonstrate the storage enhancement pro-
vided by our memory qubits, we compare the abilities of
the network and memory qubits to store remote entangle-
ment, measuring the fidelity as a function of storage
duration. The experimental circuits used to characterize
the storage capabilities of the qubits are shown in Figs. 3(a)
and 3(b). The first step is to generate entanglement between
the desired pair of qubits. For the network qubits, this is
achieved as described above. To generate the remote
entanglement between the memory qubits, we first use
error-detected iSWAP gates to map the entanglement from
the network to the auxiliary qubits (see Supplemental
Material, Section S2 [37]), before using a pair of Raman
beams to coherently map the quantum information from the
auxiliary qubits to the memory qubits (see Supplemental
Material, Section S2 [37]).
With the entanglement created, we store the states for a

variable storage duration Δt. We deploy universally robust
(UR) dynamical decoupling [84] to suppress sources of
dephasing. The lengths of the UR sequence were adjusted
for each storage duration, ranging from 4 pulses (UR4) to

48 pulses (UR48). Additionally, over this duration, the ion
species not used to store the entanglement is used as a
sympathetic coolant to prevent ion loss and mitigate single-
qubit rotation errors due to heating. Finally, we perform
parity and population measurements to estimate the fidelity
of the entanglement after storage.
The fidelities of the stored entanglement as a function of

storage duration for the two types of qubit are shown in
Fig. 3(c). For the network qubit, we observe a significant
degradation in the stored entanglement for storage dura-
tions exceeding 10 ms. We attribute this to the relatively
high sensitivity of the network qubits to magnetic field
fluctuations (−11 MHzmT−1). Additionally, we observe
that the fidelity of the network qubit entanglement decays
below 50% at storage durations exceeding 100 ms, indicat-
ing the presence of amplitude damping processes such as
the decay of the j1Ni state due to the finite lifetime of the
88Srþ metastable D5=2 manifold (approximately 390 ms
[85]). We fit an exponential decay to the fidelities,
extracting a decay time constant of 44(3) ms for the
network qubits.
For the memory qubits, we observe a marked enhance-

ment of the storage capability, observing a remote entan-
glement fidelity of 69(4)% after 10 s. Using the same
exponential decay model as above, we extract a decay time
constant of 14(4) s. This significantly exceeds the average
time taken to generate entanglement in the mixed-species
experiments (∼100 ms).
Discussion—In this Letter, we have demonstrated the

integration of remote entanglement generation between
trapped-ion modules with local mixed-species quantum
logic. Specifically, we have realized bipartite entangled
states between Srþ-Srþ, Srþ-Caþ, and Caþ-Caþ ion pairs,
as well as 3-qubit and 4-qubit multispecies GHZ states. All
entangled states were generated with fidelities in the range
of 91% to 97%.
We have also shown that remote entanglement can be

reliably stored for more than 10 s in the long-lived memory
qubits of 43Caþ, a duration approximately 2 orders of
magnitude longer than the average entanglement genera-
tion time. This capability is critical for protocols requiring
multiple instances of entanglement generation, such as
entanglement distillation [86], and for long-distance entan-
glement where storage buffers are essential. A discussion
on how this memory time will impact other quantum
networking scenarios is presented in Supplemental
Material, Section S6 [37].
Previous demonstrations of multipartite entanglement

across two or three remote nodes have been realized and
characterized in solid-state platforms [10,87], but with
more modest fidelities and shorter coherence times. In
contrast, the present Letter achieves high-fidelity multi-
partite entanglement between independent trapped-ion
modules together with long-lived quantum memory. This
combination of fidelity, modularity, and storage time

Strontium

Calcium

Cooling

Cooling

Cooling

Cooling

(a)

(c)

(b)

FIG. 3. Demonstration of the long-lived storage of remote
entanglement. Circuits for probing the remote entanglement
fidelity as a function of storage duration for (a) two network
qubits and (b) two memory qubits. Sympathetic cooling via the
unused ion species and dynamical decoupling is performed to
extend the storage capabilities of each qubit. (c) Remote en-
tanglement fidelity as a function of storage duration for each
qubit. Exponential decay fits (shaded bands) yield decay time
constants of 44(3) ms and 14(4) s for the network and memory
qubits, respectively. All error bars indicate one standard
deviation.
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represents an important advance toward scalable matter-
based quantum networks. The techniques demonstrated
here are complementary to those being developed to
operate a quantum network within the omg architecture
[34,35,88]. A discussion of the respective advantages and
trade-offs of these architectures for quantum network
implementations is presented in Supplemental Material,
Section S6 [37].
Heterogeneous entanglement—such as that between

different atomic species—can be utilized for advanced
applications, including enhanced frequency comparisons
in atomic clock networks. In such networks, entangled
states engineered across species with complementary sen-
sitivities can yield improved stability and reduced system-
atic uncertainties [89] or enable remote quantum logic
spectroscopy [14].
Moreover, the generation of multipartite entangled states

across remote modules opens pathways to enhanced remote
sensing protocols [6,90,91] and could serve as a distributed
entanglement resource for quantum error correction in
networked quantum computing architectures [12,92].
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