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Entanglement, an essential feature of quantum theory that allows
for inseparable quantum correlations to be shared between distant
parties, is a crucial resource for quantum networks!. Of particular
importance is the ability to distribute entanglement between
remote objects that can also serve as quantum memories. This has
been previously realized using systems such as warm??* and cold
atomic vapours®>, individual atoms® and ions”%, and defects in
solid-state systems® !, Practical communication applications
require a combination of several advantageous features, such
as a particular operating wavelength, high bandwidth and long
memory lifetimes. Here we introduce a purely micromachined solid-
state platform in the form of chip-based optomechanical resonators
made of nanostructured silicon beams. We create and demonstrate
entanglement between two micromechanical oscillators across two
chips that are separated by 20 centimetres . The entangled quantum
state is distributed by an optical field at a designed wavelength
near 1,550 nanometres. Therefore, our system can be directly
incorporated in a realistic fibre-optic quantum network operating
in the conventional optical telecommunication band. Our results are
an important step towards the development of large-area quantum
networks based on silicon photonics.

In recent years, nanofabricated mechanical oscillators have
emerged as a promising platform for quantum information process-
ing. The field of opto- and electromechanics has seen great progress,
including ground-state cooling'>!?, quantum interfaces to opti-
cal or microwave modes'*!®, mechanical squeezing'® and single-
phonon manipulation'”-%, Demonstrations of distributed mechanical
entanglement, however, have so far been limited to intrinsic mate-
rial resonances?! and the motion of trapped ions®. Entanglement of
engineered (opto-)mechanical resonances, on the other hand, would
provide a route towards scalable quantum networks. The freedom of
designing and choosing optical resonances would allow operation in
the entire frequency range of the technologically important C-, S- and
L-bands of fibre-optic telecommunications. Together with dense wave-
length-division multiplexing (on the ITU-T grid; ITU-T, International
Telecommunication Union Standardization Sector), this could enable
quantum nodes separated by long distances (about 100km) that can
communicate at large bandwidths. State-of-the-art engineered mechan-
ical elements have energy lifetimes that typically range between micro-1°
and milliseconds?, which would allow entanglement distribution on
a regional level®. In addition, these entangled mechanical systems
could be interfaced with microwaves®*, opening up the possibility of
integrating superconducting quantum processors in the local nodes
of the network.

Here we report on the observation of distributed entanglement
between two nanomechanical resonators, mediated by telecommuni-
cation-wavelength photons. We use the DLCZ protocol?®, which was
experimentally pioneered with ensembles of cold atoms®. The entangle-
ment is generated probabilistically through the conditional preparation
of a single phonon, heralded by the detection of a signal photon that

could originate from either of two identical optomechanical oscillators.
Fabrication imperfections have previously limited the use of artificial
structures, requiring external tuning mechanisms to render such sys-
tems indistinguishable. Here we demonstrate not only that obtaining
sufficiently identical devices is in fact possible through nanofabrication,
but also that our method could in principle be applied to more than
two systems.

The mechanical oscillators that we use in our experiment are nano-
structured silicon beams with co-localized mechanical and optical
resonances. Radiation pressure forces and the photoelastic effect
couple the optical and mechanical modes with a rate g, causing the
optical frequency to shift under the displacement of the mechani-
cal oscillator®. This effect can be used to selectively address Stokes
and anti-Stokes transitions by driving the optical resonance with
detuned laser beams, resulting in a linear optomechanical inter-
action. As was recently shown, this technique can be used to create
non-classical mechanical and optomechanical states at the single-
quantum level for individual devices by using photon counting and
post-selection!>?,

To apply the DLCZ scheme to the entanglement of two separate
optomechanical crystals, a critical requirement is that the photons emit-
ted from the optomechanical cavities must be indistinguishable. This
can be achieved by creating a pair of nanobeams with identical optical
and mechanical resonances. Until now, however, fabrication variations
have inhibited the deterministic generation of identical devices and the
design of current oscillators does not include any tuning capabilities.
Considering the optical mode alone, typical fabrication runs result in
a spread of the resonance frequency of about 2 nm around the centre
wavelength. Therefore, finding a pair of matching optical resonances
on two chips close to a target frequency currently relies on fabricating
a large enough set, in which the probability of obtaining an identical
pair is sufficiently high. In fact, this is achievable with a few hundred
devices per chip (see Supplementary Information for details). In addi-
tion, a small mismatch in the mechanical frequencies, which is typically
around 1%, can readily be compensated by appropriate manipulation
of the optical pulse frequencies in the experiment.

For the experiments presented here, we chose a pair of devices with
optical resonances at wavelength A=1,553.8 nm (optical quality factor
Q=2.2 x 10° and gy/(2w) = 550 kHz and 790 kHz for devices A and B,
respectively; see Fig. 1). For these structures, the mechanical resonance
frequencies are centred around Q,,/(27) ~ 5.1 GHz and have a differ-
ence of AQ,,,/(21) =45 MHz. The two chips are mounted 20 cm apart
in a dilution refrigerator. Although we use a single cryostat, there is in
principle no fundamental or technical reason for keeping the devices in
a common cold environment. For our setup, if the telecommunication
fibres linking the two devices were to be unwrapped, our setup would
already allow us to bridge a separation of about 70 m between the two
chips without further modification.

The protocol?” for the creation and verification of the remote
mechanical entanglement consists of three steps (for a schematic,
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Fig. 1 | Devices and experimental setup. a, Optical resonances of device
A (grey) and device B (magenta). The Lorentzian fit result (red line) yields
a quality factor of Q &2 2.2 x 10° for each cavity. b, Mechanical resonances
of device A (grey) and device B (magenta). The normalized mechanical
resonances are measured through the optomechanical sideband scattering
rates. The linewidth is limited by the bandwidth of the optical pulses and
filters. The frequencies of the devices differ by AQy,/(27) =45 MHz,
which could result in distinguishable photons, potentially reducing the
entanglement in the system. We compensate for this shift by tuning

the optical pump fields accordingly through serrodyning, erasing any
information that could lead to a separable state. ¢, Experimental setup.
We create optical pulses using two lasers, which are detuned to the Stokes
(pump) and anti-Stokes (read) transition of the optomechanical cavities.

see Fig. 2). First, the two mechanical resonators are cryogeni-
cally cooled, and thus initialized close to their quantum ground
states!>!%22 (see Supplementary Information). Second, a weak
‘pump’ pulse tuned to the upper mechanical sideband (at frequency
Wpump = 27¢/ A + Qp,, where ¢ is the speed of light), is sent into
a phase-stabilized interferometer (with a fixed phase difference
@0, see Fig. 1 and Supplementary Information) with one device in
each arm. This drives the Stokes process—that is, the scattering
of a pump photon into the cavity resonance while simultaneously
creating a phonon'’. The presence of a single phonon is heralded
by the detection of a scattered Stokes photon in one of our super-
conducting nanowire single-photon detectors. The two optical
paths of the interferometer are overlapped on a beam splitter, and a
variable optical attenuator is set on one of the arms so that a scattered
photon from either device is equally likely to reach either detector.
The heralding detection event therefore contains no information
about which device the scattering took place in and thus where the
phonon was created. The energy of the pulse is tuned to ensure that
the scattering probability ppump /= 0.7% is low, making the likelihood
of simultaneously creating phonons in both devices negligible.
The heralding measurement therefore projects the mechanical
state into a superposition of a single-excitation state in device A
(|A) =11)4|0)p) or device B (|B) =]0) a|1)5), with the other device
remaining in the ground state. The joint state of the two mechanical
systems

1) =~ (1,0, £¢l0) |1}, g

is therefore entangled, where 6,(0) = ¢, is the phase with which
the mechanical state is initialized at delay 7=0. This phase is deter-
mined from the relative phase difference that the pump beam acquires
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The lasers are then combined on a 50/50 beam splitter, which forms an
interferometer with a second combining beam splitter. Each arm of the
interferometer contains one of the mechanical oscillators, cooled to its
ground state using a dilution refrigerator (central dashed rectangle). The
phase of the interferometer, ¢y, is stabilized using a fibre stretcher (labelled
‘phase’), while the phase difference between the pulses, A¢, is controlled
using an electro-optic modulator (EOM). The same EOM is also used for
serrodyning. Optical filters in front of two superconducting single-photon
detectors (D1, D2) ensure that only photons scattered onto the cavity
resonance are detected, whereas the original laser pulses are completely
suppressed. The mechanical devices are physically separated by 20 cm and
their optical separation is around 70 m.

in the two interferometer arms®*, which we can choose using our
interferometer lock. However, because the two mechanical frequencies
differ by AQy,, the phase of the entangled state will continue to evolve
as O, (7) = ¢+ AQy, 7. The sign in equation (1) reflects which detector
is used for heralding, with 4 (—) corresponding to the positive (nega-
tive) detector, as defined by the sign convention of the interferometer
phase ¢.

In the third step of our protocol, we experimentally verify the
entanglement between the two mechanical oscillators. To achieve
this, we map the mechanical state onto an optical field using a
‘read’ pulse after a variable delay 7. This relatively strong pulse is
tuned to the lower mechanical sideband of the optical resonance
(Wread =21/ A — Qp,). At this detuning, the field drives the anti-
Stokes transition—that is, a pump photon is scattered onto the cavity
resonance while annihilating a phonon'®. Ideally, this state transfer
will convert |¥) into

-1 i(0,+0,(7))

[2)=—=(1), [0}, £ o), 1), ) @
where ry and rp are the optical modes in the two interferometer arms.
The state of the optical field now contains the mechanical phase as well
as the phase difference 6, acquired by the read pulse. We can add an
additional phase offset A¢ to the read pulse in one of the interferom-
eter arms so that 6, = ¢y + A¢ by using an electro-optic phase modu-
lator, as shown in Fig. 1. Sweeping A¢ allows us to probe the relative
phase 0,,,(7) between the superpositions |A) and |B) of the mechanical
state for fixed delays 7. To avoid substantial absorption heating cre-
ating thermal excitations in the oscillators, we limit the energy of the
read pulse to a state-swap fidelity of about 3.4%, reducing the number
of added incoherent phonons to about 0.07 at a delay of 7=123ns
(see Supplementary Information).
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Fig. 2 | Creation and detection of entanglement between two remote
mechanical oscillators. A pump pulse detuned to the Stokes sideband of
two identical optomechanical resonators is sent into an interferometer,
creating a single excitation in either device A or B. This process emits a
photon on resonance with one of the cavities, and the two possible paths
are superimposed using a beam splitter (black square) when exiting the
interferometer (left). Detection of this photon in one of the single-photon
detectors projects the two mechanical systems into an entangled state, in
which neither device can be described separately. To verify this non-
separable state, an optical read pulse tuned to the anti-Stokes sideband is
sent into the interferometer with a delay of 7, de-exciting the mechanical
systems and emitting another on-resonance photon into modes r; (i=A, B)
with operators 7. The two optical paths are again superimposed on the
same beam splitter (right), and the photon is detected, allowing us to
measure various second-order correlation functions, which are used to test
an entanglement witness. The operators p and #, with j= 1, 2, denote

the optical modes created from the pump’and the read pulses, respectively,
after recombination on the beam splitter and #1; (i= A, B) are the operators
of the mechanical modes. We note that in our experiment, the detectors
used for the pump and read photons are identical (see Fig. 1).

So far we have neglected the consequence of slightly differing
mechanical resonance frequencies for our heralding scheme. To
compensate for the resulting frequency offset in the scattered (anti-)
Stokes photons and to erase any available ‘which device’ information,
we shift the frequency of the laser pulses by means of serrodyning
(see Supplementary Information). Specifically, we use the electro-optic
phase modulator, which controls the phase offset A¢, to also shift the
frequency of the pump (read) pulses to device A by + AQy, (—AQ).
The frequency differences of the pulses in the two opposing paths
cancel out their mechanical frequency differences exactly, ensuring
that the scattered photons at the output of the interferometer are
indistinguishable.

To confirm that the measured state is indeed entangled, we need
to distinguish it from all possible separable states, that is, the set of
all states for which systems A and B can be described independently.
A specifically tailored measure that can be used to verify this non-
separability of the state is called an ‘entanglement witness’. Here we
use a witness that is designed for optomechanical systems?’. In con-
trast to other path-entanglement witnesses based on partial state
tomography, such as concurrence, this approach replaces measure-
ments of third-order coherences, g**), by expressing them as second-
order coherences, g(z), assuming linear interactions between
Gaussian states. This greatly simplifies the requirements and reduces
the measurement times for our experiments. Because the coherences
refer to the unconditional states, the nonlinear detection and state
projection do not contradict these assumptions. The above assump-
tions are satisfied for our system because the initial mechanical states
of our devices are in fact thermal states close to the corresponding
quantum ground states (step 1 of our protocol; see Supplementary
Information) and we use linearized optomechanical interactions
(described in steps 2 and 3)?8. The upper bound for this witness
of mechanical entanglement is given by?” (see Supplementary
Information)
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in a symmetric setup. In equation (3), 9 0, + Gm,] = 1 2 denotes

the heralding detectors and g< ) = (ATA P])/(( ><P P ) is the
second- order coherence between the photons scattered by the pump
pulse (with p b Tand b, the creation and annihilation operators, respec-
tively, of the hode gorng to detector j) and the converted phonons from
the read pulse (with 71 and #, the creation and annihilation operators,

respectively, of the mode going to detector j). For all separable states of
the mechanical oscillators A and B, the witness yields Ry, (6, j) > 1 for
any 0 and j. Hence, if there exists a § and j for which Ry,(6, j) <1, the
mechanical systems must be entangled.

Although entanglement witnesses are designed to be efficient clas-
sifiers, they typically depend on the individual characteristics of the
experimental setup. If, for example, the second beam splitter (see Fig. 1)
were to malfunction and act as a perfect mirror—that is, if all photons
from device A (B) were transmitted to detector 1 (2)—then Rp,(6, j)
could still be less than 1 for separable states. This is because the witness
in equation (3) estimates the visibility of the interference between |A)
and | B) from a single measurement, without requiring a full phase scan
of the interference fringe. To ensure the applicability of the witness, we
therefore verify experimentally that our system fulfils its assumptions.
We first check whether our setup is balanced by adjusting the energy
of the pump pulses in each arm, as described above. This guarantees
that the scattered photon fluxes impinging on the beam splitter from
both arms are equal (see Supplementary Information). To make the
detection symmetric, we use heralding detection events from both
superconducting nanowire single-photon detectors—that is, we obtain
the actual bound on the entanglement witness Ry, sym(0) from averaging
measurements of Ry,(#, 1) and Ry, (6, 2) (see Supplementary
Information). By choosing a phase § such that the correlations between
different detectors exceed the correlations at the same detector,
& fg i=j~ & (213 with i, j € {1, 2}, we avoid our measurements’ suscepti-
bility to unequal splitting ratios applied by the beam splitter.

In Fig. 3, we show a series of measurements of the second-order coher-
ence g%, performed by sweeping A¢ with a readout delay of 7= 123 ns,
which verify the coherence between |A) and |B). Using these data, we
chose an optimal phase settlng 0= 0op; with A =0.27 for the main
experiment. Weobtain R, .. (6,,,,) = 0.74 056 which is well below the
separability bound of 1. By 1nclu(i)1ng measurements at the non-optimal
adjacent phases A¢ =0 and 0.25, the statistical uncertainty improves,
and we obtain R,, (.. ([0,,,—0.2T, 0, +0.057]) = 0.747 35 . Hence,
we eXperlmentally observe entangfement between the two remote
mechanical oscillators with a confidence level above 99.8%.

The coherence properties of the generated state can be characterized
through the decay of the visibility

max(gr(ii%) — min(grii%)

= (4)
max(grii%) + min(gr(j%)

We therefore sweep the delay time 7 between the pump pulse and
the read pulse. The mechanical frequency difference AQy, allows us
to sweep a full interference fringe by changing the delay 7 by 22 ns.
Owing to the technically limited hold time of our cryostat, this sweep
had to be performed at a higher bath temperature of about 80—90 mK
(see Fig. 1), yielding a slightly lower, thermally limited visibility at
short delays when compared to the data in Fig. 3. By varying the delay
further, we observe interference between |A) and |B) (V> 0) up to
T = 3 s (see Fig. 4). The loss of coherence can be explained by
absorption heating and mechanical decay (see Supplementary
Information) and appears to be limited at long delays 7 by the
lifetime 1/I's = 4 ps of device A, which has the shorter lifetime of
the two devices.

N AT UR E | www.nature.com/nature

© 2018 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.



LETTER

10 T T T T T

Second-order coherence, g®

-0.5 0.0 0.5 1.0
Phase, A¢ (m)

Fig. 3 | Phase sweep of the entangled state. We vary the phase difference
between the pump and the read pulses, A¢, and measure the second-order
coherence g® of the Raman-scattered photons for a fixed delay of

7=123 ns between the pulses. Blue crosses represent measurements of

& ppi=i and red circles are the results for &, b where i, j € {1, 2}. We fit
simple sine functions (shown as solid lines) to each of the datasets as
guides to the eye. The sinusoidal dependence on the phase clearly
highlights the coherence of the entangled mechanical state. We observe a
periodicity of 1.95m, in good agreement with the expected value of 2 for
single-particle interference (see equation (2))?’. The phase sweep allows us
to identify the optimal phase A¢ = 0.2 for maximum visibility, at which
we acquire additional data (green cross and circle) to determine the
entanglement witness with sufficient statistical significance. All error bars
represent a 68% confidence interval.

We have experimentally demonstrated entanglement between
two engineered mechanical oscillators separated spatially by 20 cm
and optically by 70 m. Imperfections in the fabrication process and
the resulting small deviations of optical and mechanical frequencies
for nominally identical devices are overcome through the statistical
selection of devices and optical frequency shifting using a serrodyne
approach. The mechanical systems do not interact directly at any point,
but are interfaced remotely through optical photons in the telecommu-
nication-wavelength band. The coherence time of the entangled state is
several microseconds and appears to be limited by the mechanical life-
time of the devices and by absorption heating. Both of these limitations
can be considerably mitigated. On the one hand, optical absorption
can be substantially suppressed by using intrinsic, desiccated silicon®.
Mechanical lifetimes, on the other hand, can be greatly increased by
adding a phononic bandgap shield*’. Although our devices are engi-
neered to have short mechanical lifetimes!'>*, earlier designs including
such a phononic shield have reached® 1/I"~ 0.5 ms and could still be
further improved. Combined with reduced optical absorption, which
would allow efficient laser cooling, such lifetimes can potentially put
our devices on par with other state-of-the-art quantum systems>'.

Our experiment demonstrates a protocol for realistic, fibre
telecommunication-compatible entanglement distribution using engi-
neered mechanical quantum systems. With the current parameters of
our system, a device separation of 75km using commercially available
telecommunication fibres would result in a drop of less than 5% in the
interference visibility (see discussion in Supplementary Information for
more details). The system presented here is directly scalable to include
more devices (see Supplementary Information) and could be integrated
into a real quantum network. Combining our results with those of
optomechanical devices capable of transferring quantum information
from the optical to the microwave domain, which is a highly active
field of research?#3>%, could provide a backbone for a future quantum
internet based on superconducting quantum computers.
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Fig. 4 | Time sweep of the entangled state. Shown is the interference of
the entangled mechanical state at different delays 7 between the pump and
read pulses, with the phase of the interferometer, ¢, and the phase
difference between the pump and read pulses, A¢, fixed. The blue

crosses represent the measurements of g, bizi and red circles are the
oD

results for & ,(ii),i, where i, j € { 1, 2}. The solid lines are sinusoidal fits
averaged over the two out-of-phase components for each delay window
and serve as a guide to the eye. The coherence of the entangled state is
reduced over time, which can be seen by the decay of the interference
visibility (inset). This decoherence is consistent with a delayed optical
absorption heating and the mechanical decay time of about 4 s of device A.
The inset shows the visibility of the interference (green crosses) and the
expected upper bound on the visibility due to heating and mechanical
decay (orange line; see Supplementary Information). All error bars
represent a 68% confidence interval.

Data availability
All relevant data generated and analysed during this study are included in this
paper (and its Supplementary Information).
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