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SUMMARY

Cavity Optomechanics is a field employing optical control over mechanical oscillators
with a variety of possible applications for sensing, optical signal processing as well as
quantum technologies. Such systems are attractive because they are often fully engi-
neerable and can be tailored to specific applications by allowing a large range of fre-
quencies and the usage of a number of host materials. The following work explores one
such application of a high frequency, ultra-long lived mechanical mode as a quantum
memory which can be read out on-demand via an optical interface. In chapter 1, we
introduce the device design and discuss the optomechanical interactions. We also re-
view the requirements for an application of the memory in long-distance entanglement
distribution with the DLCZ protocol. We argue that such mechanical devices constitute
a promising technology for future quantum networks and discuss how they differ from
competing systems.
Chapter 2 gives a detailed description of the experimental techniques used in the later
chapters. We describe the fabrication of the device in the cleanroom, show how the op-
tical coupling to the chip is achieved in the cryostat and discuss the full setup for the
single photon counting experiments. In chapter 3 we continue by giving details on the
most important measurements that can be used to characterize the performance of the
devices. This includes the detection of the optical mode with continuous light, as well as
pulsed experiments on the mechanical mode for thermometry and ringdown measure-
ments. We finish this discussion by demonstrating quantum behavior of the device with
the heralded preparation of a phonon Fock state using single photon counting.
In chapter 4 we demonstrate the heralded entanglement generation between two de-
vices by projection onto a Bell state, which we verify using an entanglement witness.
Chapter 5 continues with an experiment with improved device performance which al-
lows us to perform a Bell test including two mechanical devices and two optical modes.
While not closing the loopholes, we can show strong quantum correlations between the
modes which are necessary for realistic applications.
In chapter 6 we focus on the actual memory aspect of the modes by performing a series
of experiments on a device with greatly improved mechanical quality factor. We demon-
strate that the mode can be used to store Fock states for its whole ringdown time of more
than one millisecond. We furthermore prepare the mode in a superposition with the
vaccuum and find a dephasing of the state on a timescale around ten microseconds.
In chapter 7, we summarize the findings of these experiments and discuss future direc-
tions for both improved device performance as well as alternative use cases of the system
as more versatile quantum memory.

vii





SAMENVATTING

Cavity Optomechanics is een veld in de natuurkunde waarin gebruik gemaakt wordt van
de optische controle over mechanische oscillatoren met een verscheidenheid aan toe-
komstige toepassingen voor detectie, optische signaalverwerking en kwantumtechnolo-
gieën. Dergelijke systemen zijn aantrekkelijk omdat ze vaak kunnen worden aangepast
aan specifieke toepassingen, door een hele reeks frequencies en verschillende materia-
len toe te laten. Het volgende werk onderzoekt een dergelijke toepassing van een hoog-
frequente mechanische resonator met ultra-lage demping als een kwantum-geheugen
dat op aanvraag kan worden uitgelezen via een optische koppeling. In hoofdstuk 1 in-
troduceren we het chipontwerp en bespreken we de optomechanische interacties. We
motiveren ook de exacte toepassing van het geheugen voor de distributie van kwantum
verstrengeling op lange afstand met het DLCZ-protocol. We stellen dat mechanische
resonatoren een veelbelovende technologie vormen voor toekomstige kwantumnetwer-
ken en bespreken hoe ze verschillen van concurrerende systemen.
Hoofdstuk 2 geeft een gedetailleerde beschrijving van de experimentele technieken die
in de latere hoofdstukken worden gebruikt. We bespreken de fabricage van de chips
in de cleanroom, laten zien hoe de optische koppeling in de cryostaat wordt bereikt
en bespreken de volledige opstelling voor de experimenten voor het tellen van indivi-
duele fotonen. In hoofdstuk 3 gaan we verder met deze bespreking door details te ge-
ven over de belangrijkste metingen die gebruikt kunnen worden om de prestaties van
de chips te karakteriseren. Dit omvat de detectie van de optische resonantiefrequentie
met continu licht, evenals gepulseerde experimenten voor thermometrie en ’ringdown’-
metingen van de mechanische resonator. We eindigen deze discussie door het kwan-
tumgedrag van het apparaat te demonstreren met de ’heralded’ aanmaak van een pho-
non Fock toestand met behulp van enkele fotontelling.
In hoofdstuk 4 demonstreren we de ’heralded’ verstrengeling generatie tussen twee chips
door projectie op een Bell-toestand, die we verifiëren met behulp van een verstrenge-
lingsgetuige. Hoofdstuk 5 gaat verder met een experiment met verbeterde chips waar-
mee we een Bell-test kunnen uitvoeren met twee mechanische resonatoren en twee op-
tische velden. Hoewel we de theoretische mazen niet dichten, kunnen we sterke kwan-
tumcorrelaties tonen tussen de velden die nodig zijn voor realistische toepassingen.
In hoofdstuk 6 richten we ons op het feitelijke geheugenaspect van de resonanties door
een reeks experimenten uit te voeren op een chip met een sterk verbeterde mechani-
sche kwaliteitsfactor. We tonen aan dat de resonantie gebruikt kan worden om Fock-
toestanden op te slaan voor de hele ’ringdown’ tijd van meer dan één milliseconde. We
bereiden de resonantie bovendien voor in een superpositie met het vacuüm en vinden
een defasering van de staat op een tijdschaal van ongeveer tien microseconden.
In hoofdstuk 7 vatten we de bevindingen van deze experimenten samen en bespreken
we toekomstige mogelijkheden voor zowel verbeterde chipprestaties als alternatieve ge-
bruikstoepassingen van het systeem als veelzijdig kwantumgeheugen.

ix





1
INTRODUCTION

Long-distance entanglement distribution is one of the current frontiers in quantum optics
and quantum information science, promising novel communication and metrology ap-
plications. Direct transmission allows for ranges up to few hundreds of kilometers in mod-
ern ultra low-loss fiber-optic networks. Beyond that, quantum repeater protocols based on
optical quantum memories are required. While there exist many protocols and proof-of
principle demonstrations have been successful in several systems, the performances of the
quantum memories have not yet allowed for real world applications. Here we discuss me-
chanical resonators as a new approach suitable for integration into the DLCZ-scheme. We
argue that, with improved efficiencies, they could be used in the future as versatile quan-
tum memories due to a substantial design freedom and incorporation possibilities to other
quantum techniques. At the same time, researching long-lived mechanical modes opens
avenues to test fundamental physics alike.

1
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2 1. INTRODUCTION

1.1. QUANTUM MEMORIES FOR LONG-DISTANCE ENTANGLEMENT

DISTRIBUTION

Optical photons are ideal carriers of quantum information as they move quickly and,
due to their high frequencies, they are almost decoherence-free at ambient tempera-
tures. Optical components to route and manipulate light at telecom frequencies are
commercially available with high efficiencies. Homodyne setups are able to perform
quantum noise limited detection and superconducting nanowires can be used to spot
individual photons with efficiencies approaching unity. Technologies using light as the
carrier for quantum information are being explored, including linear optical quantum
computation techniques [1], quantum cryptography [2] and quantum communication
techniques to establish links between future quantum computers [3, 4]. Many of these
schemes rely on simultaneous successful outcomes of many individual probabilistic pro-
cesses. Some of those are unavoidable, for example due to weak non-linear optical in-
teractions or stochastic quantum light sources. Others are by design, including heralded
quantum state preparation or entanglement purification, where probabilistic protocols
are used to achieve high state fidelities in a trade-off with the chance of a successful out-
come. As a result, scaling of these techniques into mature technologies is hindered be-
cause the total probability of success is quickly reduced with increased complexity and
the overall rates become minute. To develop ever more complex optical quantum tech-
nologies, synchronization devices have to be developed which can hold on to optical
quantum states such that all dependencies are resolved before further processing.

Enter optical quantum memories [5]. An ideal multi purpose memory would allow
to efficiently store and retrieve a quantum state of any quantum light source for arbitrary
times with on-demand operation and high fidelity. Such a device has been elusive, and
current approaches have focused on highly specialized devices tailored for specific tasks.
In this work, we focus on memories for long-distance quantum communication. Here
entanglement is distributed between the two endpoints of a optical link as a resource for
secure communication using quantum cryptography protocols or for the transmission
of unknown quantum states using quantum teleportation. Note that quantum states
cannot be amplified to overcome unavoidable transmission losses and hence the proba-
bility for a successful entanglement distribution decreases exponentially with distance.
Imagine the transmission of entangled photons over 1000 km of standard telecom fiber
with attenuation of 0.17 dB/km at a repetition rate of 10 MHz. A successful detection of a
photon at the other side would take on average more than 100 years, a prohibitively long
time for practical communication tasks.

Quantum repeater protocols can allow for more efficient communication by dividing
the distance into much shorter segments, each well below the attenuation length of the
channel. Entanglement can then be distributed between the nodes of these segments
by transmission of single photons with relatively high probabilities. In a second step, the
entanglement in the segments can be converted to long-distance entanglement between
the two endnodes of the channel by entanglement swapping operations, which are pair-
wise joint measurements on the states of the memories. We will describe a particular
protocol for this in section 1.3. Crucially, even if the operations on the individual links
have only modest success rates, polynominal scaling of the swapping probability allows
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Figure 1.1: (a) Unit cell of the mirror region. The dimensions of the design are given in the main text. (b) Optical
bandstructure simulation of the mirror region with the green shaded region indicating unguided modes above
the light line. The bandgap is shown in light blue shade and the defect frequency ωc of the full structure as
a dashed line. (c) Mechanical bandstructure simulation of the mirror region. Shown are only the modes with
xy-symmetry as well as the bandgap shaded in light blue and the defect frequency as a dashed line. (d) Full
nanobeam design, in which the unit cell dimensions are adiabatically transformed from the mirror region to
the defect dimensions given in the main text. (e) Optical simulation, shown is the electric field component Ex.
(f) Mechanical simulation of the displacement amplitude.

such a scheme to asymptotically outperform direct transmission for long distances. A
demonstration of this increase in efficiency is so far outstanding due to a lack of suitable
and scalable optical quantum memories.

In this thesis we explore engineered mechanical structures as a new approach to
build an optical quantum memory. Such mechanical excitations share many similari-
ties to optical modes with both having bosonic fundamental excitations, photons and
phonons. Optical modes can thus in principle always be mapped on acoustic ones as
they share the same Hilbert space. The key difference with regards to a quantum mem-
ory is that the propagation of phonons is bound to the speed of sound in their host
material which is orders of magnitude slower than the speed of light. Current micro-
fabrication techniques additionally allow to build acoustic cavities with extremely high
quality factors, which could be used to store quantum states for extended amounts of
time. The main technical challenge is thus to provide an efficient light-matter interface
to be able to inter-convert the quantum information. Here, we use the optomechanical
interaction, which is a parametric coupling between light and mechanical motion due to
radiation pressure forces [6]. We describe these devices and the relevant optomechan-
ical interactions in the following section 1.2 and describe an application as a quantum
memory in section 1.3.

1.2. SILICON NANOBEAMS
The following chapters describe experiments with optomechanical nanobeams which
were originally developed in Caltech based on earlier integrated photonics designs (see
e.g. [7]). Beams of silicon can act as waveguides for light due to total internal reflection.
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Periodically patterning the beams with holes can create bandstructures with which in-
dividual guided modes can be defined. Bandgaps can furthermore be designed to intro-
duce highly reflective mirror regions in the beams. The interference for light scattered
from the individual holes depends on the wavelength of the light. To achieve telecom
operation at frequencies around ωc ≈ 200 Thz, our design employs a lattice-constant
of a = 439 nm. The hole width is hx=161 nm, the hole height is hy=404 nm and the
beam thickness is d=250 nm, as defined in Figure 1.1a. The simulated bandstructure
in Figure 1.1b shows the formation of a bandgap, i.e. a region in frequency in which
modes cannot propagate in the beam. Optical cavities can be designed by introducing
defect modes in the middle of this bandgap by deforming the unit cell adiabatically over
a number of holes. Scattering to the outside of the light cone can be avoided by a smooth
transition, while keeping the mode volume close to the theoretical limit of (λ/2n)3 [8].
In the defect, the design parameters from the mirror region are reduced to a = 319 nm,
hx = 193 nm and hy = 175 nm. While simulated structures easily achieve optical quality
factors exceeding 10 million, fabricated nanobeams are typically bound to quality fac-
tors of one million and below, resulting in intrinsic FWHM linewidths of κi=200 Mhz and
above.

The crucial innovation of the Caltech group was to realize that localized phonon
modes can be formed by the same design principles, and even in about the same mode
volume. A simulated bandstructure for acoustic waves is shown in Figure 1.1c, includ-
ing the defect frequency that is created by the deformation of the unit cell. Notably, the
bandgap that is formed by the mirror is only a bandgap for a certain phonon polariza-
tion. Elastic waves with x y-symmetry cannot propagate whereas all others can. This
is a feature which can limit the achievable quality factors of the modes in practice and
is therefore considered further in chapter 6. The mode that is generated by the defect
is often called a breathing mode, it is shown in Figure 1.1f. The material periodically
expands and contracts in the center with a frequency of Ω/2π ≈ 5 G H z. The mechani-
cal confinement can be extremely good with mechanical damping times exceeding one
second [9].

Co-confining the optical and mechanical modes enables a coupling term between
the two. Physically, the interaction is caused to the most extend by an interplay between
electrostriction and photoelasticity. Electrostriction causes deformations of the material
due to the presence of an optical field and strain within the material will subsequently
modulate the refractive index due to photoelasticity. Additionally, but to much smaller
extent, the movement of the boundaries of the silicon beam change the mode frequency
by modulating the evanescent field. The mechanical resonance thus shifts the optical
frequency ωc periodically. We capture this in a coupling rate g0 as

g0 =
(
∂ωc(xm)

∂xm

∣∣∣∣
mb

+ ∂ωc(xm)

∂xm

∣∣∣∣
pe

)
xZPF. (1.1)

The proportionality constant is the zero-point fluctuation xZPF of the mechanical mode
which we will discuss below. Analytic expressions for the frequency shifts caused by pho-
toelasticity (pe) and moving boundaries (mb) are given in Ref. [7]. Using these equations,
the optomechanical coupling strength can be estimated from finite element simulations
using for example COMSOL.
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To discuss the optomechanical interaction in detail, we introduce a quantum de-
scription of the system [6]. The mechanical mode alone, a harmonic oscillator, is gov-
erned by the Hamiltonian of the form

Ĥmech =ħΩ
(
b̂†b̂ + 1

2

)
. (1.2)

Here ħ is the reduced Planck constant and b̂ (b̂†) is the mechanical annihilation (cre-
ation) operator defined by

x̂m = xZPF
(
b̂ + b̂†

)
, p̂m = i xZPF

(
b̂ − b̂†

)
(1.3)

Here we use the quantized position x̂ and momentum p̂ operators. The zero-point fluc-
tuation xzpf of the mode is defined as the spread of the position variable in the quantum
groundstate 〈0|x̂m

2|0〉 and is given by

xZPF =
√

ħ
2meffΩ

. (1.4)

It is dependent on the mass of the oscillator, which we define as

meff = ρ
∫

d 3x|q(x)|2, (1.5)

where q(x) is the displacement field of the mode normalized to max(q(x)) = 1 [7]. Using
a numerical solver such as Comsol, we calculate an effective mass of around ∼130 fg.
We treat the optical cavity in a similar fashion using the Hamiltonian

Ĥopt =ħωc

(
â†â + 1

2

)
, (1.6)

where we introduce the creation â† and annihilation â operators of the optical mode.
With this we can turn to the optomechanical coupling. Expandingωc, the resonance

frequency of the optical resonator, to the first order gives

ωc(x) =ωc(0)+ ∂ωc(x)

∂xm

∣∣∣∣
0

xm + ... (1.7)

This can be used with Eq. 1.6 to find the interaction term of the optics and mechanics
Ĥint as

Ĥint =ħg0
(
b̂ + b̂†

)
â†â . (1.8)

We find the single photon coupling rate

g0 = ∂ωc(xm)

∂xm

∣∣∣∣
0

xzpf, (1.9)

which we can estimate using the photoelastic and moving boundary contributions as in
Eq. 1.1 to be on the order of ∼1 MHz.
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Before writing the full Hamiltonian, we make a transformation into the rotating frame
of the laser with frequency ωlaser as âold → ânew exp−iωlasert (we will drop the index of the
operator ânew immediately). Frequency components in the Hamiltonian with a detun-
ing ∆=ωlaser −ωc can then be interpreted as sidebands on the laser. We then get

Ĥfull =−ħ∆â†â +ħΩb̂†b̂ +ħg0
(
b̂ + b̂†

)
â†â . (1.10)

Comparing the coupling rate g0 ≈1 MHz to the loss rates of the mechanical mode Γ<<
1 MHz and optical cavity κi < 200 MHz, we get the hierarchy Γ ≤ g0 ≤ κi. Since the
total optical loss rate κ typically exceeds the coupling g0 by a factor of almost 103, we
are deeply in the weak coupling regime and proceed to linearize Eq. 1.10. We first set
â = α+ δ̂a , using a strong, classical drive amplitude α and quantum fluctuations δ̂a .
This yields an approximate interaction Hamiltonian according to [6]

Ĥint =−ħg0
p

ncav
(
b̂† + b̂

)(
δ̂a

† + δ̂a
)

(1.11)

where we have introduced a real-valued intracavity photon number
p

ncav =α. A further
shorthand notation is to denote g = g0

p
ncav as the optomechanical coupling, which

is increased from the single photon coupling rate by the driving strength. Finally, we

simplify the notation below by writing only â† for the fluctuating δ̂a
†
, consistent with

the bulk of literature [6].
We can single out two different types of interactions, depending on the detuning

of the optical drive that we employ. Within the sideband-resolved regime and under a
blue detuned drive, we can use the rotating wave approximation to set up a two-mode
squeezing interaction

ĤTMS =−ħg
(
â b̂ + â†b̂†

)
. (1.12)

We can understand this interaction in a three-wave mixing process as shown in Fig-
ure 1.2a. Stokes scattering from blue-detuned pulse downconverts the light onto the
optical resonance while driving the mechanical mode. We will see in the following sec-
tion that this two-mode squeezing is an entangling operation on the optical and the me-
chanical mode.

Red driving on the other hand results in anti-Stokes scattering from the optomechan-
ical cavity as shown in Figure 1.2b. An excitation of the mechanical mode is annihilated
and a photon is created at ωc. Under the rotating wave approximation, Eq. 1.11 results a
beamsplitter type interaction

ĤBS =−ħg
(
â b̂† + â†b̂

)
. (1.13)

This Hamiltonian enables an exchange of interactions between the mechanical mode at
Ω and the optical field at ωc. It allows for an efficient state-transfer of the mechanics to
the anti-Stokes field, which we will use throughout of the thesis to read out the mechan-
ical modes [6].

1.2.1. PROBABILISTIC QUANTUM STATE PREPARATION
In this section, we will see how the two-mode squeezing interaction together with single
photon counting can be used to herald non-classical mechanical states. Eq. 1.12 inter-
action is linear in the mechanical degree of freedom, and as such is unable to create
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Figure 1.2: Linear optomechanical interactions with a mechanical mode Ω and an optical cavity at ωc under
sideband driving. (a) Blue-detuned driving atωc+Ω enables Stokes scattering from the optomechanical cavity.
This creates pairs of excitations in the mechanical mode Ω and the Stokes field on resonance with the optical
cavity ωc, as described by the two-mode squeezing Hamiltonian. (b) Red-detuned driving at ωc −Ω enables
anti-Stokes scattering. Here, excitations are removed from the mechanical mode Ω and up-converted to the
anti-Stokes field at ωc. This interaction is described by the optomechanical beamsplitter Hamiltonian and
allows cooling of the mode as well as an optical readout of the mechanical state.

non-Gaussian states starting from an initially Gaussian state (such as the vacuum or a
thermal state). We can see this by propagating the state of the mechanics (m) and Stokes
field (S) using Eq. 1.12. Assuming both modes are initialized in vacuum states and ne-
glecting a global phase we write

|ψ〉S,m = e i /ħĤTMS |00〉S,m (1.14)

=
(
1+ i /ħĤTMS + 1

2

(
i /ħĤTMS

)2 + ...

)
|00〉S,m (1.15)

= |00〉S,m +p
pS|11〉S,m +pS|22〉S,m +O(pS). (1.16)

Here, pS is the Stokes scattering probability, which in this simplified treatment is given
as pS = exp(g0

p
ncavtint) with an interaction time tint. Note that a more realistic formula

including a thermal background on the mechanical mode and the coupling to the op-
tical cavity is discussed in chapter 3.2.1. We see that by choosing either the intracavity
photon number or the interaction time small, we can limit the absolute contribution of
the higher order terms in this state. This, however, goes at the expense of creating a state
with vanishing total amplitude. The trick is to make use of the non-linearity provided by
the measurement on single photon detectors. This can be described by a projection on
the subspace containing at least one photon in the Stokes field

S〈1|+ S〈2|+ ... (1.17)

Applying this projection and tracing over the optical mode, we are left with a mechanical
state of the form

|Ψ〉m = |1〉m +O(
p

pS). (1.18)
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Figure 1.3: Schematic of a Bell state measurement for the single excitation schemes used throughout this work.
Simultaneous blue-detuned drives cause Stokes scatting from the two optomechanical devices with a small
probability pS << 1 for each each. The two-mode squeezing interaction correlates the excitations in the modes
mA and SA as well as in mB and SB. The Stokes fields are mixed on a beamsplitter which erases all which
path information by transforming the input modes a and b to the output modes c and d. A Click on one
of the detectors projects the two mechanical modes on an approximately maximally entangled state with one
excitation shared between the two. Experimentally, phase stability between the optical paths has to be ensured,
which is discussed in chapter 2.2.2

Due to the re-normalization, the dominant component of this state is the single phonon
component making it a highly non-classical state. We can in fact choose pS arbitrarily
small and approximate the Fock state as well as we wish. This is, however, at the expense
of reduced scattering probabilities which decrease the experimental state preparation
rate.

1.2.2. BELL STATE MEASUREMENTS
The second tool from quantum optics that is heavily used in this thesis is a so-called Bell
state measurement. It is a joint measurement on modes of two initially separable quan-
tum systems which can induce correlations between them. The scheme is particularly
powerful if the modes that are subject to the Bell state measurement are themselves en-
tangled to other modes, which is the basis for quantum teleportation and entanglement
swapping. Throughout this thesis we work with single excitation schemes for which this
is realized by projecting two optical modes modes SA and SB onto Bell states of the form

1p
2

(
SASb〈10|± SASb〈01|) . (1.19)

Here |0〉 = |vac〉 indicates the vacuum and |1〉 indicates a single phonon Fock state.
The measurement projects onto a maximally entangled basis, such that no information
about the individual subsystems is revealed. Now assume the modes SA and SB are en-
tangled with a set of mechanical modes mA and mB respectively through the two-mode
squeezing interaction. In this case, entanglement can be generated between these extra
modes mA and mB though entanglement swapping of SA and SB, even though they have
never directly interacted before. The scheme is shown in Figure 1.3. With equal scat-
tering probabilities for the two beams, we generate the combined two-mode squeezed
state as

|ψ〉 ∝ (|00〉SAmA +
p

pS|11〉SAmA +O(pS)
)⊗e iφ (|00〉SBmB +

p
pS|11〉SBmB +O(pS)

)
. (1.20)
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We furthermore have an additional phase term e iφ, which corresponds to the phase of
the light traveling in the interferometer which we experimentally have to keep constant
between the trials. After re-ordering the operators and suppressing the higher order
term, the state reads

|ψ〉SASBmAmB ∝|0000〉 +p
pS|1010〉 +e iφppS|0101〉 +O(pS). (1.21)

To implement the Bell state measurement of Eq. 1.19 we mix the two modes on a
beamsplitter (see Figure 1.3). After this, the new state is

|ψ〉 = |0000〉cdAB (1.22)

+ √
pS/2(|10〉cd −|01〉cd)⊗|10〉AB (1.23)

+ e iφ
√

pS/2(|10〉cd +|01〉cd)⊗|01〉AB (1.24)

+ O(pS). (1.25)

A successful Bell measurement is performed by selecting on measurement outcomes
where exactly one photon is found in either of the modes c and d . This corresponds to a
projection onto cd〈10| or alternatively cd〈01|. Applying this, we herald a mechanical state
of

|Ψ〉AB = 1p
2

(
|10〉AB ±e iφ|01〉AB

)
+O(

p
pS). (1.26)

The state is either symmetric or anti-symmetric depending on which detector clicks.
Note that due to the projection measurement, the vacuum component of the state is
gone and the two mechanical modes are left in an approximately maximally entangled
state. The two oscillators have never interacted and can in principle be separated far
away from each other. This type of measurement is used in chapter 4 and chapter 5 this
thesis.

1.3. A MECHANICAL QUANTUM MEMORY
In this thesis, we perform several experiments based on the DLCZ protocol for long-
distance entanglement distribution [10]. The original formulation of the protocol was
for optically thick clouds of atoms. Nowadays, it has inspired experiments in a whole
family of systems, for which we review the state of the art in appendix A. The type of
memory required for the protocol combines the storage functionality with the action
of a quantum light source to provide the optical states for communication. Generally, a
classical control is applied to the device creating light-matter entanglement between the
state of the memory and the optical field. In the case of the nanobeams, we can achieve
this using the two-mode squeezing interaction, which correlates the mechanical state
with the Stokes field. Together with single photon detection, this can then be used to
herald highly non-classical mechanical states as discussed in section 1.2.1. Bell state
measurements on the Stokes photons of two devices can create entanglement between
two mechanical oscillators at a distance as discussed in section 1.2.2. We show this first
step of the DLCZ protocol in a minimal network of four memory nodes in Figure 1.4a.
Once the Bell state measurements between A and B as well as C and D are successful,
the entanglement can be stored in the memory nodes. A red-detuned driving field can
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Figure 1.4: a) Blue driving of stationary memory nodes x=A,B,C,D enables Stokes scattering with emission
into the respective fields Sx at a small probability pS. The state of the memories is correlated to the respec-
tive fields due to the two-mode squeezing interaction such that a successful Bell state measurement with a
click on one of the two detectors emitted from neighboring nodes projects them into a maximally entangled
state. Due to losses and necessarily only small excitation probabilities pS, this process may have to be repeated
multiple times. The memory nodes allow to synchronize the attempts and store the successfully generated en-
tanglement. b) A red-detuned driving field allows to optically read out the memories with a high state-transfer
probability using the beamsplitter interaction. Entanglement swapping can be achieved by a successful Bell
state measurement on the anti-Stokes fields aSx with, once again, one click in either of the two detectors. c)
Swapping of the quantum states of the memory nodes allows to distribute entanglement over longer distances,
which can be used for quantum communication protocols between the end-nodes.

be used to retrieve the mechanical states from the memories and to prove the entangle-
ment of the nodes. An entanglement swapping operation can furthermore be used to
connect the individual nodes at greater distances [10]. Anti-Stokes fields of neighbor-
ing nodes, here B and C, are combined on a beamsplitter and detected on single photon
counters, as shown in Figure 1.4b. A detection event projects the remaining nodes, here
A and D, onto a maximally entangled state, analogous to the Bell state measurement on
the Stokes photons in Figure 1.4a. This entanglement swapping is probabilistic because
a successful outcome is conditioned on the registration of one photon in either one of
the detectors. Once successful, however, the entanglement can be distributed at further
and further distances using the two elementary processes as described above. Losses in
the transmission channels only affect the success probability of entanglement genera-
tion or swapping but not the fidelity of the memory states. Polynominal scaling of the
probabilities with the number of nodes furthermore allows this scheme to outperform a
direct transmission for long distances. Subtleties to this protocol and improvements for
realistic applications are reviewed in Ref. [11].

Nanobeam mechanical oscillators are in principle well suited for such quantum com-
munication tasks, as they have been shown to host mechanical quality factors that are
easily compatible with the requirements for quantum communication. Damping times
exceeding milliseconds [7, 12] and even seconds [9], for example, are readily achieved
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and would enable to establish quantum links beyond 1000 km. Due to the high fre-
quencies in the Gigahertz regime, they can furthermore be cryogenically cooled to their
groundstates eliminating the thermal noise on the mode which in principle enables a
high fidelity state preparation. Additional incoherent excitations of the mode due to the
optical control fields as well as pure dephasing of the modes must both be limited to
achieve this goal and are discussed in detail in the later chapters.
Besides their general suitability, mechanical modes lend themselves for usage as quan-
tum memories due to several advantageous properties. There is an immense design
freedom in constructing optomechanical devices because the functionality of the de-
vices is primarily based on their geometry rather than naturally occurring resonances
or material properties. Firstly, this means that the optical resonance can be designed at
any optical frequency below the bandgap of the host material. This straight-forwardly
enables the operation in the conventional telecom band, making them one of the very
few memories to operate natively at this frequency range. Multimode mechanical de-
vices can furthermore be envisaged, which could allow for low-overhead multiplexing
approaches or relaxed experimental requirements using two-photon protocols [11]. The
optomechanical interaction furthermore allows to construct more versatile read-write
memories using the optomechanically induced transparency [13] to store optical quan-
tum states from an outside source [14]. As such, mechanical modes could be used in
the future as more versatile chip-integrated memories even beyond usage in the DLCZ-
protocol, handling short-delay synchronization tasks and long-time storage alike.

The relative freedom of choice of material also in principle enables the integration
with integrated silicon photonics components [15], possibly allowing for completely chip
based repeater nodes. On-chip integration with superconducting quantum circuits is
feasible and under lots of current experimental efforts. Resonant coupling via the piezo-
electric effect enables the coherent exchange of excitations between superconducting
qubits to the mechanical resonators [16–19] which by itself has been proposed to build
electromechanical quantum memories [20]. Alternative approaches are based on capac-
itive coupling [21, 22]. Efficient interactions with optical as well as microwave frequen-
cies at the same time would allow for converting quantum information between super-
conducting qubits and telecom photons [23–28]. In such a system, mechanical modes
could perform several functions, namely on-demand single photon generation, the up-/
down conversion of quantum information between microwave and optical frequencies
as well as the storage during the time of flight of the photons.

Beyond practical applications, there is interest in mechanical quantum states be-
cause motion is a macroscopic collective quantum variable and in particular because it
has an associated mass. Generating macroscopic quantum states such as entanglements
and superpositions are excellent tools to explore the physics at the intersection between
quantum and classical physics [29]. Experiments have struggled so far to isolate massive
systems from their direct environment enough to be able to probe interactions to other
source or probe masses in the quantum regime [30]. New types of effects have been
hypothesized, for example due to the interaction with gravity [31, 32] or due to other
unconventional decoherence mechanisms [33–36]. While the mass of the nanobeams
themselves is fairly small [37], successful experiments can still help to develop strate-
gies for future experiments on more massive systems. Achieving precise control over
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engineered (i.e. macroscopic) quantum systems is thus crucial for both the progress in
fundamental studies of quantum systems as well as for new quantum technologies in-
cluding quantum memories.

The following work explores the silicon nanobeams as a fully engineer-able quantum
memory. Chapter 2 starts by giving an overview on the fabrication and experimental
techniques used throughout this work. Chapter 3 goes into detail on the preparation of
the mechanical mode into highly non-classical states and explores some of its dynamics.
In chapter 4, we build on this and employ a Bell state measurement to generate entan-
glement between two mechanical modes on two separate chips. Chapter 5 explores the
entanglement in more detail and gives a benchmark in the form of a Bell inequality viola-
tion. Finally, in chapter 6, we explore the ability of our memory to store various quantum
states for extended time periods.



2
EXPERIMENTAL TECHNIQUES

Here we discuss the experimental techniques of chapters 3-6 as well as others, which were
developed but ultimately not used in published research yet. Some of the techniques are
more common, such as laser or interferometer locking techniques. Others are tailored to-
wards working with the optomechanical crystals, like fiber coupling with optical access
in a dilution fridge. While it is expected that some of the techniques will be refined in
the future and others will be added, the following is a snapshot of the current state of the
experimental capabilities and meant as a reference for experimentalists.

13
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2.1. FABRICATION
The fabrication of the silicon nanobeams is adapted from Ref. [7] with changes due to
differences in the cleanroom capabilities. We start off with a silicon-on-insulator wafer
(Soitec) with a 250 nm silicon layer on top of 3 µm buried oxide. The patterns are written
using a Vistec EBPG5200 ebeam writer and CSar09 resist. We develop the exposed pat-
tern for 1 min in pentyl-acetate, stop the development in a 1 min bath in 1:1 MIBK:IPA
before a final IPA rinse. The dry etching of the devices is done using SF6O2 chemistry
in an inductively coupled plasma etcher (Oxford Instruments). The devices are writ-
ten in the center of the chips. Access to the waveguides in plane is achieved by dic-
ing within 15 µm of the waveguide tips. After this step, the resist in cleaned in 80◦C
di-methylformamide before moving to the inorganic etching. Here we typically use a
combination of a cleaning / oxidation step and isotropic oxide etching with hydrofluoric
acid. The first step involves inorganic cleaning of the chips in either a piranha or with the
RCA method. No conclusion has been found so far as to which method produces better
results, tests have been performed in Refs. [38, 39]. The Piranha consists of heating sul-
furic acid to 80 ◦C and adding hydrogen peroxide in a 3:1 ratio. The mixture heats up well
above 120 ◦C, which provides good cleaning of the silicon as well as oxidation. The RCA
method is the standard method [40]. Afterwards, the devices are undercut for 3:30 min in
36% concentrated hydrofluoric acid. Typically, a second round of either Piranha or RCA
cleaning followes, after which the formed oxide is etched away in 1 % hydrofluoric acid.
The idea is that consecutive oxidation of a few nanometers of the surface of the silicon
and etching of this oxide can smoothen the surface. Additionally, the last etching step
with hydrofluoric acid step can terminate the surface of the silicon with a hydrogen pas-
sivation layer which can, in principle, protect the devices against oxidizing in ambient
conditions until they can be mounted in the cryostat. While full wafers can be protected
against oxidation for up to days, it is questionable how long the termination can last on
the fully processed chips (see also Ref. [41]). We therefore try to keep the exposure times
as small as possible before mounting the devices in the fridge.

2.1.1. DEVICE COUPLING

We couple to the devices via an optical waveguide on the silicon chip as shown in Fig-
ure 2.1a. Three different coupling strategies to the waveguide itself were explored during
this thesis. The first and most widely used coupling is done with commercially available
lensed fibers (Figure 2.1a). We use fibers with a focal distance of 14µm where they simply
focus the light onto the waveguide tip by moving the fibers with nanopositioner stages,
as shown in Figure 2.2. Our current chip design allows for single pass couplings of up to
∼70%. The devices have to be placed at the edge of the chip with the waveguides facing
outwards, which is achieved with the dicing step in the fabrication. The fiber coupling
can easily be used in the dilution fridge, since it does not require optical access. As the
fiber is approached, a small optical interferometer is formed between the fiber tip and
the side of the chip. The free spectral range of this interferometer which can be measured
by scanning the laser makes it possible to estimate the distance to the chip. The upper
edge is easily found moving upwards until all reflection is lost. Finally, device coupling is
achieved by moving a bit left and right until the waveguide reflection is found, whereas
the reflection from the waveguide clearly exceeds the reflection from the chip sidewall.
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Figure 2.1: a) Scanning electron microscope images of the devices with the waveguides used for coupling at the
edge of the chip. On the top is an image of two nanobeams on the two sides of a center waveguide extending
to the left. Below is a view from the side, depicting the typical placement of multiple devices at the edge of
the chip. b) Microscope image of a lensed fiber, the most common coupling method used throughout this
work. Coupling with is done by aligning fiber focal spot 14 µm in front of the fiber to the tip of the device
waveguides. This coupling method necessitates the placement of the devices at the edge of the chip, where
the alignment to the waveguides can be done without optical access as described in the text. c) Scanning
electron microscope image of a tapered fiber. Coupling is done by placing the fiber on top of the waveguide
such that evanescent coupling is enabled (see also Figure 2.2). Efficiencies exceeding 90% can be achieved
using this method. d) Microscope image of a dimpled fiber. Coupling is done by placing the dimple on top of
the waveguide for evanescent mode coupling. While high efficiencies of more than 90% can be achieved using
this strategy, optical access to align the dimple is strictly necessary.

More details on the technique for reliably approaching the device waveguides without
optical access can be found in Ref. [42]. During all experiments presented in this thesis,
the lensed fiber coupling was employed. Nevertheless substantial amounts of work were
put into developing more efficient, fridge compatible coupling strategies.

Coupling via so called dimpled fibers was investigated as an alternative to the lensed
fibers. The strategy was developed in stages in Caltech, starting with direct coupling (e.g.
Ref. [7]) and later incorporating a waveguide [43]. The fibers themselves are tapered
while heating them with a hydrogen torch and pulling until the diameter drops below
1 µm [44]. Afterwards a so called dimple is formed by pressing the hot fiber against a
sapphire fiber. We have achieved coupling efficiencies exceeding 95 % in a room temper-
ature test setup. Two main drawbacks of this coupling strategy is that the fiber alignment
requires optical access and that the coupling can be quite unstable, as the fibers tend to
be long. Ultimately, the dimpled fibers were thus abandoned.

The third technique for fiber coupling is based on single-sided tapered fibers, which
can be produced by etching a standard SMF28 fiber in hydroflouric acid [45]. Details on
the process can be found in Ref. [42], and a picture of a pulled fiber is shown in Figure 2.2.
Coupling is achieved by evanescent mode coupling between the fiber and the waveg-
uide [43]. Efficiencies exceeding 90 % have been achieved in our lab, whereas coupling
to the waveguides without optical access can be done similarly to the lensed fibers [42].

Figure 2.2a shows a sketch of our standard setup without optical access inside the
fridge. It was used in all later chapters of this thesis. A lensed fiber is mounted on a
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Figure 2.2: a) Sketch of the standard microscope setup for fiber coupling in the fridge. Lensed or tapered fibers
are mounted on top of a nanopositioner stack with which they can be aligned to different device waveguides.
The chip is mounted in the xy-plane with the waveguides at the side of the chip facing towards the fiber. b)
Sketch of the setup including optical access through windows in the vacuum can and thermalization shields.
All three fiber types can be mounted with different holders on top of a nanopositioner stage with which they
can be aligned to the device waveguides. The microscope focus can be adjusted using a telescope tube outside
of the cryostat. c) Close-up of the chip with orientation as seen through the microscope. A small lens on top
of the positioner is used to focus onto the fiber, which is coming from the left side. The chip is mounted in the
yz-plane with the waveguides facing to the left, however, the devices do not necessarily have to be at the edge
of the chip. d) Microscope image with a successfully coupled tapered fiber. The image sharpness is more than
sufficient, whereas the image contrast can be improved in the future using an illumination source inside the
cryostat.

movable piezo stack (Attocube) facing a chip with the waveguides at the edge, such that
different devices can be coupled even at cold temperatures. In Figure 2.2a, we show
a setup including optical access which was developed but ultimately not yet used for
published experiments. The optical access is achieved though windows in the thermal
shields of the fridge which can be purchased as an option from Bluefors. The microscope
itself can be mounted on the outside of the fridge. It uses a telescope tube, through
which the illumination light can be injected, and CCD camera. The fiber tip is centered
at a fixed distance in front of a small lens with focal length of 1.4 mm, which moves
together with the fiber. The microscope focus is adjusted in the telescope tube outside
the fridge. Figure 2.2 shows an example image which was used to successfully couple
to a device in the center of the chip. The image sharpness is quite good considering
the total length of the microscope, although the contrast is somewhat low. The light
passes the four windows in the thermalization shields of the fridge before it reaches the
device which results in lots of back reflections. A straight forward improvement would
be adding a light source inside the fridge, e.g. LED light that is routed to the base of the
fridge through an optical fiber [44].
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Figure 2.3: (a) Schematic of the wavemeter locking, where multiple lasers can all be stabilized to a single
wavemeter. Python scripts handle the switching of the wavemeter input as well as the feedback to the lasers.
(b) Schematic of the beat-locking where a master laser is stabilized to a wavemeter whereas the slave laser is
is stabilized to the beatnote between the two lasers. Note that both lasers need to be stabilized offset from
the respective mechanical sidebands by ωAOM/2π = 110 MHz, as they are frequency shifted later on by an
accousto-optic modulator. We create sidebands on the red-detuned laser using an electro-optic modulator
(EOM) driven with a signal generator (SG) at Ω+ωAOM)/2π. The beatnote between the first order sideband
and the other laser has thus to be stabilized at 220 MHz to ensure correct detunings. We detect this signal
on a photodiode with 360 MHz bandwidth and further mix it down electronically using a voltage controlled
oscillator (VCO) at 200 MHz. The feedback is generated using a redpitaya with a 60 MHz analog to digital
bandwith.

2.2. EXPERIMENTAL SETUP

The experiments presented in the following are all carried out with variations of the same
principal setup. While the setup (including all control code) was built in Delft, the gen-
eral layout and some of the techniques were developed earlier by Ralf Riedinger and
Sungkun Hong in the University of Vienna.

2.2.1. PULSE GENERATION AND LASER FREQUENCY NOISE

The protocols used in the following employ laser pulses with a specific detuning of plus
and minus the mechanical frequency Ω from the optical resonance frequency ωc. We
generate the light from two continuous-wave external cavity diode lasers. The locking
of the lasers to the respective frequencies differes slightly throughout the experiments
and the following description refers to chapters 5 and 6. Here, a wavemeter (Angstrom)
is used to monitor the laser frequencies and a software controlled feedback loop actu-
ates the laser piezo. To synchronize the locking for two or more lasers, a python script
was developed together with Beverly Lee to account for multiple users as shown in Fig-
ure 2.3a. Optical switches (JDSU) are toggling the input of the wavemeter. The script
handles multiple instances of the laser locking programs and assigns measurement slots
for each of them. Slots of 1 s are assigned to each laser during which it gets the reading
of the wavelength with the refreshing rate of the wavemeter of 50 Hz. This stabilization
techniques allows to stabilize the lasers at any absolute frequency and compensate for
slow, longterm drifts. The linewidth of the beatnote between two lasers of chapter 6 is
measured to be ∼2 MHz. This is sufficiently smaller than the typical bandwidth of the
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Figure 2.4: a) Setup to detect GHz phasenoise peaks in the lasers used in the experiments. An unbalanced
Mach-Zehnder interferometer with path-length mismatch ∆L ≈ 1 m resulting in a free spectral range around
100 MHz is used to convert the phase fluctuations into amplitude noise at the output. It is detected on a
photodiode with 10 GHz bandwidth and analyzed on a real-time spectrum analyzer (RSA). b) Noise spectra of
three of the lasers used throughout of this work, all measured with 5 mW optical power: Santec TSL550 (blue),
New Focus TLB-6700 (red) and Toptica CTL 1500 (green).

pulses of ∼30 MHz and is thus not affecting the interference visibility in the experiments.

While the frequency stability in the above locking technique is sufficient, it was found
that small inaccuracies of the wavemeter could introduce an offeset in the laser frequen-
cies. Locking two lasers to the wavemeter individually with a detuning of twice the me-
chanical frequency (around 10 GHz) can introduce offsets from this setpoint in the range
of a few MHz. An improved locking technique was developed partly with Ian Yang. The
idea is to lock only one of the lasers, the master, to the wavemeter and stabilize the other
one, the slave, using the beatfrequency between the two. To reduce the required band-
with of the photodiode, it is useful to shift the beatnote down to the MHz regime before
detection. We use an electro-optic modulator driven at approximately the mechanical
frequency to optically shift the frequency to 220 MHz before detection and electroni-
cally further mixed down to 20 MHz as shown in Figure 2.3b. The feedback loop was
implemented on a FPGA (redpitaya) with the pyrpl software package [46], using a FPGA
frequency comparator and PID. Due to the fast bandwith of the ADC of 60 MHz, this
setup could in principle be used to reduce the beating linewidth of the lasers by current
modulation of the laser diode.

The lasers used throughout the experiments are external cavity diode lasers from dif-
ferent manufacturers (Santec, New Focus and Toptica). It is known that these lasers can
have pronounced phase noise peaks in the Gigahertz regime due to relaxation processes
of the gain medium [47]. We show measurements of this noise for three of the lasers
used throughout this work in Figure 2.4. Such noise can disturb the experiments by pro-
ducing false detection events if the noise frequency matches the mechanical frequency
of the nanobeams. In the setup for the pulsed experiments as shown in Figure 2.5, we
employ fiber filters (MicronOptics) with ∼50 MHz bandwidth to suppress these fluctua-
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Figure 2.5: Schematic of the setup for the pulse generation. Two continuous-wave lasers are used to generate
the pulsed sideband drives for the optomechancial device. We filter GHz noise on the lasers using two fiber
optical filters with ∼40 Mhz bandwidth, which are stabilized by collecting parts of the reflected light and pro-
viding feedback via a python script. The pulses are shaped using two 110 MHz accousto-optic modulators
(AOM) which are driven by an arbitrary waveform generator (AWG). A third optional AOM can be used to gate
the pulses for a better on-off ratio. We note that each AOM causes a frequency up-shift of the lasers, which is
compensated during the laser stabilization in section 2.1.1. The polarizations of the two lines are aligned using
fiber polarization controllers (FPC) and their powers are adjusted using a variable optic attenuator (VOA).

tion. To lock the filters, we use 90:10 fiber couplers in front of the cavities to detect the
signal in reflection. The photodiodes are read by digital to analog converters (DAC) such
that feedback can be applied from a python script. The lock is implemented by con-
stantly scanning the resonance with small amplitude (ca. 20% of the FWHM of the filter
resonance) such that drifts can be detected and compensated.

After this filtering step, we create optical pulses using two 110 MHz AOMs (Gooch &
Housego) as also shown in Figure 2.5. The pulse shapes are programmed onto either an
AFG (Tektronix) ar AWG (Agilent) and amplified using RF amplifiers (Minicurcuits). We
typically use pulses with a Gaussian shape with FWHM of 30–40 nsec. Leakage through
the AOMs while in the off state causes latent absorption heating in the devices. The
AOMs have a suppression of roughly 60 dB, which is enough when working with devices
with modest mechanical ringdown times below 100 µs. In devices with large mechani-
cal quality factors, however, this leakage causes measurable absorption heating because
more and more photons are passing during the lifetime of the mechanical mode. For the
experiments of chapter 6, a third AOM is used to gate the pulses for an improved on-off
ratio.

2.2.2. INTERFEROMETER LOCKS

For all experiments involving Bell state measurements, we require optical interferome-
ter with a stabilized roundtrip phase. Phase fluctuations up to a few hundreds of Hertz
are normal in the fiber interferometer and can easily be locked. Additionally, fast noise
from the pulse-tube is picked up by the fibers inside the fridge. We use a homemade
fiber stretcher to apply a kilohertz feedback to the interferometer phase (for details see
Ref. [48]). As seen in Figure 2.6b, the Piezo has a resonance around 25 kHz, which sets an
upper limit for the feedback bandwidth. Using a high voltage amplifier (Falco), we are
able to induce phase-shifts exceeding 10×2π. The error signal for the lock is generated
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Figure 2.6: (a) Schematic of the interferometer locking technique used in chapters 4 and 5. We typically insert
strong locking pulses after the experimental drives such that the absorbtion of those pulses in the device does
not affect the experiments. The error signal is taken from the reflected light from the detection cavities on a
balanced detector. A sample and hold (S&H) board is used to pick the pulse signal and feedback is applied
from an FPGA board (redpitaya) to a home-built fiber stretcher. Note that while the most of the setup is in
fiber, circulators, filters and balanced detector in the detection path are implemented in free-space optics as
described in Figure 2.7. (b) Transfer function of the fiber stretcher measured using a vector network analyzer
by detecting the optical modulation on the balanced detector. A resonance above 20 kHz is seen, which ulti-
mately limits the feedback bandwidth. (c) Histogram of the noise in a free running (blue) and a locked (orange)
interferometer.

by reflection of the light on the filter cavities in the detection arms (see section 2.2.3).
Conveniently, the error signal can in principle be generated from the reflected optical
drives themselves or by adding an additional locking pulse, without the need to emply
additional light for locking. The optical setup to do this is schematically shown in Fig-
ure 2.6a whereas a detailed implementation of the circulator and filter in the freespace
detection setup is shown in Figure 2.7). We use a balanced detector (Thorlabs, band-
width 70 MHz) connected to the two output ports of the interferometer to be insensitive
to power fluctuations. The feedback electronics were partially developed in Vienna us-
ing a FPGA board (redpitaya) and a sample and hold board (S&H) to pick the voltage
on top of the pulse. In chapters 4 and 5, a locking pulse generated from the red de-
tuned laser is injected into the interferometer after the experimental pulses. As such,
the feedback is limited to the repetition rate of the experiment at most. This is sufficient
for devices with modest damping times in the microsecond regime, for which repetition
rates above ∼10 kHz can be used. In other experiments (e.g. chapter 6), an off-resonant
beam was injected into the interferometer as there was no device inside. In this case, a
quasi-continuous locking can be used which can increase the locking bandwidth up to
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the resonance of the piezo tube. The error signal of a locked and an unlocked interfer-
ometer is shown in Figure 2.6c. We typically achieve RMS phase stabilities up to π/25
(see also chapter 5.5.1).

2.2.3. DETECTION

The detection lines in all experiments include a set of two narrow optical filters with
linewidths around 40 MHz to remove the reflected optical drives from the detected fields.
In chapter 4, a fiber-based setup with two commercial filters (MicronOptics) was used.
Here we focus on the freespace setup used in chapters 5 and 6 which was developed
partly in Ref. [49]. The main reason to use freespace cavities is to reduce insertion losses
of the commercial fiber filters. A sketch with the layout of the freespace setups is shown
in Figure 2.7. The cavities are designed to have free spectral ranges of 18 - 19 GHz at
1550 nm wavelength, corresponding to a length of 8.3 mm and 8.8 mm between the two
mirrors. The length is defined by the aluminum housing (see inset in Figure 2.7). One
of the lenses is mounted on a piezo tube, such that the cavity resonance can be scanned
and parked at the required frequency. The input voltages of ±10 V are directly derived
from a NI-DAQ card. The reflectivity of the mirrors is chosen to be 99.3%, resulting in a
Finesse of ∼450 or a FWHM filter bandwith of ∼40 MHz. Each filter setup contains two
cavities, resulting in an expected suppression of >80 dB for light that is detuned by 5 GHz
from one of the resonances. Given that a typical readout pulse during the experiments
contains around 100k photons after being reflected from the cavities, we expect less than
one photon per 1000 trials to leak through the cavities. Given the optomechanical inter-
action strengths and setup efficiencies, this typically results to about one leaked photon
in ten optomechanically detected ones (see chapters 5 and 6). Adding a third cavity, even
with much lower finesse, could reduce this in future experiments.

As shown in Figure 2.7, light from the device is coupled from a fiber collimator and
passes a telescope to adjust the beam-waist for matching to the cavity. A mode matching
lens focuses the light into cavity 1, details of which can be found in Ref. [49]. The error
signal for cavity locking is generated from the light that is reflected from the cavity. After
passing PBS1, the linearly polarized beam is changed to a circular polarization with the
half-wave plate. Light that is reflected from the cavity performs a second polarization
rotation back to linear polarization, this time only 90 degrees off the input orientation.
As such it is now reflected from PBS1 and can be detected on a photodiode. Resonant
light is transmitted through the cavity, after which it is collimated and its polarization is
aligned to PBS2. The second cavity works exactly as the first one, whereas the error signal
for locking is now generated on another photodiode. Finally, light that is transmitted
though both of the cavities is mode-matched to the output coupler. Continuous-wave
transmission efficiencies exceeding 90% though all freespace components are achieved
by proper mode matching to the cavities. The main source of loss of the filter setup as
a whole is the coupling back into the fiber. Typical efficiencies that were achieved are
around 70% on both of the filter setups.

The filters cannot be continuously locked during the measurements, since any light
that passes the cavities is detected on the SNSPDs and cannot be distinguished from
the optomechanically generated fields. We therefore do not continuously stabilize the
filters but rather pause the measurements every 5 seconds to reset the cavities to the
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Figure 2.7: Freespace filter setup in the detection path. Light is coupled from a fiber collimator and mode
matched to the first filter cavity. The beam passes a polarizing beam splitter (PBS) and a quarter-wave plate
(QWP), which together act as a circulator. The light reflected from the off-resonant cavity can be detected on
a photodiode (green) with minimal losses, such that the cavities can be tuned to resonance. By aligning the
polarization to PBS2 using a half-wave plate (HWP), a part of the light can be routed to one of the inputs of a
balanced detector (yellow) which is used to lock the phase of the interferometer in the entanglement experi-
ments. The second input is done in the same way in the second filter setup (see also section 2.2.2). A second
cavity is used to increase the overall suppression of the optical drives before the light is finally coupled back into
fiber. An fiber-optic switch is used to block the light during re-alignment of the filter cavities and is switched
to transmit to the superconducting nanowire single photon detector (SNSPD) during the measurement.

correct setpoint. The error signal is measured in reflection from the cavities as shown
in Figure 2.7 and feedback is applied though python software. If the reflected intensity
is below 5% of the off-resonant reflection, the cavity is said to be locked and no action
is taken. If it is just slightly higher but is still within 25%, the filters are stepped left and
right using a small optimization algorithm to find the correct setpoint again. Only if the
power is off by more than 25%, the filters are scanned and the full resonance is recorded
such that the correct setpoint can be found again. The filter transmission typically stays
above 80–90% during the 5 sec of measurements and the re-scan is seldom performed.
Scanning the cavities typically results in much faster drifting of the resonances after-
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Figure 2.8: Sketch of the heterodyne setup, which is an option in one of the filter setups. The generation of the
local oscillator (LO) is in fiber (yellow), whereas the actual detection setup is free-space (green). The laser is
stabilized with either red or blue detuning from the device, such that the LO can be generated in an electro-
optic modulator (EOM) by driving at the approximate mechanical frequency. A fiber filter is used to select only
the sideband with correct detuning. Fiber polarization controllers (FPC) are used to align the polarization of
the light to polarization sensitive devices, which include the polarizing beamsplitters (PBS). Note that PBS1 is
the same as in Figure 2.7 where the optical path of the SPD setup is shown. The signal is aligned with the local
oscillator on PBS2 and after a polarization rotation with the quarter-wave plate (QWP) interfered on PBS3.

wards. The main goal is therefore to move the cavities as little as possible during each
cycle to keep them as stable during the measurement interval. The two filter cavities are
aligned after one another, whereas the locking of the two filter setups is done in parallel.
Re-locking of the two filter lines with two cavities each takes takes on average 0.7 sec in-
cluding switching of the optical path, hence it consumes ∼15% of the total measurement
time.

2.2.4. HETERODYNE MEASUREMENTS
One of the filter lines has an additional heterodyne setup for measurements of the me-
chanical linewidth. As shown in Figure 2.8, the light from the device can either be routed
towards the SPD setup, Figure 2.7, or to the heterodyne detection by alignment of the
polarization to PBS1. Here, it is mixed with a local oscillator which is generated from
the same laser as the one used to interrogate the device. We shift the frequency by gen-
erating optical sidebands with an EOM and select the one with correct detuning using
a fiber filter. We typically apply a frequency offset between the local oscillator and the
optomechanical sideband of ∼5 MHz. The mixing of signal and local oscillator is done
using PBS4 and PBS5 with a quarter wave plate in between to be able to precisely adjust
the splitting ratio. The detection is done on a home-built balanced photodetector with a
bandwidth of ∼30 MHz. The mechanical frequency and linewidth can be evaluated on a
spectrum analyzer.





3
HERALDED MECHANICAL

QUANTUM STATES

The optomechanial two-mode squeezing interaction correlates the number of excitations
in the mechanical mode and the Stokes field. Detecting the Stokes photons on highly ef-
ficient single photon detectors can herald the mechanical mode close to a single phonon
Fock state. A reliable preparation of such states is both of interest for testing quantum me-
chanical predictions on collective degrees of freedom as well as to develop new quantum
technologies. Here we discuss such an experiment step-by-step, starting with a characteri-
zation of the device after being cryogenically cooled to the motional groundstate. We mea-
sure the cross-correlation of Stokes and anti-Stokes fields from the device and discuss the
requirements that it attains non-classical values. We finally probe the quantum nature of
the mechanical mode directly by performing a Hanbury-Brown and Twiss measurement
on the anti-Stokes field.

Parts of this chapter have been published as Hanbury Brown and Twiss interferometry of single phonons from
an optomechanical resonator. S. Hong, R. Riedinger, I. Marinković, A. Wallucks, S. G. Hofer, R. A. Norte, M.
Aspelmeyer, and S. Gröblacher. Science 358, 203 – 206 (2017)
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3.1. CW DEVICE CHARACTERIZATION
This first section describes measurements that are performed to characterize a device
before the actual quantum experiments. Once the fridge is cooled to 4 K or below, we
select a device using the fiber coupling methods described in chapter 2.1.1. The optical
resonance frequency of the structure is found using a wavelength scan with a continuous
probe laser as shown in Figure 3.1. Fitting the device response with a Lorentzian function
lets us extract the FWHM loaded linewidth κ. This linewidth is composed of the intrinsic
linewidth κi and the external coupling κe to the coupling waveguide as κ= κi+κe. These
two can be separated from the ratio of resonant and off-resonant reflected power P0 and
P∞ as [50]

D = P0

P∞
= (κ/2−κe)2

κ2/4
. (3.1)

Critical coupling with κe = κi is thus indicated by a depth D approaching zero. For non-
zero D , there is an ambiguity in the amplitude response of Eq. 3.1, such that the cavity
could either be under coupled κi > κe ) or overcoupled κi > κe . The coupling strength is
defined in the design of the cavity [42] and, although it is subject to fabrication imperfec-
tions, can therefore in most cases be distinguished. In the cases the ambiguity cannot be
resolved by relying on the expected coupling regime, the phase response of the cavity can
be measured [43] revealing much larger phase jumps in the overcoupled regime. Slightly
overcoupled devices are generally favorable since this results in an increased collection
efficiency of the optomechanically scattered photons into the waveguide. The amount
of external coupling κe has to be limited, however, such that the device remain is the
sideband resolved regime κ<<Ω.

Additionally, the coupling of the fiber to the waveguide ηfc for a given device is deter-
mined by reflecting off-resonant from the device and measuring the reflected power (see
also chapter 2.1.1 for the coupling strategies). While not a performance metric of the de-
vice itself, it is one of the most variable parameters for the detection efficiency and thus
the expected measurement times.

Besides the spectroscopy of the optical mode, the mechanical mode can be detected
and characterized under continuous driving. A direct detection of the optomechanically
generated sideband is possible by stabilizing the drive on the red or blue sidebands of
the cavity in the setup of Figure 3.1. The reflected light is amplified in a erbium-doped
fiber amplifier (Amonics), detected on a fast photodiode (EoT) and analyzed on a real-
time spectrum analyzer (R&S). This measurement is relatively easy to perform and and
fully sufficient to find the resonance frequency of the mode. It is, however, only of lim-
ited use for analyzing the mechanical linewidth due to its poor sensitivity. As such,
the mechanical line is often only seen when driving the device close to or at the me-
chanical lasing threshold [6]. An alternate scheme is a heterodyne measurement, where
the optomechanical sideband is amplified by a frequency shifted strong local oscillator
and detected on a balanced photodiode with reduced bandwidth (see chapter 2.2.4). A
much higher gain at lower technical noise figures is possible leading to far superior sen-
sitivity, allowing in principle more accurate studies on the mechanical linewidth. An-
other approach that can be used is a measurement of the optomechanically induced
transparency (OMIT). This techniques is a two-tone spectroscopy where the mechani-
cal mode itself is coherently driven by the beatnote of a strong pump and weak probe
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Figure 3.1: a) Optical setup for the characterization of the device under continuous wave (CW) driving. The
optical switch routes the reflected light either to a low bandwidth photodiode (DC), which is read out by an
analog to digital converter (ADC), or via an erbium doped fiber amplifier (EDFA) to a high speed detection
setup (GHz) where the mechanical sideband can be detected on a real-time spectrum analyzer (RSA). b) A
scan of an optical resonance to determine the cavity frequency ωc with the background level normalized to
one. The width and the depth of the resonance are used to determine the intrinsic linewidth κi and external
coupling rate κe as described in the main text. Shown is a roughly critically coupled device with κi ≈ κe. c)
A direct measurement of the mechanical sideband used to determine the mechanical resonance frequencyΩ.
The data in b) and c) is taken from Ref. [51].

tone [13]. Finally, the mechanical resonance can also be detected by monitoring the
clickrates on the single photon detectors while sweeping the filter cavities in the detec-
tion arm (see SI chapter 4)). Since the resulting lineshape is a convolution with the filter
response, only limited information about the mechanical lineshape itself can be gained.

3.2. PULSED DEVICE CHARACTERIZATION

The following section describes the characterization of the devices using optical pulses.
An overview of the setup used here is shown in Figure 3.2, whereas details on the indi-
vidual parts can be found in chapter 2.

3.2.1. OPTOMECHANICAL COUPLING RATE

While the optomechanical coupling rate g0 can be measured under continuous wave
driving using the optical spring effect [6], we typically resort to a pulsed scheme. The
general idea is that the optomechanical coupling strength can be extracted from the
Stokes and anti-Stokes scattering probabilities pS and paS after the detection efficien-
cies are calibrated. We note that nphot = Ep/ħω is the number of photons in an optical
pulse with Energy Ep at frequency ω. The intracavity photon number under a detuning
of Ω is given by nphotκe/(Ω2 + (κ/2)2) where κ and κe are again the total and the exter-
nal loss rates of the optical cavity. In the limit of pS, paS ¿ 1, we can explicitly write the
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Figure 3.2: Setup for the pulsed device characterization and heralded preparation and detection of a single
phonon Fock state. Blue and red-detuned drives are pulsed, as described in chapter 2.2.1, and the detec-
tion is using the free-space filter setups of chapter 2.2.3 before detection on superconducting nanowire single
photon detectors (SNSPD). The detection is in a Hanbury Brown and Twiss configuration to measure the auto-
correlation of the anti-Stokes field in section 3.3.2.

scattering probabilities as [52]

pS = exp

[
κe

κ

4g 2
0 Ep

ħω(Ω2 + (κ/2)2)

]
−1, (3.2)

paS = 1−exp

[
−κe

κ

4g 2
0 Ep

ħω(Ω2 + (κ/2)2)

]
. (3.3)

Experimentally, we can access the detector clickrates CS of Stokes and CaS of anti-Stokes
photons. They are related to the scattering probabilities by introducing the total detec-
tion efficiencies ηi with i = 1,2 for the two detectors. We write

CS = (η1 +η2)×pS × (1+n), (3.4)

CaS = (η1 +η2)×paS ×n (3.5)

where, additionally, we note a dependency on the number of excitations of the mechan-
ical mode n = 〈n̂m〉 = 〈â†â〉, where we define the mechanical operators as in chapter 1.2.
This ultimately stems from the effect of creation and annihilation operators of Fock
states as â†|n〉 =p

n +1|n +1〉 and â |n〉 =p
n|n −1〉 during the optomechanical interac-

tions. This will be used in section 3.2.3 as it is the basis for the so called asymmetry mea-
surement [47, 53]. Knowing ηi in Eq. 3.5, we can therefore calculate the optomechanical
scattering probabilities pS and paS from the experimentally measured scattering rates.

We can calibrate the efficiencies ηi for the two detection lines by performing a se-
ries of independent measurements. First, the fiber-to-device coupling efficiency ηfc is
measured by sending light with a detuning from the resonance and a known power to
the device and then measuring the reflected power as in section 3.1. The extraction effi-
ciency of cavity photons ηdev is obtained from the device impedance ratio ηdev = κe/κ of
the optical cavity. Furthermore, we measure the efficiency of detecting photons coming
from the device for each SNSPD. We launch weak, off-resonant optical pulses with an
average of around one photon to the device and measure the photon count rate of each
SNSPD. This measurement gives the quantities η2

fc ×ηtrans,i ×ηQE,i , where ηtrans,i is the
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Figure 3.3: Thermalization curve of a medium-Q device with damping time of 3.6 µs, acquired with a pump-
probe scheme. Two red pulses with equal strength are employed, such that the first one causes a temperature
rise of the mode which increases the scattering rate of the second pulse depending on the delay. The plot data
is generated with the device from chapter 5.

transmission efficiency of the detection path to each SNSPD, while ηQE,i is their quan-
tum efficiency. As ηfc is measured independently, ηtrans,i ×ηQE,i can be calculated from
these results. Finally, this allows us to obtain ηi = ηdev ×ηfc ×ηtrans,i ×ηQE,i . The values
of the total detection efficiency η1 +η2 vary between the different experiments between
0.9% in Ref. [52] up to 13% in chapter 6.

3.2.2. THERMALIZATION DYNAMICS

Driving of the nanobeams is accompanied by optical absorption in the silicon host ma-
terial, as is the case for all solid state optical devices. Silicon is in principle a relatively
low-absorbing material, owing to the 1 eV indirect bandgap of the material. In integrated
waveguides, however, the surface properties play a decisive role for the absorption be-
cause of a high exposure of the optical mode to the surface. Defects due to microfabri-
cation imperfections cause a variety of electronic intra-bandgap states which, once they
are excited, decay non-radiatively in phonon assisted processes [8]. It is found that the
subsequent phonon relaxation process cause an increase in the occupancy of the 5 GHz
mode which we can measure using a pump-probe experiment.

Variations to the experimental procedure exist but in the simplest case we pump and
probe the device using a single laser tone with red-sideband detuning in the setup of
Figure 3.2. We use Eq. 3.5 for the optomechanical scattering probability under the as-
sumption that the anti-Stokes scattering is proportional to the number of excitations of
the mode, i.e. CaS ∝ n = 〈n̂m〉. Prior to the arrival of the first pulse, we let the device
thermalize to the bath environment such that the optomechanical interaction due to a
red-pulse is largely suppressed. All dynamics in the mode occupation are thus due to
the heating. An example data set is shown in Figure 3.3. We see an increase in the tem-
perature on the timescale of around a microsecond and a later ringdown of the mode
when the device re-thermalizes to the bath. This decay fits well to an exponential decay
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Figure 3.4: a) A sideband asymmetry measurement to extract the thermal phonon mode occupation nth. We
plot the rate of detected photons for blue-detuned (blue) and red-detuned (red) driving versus an arbitrary
trigger delay for a pulse energy of ∼15 fJ. Two pulses with a clear asymmetry in clickrates can be seen, from
which the thermal occupation can be calculated as described in the main text. Unwanted contributions from
leaked pump photons and detector dark counts can in principle independently be measured and subtracted,
though is not done here. b) Power dependence for the inferred thermal occupation nth of the device. The plot
data is generated with the device from chapter 5.

function such that the method is additionally well suited to determine the mechanical
Quality factor. The full dynamics at times t are found to be captured well by a double
exponential function of the form

C (t ) =C0 +ae−t/τabs −be−t/τdec , (3.6)

where we fit the decay times τdec as well as absorption rise times τabs. The value for τabs

is typically found to be between 600 to 800 ns with only minimal changes from device to
device or even after adding a phononic shield (see chapter 6). The offset C0 is due to the
absorption background within the pulses. The parameters a and b are free fit parameters
related to the amount of heating. They are typically not evaluated, as this measurement
is typically taken at relatively high optical powers, causing excessive absorption heating
in the device.

3.2.3. SIDEBAND ASYMMETRY

The quantum protocols employed in the following require that the mechanical mode is
initialized to its quantum groundstate |Ψ〉m = |0〉m. This in principle a valid approxima-
tion for the mode with frequency of 5 Ghz at temperature T ≈10 mK. Using the Boltz-
mann constant kB and reduced Planck constant ħ, we expect a mean phonon number
of1

1We can write a density matrix for a thermal mechanical state as ρm = 1
Z

∑
j exp(− j kBT /ħω)| j 〉 〈 j |m with

partition sum Z = ∑
j exp(−kBT /ħω) [54] and calculate the expected number of phonons as nth = 〈n̂m〉 =

Tr(ρmn̂).
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nth = e−kBT /ħΩ

1−e−kBT /ħΩ ≈ 10−9. (3.7)

We can experimentally measure this occupation using what is called the sideband
asymmetry [6, 53]. We employ a pulsed scheme in which we send either red-detuned
or blue detuned pulses with identical pulse energies to the devices. Each trial consists
of a single pulse and the repetition rate is chosen to be much longer than the device
energy decay, such that the device is well thermalized to the environment prior to each
interaction. As seen in Eq. 3.5, the optomechanical scattering attains different rates in
the vicinity of the groundstate. Assuming identical pulse energies and small interaction
strengths, the anti-Stokes scattering goes as ∝ ntherm whereas Stokes scattering has a ∝
n+1 dependence. Intuitively this can be explained by noting that it is always possible to
Stokes scatter hence amplify the mechanical motion. Close to the groundstate, however,
the anti-Stokes scattering is suppressed since further cooling of the mode is not possible.

Figure 3.4a shows an example of the clickrates that we get from blue and red detuned
driving of a device at 10 mK bath temperature. A pronounced asymmetry can be seen
from which the thermal occupation can be calibrated using Eq. 3.5 as nth = CaS/(CS −
CaS). This holds for pS, paS << 1, such that Stokes and anti-Stokes scattering rates are
roughly equal pS ≈ paS (see Eqs. 3.2 and 3.3). A power sweep (Figure 3.4b) in the limit of
small scattering rates reveals an additional dependency of the measured occupation on
the amount of optical power that is used. The reason is a remaining amount of optical
absorption which thermally populates the modes during the pulses. While the measured
occupation is well below one and the device is thus firmly initialized in the groundstate,
we still do not measure the actual base temperature. An extrapolation to zero from a
power sweep as in Figure 3.4b can yield a better approximation to the bath temperature.
The axis offset is, however, still dominated by leaked drive photons through the filters.

3.3. QUANTUM CORRELATIONS
After the device performance is sufficiently characterized, we can now turn to study
its quantum behavior. For complete theoretical descriptions of the dynamics in the
optomechanical system under pulsed driving, the reader is referred to Refs. [55, 56].
Here, we focus on experimental aspects and introduce two measurements of the non-
classicality of the optomechancial states generated from blue sideband driving together
with single photon counting.

3.3.1. CROSS-CORRELATION

The cross-correlation is a measurement of the non-classicality of the correlations be-
tween Stokes and anti-Stokes fields. In second quantization, we can define it as

g (2)
ab = 〈â†â b̂†b̂〉

〈â†â〉〈b̂†b̂〉 . (3.8)

We define the cross-correlation for two arbitrary fields a and b with respective annihila-
tion operators â and b̂ .
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The mode a refers to the Stokes field and mode b is used for the anti-Stokes field,
which in the following theoretical description is interchangeable with the mechanical
mode itself. It can be shown that the cross correlation is limited for any two classical
fields by a Cauchy Schwartz inequality according to

R =
(
g (2)

ab

)2

g (2)
aa g (2)

bb

≤ 1 (3.9)

where the auto-correlation functions g (2)
aa and g (2)

bb are defined by substitution in equa-
tion 3.8. It can be shown that R < 1 if the P-representation of the states of the modes
attain negative values [57, 58]. For all classical fields, i.e. mixtures of coherent states,
the P-representation always stays positive and thus Eq. 3.9 is not violated. To illustrate
this, two thermal states result in R=0.25 and two coherent states in R=1, both satisfying
the inequality. Quantum states with expressed particle nature, such as bi-photon Fock
states |11〉a,b, however, lead to a maximal violation with R →∞.

The cross-correlation is exceptionally useful to quantify the amount of quantum cor-
relations produced by the two-mode squeezing interaction, which we can see by an ex-
plicit calculation. We start with the ideal case where both the optical and mechanical
mode are initially in a vaccuum state. The two-mode squeezing with Stokes scattering
probability pS results in a state of the form

|ψ〉ab = 1√∑
k pk

S

∑
k

p
pS

k |kk〉, (3.10)

where we use a and b as placeholders for the mechanical mode and Stokes field. We
calculate the number of excitations in the Stoked field as

〈â†â〉 = 1∑
k pk

S

∑
k

pk
S 〈kk|â†â |kk〉 (3.11)

= 1∑
k pk

S

∑
k

kpk
S (3.12)

= 1

1/(1−pS)

pS

(1−pS)2 (3.13)

= pS

1−pS
. (3.14)

Similarly, we get the number of mechanical excitations 〈b̂†b̂〉 = pS/(1− pS), which we
treat as equal to the number of anti-Stokes photons for simplicity. We also calculate the
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cross-term

〈â†b̂†b̂ â〉 = 1∑
k pk

S

∑
k

pk
S 〈kk|â†b̂†b̂ â |kk〉 (3.15)

= 1∑
k pk

S

∑
k

k2pk
S (3.16)

= 1

1/(1−pS)

pS(1+pS)

(1−pS)3 (3.17)

= pS(1+pS)

(1−pS)2 . (3.18)

Combining those, we get the cross correlation as

g (2)
ab = 〈â†b̂†b̂ â〉

〈â†â〉〈b̂†b̂〉 = 1+ 1

pS
. (3.19)

We can see that the non-classicality of the optomechanical state is approximately in-
versely proportional to the Stokes scattering probability. As we have seen before, higher
order excitation terms reduce the amount of non-classical correlations in the state, such
that it looses its particle nature. A similar reduction of the cross-correlation is expected
due to a non-negligible thermal occupation nth of the mechanical mode. Assuming that
this background affects the cross correlation similarly to higher order excitation terms in
the two-mode squeezing, we write this as [52]

g (2)
ab ≈ 1+ 1

pS +nth
. (3.20)

We can use numerical methods [59, 60] to verify this approximation. To do so, we define
an initial state as product state of an optical mode a in the vacuum and a mechanical
mode b in a thermal state of initial occupation nth:

ρab,init =
1

2
|0〉〈0|a ⊗

1−S

2

∑
k

Sk |k〉〈k|b (3.21)

with S = nth/(1+nth). We use the two-mode squeezing Hamiltonian ĤTMS =−iħ(â†b̂† +
â b̂) and propagate it with Û = exp

(−i /ħĤTMSt
)
. Using the Stokes scattering probability

pS, we calculate explicitly

ρab = e i
p

pS(â†b̂†+â b̂ )ρab,inite
−i

p
pS(â†b̂†+â b̂ ). (3.22)

Finally, we calculate the expectation values as 〈Â〉 = Tr
(

Âρab(tf)
)

to get the cross-correlation
of Eq. 3.8, once again setting the mechanical mode equal to the anti-Stokes field for sim-
plicity. We plot the numerical values in Figure 3.5 alongside the analytical approxima-
tion. We find reasonable agreement for small temperatures below 0.2 phonons, vali-
dating the approximate Eq. 3.20. We can thus use this analytical formula in practice to
predict an expected cross correlation of a device from the temperature measurements
of section 3.2.3. This allows for greatly reduced measurement times while predicting
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Figure 3.5: Simulated of the cross-correlation g (2)
ab (full lines) compared to the analytical approximation of

Eq. 3.20 (dashed lines). We show the solutions for three different values of thermal occupation nth=0.05, 0.10
and 0.20 and for Stokes scattering probabilities up to 5% which covers the experimentally relevant parameter

regime. The relative error reduces to a few percent for strongly non-classical values of g (2)
ab >> 2. As such,

Eq. 3.20 is sufficient to predict the expected cross-correlation for a device from the asymmetry measurement
of section 3.2.3.

.

the performance of a given device, as the asymmetry is calculated from the bare click-
rates while the cross correlation requires coincidences of Stokes and anti-Stokes pho-
tons. This is most relevant in the entanglement experiments of chapters 4 and 5, where
we use the cross-correlation in turn to predict the interferometric visibilities with pairs
of resonators.

Experimentally, we evaluate this cross-correlation onto the Stokes (S) and anti-Stokes
(aS) fields from the device. This can be conveniently translated into the single photon
counting experiments as the probability per trial to get a click in either of the two indi-
vidually, P (S) and P (aS), or within the same trial P (S∧aS). We thus measure

g (2)
S,aS =

P (S∧aS)

P (S)P (aS)
. (3.23)

As shown above, a value of R > 1 in the Cauchy-Schwartz inequality 3.9 confirms non-
classical correlations between the Stokes and the anti-Stokes field as produced by the
two-mode squeezed state. A rigorous measurement would require to evaluate the auto-
correlation functions of Stoked fields g (2)

S,S and anti-Stokes fields g (2)
aS,aS. For practical pur-

poses, we often assume the auto-correlation functions for Stokes and anti-Stokes fields
are g (2)

ii = 2 such that the measurement can be done even using only one single photon
detector. This assumption has been experimentally verified in Refs. [52, 57] and is also
discussed in detail in [58].

3.3.2. AUTO-CORRELATION
While the cross-correlation measurements allow to detect non-classical correlations be-
tween Stokes and anti-Stokes photons, we can also directly confirm of the quantum na-
ture of the mechanical state in a Hanbury Brown and Twiss experiment. While we still
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Figure 3.6: a) Pulse sequence used in the experiments, consisting of a blue-detuned pump pulse and a sub-
sequent red-detuned read pulse delayed by td . b) The measurement of the second-order correlation function
g (2)(τ = ∆n ×Tr) of the heralded phonons, with g (2)(0) < 1 being a direct measure of their non-classicality.
In this measurement, we set td = 115 ns and Tr = 50 µs. g (2)(∆n ×Tr) with ∆n 6= 0 depicts the correlations
between phonons read from separate pulse sequences with the cycle difference of ∆n. While phonons from
independent pulses show no correlation g (2)(∆n×Tr;∆n 6= 0) ≈ 1, those from the same read pulse are strongly
anti-correlated with a g (2)(τ = 0) = 0.65+0.11

−0.08. c) The influence of an incoherent phonon background on the

g (2)(0) of the generated mechanical states. We plot several measurements for a range of different effective ini-
tial temperatures of the nanomechanical oscillator. The first data point (green) is taken with a delay td = 115 ns
and a repetition period Tr = 50 µs. We control the initial mode occupation ninit utilizing the long lifetime of
the thermally excited phonons stemming from the delayed absorption heating by pump and read pulses. This
allows to increase ninit while keeping the bulk temperature and properties of the device constant, causing
an increase of g (2)(0), as the state becomes more thermal. The red line shows the simulated g (2)(0) as dis-
cussed in [52]. For technical reasons all data points (yellow, purple) except the leftmost (green) were taken
with td = 95 ns. In addition, the second from the right (purple) was taken at an elevated bath temperature of
Tbath = 160 mK. Figure adapted from Ref. [52]

do require a detection of a Stokes photon to herald the successful preparation of the me-
chanical mode, the actual measurement in this case is only performed on the anti-Stokes
photons. Experimentally, the light is detected on a pair of detectors, D1 and D2 after be-
ing split by a beamsplitter as in Figure 3.2. Due to amplitude fluctuations, all classical
fields will produce coincidence clicks on both detectors even for vanishing intensities.
If the mechanical mode and hence the anti-Stokes field is close to the first excited Fock
state, however, then the chance of clicks on both detectors is greatly reduced. We can
assess this by evaluating the auto-correlation g (2)

aS,aS, which can be expressed as

g (2)
aS,aS =

P (D1∧D2)

P (D1)P (D2)
. (3.24)
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In here, we write the probability to detect on D1 or D2 as P (D1) and P (D2) and the
probability of a coincidence as P (D1∧D2). We note that for classical fields, the auto-
correlation is bound to g (2)

aS,aS ≥ 1, whereas for single phonon Fock states in the mechan-

ical mode g (2)
aS,aS = 0.

In Ref. [52] we perform such an auto-correlation measurement using a blue pulse en-
ergy of 27 fJ, such that pS = 1.2%. The mean read pulse energy is set to 924 fJ, correspond-
ing to a state-swap efficiency paS ≈ 32.5% for the device in use. Taking into account
subsequent optical scattering losses, this yields an absolute quantum efficiency for the
detection of phonons of 0.9%. The pulse repetition period of Tr = 50 µs is long com-
pared to the mechanical damping time of 11 µs, providing ample time for dissipating
any excitation or unwanted heating generated by optical absorption. This ensures that
each experimental cycle starts with the mechanical mode well in the quantum ground
state. The pulse sequence is repeated more than 7×109 times in order to acquire enough
statistics. In our first experiment, we set a delay between the blue and the red pulse of
td = 115 ns and measure a g (2)(0) of 0.65+0.11

−0.08 (Figure 3.6b), clearly demonstrating the
non-classical character of the mechanical state.

The observed g (2)(0) is considerably higher than what we expect in the ideal case
g (2)

ideal(0) ≈ 4×pS = 0.045 [56]. We attribute this to heating induced by the absorption of
the optical drives. Including an estimation of the initial thermal phonon number ni ni t ,
which is inferred from the unconditional photon counts associated with the pump and
read pulses, we construct a theoretical model (see [52]) that predicts g (2)(0) as a function
of pS, the initial thermal ocuupation ninit, and the absorption induced occupation ṅabs.
Given the measured ninit ≈ 0.20 and an nabs which is discussed in the supplementary
material of Ref. [52], our model predicts g (2)(0) ≈ 0.76, which is consistent with the ex-
perimental value. To further probe the effect of thermal phonons, we perform a set of
experiments with reduced repetition periods Tr , while keeping the other settings for the
pump pulses the same. This effectively increases ninit, because the absorbed heat does
not have enough time to dissipate before the next pair of pulses arrives. As expected, as
Tr is reduced, we observe an increase in g (2)(0). With the measured ninit and ṅabs from
the same data set, we can plot the predicted g (2)(0) values. As is shown in Figure 3.6 c),
the experimental values and theoretical bounds on g (2)(0) are in good agreement.
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Entanglement is a crucial resource for quantum communication networks [3]. Of partic-
ular relevance is the ability to distribute entanglement between remote systems that can
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4.1. INTRODUCTION
In recent years, nanofabricated mechanical oscillators have emerged as a promising
platform for quantum information processing. The field of opto- and electromechan-
ics has seen great progress, including ground state cooling [53, 71], quantum interfaces
to optical or microwave modes [57, 72], mechanical squeezing [73] and single phonon
manipulation [16, 17, 52, 74]. The demonstration of distributed mechanical entangle-
ment however, was so far limited to intrinsic material resonances [75] and the motion
of trapped ions [67]. Entanglement of engineered (opto-)mechanical resonances on the
other hand would offer a new compelling route towards scalable quantum networks. The
freedom of designing and choosing the optical resonances would allow for operation in
the entire frequency range of the technologically important C-, S- and L-band of fiber
optic telecommunication. Together with dense wavelength division multiplexing (on the
ITU-T grid), this could enable quantum nodes separated by long distances (∼100 km) to
communicate with large bandwidths. State of the art energy lifetimes for these engi-
neered mechanical elements typically range between micro- [57] and milli-seconds [76],
which would allow for entanglement distribution on a regional level [77]. In addition,
these entangled mechanical systems could be interfaced with microwaves [23], opening
up the possibility to integrate superconducting quantum processors in the local nodes
of the network.

In this letter, we report on the observation of distributed entanglement of two nanome-
chanical resonators, mediated by telecom photons. We employ a protocol first proposed
by Duan, Lukin, Cirac and Zoller (DLCZ) [10], which was experimentally pioneered with
ensembles of cold atoms [63]. The entanglement is generated probabilistically by herald-
ing a single phonon through the detection of a signal photon that could originate from
either of the two identical optomechanical oscillators. Fabrication imperfections have
previously limited the use of artificial structures, requiring external tuning mechanisms
to render the systems indistinguishable. Here we demonstrate not only that obtaining
sufficiently identical devices is in fact possible through nanofabrication but that our
method should also allow scaling to more than two systems.

4.2. METHODS
The mechanical oscillators 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 mode with a rate g0, causing the
optical frequency to shift under the displacement of the mechanical oscillator [7]. This
effect can be utilized to selectively address Stokes and anti-Stokes transitions by driving
the optical resonance with detuned laser beams, resulting in a linear optomechanical
interaction. 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
using photon counting and postselection [52, 57].

In order to apply the DLCZ scheme to the entanglement of two separate optome-
chanical crystals, a critical requirement is that the photons emitted from the optome-
chanical cavities have to be indistinguishable. This can be achieved by creating a pair
of nanobeams with identical optical and mechanical resonances. To date, however, fab-
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Figure 4.1: Devices and experimental setup.(a) Optical resonances. Plotted are the optical resonances of de-
vice A (gray) and device B (magenta). The Lorentzian fit result (red line) yields a quality factor for each cavity
of around Q = 2.2 · 105. (b) Mechanical resonances. The normalized mechanical resonances are measured
through the optomechanical sideband scattering rates. The linewidth is limited by the bandwidth of the op-
tical pulses and filters. Their frequencies differ by ∆Ωm/2π = 45 MHz, which could result in distinguishable
photons potentially reducing the entanglement in the system. We compensate for this shift by tuning the opti-
cal pump fields accordingly through serrodyning, erasing any information that could lead to a separable state.
(c) Sketch of the experimental setup. We create optical pulses from two lasers, which are detuned to the Stokes
(pump) and anti-Stokes (read) transition of the optomechanical cavities. They are then combined on a 50/50
beamsplitter (BS), which forms an interferometer with a second combining beamsplitter. Each arm contains
one of the mechanical oscillators cooled to their groundstate in a dilution refrigerator. The phase of the inter-
ferometer φ0 is stabilized using a fiber stretcher (Phase), while the phase between the pulses ∆φ 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 cavity res-
onance are detected, while the original laser pulses are completely surpressed. The mechanical devices are
physically separated by 20 cm, while their optical separation is around 70 m.

rication variations have inhibited the deterministic generation of fully identical devices
and the current design of our oscillators does not include any tuning capabilities. Con-
sidering the optical mode alone, typical fabrication runs result in a spread of the res-
onance frequency of about 2 nm around the respective center wavelength. Finding a
pair of matching optical resonances on two chips close to a target frequency therefore
currently relies on fabricating a large enough set, where the probability of obtaining an
identical pair is sufficiently high. In fact, this is achievable with a few hundred devices
per chip (see SI for details). In addition, 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 choose a pair of devices with optical reso-
nances at λ = 1553.8 nm (Q = 2.2 ·105, g0/2π = 550 and 790 kHz for device A and B, re-
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spectively, see Figure 4.1). For these particular structures, the mechanical resonances are
centered around Ωm/2π≈ 5.1 GHz and have a relative difference of ∆Ωm/2π= 45 MHz.
The two chips are mounted 20 cm apart in a dilution refrigerator. While 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 specific setup, if the telecom fibers linking the
two devices were to be unwrapped, our setup would already allow for bridging a separa-
tion of ∼70 m between the two chips without further modification.

The protocol [10] for the creation and verification of the remote mechanical entan-
glement consists of three steps (for a schematic see Figure 4.2). Firstly, the two mechani-
cal resonators are cryogenically cooled, initializing them close to their quantum ground
states [52, 57, 76] (see SI). As a second step, a weak “pump" pulse tuned to the upper me-
chanical sideband (ωpump = 2πc/λ+Ωm, c - speed of light), is sent into a phase stabilized
interferometer (with a fixed phase difference φ0, see Figure 4.1 and SI) with one device
in each arm. This drives the Stokes process, i.e. the scattering of a pump photon into
the cavity resonance while simultaneously creating a phonon [57]. The presence of a
single phonon is heralded by the detection of a scattered Stokes photon in one of our su-
perconducting nanowire single-photon detector (SNSPD). The two optical paths of the
interferometer are overlapped on a beamsplitter and a variable optical attenuator in one
of the arms is set such that a scattered photon from either device is equally likely to go
to each of the detectors. The heralding detection event therefore contains no informa-
tion on which device the scattering took place and thus, where the phonon was created.
The energy of the pulse is tuned such that the scattering probability ppump ≈ 0.7% is low,
making the likelihood of creating phonons in both devices at the same time negligible.
The heralding measurement therefore projects the mechanical state into a superposition
of having a single excitation in device A |A〉 = |1〉A|0〉B or device B |B〉 = |0〉A|1〉B, while
the other one remains in the ground state. The joint state of the two mechanical systems

|Ψ〉=
1p
2

(
|1〉A|0〉B ±e iθm(0)|0〉A|1〉B

)
(4.1)

is therefore entangled, where θm(0) =φ0 is the phase with which the mechanical state is
initialized at time τ= 0. It is determined by the relative phase difference that the pump
beam acquires in the two interferometer arms [63], which we can choose using our in-
terferometer lock. However, since the two mechanical frequencies differ by ∆Ωm, the
phase of the entangled state will continue to evolve as θm(τ) = φ0 +∆Ωmτ. The sign in
Eq. (4.1) reflects which detector is used for heralding.

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 τ. This relatively strong pulse is
tuned to the lower mechanical sideband of the optical resonance (ωread = 2πc/λ−Ωm).
At this detuning the field drives the anti-Stokes transition, i.e. a pump photon is scattered
onto the cavity resonance while annihilating a phonon [57]. Ideally, this state transfer
will convert |Ψ〉 into

|Φ〉=
1p
2

(
|1〉rA|0〉rB ±e i (θr+θm(τ))|0〉rA|1〉rB

)
, (4.2)
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Figure 4.2: Schematics for creating and detecting entanglement between two remote mechanical oscillators. A
pump pulse detuned to the Stokes sideband of two identical optomechanical resonators is sent into an inter-
ferometer, creating a single excitation in either device A or B. This process emits a photon on resonance with
one of the cavities, where the two possible paths are super-imposed on a beamsplitter when exiting the inter-
ferometer (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. In order 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 τ, de-exciting the mechanical systems and emitting another on-resonance photon into modes
r̂i (i = A,B). The two optical paths are again super-imposed on the same beamsplitter (right), and the photon
is detected, allowing to measure various second-order correlation functions, which are used to test an entan-
glement witness. The operators p̂j, r̂j, and m̂i, with j = 1,2 and i = A,B, denote the optical modes created from
the pump and the read pulses after recombination on a beamsplitter, as well as the mechanical modes, respec-
tively. Note that in our experimental realization, the detectors for the pump and read photons are physically
identical (see Fig. 4.1).

where rA and rB are the optical modes in the two interferometer arms. The state of the
optical field will now contain the mechanical phase as well as the phase difference θr

acquired by the read pulse. We can add an additional phase offset ∆φ to the read pulse
in one of the interferometer arms such that θr = φ0 +∆φ. Experimentally, this can be
done by an electro-optic phase modulator (EOM) as shown in Figure 4.1. Sweeping ∆φ
allows us to probe the relative phase θm(τ) between the superpositions |A〉 and |B〉 of the
mechanical state for fixed delays τ. To avoid significant absorption heating, we limit the
energy of the read pulse to a state swap fidelity of ∼3.4%, reducing the added incoherent
phonons to ∼0.07 at a delay of τ= 123 ns (see SI).

So far we have neglected the consequence of slightly differing mechanical resonance
frequencies for our heralding scheme. To compensate for the resulting frequency off-
set in the scattered (anti-) Stokes photons and to erase any available “which device" in-
formation, we shift the frequency of the laser pulses by means of serrodyning (see SI).
Specifically, we use the EOM, which controls the phase offset ∆φ, to also shift the fre-
quency of the pump (read) pulses to device A by +∆Ωm (−∆Ωm). The frequency differ-
ences of the pulses in the two opposing paths exactly cancel out the difference in me-
chanical frequencies, ensuring indistinguishably of the scattered photons at the output
of the interferometer.

In order to unambiguously demonstrate that the measured state is indeed entan-
gled, we need to distinguish it from all possible separable states, i.e. the set of all states
for which system A and B can be described independently. A specifically tailored mea-
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sure that can be used to verify this non-separability of the state is called an “entangle-
ment witness". Here we use a witness that is designed for optomechanical systems [78].
In contrast to other path-entanglement witnesses, such as the concurrence, it replaces
measurements of third-order coherences g (3) by expressing them as second-order coher-
ences g (2), under the assumption of linear interactions between Gaussian states (except
the detection itself). This greatly simplifies the requirements and measurement times
for the experiments we present here. The assumptions are satisfied for our system as our
devices’ initial mechanical states are in fact thermal states close to their quantum ground
states (step 1 of our protocol, see SI) and we use the linearized optomechanical interac-
tions, described in step 2 and 3 [79]. The upper bound for this witness of mechanical
entanglement is given by [78] (see SI)

Rm(θ, j ) = 4 ·
g (2)

r 1,p j (θ)+ g (2)
r 2,p j (θ)−1

(g (2)
r 1,p j (θ)− g (2)

r 2,p j (θ))2
, (4.3)

in a symmetric setup, with θ = θr + θm, j = 1,2 denoting the heralding detectors and
g (2)

r i ,p j = 〈r̂ †
i p̂†

j r̂ip̂j〉/〈r̂ †
i r̂i〉〈p̂†

j p̂j〉 the second order coherence between the photons scat-

tered by the pump pulse (p̂†
j creation operator of the mode going to detector j = 1,2)

and the converted phonons from the read pulse (r̂ †
j creation operator of the mode going

to detector j = 1,2). For all separable states of the mechanical oscillators A and B the
witness yields Rm(θ, j ) ≥ 1 for any θ and j . Hence, if there exists a θ and j , for which
Rm(θ, j ) < 1, the mechanical systems must be entangled.

While entanglement witnesses are designed to be efficient classifiers, they typically
depend on the individual characterstics of the experimental setup. If for example, the
second beamsplitter (see Figure 4.1) were to malfunction and act as a perfect mirror, i.e.
all photons from device A (B) were transmitted to detector 1 (2), Rm(θ, j ) could still be
below 1 for separable states. This is due to the fact that the witness in Eq. (4.3) is estimat-
ing the visibility of the interference of |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 experimentally verify that we fulfill its assumptions. We first check
that our setup is balanced by adjusting the pump laser power in each arm, as described
above. This guarantees that the scattered photon flux impinging on the beamsplitter is
equal from both arms (see SI). In order to symmetrize the detection, we use heralding
detection events from both SNSPDs, i.e. we obtain the actual bound on the entangle-
ment witness Rm,sym(θ) from averaging measurements of Rm(θ,1) and Rm(θ,2) (see SI).
By choosing the phase θ such that the correlations between different detectors i 6= j ex-
ceed the correlations on the same detectors j = 1,2, g (2)

r i ,p j > g (2)
r j ,p j , we avoid that our

measurements are susceptible to unequal splitting ratios of the beamsplitter.

4.3. RESULTS
In Figure 3 we perform a series of measurements of the second order coherence g (2),
sweeping ∆φ with a readout delay of τ = 123 ns, verifying the coherence between |A〉
and |B〉. Using this data, we choose an optimal phase setting θ = θopt with ∆φ = 0.2π
for the main experiment. We obtain Rm,sym(θopt) = 0.74+0.12

−0.06 well below the separability
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Figure 4.3: Phase sweep of the entangled state. We vary the phase between the pump and the read pulses, ∆φ,
and measure the second order coherence of the Raman scattered photons for a fixed delay between the pulses

τ = 123 ns. Blue crosses represent the measurements of g (2)
r i ,p j (i 6= j = 1,2), while red circles are the results

of g (2)
r i ,pi (i = 1,2). We fit simple sine functions (shown as solid lines) to each of the dataset as guides to the

eyes. The sinusoidal dependence on the phase clearly highlights the coherence of the entangled mechanical
state. We observe a periodicity of 1.95π, in good agreement with the expected 2π for single particle interference
(see Eq. (4.2)) [78]. The phase sweep allows to identify the optimal phase ∆φ= 0.2π for maximum visibility, at
which we acquire additional data to obtain the entanglement witness with statistical significance. All error
bars represent a 68% confidence interval.

bound of 1. Including the measurements at the non-optimal adjacent phases ∆φ = 0
and 0.25π, the statistical uncertainty improves, and we obtain Rm,sym([θopt −0.2π,θopt +
0.05π]) = 0.74+0.08

−0.05. Hence, we experimentally observe entanglement 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 de-
cay of the visibility V = (max(g (2)

r i ,p j )−min(g (2)
r i ,p j ))/max(g (2)

r i ,p j )+min(g (2)
r i ,p j )). We there-

fore perform a sweep of the delay time τ between the pump pulse and the read pulse.
The mechanical frequency difference ∆Ωm allows to sweep a full interference fringe by
changing the delay τ by 22 ns. Due to a technically limited hold time of our cryostat this
sweep had to be performed at a higher bath temperature of T ≈ 80−90 mK, yielding a
slightly lower, thermally limited, visibility at short delays, when compared to the data in
Figure 4.3. We can vary the delay further and observe interference between |A〉 and |B〉,
i.e. V > 0, up to τ≈ 3 µs (see Fig. 4.4). The loss of coherence can be explained by absorp-
tion heating and the mechanical decay (see SI) and appears to be limited at long delays
τ by the lifetime 1/ΓA ≈ 4 µs of device A, the shorter one of the two devices.

We have experimentally demonstrated entanglement of two engineered mechanical
oscillators, separated spatially by 20 cm and optically by 70 m. Imperfections in the fab-
rication process and the resulting small deviations of optical and mechanical frequen-
cies for nominally identical devices are overcome through statistical selection of devices
and optical frequency shifting, using a serrodyne approach. The mechanical systems do
not interact directly at any point but are remotely interfaced through optical photons
in the telecom wavelength band. The coherence time of the entangled state of several
microseconds appears to be limited by the mechanical lifetime and absorption heat-
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Figure 4.4: Time sweep of the entangled state. Shown is the interference of the entangled mechanical state at
different delays τ between the pump and read pulses, with φ0 and ∆φ fixed. The blue crosses represent the

measurements of g (2)
r i ,p j (i 6= j = 1,2), while red circles are the results of g (2)

r i ,pi (i = 1,2). The solid lines are

sinusoidal fits, averaged over the two out-of-phase components for each delay window, serving as a guide to
the eye. The coherence of the entangled state reduces over time, which can be seen by the decay of the inter-
ference visibility. This decoherence is consistent with a delayed optical absorption heating and the mechanical
decay time of ∼4 µs of device A. The inset shows the visibility of the interference (green crosses) and the ex-
pected upper bound to the visibility due to heating and the mechanical decay (orange line, see SI). All error
bars represent a 68% confidence interval.

ing. Both can be significantly improved, e.g. by adding a phononic bandgap shield [76]
and the use of intrinsic, desiccated silicon [80], respectively. While our devices are engi-
neered for short mechanical lifetimes [52, 81], it can in principle be greatly increased.
Early designs including such a phononic shield have reached 1/Γ ≈ 0.5 ms [76], and
should still allow for further improvements. Combined with reduced optical absorption,
allowing for efficient laser cooling, this can potentially put our devices on par with other
state of the art quantum systems [82].

4.4. CONCLUSION
Our experiment demonstrates a protocol for realistic, telecom-compatible entanglement
distribution using engineered mechanical quantum systems. When tolerating a drop in
the interference visibility by 5%, current parameters would allow for a device separation
of 75 km using commercially available telecommunication fibers (see discussion in SI
for more details). The system presented here is directly scalable to more devices (see
SI) and could be integrated into a real quantum network. Combining our results with
optomechanical devices capable of transferring quantum information from the optical
to the microwave domain, a highly active field of research [23, 83, 84], could provide a
backbone for a future quantum internet using superconducting quantum computers.
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4.5. SUPPLEMENTARY INFORMATION

4.5.1. DEVICE FABRICATION AND CHARACTERIZATION

The devices in the main part are fabricated as described in reference [52]. The most cru-
cial steps for generating two identical chips are the electron beam lithography and the
inductively coupled plasma reactive ion etching. We beamwrite and etch on a single
proto-chip containing two sets of devices. This chip is then diced into two halves, each
with several hundred nominally identical resonators. The structures are subsequently
released in 40% hydrofluoric acid and cleaned with the RCA method, followed by a dip
in 2% hydrofluoric acid. When characterizing the two chips, we find the center wave-
lengths to be 1552.4 nm on chip A and 1550.0 nm on chip B (see Figure 4.5). The stan-
dard deviation on the spread of the optical resonances is around 2 nm on both chips. For
the experiments in the main text, we search for resonances that overlap to within 10% of
their linewidth, which is equal to around 100 MHz. We find a total of 5 pairs fulfilling this
requirement within 234 devices tested per chip.

In order to verify that finding identical devices is not just lucky coincidence and that
this can even be done with a smaller sample size per chip, one can estimate the number
of devices needed for a birthday paradox type approach. Therefore, we assume a pair
of chips with 234 devices each that are centered at the same target wavelength. Taking
similar parameters as found in our actual chips, we use a spread in resonance wave-
length of 2 nm and we define resonances to be identical if they match to within 100 MHz.
While the probability of obtaining a single device exactly at the center wavelength is only
0.03%, the probability of finding two matching devices at any wavelength within this dis-
tribution is 99.9996%. This is reduced if an offset in the mean wavelength of the two chips
is introduced. For an offset of 2.5 nm, the probability is 99.98%, and for 5 nm, it is still
92.7%. By extending this approach to, for example, four chips, with the same parame-
ters as above, no offset in the center wavelength and 500 devices per chip, we calculate
the probability of finding four identical resonances to be 51.6%. Such a quartet would
directly enable experiments on entanglement swapping and tests of a Bell inequality, as
proposed by DLCZ. Further improvements could include post-fabrication wavelength
tuning, as has recently been demonstrated for similar devices [85]. This could signifi-
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Figure 4.5: Distribution of optical wavelengths. We plot a histogram (bin size 1 nm) of the optical resonance
wavelengths for a large set of devices on each of the chips containing devices A (gray) and B (magenta). The
fits of a Gaussian distribution to the data sets (red solid lines) give a standard deviation of 2.3 nm and 2.0 nm,
respectively. The large overlap of the optical resonance frequencies highlights the feasibility of extending the
entanglement to even more optomechanical devices in the future.

cantly improve the prospect of scalability of our approach, as it would allow to fabricate
identical devices more deterministically.

In addition, the mechanical resonances are also susceptible to fabrication errors and
vary by up to 50 MHz for our devices. To overcome this mismatch, we use serrodyne
frequency shifting (see sections below).

4.5.2. EXPERIMENTAL SETUP

A detailed drawing of the experimental setup is shown in Figure 4.6. The light sources
for our pump and read beams are two New Focus 6728 CW lasers, tuned and stabilized
on their respective sideband of the optical resonance. The beams are filtered by Mi-
cronOptics FFP-TF2 tunable optical filters in order to reduce the laser phase noise in
the GHz regime. We then proceed to generate the actual pump and read pulses by driv-
ing acousto-optic modulators (Gooch&Housego T-M110-0.2C2J-3-F2S) with an arbitrary
function generator (Tektronic AFG3152C). These pulses are then combined on a variable
ratio coupler (Newport F-CPL-1550-N-FA). The combined optical mode is subsequently
split by another variable ratio coupler and fed into the Mach Zehnder interferometer.
The coupling ratio is adjusted to primarily compensate for a small difference in total
losses between two paths. The power in the interferometer arms can additionally be
balanced by an electrically driven variable optical attenuator (Sercalo VP1). We reflect
the pulses from the two devices via optical circulators and recombine on a 50/50 cou-
pler (measured deviation of 0.6%, see below). The strong pump pulses are filtered with
two MicronOptics FFP-TF2 fiber filters per detection arm, tuned to transmit only the
scattered (anti-) Stokes photons (bandwidth 50 MHz). We detect the resonant photons
with superconducting nanowire single photon detectors (Photonspot) and register their
arrival times on a TimeHarp 260 NANO correlation board.
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Figure 4.6: Experimental setup. A detailed schematics of our setup is shown here and described in the text.
AOM are the acousto-optic modulators, AWG the arbitrary waveform generators, VRC the variable ratio cou-
plers, EOM the electro-optic modulator, VOA the variable optical attenuator, BS the 50/50 beamsplitter and
SNSPD the superconducting nanowire single-photon detectors.

4.5.3. SERRODYNE FREQUENCY SHIFTING

In our experiment, the mechanical frequency of device B (Ωm,B) is greater than of device
A (Ωm,A) by ∆Ωm = 2π ·45 MHz. If we were to send pump pulses with exactly the same
frequency ωpump to both of the devices, they would produce scattered photons with fre-
quencies ωo,A = ωpump −Ωm,A and ωo,B = ωpump −Ωm,B = ωo,A −∆Ωm. This frequency
mismatch of scattered photons from the two devices would make them distinguishable,
therefore preventing the entangled state. A simple solution is to shift the frequency of
the pump pulse going to the device A by ∆Ωm, i.e. ωpump,A = ωpump −∆Ωm. We exper-
imentally realize this by electrically driving the electro-optic phase modulator on the
path to device A, with a sawtooth waveform. This so-called serrodyne modulation with
frequency ωs = ∆Ωm and peak-to-peak phase amplitude of 2π results in an optical fre-
quency shift of ωs [86, 87]. We use an arbitrary waveform generator (Agilent 81180A,
bandwidth DC to 600 MHz) to generate the sawtooth voltage signal, amplify it with a
broadband amplifier (Minicircuits TVA-R5-13A+, bandwidth 0.5 to 1000 MHz) and apply
it to the optical phase modulator (Photline MPZ-LN-10-P-P-FA-FA-P, bandwidth DC to
12 GHz). We also apply an additional DC-bias to the serrodyne signal in order to generate
a fixed phase offset ∆φ in the interferometer arms. Due to the high analog bandwidth
of the AWG compared to the frequency shift of 45 MHz, higher order sidebands were
negligible and were not observed in the experiment.

4.5.4. PHASE STABILIZATION OF THE INTERFEROMETER

For stabilizing the phase of the interferometer, we use an additional laser pulse ∼5 µs
after the read pulse. To produce these auxiliary pulses, we also use the red-detuned laser
that generates the read pulses and send them along the same beam paths. After being
reflected from the optical filters in the detection line, the pulses are re-routed by optical
circulators and picked up by a balanced detector (see Figure 4.6). These signals are then
sent to a PID controller, which regulates a fiber stretcher to stabilize the relative path
length and therefore locking the phase of the interferometer on a slow timescale (i.e.



4

48 4. REMOTE QUANTUM ENTANGLEMENT BETWEEN MICROMECHANICAL OSCILLATORS

with the experiment repetition period of 50 µs).
In principle, the read or pump pulses that are reflected off the filter cavities could

also be used for the phase locking. However, the serrodyne modulation during pump
and read results in a beat signal of the pulses behind the beam splitter. This beating
requires more sophisticated signal processing, which we avoid by using the auxiliary
pulses, during which the serrodyne modulation is off. We note that the auxiliary pulses
also induce some absorption heating of the devices. However, the 50 µs repetition pe-
riod is sufficiently long compared to the decay times of the devices for the extra heating
not to influence our experimental result.

4.5.5. ENTANGLEMENT WITNESS AND SYSTEMATIC ERRORS
The entanglement witness [88]

R(τ, j ) =

〈
m̂†

A(τ)m̂A(τ)m̂†
B(τ)m̂B(τ)

〉
j∣∣∣∣〈m̂†

A(τ)m̂B(τ)
〉

j

∣∣∣∣2 (4.4)

derived in reference [78] is based on the concurrence [89] of the bipartite mechanical
system. Here, the conditional average 〈ô〉 j = 〈ô p̂†

j p̂ j 〉/〈p̂†
j p̂ j 〉 for an operator ô is its

expectation value of the state heralded by a Stokes photon detected by detector j . The m̂i

(m̂†
i ) are the mechanical annihilation (creation) operators of device i = A,B. While R is

experimentally not directly accessible, the upper bound to this witness Rm, see Eq. (3), is
a measurable quantity in our interferometry setup. The derivation of the inequality Rm ≥
R, as described in reference [78] and its supplementary material, is based on several of
assumptions: The unheralded state must be Gaussian at all times, and the interference
on the combining beamsplitter must be symmetric. In this section, we would like to
discuss the validity of each of these assumptions in more detail.

To obtain Rm, threefold coincidence measurements are re-expressed as twofold co-
incidences, which can be done for Gaussian states. Note that as the degrees of second
order coherence in Eq. (3) are measured between the pump and the read pulse, they
are applied to this Gaussian state, not to the heralded, non-Gaussian entangled state
|Ψ〉 ∼ |A〉+e iθ|B〉. We ensure that the mechanical states at the beginning of our protocol
are Gaussian by allowing sufficiently long thermalization times (7x the mechanical de-
cay time) prior to any optical manipulations. Consequently, the initial state is thermal,
which for a bosonic system [52, 57] implies Gaussian quadrature statistics [79]. Next,
all optomechanical interactions involved in our protocol are linear [55], therefore con-
serving the Gaussianity of the state [79]. Specifically, the Stokes process is described by
the linear interaction Hamiltonian ĤS ∝ g0m̂†

i ô†
i +h.c. and the anti-Stokes process by

ĤAS ∝ g0m̂i ô†
i +h.c. for device i = A,B with the annihilation (creation) operator of opti-

cal resonance ôi (ô†
i ).

Unintentional interactions, like absorption heating, happen probabilistically and in
a remote frequency regime, such that it effectively acts as a Gaussian thermal bath [52,
76]. Though not strictly contributing to the mechanical state, we also consider false pos-
itive detection events: drive photons leaking through the filter stages can be described
by a coherent state (with Gaussian intensity fluctuations). Detection of stray photons
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and electrically caused false positive events are rare (∼0.3% of the total count rate in the
detection window) and uncorrelated (autocorrelation g (2)(0) = 1.05±0.09), such that it
is reasonable to model them as a Gaussian process as well. More specifically, we ob-
serve an average added noise of ∼0.14 phonons during the measurement, from which
the individual contributions of leaked drive photons, background detection events, and
optical absorption heating can be estimated with additional measurements (for details
see the section on "Second Order Coherence and Entanglement"). With the latter being
a thermal process and therefore yielding Gaussian quadrature statistics, and an estima-
tion of the initial thermal occupation from the nominal cryostat temperature, this leaves
∼ 4+2.8

−2.7 · 10−2 phonons in device A and ∼ 0+1.4
−0 · 10−2 in device B of unidentified origin.

These are likely thermal phonons stemming from the non-ideal thermalization of the
chips with their environment [52, 57].

For the modes leaving the interferometer r̂j, p̂j, reference [78] assumes an ideal 50/50
beamsplitter with equal powers on each input. Small experimental deviations from this
idealized scenario result in quadratic corrections to the witness. For example, when the
ratio of read photons at the beamsplitter originating from devices A and B is 1+δ, the
measurable upper bound changes to Rm(1+δ2/2) ≥ R for small δ. In our experimental
setup, we choose a fused fiber beamsplitter with a measured deviation of 0.6%, leading
to a relative correction on the order of 10−5. Experimentally, we cannot achieve power
balancing at the input of the beamsplitter for photons scattered from the pump and the
read pulses at the same time because the devices have slightly different thermal occupa-
tion. We choose to match the detection rates of heralding photons, i.e. photons scattered
by the pump pulse. This preserves the unknown origin of the heralding photons. Differ-
ences in the optomechanical coupling strength and optical losses on the path from the
device to the combining beamsplitter are compensated by adjusting the drive power in
each path. After the balancing procedure, the relative difference in count rates of herald-
ing photons is below 2%, limited by the measurement precision during the balancing run
and laser power fluctuations during the measurements. This leads to a relative correc-
tion of the witness below 10−3. The slightly different heating dynamics between devices
A and B result in a measured flux ratio deviation of the scattered readout photons of
δ∼ 5−10%. It can easily be seen from Eq. 4.3 that an increased heating will increase the
witness Rm, and therefore the heating induced imbalance does not limit the validity of
the witness. Yet, neglecting the thermal origin of the imbalancing, employing the cor-
rection Rm(1+δ2/2) ≥ R, we obtain a relative systematic correction of 0.5% to our result
in the worst case scenario. Adding all systematic errors, we obtain a conservative upper
bound of all relative systematic corrections of ∼0.5%. Consequently, we use a reduced
classicality bound of Rm ≥ 0.995 instead of 1, reducing the confidence level slightly from
99.84% to 99.82%.

4.5.6. STATISTICAL ANALYSIS

Results in the text and figures are given as maximum likelihood values and, where appli-
cable, with a confidence interval of ±34% around this value. For the second order coher-
ences g (2)

r i ,p j , (i , j = 1,2), we apply binomial statistics based on the number of counted

two-fold coincidences, which dominates the statistical uncertainty [57]. The entangle-
ment witness Rm

(
θ, j

)
in Eq. (3) is a non-trivial function of multiple such g (2)

r i ,p j , ex-



4

50 4. REMOTE QUANTUM ENTANGLEMENT BETWEEN MICROMECHANICAL OSCILLATORS

pressed here as Rm
(
θ, j

)≡Rm

(
g (2)

r 1,p j (θ) , g (2)
r 2,p j (θ)

)
. To estimate its confidence intervals,

we discretize the probability density function of the second order coherences P (g (2)
r i ,p j ∈

[a; a +δa]) at equidistant a = nδa,n ∈N. The probabilities for finding Rm in an interval
[ f , f +δ f ] is then given by P (Rm ∈ [ f , f +δ f ]) =∑

(a,b)∈M P (g (2)
r 1,p j ∈ [a, a+δa])P (g (2)

r 2,p j ∈
[b,b+δb]) on the set M for which Rm(a,b) ∈ [ f , f +δ f ]∀(a,b) ∈M. For the optimal read
phase θopt we obtain as maximum likelihood values for the witness bounds Rm(θopt,1) =
0.612+0.152

−0.057 and Rm(θopt,2) = 0.846+0.210
−0.090. We obtain the symmetrized witness by treating

the experimentally observed Rm(θopt,1) and Rm(θopt,2) as two independent measure-

ments of the expectation value Rm, sym(θ) ≡ 〈Rm(θ,1)〉 != 〈Rm(θ,2)〉 of the optomechani-
cal state in a symmetric setup with no detector noise. For a realistic setup with detectors
exhibiting different noise properties, without loss of generality, let detector j have more
false positive detection events than detector i . We then find the symmetrized witness〈

Rm(θopt, i )
〉≤ Rm, sym ≤ 〈

Rm(θopt, j )
〉

to be an upper bound to the entanglement witness
of the state heralded by the better detector i . Consequently 1 > Rm, sym ≥ Rm(θopt, i ) ≥ R
implies entanglement between the two remote mechanical oscillators. The observed
values yield a confidence level for Rm, sym < 1 of 98.4%. When correcting for the con-
servative upper bound of systematic errors, see above, the confidence level for having
observed entanglement remains at 98.3%.

The complete counting statistics of the witness measurement at θopt are accumu-
lated over N = 1.114·109 trials (i.e. sets of pulses). We obtain C (p1) = 111134 and C (p2) =
184114 counts for photons scattered by the pump pulse on detectors i = 1,2 and C (r1) =
108723 and C (r2) = 167427 counts from the read pulse. This yields the coincidence
counts Cr i ,p j , (i , j = 1,2) for counts on detector i , heralded by detector j , Cr 1,p1 = 9,
Cr 2,p1 = 130, Cr 1,p2 = 129, Cr 2,p2 = 37.

For non-optimal phases θ 6= θopt, Rm(θ, i ) ≥ Rm(θopt, i ). Consequently, by adding the
photon counts of measurements from an interval [θ1,θ2], the resulting Rm([θ1,θ2], i ) ≥
Rm(θ ∈ [θ1,θ2], i ) serves as an upper bound to any phase θ within that interval. Including
the measurements at the non-optimal phase∆φ= 0, we obtain Rm([θopt−0.2π,θopt],1) =
0.66+0.114

−0.055 and Rm([θopt−0.2π,θopt],2) = 0.806+0.129
−0.071, resulting in Rm, sym([θopt−0.2π,θopt]) =

0.74+0.08
−0.05 ≥ Rm, sym(θopt). The confidence level for Rm, sym < 1 is 99.84%, dropping to

99.82% when correcting for the conservative upper bound for systematic errors. Note
that for states heralded only with the more efficient detector 1, we already have a confi-
dence level for entanglement between the two mechanical oscillators of 99.50%, includ-
ing corrections for systematic errors.

The statistics of the witness within the extended phase region are obtained from N =
1.949 · 109 experimental trials. We get C (p1) = 196080 and C (p2) = 322608 counts for
photons scattered by the pump pulse on detectors i = 1,2 and C (r1) = 194023 and C (r2) =
300373 counts from the read pulse. This yields the coincidence counts Cr i ,p j , (i , j = 1,2)
for counts on detector i , heralded by detector j , Cr 1,p1 = 16, Cr 2,p1 = 223, Cr 1,p2 = 242,
Cr 2,p2 = 67.

4.5.7. SECOND ORDER COHERENCE AND ENTANGLEMENT

The second order coherence between the scattered photons from the pump pulse and
signal phonons transferred by the read pulse after a delay t , g (2)

i ,r p (t ) = 〈r̂ †
j p̂†

j r̂jp̂j〉/〈r̂ †
j r̂j〉〈p̂†

j p̂j〉,



4.5. SUPPLEMENTARY INFORMATION

4

51

device A
device B

Ca
lib

ra
te

d 
co

un
t r

at
e 

(p
ho

no
ns

)

0.0

0.2

0.4

0.6

0.8

Delay t (µs)
0 5 10 15 20 25

Figure 4.7: Pump-probe experiment. The experiment reveals the response of the devices mechanical modes to
the initial optical pump. See text for details. Error bars are s.d.

of the individual devices i = A,B , allows to us quantify the total noise contribution lim-
iting the interference visibility. The measurements are performed the same way as de-
scribed in the main text, however with the optical path to the other device blocked (see
Fig. 2). Though there is no fundamental difference between the detectors j = 1,2, we
only use detector j = 2 for the single device measurements. Following [90] and starting
from a thermal state for the mechanical system ρm and vacuum |0〉〈0|o in the optical
sidebands we obtain in the low temperature limit

g (2)
i ,r p (t ) ≈ 1+ e−Γi t

ni ,th(t )+ppump,i ·e−Γi t +nleak +nbg
, (4.5)

where ni ,th ¿ 1 is the mean phonon occupation of the device, ppump,i ¿ nth is the
Stokes excitation probability, nleak ¿ nth is the average number of leaked pump photons
per transferred phonon, and nbg ¿ nth is the average number of background counts

per detected phonon. At a delay of τ = 123 ns ¿ 1/Γi we measure g (2)
A,rp = 7.1+1.2

−0.9 and

g (2)
B,rp = 9.6+1.1

−0.9. With calibrated rates of nbg = 3 · 10−3, ppump,A = 0.56 · 10−2, ppump,B =
0.80·10−2 and leaks at detector 1 nleak,1 = 4.2·10−2 and detector 2 nleak,2 = 3.2·10−2 we can
estimate the number of incoherent phonons to be nth,A = 11.9+2.8

−2.7 ·10−2 for device A and
nth,B = 6.9+1.4

−1.3 ·10−2 for device B. In a more detailed analysis, including the mechanical
decay measurement (see below), we can estimate that absorption by the pump pulse
contributes npump ∼ 3 · 10−2 phonons and absorption from the read pulse contributes
nread ∼ 5 · 10−2 phonons. This suggest, that the performance of device A is limited by
imperfect thermalization with the cryostat at a temperature of 60 mK.

The interference contrast of the entangled state, i.e. Ce(t ) = max(g (2)
r i ,p j (t ,θ))−min(g (2)

r i ,p j (t ,θ))

is bound by the cross correlation of the individual devices Ce,max(t ) ≈ min(g (2)
A,r p (t ), g (2)

B,r p (t ))−
1 [91]. A pump-probe measurement of the thermal response of the devices [57] al-
lows us to predict the cross correlations and thus an upper bound to the interference
contrast. We excite the devices with a blue detuned pump pulse with ppump,A = 2.8%
(ppump,B = 4.0%) and vary the delay of a read (or probe) pulse with 5.6% (8.0%) state
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swap fidelity for device A (B). Note that for this experiment, we deliberately choose pulse
energies higher than for the interference experiments in order to reduce the measure-
ment time. As is done for sideband asymmetry [52, 57], the scattering rate of the probe
pulse can be converted into the number of phonons at time t , when using the rate of
the pump pulse (after scaling the signal according to the pump-to-probe power ratio)
as a reference signal of single-phonon strength. This is only valid when nth ¿ 1 at the
time of pump pulse, which we find is the case later in the section. The results of these
measurements are shown in Figure 4.7. We observe an initial rise in phonon occupa-
tion after the pump pulse, followed by a decay to an equilibrium state. The delayed
heating can be understood by the presence of long lived high frequency phonons, which
weakly couple to the 5 GHz modes under investigation. We model these high frequency
phonons by an effective thermal bath, exponentially decaying with rate γi . This results
in the rate equation ṅi (t ) = −Γi ni (t )+ki e−γi t +Γi ni ,init of the mean occupation num-
ber ni of device i = A,B. The additional bath couples with strength ki , and the ther-
mal environment of the chip has an equilibrium temperature of ni ,init. The detected
signal of the probe pulse di (t ) = ni ,pump(t )+ni ,final contains the average phonon num-
ber ni ,pump(t ) = ni (t )−ni ,init induced by the pump beam, as well as a constant offset
ni ,final = ni ,init +ni,probe +nleak +nbg given by the thermal environment ni ,init, the false
positive events nleak and nbg and the heating during the probe pulse itself ni,probe. Con-
sequently, we fit the pump-probe data with the general solution of the above differen-
tial equation di (t ) = ai · e−Γi t −bi · e−γi t +ni ,final, with ai , bi fitting parameters and in-
cluding the offset ni ,final of the probe pulse detection rate. We obtain 1/ΓA = 4.0 µs,
1/ΓB = 5.8 µs, 1/γA = 0.5 µs and 1/γB = 0.5 µs. Using the calibrated false positive de-
tection rates and estimating the equilibrium occupation from the thermal environment
ni ,init ∼ 1/(eħΩ/kB T −1), with the Boltzmann constant kB and cryostat temperature T , we
can obtain the individual contributions to the absorption heating by the pump (ni ,pump)
and the probe pulse (ni ,probe) for any given delay t . Adapting the number of phonons
added by the optical drive pulses ni ,pump and ni ,probe for the lower energies, under the
assumption of linear absorption and optomechanical processes, we obtain an estimate
of the thermal occupation ni ,th(t ) = ni (t )+ni ,probe − ppump,i e−Γi t during the entangle-
ment experiment. Using the calibrated rates and equation (4.5), we can obtain an upper
bound to the interference contrast Ce,max (see above) and therefore also for the visibility
Vmax =Ce,max/(Ce,max +2), which is shown in Figure 4.4.

4.5.8. RATES AND EXTRAPOLATION OF RESULTS

In order to highlight the scalability of the mechanical entanglement, we recapitulate the
detection rates in the entanglement witness measurement. The experiment is repeated
every 50 µs, limited by the thermalization time of the mechanical modes. Using the
counting statistics of the measurement at the optimal phase θopt, see above, we have a
probability of pherald ≈ 2.7·10−4 and the unconditional probability to also detect the anti-
Stokes photon from the readout pulse of pread ≈ 2.8·10−7. These probabilities contain the
optomechanically generated photons, leaked pump photons and background counts.
In the current setup these rates are limited by losses in the filtering setup and low op-
tomechanical scattering rates to retain the effects of absorption heating. When the two
mechanical devices are placed in two separate refrigerators and placed in different loca-
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tions, additional fiber would be inserted, causing additional losses. While the detection
rate of leaked pump photons reduces in the same manner as the of the optomechanical
photons, the rate of background counts stays the same. Consequently, the signal-to-
noise ratio reduces, lowering the normalized cross-correlation between Stokes and anti-
Stokes photons. In the present measurements, the inverse signal-to-background ratio
is nbg,1 = 2.9 · 10−3 (nbg,2 = 3.2 · 10−3) for detectors 1 (2). The most reliable estimate of
the second order coherence of device A, which has worse properties, can be extracted
from the observed interference contrast, resulting in g (2)

A,rp ∼ 7.5± 0.35, as it has better
statistics than the direct measurement. For device B, we use the direct measurement
g (2)

B ,rp = 9.6+1.1
−0.9. To maintain an interference contrast of 95% of the current level, the sec-

ond order coherence of both devices is allowed to decrease to ∼7.1. With equation (4.5)
we can estimate that an additional loss of 5.4 dB (10.6 dB) loss in the optical path from
device A (B) to the combining beamsplitter decreases the signal-to-background ratio,
such that g (2)

A,r p ≈ g (2)
B ,r p ≈ 7.1. Using the nominal attenuation of commercial low-loss

telecom fiber (Corning SMF-28 ULL ∼0.17 dB/km), we can estimate that an additional
fiber length of 94+8

−12 km could be inserted between the devices. The projected entan-
glement witness in this configuration is Rm ∼ 0.76 and would need roughly the same
number of coincidence events to clear the classicality bound of 1 by 3 standard devia-
tions. Including the reduced scattering rates from matching both paths, this would re-
quire ∼170 days of integration time, including a 15% overhead time for stabilization of
filters and interferometer as well as data management. Reducing the separation distance
to 75 km, i.e. an additional fiber length of 32 km (43 km) between device A (B) and the
beamsplitter, requires 38 days of continuous measurement time for a statistically signif-
icant demonstration of remote entanglement. While our cryostat currently only allows
for a few weeks of measurements at a time due to technical limitations, much longer
times should in principle be easily achievable.
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Over the past few decades, experimental tests of Bell-type inequalities have been at the
forefront of understanding quantum mechanics and its implications. These strong bounds
on specific measurements on a physical system originate from some of the most funda-
mental concepts of classical physics – in particular that properties of an object are well
defined independent of measurements (realism) and only affected by local interactions
(locality). The violation of these bounds unambiguously shows that the measured system
does not behave classically, void of any assumption on the validity of quantum theory. It
has also found applications in quantum technologies for certifying the suitability of de-
vices for generating quantum randomness, distributing secret keys and for quantum com-
puting. Here we report on the violation of a Bell inequality involving a massive, macro-
scopic mechanical system. We create light-matter entanglement between the vibrational
motion of two silicon optomechanical oscillators, each comprising approx. 1010 atoms,
and two optical modes. This state allows us to violate a Bell inequality by more than 4
standard deviations, directly confirming the non-classical behavior of our optomechani-
cal system under the fair sampling assumption.

This work was published in Optomechanical Bell Test. I. Marinković, A. Wallucks, R. Riedinger, S. Hong, M.
Aspelmeyer, and S. Gröblacher. Phys. Rev. Lett. 121, 220404 (2018)
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5.1. INTRODUCTION

Bell’s theorem [92] predicts that any local realistic theory is at variance with quantum
mechanics. It was originally conceived to settle an argument between Einstein [93] and
Bohr [94] on locality in physics, and to investigate the axioms of quantum physics. First
tests of the Clauser-Horne-Shimony-Holt (CHSH) inequality [95], an experimentally testable
version of Bell’s original inequality, were performed with photons from cascaded decays
of atoms [96, 97] and parametric down-conversion [98–100]. Subsequent experiments
reduced the set of assumptions required for the falsification of classical theories, clos-
ing, e.g., the locality [101] and detection loopholes [102], first individually and recently
simultaneously [70, 103–105]. In addition to the fundamental importance of these ex-
periments, the violation of a Bell-type inequality has very practical implications – in
particular, it has become the most important benchmark for thrust-worthily verifying
entanglement in various systems [106, 107], including mesoscopic superconducting cir-
cuits [108], for certifying randomness [109, 110], secret keys [111], and quantum com-
puting [112].

While the standard form of quantum theory does not impose any limits on the mass
or size of a quantum system [113], the potential persistence of quantum effects on a
macroscopic scale seems to contradict the human experience of classical physics. Over
the past years, quantum optomechanics has emerged as a new research field, coupling
mechanical oscillators to optical fields. While these systems are very promising for quan-
tum information applications due to their complete engineerability, they also hold great
potential to test quantum physics on a new mass scale. Recent experiments have demon-
strated quantum control of such mechanical systems, including mechanical squeez-
ing [73], single-phonon manipulation [16, 17, 52, 74], as well as entanglement between
light and mechanics [72] and entanglement between two mechanical modes [75, 114,
115]. However, explaining the observed results in these experiments required assuming
the validity of quantum theory at some level. A Bell test, in contrast, is a genuine test of
non-classicality without quantum assumptions.

Here we report on the first Bell test using correlations between light and microfabri-
cated mechanical resonators, which constitute massive macroscopic objects, hence ver-
ifying non-classical behavior of our system without relying on the quantum formalism.
Bell-tests do not require assumptions about the physical implementation of a quantum
system such as the dimension of the underlying Hilbert space or the fundamental in-
teractions involved in state preparation and measurement [116]. The violation of a Bell-
inequality is hence the most unambiguous demonstration of entanglement with numer-
ous important implications. From a fundamental perspective, the robust entanglement
between flying optical photons and a stored mechanical state rules out local hidden-
variables, which can be used for further tests of quantum mechanics at even larger mass
scales [117, 118]. From an application perspective, the presented measurements also
imply that optomechanics is a promising technique to be used for quantum informa-
tion processing tasks including teleportation, quantum memories and the possibility of
quantum communication with device-independent security [111].
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5.2. METHODS
The optomechanical structures used in this work are two photonic crystal nanobeams
on two separate chips. They are designed to have an optical resonance in the telecom
band that is coupled to a co-localized, high-frequency mechanical mode [119]. Each de-
vice is placed in one of the arms of an actively stabilized fiber interferometer (see [114]
and SI for additional details). The resonators are cryogenically cooled close to their mo-
tional ground state inside a dilution refrigerator. Our entanglement creation and verifi-
cation protocol consists of two optical control pulses that give rise to linearized optome-
chanical interactions, addressing the Stokes and anti-Stokes transitions of the system
(see Figure 5.1). Both types of interactions result in scattered photons that are resonant
with the cavity and can be efficiently filtered from the drive beams before being detected
by superconducting nanowire single photon detectors (SNSPDs).

A blue detuned, ∼40 ns long laser pulse with frequency νb = νo +νm (νo optical res-
onance, νm mechanical resonance) generates photon-phonon pairs. The interaction in
this case is described by Ĥb =−ħg0

p
nbâ†b̂† +h.c., with the intracavity photon number

nb, the optomechanical single photon coupling g0 and the optical (mechanical) creation
operators â† (b̂†). This correlates the number of mechanical and optical excitations in
each of the arms of the interferometer as

|ψ〉 ∝ (|00〉om +ε|11〉om +O(ε2)), (5.1)

where o denotes the optical and m the mechanical mode, while p = ε2 is the excitation
probability. For small p ¿ 1, states with multiple excitations are unlikely to occur, and
can therefore be neglected in the statistical analysis. Driving the devices simultaneously
and post-selecting on trials with a successful detection of both the Stokes-photon and
the phonon, we approximate the combined state as

|Ψ〉 = 1p
2

(|11〉A|00〉B +e iφb |00〉A|11〉B)

= 1p
2

(|A A〉om +e iφb |BB〉om), (5.2)

again neglecting higher order excitations. Here φb is the phase difference that the blue
drives acquire in the two interferometer paths A and B, including the phase shift of the
first beam splitter. Expressing the state in a path basis |A〉x = |10〉AB, where x is o for the
photonic and m for the phononic subsystem in arm A and B, allows to identify the Bell-
state, similarly to polarization entanglement in optical down-conversion experiments.
Unlike the two mode entangled mechanical state in [114], this four-mode entangled
optomechanical state allows us to realize a Bell measurement of the type suggested by
Horne, Shimony and Zeilinger [120] and first demonstrated by Rarity and Tapster [99]
involving two-particle interference between four different modes. In order to access
interferences between the mechanical modes, we convert the phonons into photons
using a red detuned laser pulse (duration ∼40 ns, drive frequency νr = νo −νm). This
realizes an optomechanical beamsplitter interaction which allows for a state transfer
(Ĥr = −ħg0

p
nrâ†b̂ +h.c. , with the intracavity photon number nr). Note that this can

also be described as a classical mapping process. The optical readout fields in the inter-
ferometer arms are again recombined on a beam splitter, after which the state of Stokes
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Figure 5.1: (a) Schematic of the setup: blue detuned drive pulses interact with the mechanical resonators (de-
vices A & B) producing entangled photon-phonon pairs. The light-matter entanglement is in the path basis
(A or B), corresponding to the device in which the Stokes scattering event took place. The generated photons
are detected in single-photon detectors giving the measurement results ab1 and ab2. The detection of the
phonons is done by transferring their states to another optical mode by using a red drive after some time ∆τ
and subsequently obtaining the results ar1 and ar2. Note that for technical reasons the photons created by the
blue and red drives are detected on the same pair of detectors, but with a time delay ∆τ = 200 ns. Therefore
we have time-separation of the two parties of the Bell test instead of space-separation (as commonly done).
BS1/2 represent beamsplitter 1/2. (b) Scanning electron microscope image of one of the optomechanical de-
vices, represented with a star-symbol in (a) and (c), next to the coupling waveguide (top). (c) Illustration of our
experimental sequence: one party of the Bell test measures in which detector path the Stokes photon is found
at time t = 0, while the other performs the same measurement for the anti-Stokes photon after a time t =∆τ.
We probe their correlations in order to violate the CHSH inequality. Since the two photons never interacted
directly (only through the mechanics), the observed correlations are a direct consequence of the correlations
between the Stokes photons and phonons.

/ anti-Stokes field is

|Φ〉 = 1

2
p

2
[(1−e i (φb+φr))(â†

r1â†
b1 − â†

r2â†
b2)

+ i (1+e i (φb+φr))(â†
r1â†

b2 + â†
r2â†

b1)]|0000〉. (5.3)

Here we express the detected fields in terms of their creation operators with labels
b (r ) for photons scattered from the blue (red) drive and 1 (2) for the two detectors (cf.
Figure 5.1). Furthermore φr is the phase difference that the red detuned pulse photons
acquire in the two arms of the interferometer. Since experimentally the mechanical fre-
quencies of the devices differ by a small offset ∆νm (see below), the state acquires an
additional phase Ω = ∆νm∆τ, where ∆τ is the delay between the blue and red pulses.
In all data below, however, we keep ∆τ fixed such that we can treat it as constant and
set Ω = 0. Typically, Bell experiments are done by rotating the measurement basis in
which each particle is detected. Equivalently, the state itself can be rotated, while keep-
ing the measurement basis fixed. In our experiment we choose the latter option, as this



5.2. METHODS

5

59

Phase setting fr (p)
-1.5 -1.0 -0.5 0.0 0.5 1.0 1.5

-1.0

-0.8

-0.6

-0.4

-0.2

0.0

0.2

0.4

0.6

0.8

1.0

Co
rr

el
at

io
n 

co
ef

fic
ie

nt
 E

(f
b,
f r)

φb = 0.0

CHSH (1,1)
CHSH (1,2)
CHSH (2,1)
CHSH (2,2)

φb = 0.5

Figure 5.2: Correlation coefficients for various phase settings. We set the blue phase parameterφb to 0 (orange)
and 0.5π (green), while we scan the red pulse’s phase setting φr over more than 2π. The optimal angles to
test the CHSH inequality are shown with different symbols. The associated measured values can be found in
Table 5.1.

is simpler to implement in our setup. We achieve this by applying a phase shift with an
electro-optical modulator (EOM) in arm A of the interferometer, with which we can vary
φb and φr independently (see SI). This allows us to select the relative angles between the
photonic and phononic states.

In our experiment, the optical resonances are at a wavelength of λ= 1550.4 nm with
a relative mismatch of ∆νo ≈ 150 MHz. The mechanical modes have frequencies of νm

= 5.101 GHz and 5.099 GHz for device A and B, respectively. The bare optomechanical
coupling rate g0/2π is 910 kHz for device A and 950 kHz for device B. While the optical
mismatch is much smaller than the linewidth ∆νo ¿ κ ∼ 1 GHz such that the devices
are sufficiently identical, the mechanical mismatch requires optical compensation. This
is realized using the EOM in arm A of the interferometer to ensure that the scattered
photons from each arm interfere with a well defined phase on the second beamsplitter
(see also SI).

At the base temperature of the dilution refrigerator of around 12 mK we obtain the
phonon temperature of the mechanical modes by performing sideband asymmetry mea-
surements [57]. The measured thermal occupations for both devices is ninit ≤ 0.09. We
determine the lifetimes of the phonons in our structures to be τA = 3.3 ± 0.5 µs and
τB = 3.6± 0.7 µs using a pump-probe type experiment in which we excite the devices
and vary the delay to the readout pulse. To re-initialize the devices in their groundstates
prior to each measurement trial, we repeat the drive sequence every 50 µs, leaving more
than 10 times their lifetime for thermalization with the environment. Furthermore, we
set the delay between the blue and red detuned pulses to∆τ= 200 ns. The pulse energies
for the Bell inequality experiment are chosen such that the excitation probability is 0.8%
(1%), while the readout efficiency is 3% (4.1%) for device A (device B). These probabil-
ities match the number of optomechanically generated photons for each device at the
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Settings i , j φi
b[π] φ

j
r [π] E(φb,φr)

(1,1) 0.0 0.087 0.561+0.019
−0.020

(1,2) 0.0 0.587 0.550+0.020
−0.022

(2,1) 0.5 0.087 0.542+0.018
−0.021

(2,2) 0.5 0.587 −0.523+0.021
−0.021

Table 5.1: Correlation coefficients for the optimal CHSH angles. The violation of the inequality can be com-
puted according to Eq. (5.5) and results in a S value of S = 2.174+0.041

−0.042, corresponding to a violation of the
classical bound by more than 4 standard deviations.

beamsplitter.
To characterize the performance of the devices, we first perform cross-correlation

measurements of the photons scattered from blue and red drives on each individual op-
tomechanical system. With the above mentioned settings, we obtain normalized cross-
correlation values of g (2)

br,A = 9.3 ± 0.5 and g (2)
br,B = 11.2 ± 0.6 [57]. We can use this to

estimate the expected interferometric visibility for the experiments below as Vxpcd =
g (2)

br −1

g (2)
br +1

[121]. As there is a small mismatch in the observed cross-correlations of the two

devices, we use the smaller value of device A, which results in an expected visibility of
around Vxpcd = 81%.

In order to experimentally test a Bell inequality, we then drive the two devices si-
multaneously in a Mach-Zehnder interferometer (see Figure 5.1 and SI). We define the
correlation coefficients

E(φb,φr) = n11 +n22 −n12 −n21

n11 +n22 +n12 +n21
. (5.4)

Here ni j represents the number of detected coincidences scattered from blue (i ) and
red ( j ) pulses on the two detectors (i , j = 1,2), such that e.g. n21 is the number of tri-
als where the blue drive resulted in an event on detector 2, whereas the consecutive red
drive on detector 1. The visibility V is given as the maximum correlation coefficient
V =|E(φb,φr)|max. We measure the correlation coefficients for various phase settings for
the blue (φb) and red (φr) pulses, as shown in Figure 5.2. Strong correlations in the detec-
tion events by photons scattered from blue and red pump pulses can be seen, of which
the latter are a coherent mapping of the mechanical state of the resonator. This sweep
demonstrates that we are able to independently shift the phases for the Stokes and anti-
Stokes states. The visibility V = 80.0±2.5% we obtain from fitting the data matches the
prediction from the individual cross-correlation measurements very well. The interfer-
ence furthermore shows the expected periodicity of 2π.

5.3. RESULTS
To test possible local hidden-variable descriptions of our correlation measurements we
use the CHSH-inequality [95], a Bell-type inequality. Using the correlation coefficients
E(φb,φr), it is defined as

S =|E(φ1
b,φ1

r )+E(φ1
b,φ2

r )+E(φ2
b,φ1

r )−E(φ2
b,φ2

r )| ≤ 2. (5.5)
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Figure 5.3: Visibility as a function of generation rate and state transfer probability. We sweep the power of the
blue pulse while keeping the red state transfer probability fixed, inducing absorption of the optical field in the
silicon structure, and see that for excitation probabilities up to around 3% the measured visibility exceeds the
threshold to violate the CHSH inequality (left). When increasing only the red pump power (right) a similar
behavior can be observed, allowing us to increase the state transfer probability beyond 14%, while still being
able to overcome the classical bound (orange shaded region). The visibilities V =|E(φb,φr)|max are measured
in a single phase setting at the optimal angles φb = 0 and φr = 0.337π.

A violation of this bound allows us to exclude a potential local realistic theory from de-
scribing the optomechanical state that we generate in our setup. The maximal violation

SQM = 2
p

2 ·V is expected for settings φi
b = [0,π/2] and φ

j
r = [−π/4+φc,π/4+φc], with

i , j = 1,2 [122]. Here φc = 0.337π is an arbitrary, fixed phase offset that is inherent to
the setup. Our experimentally achieved visibility exceeds the minimal requirement for
a violation of the classical bound V ≥ 1/

p
2 ≈ 70.7%. We proceed to directly measure

the correlation coefficients in the four settings, as indicated in Figure 5.2, and obtain
S = 2.174+0.041

−0.042 (cf. Table 5.1). This corresponds to a violation of the CHSH inequality by
more than 4 standard deviations, clearly confirming the non-classical character of our
state. From the observed visibility of V = 80.0%, we would expect a slightly stronger vi-
olation with S ≈ 2.26. The reduction in our experimentally obtained value for S can be
attributed to imperfect filtering of drive photons in front of one of the SNPSDs, which
gives rise to varying amounts of leak photons at different phase settings (see discussion
in SI).

For quantum network applications it is also important to analyze the quality of the
detected optomechanical entanglement with regard to the detection rate. In our mea-
surements we can achieve this by changing the energies of the drive beams to alter the
optomechanical interaction strengths. An increase in the blue pulse energy is accompa-
nied by two mechanisms that decrease the state fidelity. Firstly, the probability for higher
order scattering events O(p2

A,B) is increased. Secondly, higher pulse energies also result
in more absorption, degrading the state through thermal excitations. As observed in pre-
vious experiments [57, 114], optical pumping of the devices creates a thermal population
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of the mechanical modes with timescales on the order of several hundreds of nanosec-
onds (see also SI). While we keep the delay to the readout pulse short (∆τ= 200 ns), we
cannot fully avoid these spurious heating effects. Hence the decrease in visibility with
increased pulse energy, as seen in Figure 5.3(a), can be attributed mostly to this direct
absorption heating. To further test the heating dynamics of our state, we also sweep
the red pulse energies while keeping the excitation energy fixed at the value used in the
main experiment (pb = 0.8% and 1%). As expected, the increased readout pulse energies
lead to substantial heating of the devices [52]. However, even for relatively large optical
powers corresponding to ∼14% read out efficiency, the correlation coefficient is above
the threshold for violating a Bell inequality under the fair sampling assumption, see Fig-
ure 5.3(b).

Our system is fully engineered and hence we have complete control over the reso-
nance frequencies and possibilities to integrate with other systems. While in our current
structures we intentionally cap the mechanical quality factors to keep the measurement
time short [81], recent experiments with very similar devices have observed lifetimes
larger than 1 s [9]. Long lived non-classical states of large masses are interesting for fun-
damental studies of quantum mechanics. Combined with the fact that we can efficiently
couple these states to photons in the telecom band could enable interesting experiments
with Bell tests at remote locations. Employing fast optical switches that route one of the
photons to a second set of detectors would furthermore allow us to close the locality
loophole in the future. Our probabilistic scheme could, in principle, also be adapted to
perform a ’loophole-free’ Bell test [103], if in addition the detection loophole would be
closed through a more efficient read-out.

5.4. CONCLUSION
In summary, we have demonstrated the violation of a Bell-type inequality using mas-
sive (around 1010 atoms), macroscopic optomechanical devices, thereby verifying the
non-classicality of their state without the need for a quantum description of our exper-
iment. The experimental scheme demonstrated here may also be employed in other,
even more massive optomechanical systems. One outstanding challenge is to generate
states of genuine macroscopic distinction, for example a macroscopic separation in the
center of mass, to investigate fundamental decoherence mechanisms [123] or even the
interplay between quantum physics and gravity [124, 125]. We also show that the created
entangled states are relatively robust to absorption heating, which could lead to a real-
istic implementation of entanglement generation for a future quantum network using
optomechanical devices. Violation of a CHSH inequality can also be used to verify long-
distance quantum communication with device-independent security using mechanical
systems.
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5.5. SUPPLEMENTARY INFORMATION

5.5.1. EXPERIMENTAL SETUP

A sketch of the fiber-based setup used in the main text is shown in Figure 5.4. The pulse
generation consists of two tunable diode lasers (Santec TSL550 and Toptica CTL1550),
which are stabilized at the sidebands of device B using a wavelength meter. We suppress
high frequency noise on both laser through optical filtering (linewidth ∼50 MHz), before
we generate the drive pulses using acousto-optic modulators (pulse length ∼40 ns). The
interferometer is formed by a variable ratio coupler and a calibrated 50:50 coupler (de-
viation below 3%). The interferometer has a free spectral range of 1.2 GHz and is phase-
stabilized with a home built fiber stretcher. The EOM is used to select a desired phase on
a fast timescale and simultaneously to compensate the frequency mismatch of the me-
chanical devices of ∆νm = 2.3 MHz. This mismatch is small enough to be compensated
by a linear phase sweep during the pulses without the need of a serrodyne drive.

In order to achieve high efficiencies in our detection paths we use a home-built
freespace filtering setup. Each filter line consists of two linear cavities which are actively
stabilized to the resonance of the devices. The total detection efficiency for optomechan-
ically scattered photons from device A is 3.4% for detector 1 and 2.9% for detector 2. The
efficiency for device B is 2.9% for detector 1 and 2.3% for detector 2. The total loss budget
consists of various contributions: photons that are created in one of the optomechani-
cal cavities are transfered to an on-chip silicon waveguide with efficiencies of 65% and
55% for devices A and B, respectively. The transmission from the waveguide to the out-
put of the circulator (59% and 55%) is dominated by waveguide to fiber coupling losses.
The rest of the losses are due to a finite transmission through filters, optical components
needed for feeding continuous locking light and finite detection efficiency of SNSPDs.

In order to evaluate the quality of our interferometer we record the first order inter-
ference of our lasers. For this, we detune the filters by ∼2 GHz from the optomechan-
ically scattered photons, such that we are only sensitive to leaked pump photons. We
then lock the interferometer with the fiber stretcher and sweep the phase using the EOM
as we do for the visibility sweep in Figure 5.1. The visibility we obtain of 98.4% matches
well with the independently measured short term fluctuations of the interferometer lock
of around ∼π/25 [126]. The main cause of these fluctuations is noise that is picked up by
the fibers inside the dilution refrigerator stemming from the pulse tube cryo cooler.

5.5.2. PUMP FILTERING AND FALSE COINCIDENCES

To estimate the effect of erroneous coincidence clicks that do not stem from the op-
tomechanical state, we perform calibration measurements to estimate the role of leaked
drive photons. To do this, we slightly detune the filters away from the frequency of the
optomechanicaly scattered photons, such that they are reflected from the filters and do
not reach the SNSPDs. We find that during the main experiments around 17% of red
counts detected on detector 2 are in fact imperfectly filtered drive photons. For detec-
tor 1 this number is around 7%. To understand this asymmetry, we note that the cavities
in front of detector 1 both have linewidths of ∼35 MHz, while the ones in front of de-
tector 2 have a slightly larger linewidth of ∼45 MHz. We estimate that perfect filtering
would enable us to obtain roughly 12% higher cross correlation values for the individual
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Figure 5.4: (a) Sketch of the setup. We first generate blue and red pulses that drive the optomechanical interac-
tions. The devices are each placed in one arm of a fiber interferometer realized between a variable ratio coupler
(VRC) and a 50:50 beamsplitter. We stabilize the overall phase with a fiber stretcher such that we can select par-
ticular phase settings with our EOM in arm A. The optomechanically generated photons are filtered from the
drive pulses before finally being detected on single-photon superconducting nanowire detectors (SNSPDs).
(b) Interferometer visibility. We detune the filter locking point from the device resonance such that we are only
sensitive to pump photons that leak through the filters. Here we plot the rate of pump photons detected with
detector 1 (orange) and detector 2 (green) as a function of phase difference of the interferometer arms. We
observe the expected 2π periodicity with an interference visibility of 98.4%. The difference in amplitude stems
from different degrees of suppression of pump photons through the two filter lines.

devices. Similarly, we measure that less than 2% of the detected photons during the blue
pulses are leak photons.

The asymmetry in pump suppression has additional consequences for the experi-
ments in which we drive the devices simultaneously. The total rate of leak photons varies
with the selected phase setting φr. The angular dependency is proportional to the sum
of the two curves in inset (b) of Figure 5.4. These unwanted photons result in additional
coincidences in the second order interference of the main experiment, hence they dis-
tort the visibility sweeps of Figure 5.2. The purely sinusoidal fits are not capturing this
accurately and therefore mostly serve as a guide to the eye. The values of the correlation
coefficients E(φb,φr) in Table 5.1 are affected in the same way. We measure at angles
φr = 0.087π and 0.587π, of which the latter suffers more from the imperfectly filtered
drive pulses. This is the main reason of why we observe a reduction in the Bell param-
eter S compared to the expected results from the visibility V in Figure 5.2 alone. Dark
counts on the other hand are low enough (around 15 Hz) to only contribute by less than
1% to the detection events.

5.5.3. DEVICE FABRICATION AND CHARACTERIZATION

The optomechanical devices are fabricated from silicon-on-insulator wafers with a de-
vice film thickness of 250 nm as described in [52]. In order to reliably find identical de-
vices on distinct chips, we optimized the electron-beam doses throughout the lithog-
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Figure 5.5: Spectroscopy of optomechanical devices A (green) and B (orange). Left: Optical cavity reflection
spectrum of the cavities. Right: Mechanical resonances of the two devices.

raphy step, which allowed us to obtain a distribution of only 1 nm of the optical res-
onances. To further reduce the variability between different chips, we first fabricate a
single large chip, fully process it, and then cleave it into smaller pieces as a last step.
This optimized procedure results in two chips with excellent overlap of the optical res-
onances. Unlike in previous experiments [114], our fabrication method allowed us to
perform the experiments without the need for serrodyne shifting of the photon frequen-
cies in one of the arms of the interferometer but rather only apply a small linear ramp
signal to the red and blue pulses using the EOM in arm A.

We characterize the optical resonances by sweeping a continuous-wave part of our
laser and recording the reflected intensity resonances (cf. Figure 5.5(a)). As we use re-
flectors at the end of our waveguides (see Figure 5.1), we effectively couple in a single
sided way to our devices and therefore expect to see resonances as dips in the reflected
light. The measurements of the mechanical resonances are performed by locking the
laser to the blue sideband of the optical resonances, amplifying the reflected light in a
fiber amplifier and then detecting the optomechanically generated sideband on a fast
photodiode (Figure 5.5(b)).

To evaluate the absorption heating dynamics, we perform a pump-probe experiment
with the individual devices. Here we excite the devices with a blue and probe with a red
drive pulse after a variable delay ∆τ, see Figure 5.6. The pulse energies are chosen simi-
larly to the ones in the main text. As already observed in previous work [52, 57, 114], the
devices see absorption caused heating with a rise time of several hundreds of nanosec-
onds. The highest temperature is reached in both cases at a delay of around 1 µs, after
which the devices decay with their intrinsic quality factors. We fit the excitation dynam-
ics di (∆τ) of the two devices (i = A, B) with a phenomenologically motivated double ex-
ponential model of the form di (∆τ) = ai e−∆τ/τi −bi e−∆τ/ηi +ninit,i [114]. We can extract
the energy lifetimes of our devices as τA = 3.3±0.5 µs and τB = 3.6±0.7 µs. Note that the
final decay level ninit,i does not represent the true base temperature, as we still observe
counts from the intra-pulse heating. Nevertheless, we can bound the occupancy ninit,i
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Figure 5.6: Absorption heating and mechanical decay. Heating dynamics of device A (green) and device B
(orange) from a pump-probe experiment are plotted. We excite the devices with a blue pulse and read out
the mechanical state after a variable delay ∆τ. Thermal phonons due to absorption of the blue drive occupy
the mode on a timescale of several hundreds of nanoseconds, after which the excitations decay to the cold
environment with the mechanical lifetimes.

from above using the asymmetry in the click rates of blue and red sideband scattered
photons Cb,i and Cr,i as ninit,i =Cr,i /(Cb,i −Cr,i ) [57]. We perform the measurements for
blue and red pulses individually with a duty cycle of 50 µs each. For device A, we deter-
mine the initial occupation to be ∼0.07 phonons if measured on detector 1 and ∼0.09
phonons if measured on detector 2. Device B has similar apparent occupations of ∼0.06
phonons on detector 1 and ∼0.09 phonons if measured on detector 2. The difference in
the measurements on the two detectors reflects the different amount of leak suppression
as discussed above. However, both measurements also contain the intrapulse heating
detection events, meaning we expect the real occupancy in the dark to be below these
extracted numbers.

5.5.4. STATISTICAL ANALYSIS

The statistical analysis for the CHSH inequality is done using the same techniques as
Ref. [114]. We apply binominal statistics on the number of coincidence events ni j in
Equation (5.4) and generate discrete probability distributions. We then treat the corre-
lation coefficients E as non-trivial functions of two random variables (nsame = n11 +n22

and ndiff = n12 +n21) and numerically find their probability distributions via the cum-
mulative density function method. We calculate the probability distribution for the Bell
parameter S as a convolution of the probability distributions of the four correlation coef-
ficients. Finally we calculate the expectation value and error bounds (±34% confidence
interval) by numerical integration of the resulting probability density function.

The data for the main experiment was acquired in with approx. 500−620 million trials
per CHSH setting. Together with the duty time of 50 µs, this amounts to pure measure-
ment times of 7.0− 8.6 hours per setting, or ∼31 hours in total. This time is excluding
additional overhead that is needed to re-lock the filters or manage the acquired data.
The total actual measurement time is about a factor of two larger. The data was taken
in intervals of 20 minutes and the CHSH settings were cycled after each interval. During
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CHSH setting Trials Heralding clicks n00 n01 n10 n11

(1,1) 597302527 645858 708 194 175 611
(1,2) 500363903 546488 606 162 164 521
(2,1) 622224596 680260 752 212 185 589
(2,2) 540137661 592728 170 586 590 198

Table 5.2: Recorded coincidence clicks of the main experiment. Individual trials are performed every 50 µs.
Heralding clicks are the detected photons scattered by the blue pulse. Coincidences ni , j are clicks that were
registered after getting a heralding event in the same trial, with i , j indicating the detector for the blue and red
scattered photons.

the experiment, a total of 6423 photon pairs were detected, which amounts to roughly
210 successful trials per pure measurement hour.
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Nanofabricated mechanical resonators are gaining significant momentum among poten-
tial quantum technologies due to their unique design freedom and independence from
naturally occurring resonances. With their functionality being widely detached from ma-
terial choice, they constitute ideal tools to be used as transducers, i.e. intermediaries be-
tween different quantum systems, and as memory elements in conjunction with quan-
tum communication and computing devices. Their capability to host ultra-long lived
phonon modes is particularity attractive for non-classical information storage, both for
future quantum technologies as well as for fundamental tests of physics. Here we demon-
strate a DLCZ-type mechanical quantum memory with an energy decay time of T1 ≈ 2 ms,
which is controlled through an optical interface engineered to natively operate at telecom
wavelengths. We further investigate the coherence of the memory, equivalent to the de-
phasing T ∗

2 for qubits, which exhibits a power dependent value between 15 and 112 µs.
This demonstration is enabled by a novel optical scheme to create a superposition state of
|0〉 + |1〉 mechanical excitations, with an arbitrary ratio between the vacuum and single
phonon components.

This work is submitted to peer review as A quantum memory at telecom wavelengths. A. Wallucks, I.
Marinković, B. Hensen, R. Stockill and S. Gröblacher
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6.1. INTRODUCTION

Quantum memories are a core quantum technology, which are at the very heart of build-
ing quantum repeaters enabling large quantum networks [3, 127]. Significant progress
on realizing such memories has been made with ions [128, 129], atomic ensembles [130–
132], single atoms [133], NV centers [134], and erbium-doped fibers [69]. The important
characteristics of a memory, besides sufficiently long storage times, are the ability to
store a true quantum state, such as a single photon, high read-out efficiency, on-demand
retrieval and operation at low-loss telecommunication wavelengths around 1550 nm. So
far, none of the realizations have simultaneously been able to demonstrate all of these
requirements. In particular, native operation of memories in the telecom band has been
limited to classical states [135, 136] or storage times in the tens of nanoseconds [137].

Recently, chip-based nanoscale mechanical resonators have emerged as promising
components for future quantum technologies. Their functionality is principally based
on geometry, allowing for great flexibility in materials and designs and creating unique
opportunities for combining them with many other techniques such as integrated pho-
tonics and superconducting circuitry [19, 138]. Over the past few years, experiments
have demonstrated an ever increasing control over quantum states of mechanical res-
onators both via optical as well as electrical interfaces. Experimental breakthroughs with
radio-frequency drives include electromechanically induced entanglement [72, 115], phonon-
number detection [139, 140] and single [16] as well as multi-phonon Fock state genera-
tion [18]. Optical control over the modes on the other hand has enabled the detection
of non-classical optomechanical correlations [57, 141, 142], single phonon Fock state
creation [52, 58], mechanical entanglement [75, 114], as well as an optomechanical Bell-
test [51]. Excitingly, many of these chip-based devices have also been shown to host
ultra long-lived mechanical modes with down to wavelength-scale footprints and low
cross-talk [7, 9, 143]. Combined, these results demonstrate the key ingredients for the
realization of a quantum optomechanical memory, potentially paving the way towards
on-chip, integrated quantum transducers and repeaters, operating at telecom wave-
lengths [23, 28].

In this work, we demonstrate for the first time non-classical correlations from an
engineered high-Q mechanical resonance and an optical interface in the conventional
telecom band over the full decay time of the mechanical mode. To achieve this, the me-
chanical quantum memory is prepared in a single-phonon state, directly usable for a
DLCZ-type quantum repeater scheme [10]. We show that we can store this state for ap-
prox. 2 ms without degradation due to induced thermal occupation of the mode, a lim-
itation of several previous experiments [51, 52, 114]. We study the phase fluctuations of
the mechanical mode in a classical continuous interference measurement and then by
a pulsed dephasing experiment in the quantum regime. For the latter, we develop and
experimentally demonstrate a scheme to herald superpositions of the first mechanical
Fock state and the vacuum. This stored state is then optically retrieved and interfered
with a weak coherent probe to measure the coherence of the mechanical mode.



6.2. METHODS

6

71

a)

Fr
eq

ue
nc

y 
(G

H
z)

5 μm

Log Displacement (a.u.)

b)a)

c)

min max

8

6

4

2

0
MXΓ Γ

Figure 6.1: (a) Scanning electron microscope image of the optomechanical device. Light enters from the left
through the coupling waveguide in the top part of the image. In the device below, an optical and a mechanical
resonance are coupled through radiation pressure effects. The structure is fabricated from a 250 nm thick sil-
icon layer and is undercut to produce free-standing devices. (b) Zoom in to the phononic shield region (top)
and corresponding bandstructure simulation (bottom). Unlike the nanobeam itself, the shielding region ex-
hibits a full bandgap of the phononic crystal around the resonance frequency Ωm (solid red line). (c) Finite
element simulation of the isolation through the phononic shield. Also shown is the mechanical mode of inter-
est at 5.12 GHz in the center of the nanobeam.

6.2. METHODS
Our device design, shown in Figure 6.1, is based on previous experiments with silicon
optomechanical crystals [7, 52, 57], which were optimized for low Qm to speed up re-
thermalization with the cryogenic environment. In contrast, in our present work the
mechanical mode serves as a phononic memory for optical states and we are hence look-
ing for large quality factors. In particular, the mechanical decay time sets a bound on the
distance over which light can travel while the stored state has not decayed yet. For a
1 ms decay time, for example, we can reach distances of around 200 km. The mechan-
ical mode of the silicon nanobeam is confined within a phononic crystal mirror region
which does not exhibit a complete bandgap. Fabrication imperfections typically couple
the phonon mode of interest to leaky modes with different symmetries, such that the
quality factor is limited by radiation loss. For this experiment, we surround the device
with a two-dimensional phononic shield which features a complete bandgap [7] and can
increase the decay time up to several seconds [9]. Figure 6.1a shows the fabricated device
with the additional phononic shielding region on the sides and an optical waveguide on
top used to probe the device. A simulation of the bandstructure of the shield region in
Figure 6.1b shows a wide bandgap emerging between 4 GHz and 6 GHz.

The actual device used in this experiment has a mechanical resonance at Ωm/2π =
5.12 GHz with a measured decay time of the mode of 2π/Γm = 1.8 ms (see Supplemen-
tary Information), corresponding to a quality factor of Qm ≈ 107 at mK temperatures.
While we have fabricated structures with significantly better quality Qm & 109, this par-
ticular choice is a compromise between long memory time and a low re-initialization
rate, which would in turn necessitate a prohibitively long measurement time. The op-
tical resonance of the device is at ωc/2π= 191.4 THz, corresponding to a wavelength in
the telecom band at 1566.4 nm, with an intrinsic optical linewidth of κi/2π = 460 MHz.
As shown in Figure 6.1a, we couple to this resonance via an adjacent optical waveguide
with a coupling rate of κe/2π = 1840 MHz. The optical and mechanical mode interact
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Figure 6.2: (a) Laser pulses are sent to the optomechanical device through an optical circulator. These pump
pulses are subsequently filtered, allowing us to measure their Stokes- and anti Stokes-fields in superconducting
nanowire single photon detectors (SNSPD).(b) Scattering scheme for the Stokes (top) and anti-Stokes (bottom)
processes. HereΩm denotes the mechanical andωc the cavity frequencies. (c) Calibrated thermal mode occu-
pancy, showing a delayed rise in the absorption heating from a blue-detuned pulse with energy 3 fJ and probed
by a red-detuned pulse with energy of 280 fJ. The occupation contains a background of ∼0.1 phonons added
by the red drive during the readout. (d) We verify the suitability of our optomechanical device as a quantum

memory by measuring the decay time of the cross-correlations between the Stokes- and anti Stokes-fields g (2)
om

(see text for details). We find clear non-classical photon-phonon correlations up to T1 = 1.8± 0.2 ms. The
classical bound, above which the single phonon that is stored in the mechanical mode still retains its quantum
character is highlighted by the yellow-shaded region, while the beige region depicts the threshold for violat-
ing a Bell-type inequality. The red curve is the theoretically predicted decay, for which we use the thermal
occupation measured in (c). All error bars are s.d.

with a single photon coupling rate g0/2π= 780 kHz.

A sketch of the fiber-based optical setup is shown in Figure 6.2a, where the device
is placed in a dilution refrigerator with a base temperature of 15 mK. We generate 40 ns
long optical pulses with blue sideband detuning from the optical resonance ωb = ωc +
Ωm, as well as red sideband detuning ωr = ωc −Ωm. Using linearized optomechani-
cal interactions [55, 56], blue driving enables the optomechancial pair generation Ĥb =
−ħg0

p
nbâ†b̂† +h.c., with nb the intracavity photon number, ħ the reduced Planck con-

stant and â† (b̂†) the optical (mechanical) creation operator. Red detuning on the other
hand enables a state-transfer between the optics and the mechanics, due to the beamsplitter-
type interaction Ĥr =−ħg0

p
nrâ†b̂+h.c., where nr is the intra-cavity photon number for

the red pulses. After interacting with the device in the cryostat, the light passes an optical
filter with 40 MHz bandwith which is locked to the optical resonance ωc and the Stokes-
/ anti-Stokes fields are detected on a superconducting nanowire single photon detector
(SNPSD).

6.3. RESULTS
As a first step, we perform a thermometry measurement to validate that the 5-GHz mode
of the device is thermalized to its motional groundstate at the base temperature of the
cryostat. This is performed by sending trains of either blue or red sideband detuned
pulses to the device, such that an asymmetry in the scattering rates between the blue
and the red drives allows us to infer the mechanical mode occupation [57, 144]. The mea-
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sured mode temperature is elevated from the bath temperature due to heating caused by
power-dependent optical absorption of the drives. We can thus use this measurement to
determine our maximally attainable driving power for a given mechanical mode occupa-
tion. We limit the instantaneous heating caused by a single pulse to∼0.1 phonons, which
we attain with a pulse energy of 280 fJ. This corresponds to a state-transfer probability
of pr = 14% between phonons and photons in the anti-Stokes field by the red detuned
drive using the interaction of Ĥr. The total detection efficiency of the scattered photons
is 13%, as discussed in the SI, including contributions from the collection efficiency into
the device waveguide, fiber coupling and losses in the filter setup.

To test the performance of the device as a quantum memory, we proceed to use a
two-pulse protocol with a blue-detuned excitation followed by the red-detuned readout
pulse. The first pulse enables the optomechanical pair generation according to Ĥb, pro-
ducing entanglement between the optical Stokes-field and the mechanical mode of the
form

|ψ〉om ∝|00〉om +p
pb|11〉om +O(pb), (6.1)

where o (m) indicate the optical (mechanical) modes and pb is the excitation probabil-
ity. Due to the correlations in this state, detecting a Stokes photon after the blue pulse
heralds the mechanical mode in a state close to a single phonon Fock state [52]

|Ψ〉m ∝|1〉m +O(
p

pb). (6.2)

Crucially, the excitation probability pb has to be kept small to avoid higher order excita-
tion terms. Additionally, residual absorption heating causes an increased thermal back-
ground of the mechanical mode at delays far longer than the pulse length. We choose an
energy of the blue-detuned pulse of 3 fJ, which corresponds to a scattering probability
of pb = 0.2%. This optical power is chosen to limit the peak of the absorption heating to
below 0.2 phonons occupancy at most. In Figure 6.2c, we show the calibrated mode oc-
cupation, highlighting an increase in phonon occupancy for delays of up to 1 ms before
the device re-thermalizes.

With this limited thermal background, we are able to study the quantum nature of
the optomechanically prepared state of Eq. (6.2). We do this using the cross-correlation
g (2)

om = P (B ∧R)/[P (B)P (R)], for which P (B) (P (R)) is the probability to detect a Stokes
(anti-Stokes) photon and P (B ∧R) is the joint probability to detect a Stokes and an anti-
Stokes photon in one trial. We probe the ability of the mechanical mode to store non-
classical correlations by evaluating g (2)

om(∆τ) for pulse delays ∆τ over the energy decay
time of the mechanical resonance. Generally, we expect the cross-correlation to evolve
like g (2)

om(∆τ) = 1+exp(−Γm∆τ/2)/ntherm(∆τ) [114], where Γm is the inverse of the decay
time and ntherm(∆τ) the number of thermal phonons in the mode. We note that this cross
correlation has a classical bound given by a Cauchy-Schwarz inequality of g (2)

om ≤ 2 [57,
58]. An even stronger bound can be motivated by considering the threshold required to
violate a Bell inequality for the entanglement present in the system (c.f. Eq. (6.1)), which
is given by g (2)

om ≥ 5.7 [51, 121]. In Figure 6.2d, we show the measured cross-correlations
together with the theoretically expected correlation (solid line) that we calculate using
the measured thermal occupation. We find that the classical threshold (yellow shaded
region) is violated by the Stokes and anti-Stokes fields for T1 = 1.8±0.2 ms. Furthermore
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the Bell-threshold (beige shaded region) is violated for ∼500 µs, supporting the prospect
of using mechanical quantum memories in a device independent setting [111].

The above measurements clearly demonstrate that, although absorption heating is
still present in the device, we can limit its effects to be able to store and retrieve quantum
states in the mechanical mode for its whole decay time. Since the scheme uses a phase-
symmetrical state of the form of Eq. (6.2), we are, however, not sensitive to frequency
fluctuations of the mechanical mode. We therefore proceed to test the ability of our
device to preserve non-trivial quantum mechanical states.

We begin by assessing the frequency stability of the mechanical mode in the clas-
sical regime. As discussed in the SI, direct measurements of the mechanical sidebands
on a fast photodector using a relatively strong continuous sideband drive show a broad-
ened mechanical linewidth of several kHz. A frequency jitter of the mechanical mode is
visible using fast scanning [9]. In order to determine the extent to which optical driving
influences these dynamics, we require a measurement scheme that employs a minimum
possible intracavity power. We devise an interferometric scheme based on coincidence
detection in continuous wave driving, shown in Figure 6.3a. We probe the device with
a single optical tone on either the red or the blue sideband, such that the reflected light
contains an optomechanically generated sideband. This sideband is interfered with a
probe field at roughly ωc, which we create in-line from the reflected optical drives us-
ing an electro-optic amplitude modulator (EOM). To be able to detect photons using the
SNSPDs, we remove the background with a 40-MHz bandwidth filter. The main idea of
the measurement is that the mixing of the mechanically and electro-optically generated
sidebands causes intensity modulations at their beat frequency, which can be observed
in the coincidence rate C (2)(∆τ) of the detected photons. The interference can explicitly
be demonstrated by detuning the EOM drive by δΩ/2π = 100 kHz from the mechanical
frequency Ωm, such that C (2)(∆τ) shows oscillations of 2π/δΩ = 10 µs period (see Fig-
ure 6.3b). With the mechanical mode in a thermal state, we can measure the decay of
this interference to extract a classical coherence time τclass by fitting an exponentially
decaying sine function to the data (solid line). Additional details on the data evaluation
as well as measurements of the thermal bunching of the optomechnical photons are dis-
cussed in the SI.

Figure 6.3c shows the dependence of the coherence time τclass for a sweep of the in-
tracavity photon number nc. Measurements for blue detuning (blue points) and red de-
tuning (red points) split for increasing photon numbers due to optomechanical damping
(see discussion in the SI). Inconsistent with residual optomechanical effects, however, is
the decrease of the decay constant τclass for the lowest photon numbers. A linear extrap-
olation to nc = 0 results in τclass,min = 16±3 µs. The behavior for nc > 1 can be explained
by a saturation of the decay constant for high photon numbers. We fit the power de-
pendence to a phenomenological model (solid line) that we discuss in the SI. From the
model we obtain a saturation value of τclass,max = 112±27 µs.

The power dependence observed for the classical coherence decay τclass invites an
investigation of the coherence time in the quantum regime, where, additionally, the
mode evolves in the dark. In contrast to the above pulsing scheme (c.f. Figure 6.2), we
are now required to measure the phase stability of non-symmetric mechanical quantum
states. A natural candidate are superpositions between the vacuum and single phonon
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Figure 6.3: (a) Schematics of the setup for measuring the mechanical phase coherence with a CW laserby mix-
ing Stokes and anti-Stokes fields from the device with an electro-optically generated tone. Under continuous
driving the mechanical mode is highly excited and the measurement is therefore fully in the classical regime.
The amplitude electro-optic modulator (EOM) is driven at a detuning of δΩ/2π= 100 kHz from the mechanical
frequency Ωm. (b) Interference between the optomechancially and the electro-optically generated sidebands
causes an oscillatory signature in the two-fold coincidence rate C (2)(∆τ). Shown is an exemplary measured
trace for ∼3 intra-cavity photons (dots) and a fit to the data (solid curve) for a sinusoidal oscillation with expo-
nentially decaying amplitude. The raw data and details on the post-processing can be found in the SI. (c) The
extracted decay times τclass as a function of intracavity photon numbers nc for blue detuning (blue points) as
well as for red detuning (red points). An increase in the measured coherence time, as a function of intracavity
photon number, can clearly be seen (fit to the data as solid curve). For nc & 2 optomechanical effects become
visible.

mechanical states of the form

|Ψ〉m =p
1−n · |0〉m +p

n ·eiφ|1〉m. (6.3)

Here φ is an experimentally chosen phase during the state preparation and
p

n the am-
plitude of the single phonon component, with n = 1/2 indicating a 50:50 superposition
state. Once the mechanical mode is prepared in such a state, it can be read out after a
variable delay ∆τ and the anti-Stokes field can be interfered with a weak coherent state
(WCS), for example. The visibility of this interference can then be used to assess the co-
herence time T ∗

2 over which the mechanical mode is able to preserve the phase of the
superposition state. The scheme we describe below is conceptually similar to earlier ex-
periments in quantum optics [145, 146] and enables the optical preparation of a massive
mechanical superposition state for the first time.

We adapt the setup for the correlation decay measurements, adding an optical in-
terferometer in the detection path (c.f. Figure 6.4a). The light is split by a 99:01 fiber
coupler and enters a Mach-Zehnder interferometer with a high transmission upper arm
and a low transmission lower arm. In the low transmission arm of the interferometer, an
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Figure 6.4: (a) Sketch of the experimental setup for the coherence measurement of the quantum memory. After
being reflected from the device, the optical pulses are sent to an imbalanced Mach-Zehnder interferometer. In
the lower, highly attenuated arm, an electro-optic modulator (EOM) creates a weak coherent state at the cavity
frequency ωc by sideband modulation of the reflected drives. The WCS is then interfered with the optome-
chanical Stokes field from the upper, weakly attenuated interferometer arm. All “which-path” information is
erased, such that a detection event on either of the detectors (SNSPDs) heralds a superposition state of the
form shown in Eq. (6.3). The state is retrieved from the device using a red-detuned drive and the interference
of the anti-Stokes field with a second WCS generated with the same EOM is measured. (b) Schematic depicting
the frequency components in the interferometer by their detuning ∆ω from the optical resonance. The high
transmission arm contains the optical drives as well as the Stokes or anti-Stokes fields. In the low-transmission
arm, the sidebands generated by the EOM dominate over the optomechanically scattered photons. After fil-
tering, only the light on resonance with the optical cavity is detected in the SNSPDs. (c) Interference of the
anti-Stokes field with a WCS after a delay from the blue pulse of ∆τ≈ 1 µs. The phase evolution over the delay
is enabled by detuning the EOM drive by δω/2π = 1 MHz. A sinusoidal fit to the data (solid curve) yields a
visibility V = 58±5%. (d) Decay plot of the interference visibility. Blue are single delay measurements on the
maxima and minima of the curve, whereas green data points are extracted from fits similar to (c). The solid
curve is a fit to an exponential decay.

EOM modulates the reflected blue drive to produce a sideband at ωc (more than 20 dB
bigger than the optomechanical one in this arm). This weak coherent state is then in-
terfered with the optomechanically generated sideband in the upper arm of the inter-
ferometer on a balanced fiber coupler. Both of its outputs pass 40 MHz bandwidth filter
setups to remove unwanted frequencies to only detect fields at ωc. A click on one of
the SNSPDs heralds the superposition state of Eq. (6.3) of the mechanical mode, as the
Stokes sideband is made indistinguishable from the electro-optically generated weak co-
herent state. In a quantum picture, the second beamsplitter removes all “which-path”
information of the detected photons.

The detection is performed after a variable delay by interfering the anti-Stokes fields
from the device with another weak coherent state, generated from the red drive with the
EOM in the lower arm. The quantum interference of the two can be detected through

oscillations of the correlation coefficient E =
(
g (2)

om,sym − g (2)
om,asy

)
/
(
g (2)

om,sym + g (2)
om,asy

)
of

the cross-correlations g (2)
om,sym for detection events in the same and g (2)

om,asy for different
detectors. While we have to ensure phase stability of the Stokes and anti-Stokes fields
and the respective weak coherent states, we only have to stabilize the Mach-Zehnder
interferometer, since path-length fluctuations from the device to the first fiber coupler
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are canceled due the fields propagating in common mode. Similar to the classical co-
herence measurement, the requirement to actively change the interferometer phase to
detect the interference can be alleviated by slightly detuning the EOM drive frequency
from Ωm. We chose a relative detuning of δω/2π= 1 MHz, which is again much smaller
than the bandwidth of the optical pulses of ∼25 MHz but enables a full 2π phase sweep
of E for delays of 1 µs.

The amplitude n of the superposition state can be chosen experimentally by adjust-
ing the ratio of optomechanically to electro-optically generated photons in the side-
bands. Without a thermal background on the mechanical mode, it is possible to pre-
pare states of the form of Eq. (6.3) with a given single phonon amplitude n by matching
the count rate due to the WCS CWCS to the Stokes count rate Cb according to CWCS/Cb =
(1−n)/n. In our measurements the amplitude of the WCS is set to optimize for maximum
visibility and detection rates at the same time, which allows us to perform the mechani-
cal coherence measurements as quickly as possible. In the SI, we provide further numer-
ical studies how the choice of amplitude affects the expected interference visibility in the
presence of a thermal background on the mechanical mode. Experimentally, we choose
the same pulse energies for the red and the blue drives as in the correlation measure-
ment (c.f. Figure 6.2). We adjust the EOM drive power such that CWCS/Cb ≈ 7, which, for a
thermal background of ntherm = 0.1, results in a single Fock amplitude n = 0.56. The sec-
ond weak coherent state is matched in power to the anti-Stokes field. Figure 6.4c shows
our experimentally measured correlation coefficient E . A clear oscillation in the signal
with the expected period of 2π/δω = 1 µs can be seen for small delays ∆τ around 1 µs,
demonstrating the successful interference of the superposition state in the anti-Stokes
field with the WCS. We obtain a visibility of V = 58± 5% by fitting the signal between
1 µs and 2 µs with a sinusoidal function. This visibility exceeds the classical threshold of
Vclass = 50% for the second order interference visibility of two coherent states and is in
good agreement with the theoretically expected value of 63% (see SI).

We plot the decay of the interference visibility for extended delays in Figure 6.4d. The
quantum coherence time of the state that we obtain from fitting an exponential decay is
T ∗

2 = 15±2 µs. This decay happens much faster than the measured T1 for the symmetri-
cal state. The obtained value is in very good agreement with the classical coherence time
τclass,min = 16±3 µs, considering the intracavity photon number averaged over the duty
cycle in the pulsed experiment is npulse,avg ≈ 10−8 (c.f. Figure 6.3c). As shown before, the
power dependence of the coherence time is not consistent with optomechanical effects.
The observed saturation at τclass,max indicates dispersive coupling of the mode to defect
states such as two-level fluctuators in the host material, which are a source of noise and
dissipation in amorphous materials [147]. The surface of silicon is known to host a va-
riety of states that have been found to affect the performance of quantum devices [148]
and mechanical modes [9, 12]. Optical driving of our particular device causes a satura-
tion of the frequency jitter imposed on the mechanical mode. A more detailed study of
the dynamics and prospects on an improved τq will be the focus of future work. Similar
two-level fluctuator noise is already known for a wide variety of systems, for which satu-
ration driving of the states by different experimental means could offer a way to reduce
the induced noise on the mode of interest [149, 150].

In conclusion, we have measured the quantum decay T1 and the coherence time T ∗
2
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of a high-Q mechanical system and demonstrated its suitability as a mechanical quan-
tum memory. This was possible by employing a two-dimensional phononic shield for
mechanical isolation, small absorption heating in the optomechanical device compared
to previous experiments and by devising a novel way to create and characterize me-
chanical superposition states. We design our device to operate directly in the low-loss
telecommunication band, with several orders of magnitude larger quantum memory
coherence times than competing systems [137] while allowing an on-demand read-out.
The memory is prepared in both a superposition and a single phonon state, which will
allow it to be directly used in a DLCZ-type quantum network architecture. Combined
with recent progress in coupling phonons to superconducting circuitry [22, 23], this ap-
proach will also allow to realize versatile hybrid architectures for quantum storage and
transduction. We would like to note that, with improvements in the efficiencies, writ-
ing an arbitrary input state into the memory is in principle possible [151]. Our mea-
surements show a clear power dependence of the coherence time, which is indicative
of two-level systems on the surface of our structure. Future experiments will determine
the nature and detailed properties of these surface states, which should lead the way to
significant improvements of the coherence time of our devices.
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6.4. SUPPLEMENTARY INFORMATION

6.4.1. SETUP FOR PULSED EXPERIMENTS
A sketch of the fiber-based setup used in the main text is shown in Figure 6.5. The pulsed
optical drives are generated from two tunable diode lasers, which are stabilized using a
wavelength meter. Both light sources are filtered with fiber filters of 50 MHz bandwidth
to reduce the amount of classical laser noise at GHz frequencies. The 40 ns Gaussian
shaped pulses used in the experiment are created by two 110 MHz accousto-optic mod-
ulators (AOMs 1 and 2), which, after the lines are combined, are additionally gated by
AOM3 for a better pulse on-off ratio. All AOMs can be operated in CW mode to allow for
device characterization and the CW coherence measurement. An electro-optical modu-
lator (EOM2) is used to test the longterm stability of the setup (see text below). The light
is routed into the dilution refrigerator and to the device via an optical circulator, whereas
coupling to the device waveguide is achieved with a lensed fiber tip.

For the coherence measurements, we use an imbalanced Mach-Zehnder interferom-
eter with a 99:01 and a 50:50 fiber coupler. The free spectral range of the interferometer
is measured to be 5.4 GHz. The high transmission arm only contains an optical switch,
whereas the low transmission arm contains EOM2 and a fiber stretcher to lock the inter-
ferometer phase. The fiber stretcher is home built and, including the feedback electron-
ics, we achieve a locking bandwidth of 10 kHz. The light used for the locking is injected
into the open port of the 99:01 fiber coupler. It is derived from a third laser, which is
locked ∼10 GHz away from the blue drive to operate at the maximum suppression point
of the detection filters (see below). We use continuous light for locking the interferom-
eter and blank it for 1 µs around the measurement pulses with AOM4. The amplitude
modulator used for the continuous coherence measurement (c.f. Figure 6.3 of the main
text) is shown in the dotted box in the upper interferometer arm.

The detection part of the setup consists of two lines with two filter setups each to
suppress the reflected drives from the devices and two SNSPDs. The filter setups are
free-space, with two ∼40 MHz linear cavities each. The free spectral range of these home
built cavities is designed to be between 17 GHz and 19 GHz in each line. The measure-
ments are paused every 4 s and continuous light is injected to the filter lines via optical
switches (not shown, see also [57]) such that the filters can be stabilized on resonance
with the optical cavity. This re-locking step generally consumes about 10-15% of the
measurement time, whereas the filter transmission stays within ∼90% during the time
the filters are allowed to drift freely.

The darkcounts in our filter lines are roughly 20 Hz on detector 1 and 25 Hz on detec-
tor 2. Our measurements contain additional background due to leakage of the sideband
drives though the the filter setup. The suppression of the filter sets at 5 GHz is ∼84 dB for
filter set 1 and ∼89 dB for set 2. We further measure our detection efficiency by using an
off-resonant weak pulse from the device [52]. We achieve overall efficiencies of the filter
setups and the SNSPDs of approximately 34% for setup 1 and 32% for setup 2 including
the efficiencies of the respective detectors. The collection efficiency of the optomechan-
ically generated sidebands consists of the device to waveguide coupling κe/κ ≈ 80% as
given in the main text and fiber coupling efficiency of 56%. The measurement also suf-
fers additional loss of 30% from the fiber optic components in the detection lines (i.e.
the circulator and Mach-Zehnder interferometer). The total detection efficiency dur-
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Figure 6.5: Schematic of the setup used in the experiment featuring all active elements, including acousto-
optic modulators (AOM), electro-optic modulators (EOM) and one amplitude modulator (A-EOM). Elements
for polarization alignment are not shown. The setup is based on low loss SMF-28 optical fibers, with the only
exception being the filter setups in the detection path, which consist of two linear, optical free-space cavities
each, for improved insertion losses compared to commercial fiber based components. The superconducting
nanowire single photon detectors (SNSPDs) are placed at the 800 mK stage in the same cryostat as the device.

ing the experiments in Figure 6.4 of the main text is thus ∼10%. In the non-classicality
measurements of Figure 6.2, we do not use the interferometer but directly connect the
circulator output to filter set 1. The loss of the fiber components in this case is reduced
to 10% which results in a total detection efficiency for Stokes or anti-Stokes photons of
ηdet ≈13%.

6.4.2. DEVICE CHARACTERIZATION
We perform initial measurements of the mechanical linewidth in the cryostat with a con-
tinuous blue sideband drive and detection of the optomechanical sideband on a fast
photodiode such that it can be evaluated on a real-time spectrum analyzer. We find the
center frequency at Ω with a visible jitter when scanning for around 50 ms as shown in
Figure 6.6b. We proceed to generate a histogram in Figure 6.6a by taking the frequency
differences between each two successive measurements. The fit (solid line) to a Gaus-
sian lineshape yields a broadened FWHM linewidth of about 1.6 kHz. As can be seen
from the plot, we additionally observe slower drifts of the center frequency in the single
digit kHz range, which can reduce the inferred coherence time during long measure-
ment runs. For the pulsed coherence experiment of Figure 6.4d, the center frequency
was monitored during the measurement for the delay of∆τ= 50 µs. While this drift does
in principle limit the coherence of the device, it was found to be small enough not to
have a significant influence on our data.

While the devices are well thermalized to the cryostat, optical absorption of the pulses
causes the mechanical mode to couple to an additional hot phonon bath [9, 57, 76], thus
limiting the maximal optomechanical interaction strengths without significant heating.
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Figure 6.6: (a) Direct measurements of the mechanical line show a jitter δΩ around the center mechanical fre-
quency (bottom), that results in a Gaussian lineshape of FWHM ∼1.6 kHz when evaluating relative frequency
differences between subsequent measurements. (b) Slow drifts of the frequency in the single digit kHz range
over the course of hours can furthermore be seen. These drifts were not compensated for in the main mea-
surements. (c) Measurements of the power dependence of the mechanical occupation. We plot the bare click-
rates Cb (blue) and Cr (red) of blue- and red-detuned pulses. (d) Thermal occupation nthermal inferred as
nthermal = Cr/(Cb −Cr). At low powers, the thermal occupation rises roughly linearly with the power due to
an increase in optical absorption. The zero power offset is mainly determined by dark counts on the detectors
and leakage of the optical drives through the filter set. The apparent saturation of the thermal occupation at
higher optical powers is due to the onset of assisted scattering in the blue pulses. The asymmetry measure-
ment method is not valid in this regime anymore. (e) Pump-probe experiment for different pulse energies
showing the power-dependent rise of the mechanical mode temperature due to optical absorption and the re-
thermalization of the device to the cryogenic environment. The pulse energies from top to bottom are 280 fJ
(cyan), 140 fJ (green), 56 fJ (purple), 28 fJ (yellow), 7 fJ (red).

We determine the increased mode temperature from absorption using a sideband asym-
metry measurement. The optomechanical scattering probabilities pb ∝ 1+nthermal (blue)
and pr ∝ nthermal (red) attain different values close to the groundstate of the mechani-
cal mode for which the thermal occupation nthermal reduces to zero. This enables a self
calibrated thermometry of the mechanical mode, as shown in Figure 6.6c for different
optical powers. We limit the total induced phonon occupation to less than 0.2 phonons
in order to be able to overcome the Bell non-classicality threshold in Figure 6.2. Using
g (2)

om ≈ 1+1/(pb +ntherm) [52], this is feasible up to occupations of ntherm = (
p

2−1)/2 ≈
0.207. In particular, we limit the Stokes scattering probability such that an additional
0.1 phonons due to absorption are added at most. The corresponding pulse energy is
determined by sending a weak blue pulse 10 µs before the thermometry pulses, result-
ing in a Stokes scattering probability of pb = 0.2%. In a similar fashion, we also limit the
readout rates by allowing for only 0.1 phonons to be added due to absorption, which is
possible for state-transfer probabilities up to 14% (see Figure 6.6d). Together with the
optical detection efficiency of ηdet ≈13% (see above), we thus obtain a total probability
of converting and detecting the mechanical Fock states of 2%.

We proceed to measure the mechanical quality factor using a pulsed pump-probe
experiment [52] with two red-detuned pulses of 40 ns length each. While the device is
assumed to be thermalized upon arrival of the first pulse such that the optomechanical
interaction is largely suppressed, absorption of the optical drive in the material causes a
rise in the occupancy of the 5 GHz mechanical mode. The heating dynamics can then be
studied using the second equally strong pulse to read out the temperature of the mode at
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Figure 6.7: (a) Example of the CW coherence measurement. Beating of an electro-optically generated and the
mechanical sideband can be seen in the statistics of the time difference between successive detection events.
We process the raw data by taking an exponentially decaying background due to the finite count rate in the
experiment (solid red line) into account, as well as an exponential count rate decay due to thermal bunching
of the optomechanically scattered photons (solid yellow line). (b) Processed data showing the two-fold coinci-
dence rate C (2)(∆τ) after background correction, in which we fit an exponentially decaying sinusoidal function
(solid line) to extract the time-constant of the dephasing.

a variable delay (c.f. Figure 6.6d). Unlike Figure 6.2c of the main text, this data is not cal-
ibrated in terms of phonon numbers of the mechanical mode. At relatively high optical
powers, the absorption causes delayed heating effects which reaches a maximum occu-
pation around several µs before the device re-thermalizes to the bath. Surprisingly, the
dynamics of the delayed mode occupancy changes as well. For low powers, where the
initial temperature rise around ∼1 µs is reduced, a slower dynamic becomes apparent
such that the temperature starts to peak around a few hundreds of µs. The mechanical
decay on the other hand seems largely unaffected by this new feature.

6.4.3. CONTINUOUS WAVE COHERENCE MEASUREMENT

DATA EVALUATION

For the data evaluation of Figure 6.3b of the main text, we take ∼ 4 million clicks for each
measurement, save the timestamp for each click, then take the time difference between
successive events and compute a histogram. The raw data is shown in Figure 6.7a, from
which we extract the phase decay shown in Figure 6.7b in two steps (which is the same
data as in Figure 6.3b). Most prominently, the number of detection events in Figure 6.7a
decays to zero for delays much bigger than 1 ms. This decay occurs with a time-constant
of roughly one over the count rate of the experiment. We experimentally set the count
rate to be ∼500 Hz for each of the driving powers by attenuating in the detection path
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Figure 6.8: (a) Bunching data from the device measured in the anti-Stokes photons without EOM modulation.
The raw data (inset) is processed in the same way as for the continuous coherence measurement. The fit (solid
line) is an exponential decay to extract the decay timescale 2/Γbunch of the bunching. (b) The measuredΓbunch
for a sweep of the intracavity power. The solid line is a theoretical power dependence based on optomechanical
damping with a zero power offset of Γm.

if necessary. This is a tradeoff allowing us to detect on the relevant timescales of the
mechanical mode while enabling a good signal to noise ratio by surpassing the optical
background. We assume Poissonian statistics for the delayed clicks, such that we can
account for the decay by fitting an exponential function to the data (orange line in Fig-
ure 6.7a).

A second decay of the count rate can be seen in the data (yellow line in Figure 6.7a).
This is due to bunching of the optomechanically scattered photons since the device is
in a thermal state. While rather small in the displayed trace, it can be fairly pronounced
for higher driving powers (see also below). We account for this by fitting a second, faster
exponential to the data. Accounting for both of these effects, we get the normalized two-
fold coincidence rate C (2)(∆τ) for delays ∆τ which is shown in Figure 6.7b. We fit an
exponentially decaying sine function to the processed data (solid line), from which we
can confirm the expected period of the oscillation as well as extract the time-constant of
the visibility decay. Deviations from the exponential decay of the visibility yield informa-
tion on the decay time of the proposed two-level fluctuators as the physical mechanism
of the decay. We find that the simple exponential fit captures the decay well for all mea-
sured powers.

We further fit the increase of the visibility decay τclass in Figure 6.3c of the main text
using a phenomenologically motivated model. We find a good agreement to a linear de-
pendence at the lowest powers with the zero power offset τclass,min. This dependence is
only visible up to nc ≈ 1, where the increase in coherence time slows down. We use a
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model function for the decay constant τ(nc) that is consistent with two-level fluctuators
as the physical origin of the power dependence. We assume that coupling to fluctuat-
ing defects in the dark causes frequency fluctuations of the mechanical mode resulting
in τclass,min. With the optical drives present, these frequency fluctuations take on a dif-
ferent, much smaller magnitude, resulting in τclass,max. Optical driving can transition
between these two regimes, which we will refer to as states for simplicity. With the drive
present, the transition occurs proportional to the relative population in the states, such
that the rate is gdefnc

(
τclass,max −τ

)
, where gdef is an unknown optical defect coupling

and nc is the intracavity photon number. In the absence of the optical drive, we assume
that the system exponentially decays towards the state corresponding to the the zero
power decay constant. The relaxation rate is thus −Γdefτwith the unknown defect decay
constant Γdef. Overall, we have

τ̇= gdefnc
(
τclass,max −τ

)−Γdefτ, (6.4)

which has a steady-state solution of

τ(nc) = τclass,min +
τclass,max −τclass,min

1+ Γdef
gdef

1
nc

. (6.5)

We apply this function to the background in Figure 6.3c in the main text, extracting es-
timates for τclass,min and τclass,max with Γdef

gdef
being the final free fit parameter. We note

that optomechanical effects are expected to cause a symmetric deviation from this back-
ground for blue and red detuned measurements (linearly with nc). This optomechanical
damping effect is seen in the data points deviating from the solid line in Figure 6.3c for
nc > 1. It can further be studied in a second similar experiment described in the follow-
ing.

We use the scheme to observe photon bunching due to the thermal mechanical state,
assuming that the two-fold count rate C (2)(∆τ) is proportional to the second order co-
herence function g (2)(∆τ). To this end we perform an experiment in which we do not
mix the sidebands with an electro-optically generated probe, but rather detect scattered
light from the device only using a red sideband drive. We show an example measurement
in Figure 6.8a for an intracavity photon number of nc ≈ 0.75. The theoretically expected
value of g (2)(0) = 2 is reduced, which can easily be explained by dark counts in our de-
tection as well as residual leakage of the sideband drive though the filter setup. Both of
these have flat statistics over the shown range of delays. An exponential fit to the data
lets us infer the time constant 2/Γbunch of the decay.

Its inverse relates to the mechanical linewidth and as such is expected to be sub-
ject to optomechanical damping Γopt. Since we are driving on the red sideband, we ex-
pect the damping to cause a linear increase according to Γbunch,theory = Γm +Γopt with
Γopt = 4ncg 2

0 /κ and an intrinsic zero power value Γm. In Figure 6.8b, we plot the mea-
sured values (crosses) together the expected effect (solid line) based on the device pa-
rameters and the damping rateΓm from the pulsed measurements (c.f. Figure 6.6). While
a linear extrapolation of the datapoints to zero power does approach the expected value
of Γm, the broadening of the line is much bigger than optomechanical effects can ex-
plain. We suspect that absorption heating of the continuous driving of the device causes
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an increased temperature of the device which results in a broadening of the line [12]. As
we do not have a simple model for this effect we abstain from taking it into account in
the data in Figure 6.3c of the main text. We note that due to its presence, we expect the
high power maximum coherence time τclass,max inferred from the model to be a lower
bound on the real value. We also note, however, that the effect cannot be responsible
the low power drop towards τclass,min in Figure 6.3c. With the measurement in Figure 6.8
we show that the magnitude of the effect is too low at small intracavity powers to af-
fect the coherence measurement and that in any case, it could only cause an increase in
coherence time with lower optical power rather than a decrease.

6.4.4. PULSED COHERENCE MEASUREMENT

PREDICTED VISIBILITY

We perform numerical studies using QuTiP [59, 60] to predict the interference visibil-
ity of the mechanical superposition states including a thermal background on the me-
chanical mode. We start from a thermal state of the mechanical mode with given initial
occupation ninit and the optical vacuum state. For this simulation, we lump all ther-
mal occupation of the mode as seen in the experiment into this single term, regardless
whether it is present from the beginning or induced by the blue or the red pulse. The
two-mode squeezed state is generated by applying the optomechanical pair generation
Hamiltonian Ĥb =−ppbâ†b̂†+h.c., with â† (b̂†) being the optical (mechanical) creation
operator and the experimentally chosen scattering probability pb = 0.2%. We then de-
fine a WCS mode with creation operator ĉ†, which we prepare in a coherent state with
variable amplitude α< 1 and phase θ = 0, representing the experimental interferometer
phase. We then use a beamsplitter matrix ĤBS = i /πâ†ĉ +h.c. to mix the two modes with
equal splitting ratio. After this operation, our density matrix describes the modes of the
beamsplitter output as well as the mechanical mode. Heralding is modeled by apply-
ing a projection matrix onto the Fock-state to one of the optical modes. Afterwards we
trace out both of the optical modes, such that the remaining density matrix describes
the mechanical mode in the superposition state. At this stage of the calculation we have
prepared the state of Equation 6.3 of the main text including a thermal background.

To emulate the detection of the state, we define a second WCS mode with operator
d̂ † and coherent amplitude β< 1 and phaseφ. We skip the optomechanical readout step
and treat the mode b̂† as the anti-Stokes field. We apply another beamsplitter opera-
tion ĤBS = i /πb̂†d̂ +h.c. to model the interference of the anti-Stokes field and the WCS
and finally calculate the expectation value for the number of excitations in the output.
Sweeping the WCS phase φ, we find the intensity to fluctuate periodically between the
two modes, from which we can infer the expected visibility of the interference.

The results of these calculations are shown in Figure 6.9. We find the analytically ex-
pected result that, without any thermal occupation, an equal match of the excitations
in the optomechancially generated state and the first weak coherent state results in an
equal superposition |ψ〉 = 1/

p
2(|0〉m +eiφ|1〉m). We can further see that the numerical

calculation predicts that only a state without any thermal background can have perfect
interference visibility with a coherent state, and it can do so only in the limit of vanish-
ing amplitude. We calculate a maximum visibility for a 50:50 superposition state with-
out thermal background of V = 1/

p
2, which reproduces the analytical solution. Fur-
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Figure 6.9: Numerical calculations on the pulsed coherence measurement of the main text. The color coding
for different numbers of thermal excitations ntherm on top of the figure applies to all plots. (a) Numerical
calculations of the expected number of excitations ntotal in the superposition state of Eq. (6.3) of the main text.
This number includes both the single phonon part for the superposition as well as the thermal background
contribution. The horizontal axis indicates the ratio of excitations in the Stokes field nStokes and the weak
coherent state nWCS1 with which it is overlapped for the state preparation. Experimentally, this ratio can be
chosen by the respective count rates on the detectors, regardless of detection efficiency. The vertical dashed
line indicates the experimental setting used in the main text. (b) Expected interference visibility V for the
superposition states of (a) with a second weak coherent state of equal amplitude to the anti-Stokes field. Here
we assume optimal settings in the readout step. (c) Decrease of the expected visibility of the interference from
mismatching the number of excitations nWCS2 of the second weak coherent state from the anti-Stokes field
nanti−Stokes. The calculations here assume parameters for the state preparation corresponding to the vertical
dashed line in (b).

thermore we see that for an increasing thermal background, the maximally attainable
visibility is reduced and the optimal superposition ratio is shifted slightly to states with
a stronger single phonon component. The drop-off in the expected visibility with an in-
crease in the WCS amplitude is only gradual. In the experiment, we therefore choose to
exceed the amplitude of the Stokes field with the amplitude of the weak coherent state
by a factor of ∼7 (dashed vertical line in Figures 6.9a and b). This allows us to increase
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Figure 6.10: (a) Setup visibility calibration. The lasers are detuned from the optical resonance of the device and
we use EOM1 (c.f. Figure 6.6) to modulate sidebands on the pulsed optical drives. The rest of the experiment is
performed like the pulsed coherence measurement of the main text. The second order interference we expect
from two weak coherent states, generated with EOM1 and EOM2, is bounded to 50%. Fitting the correlation
coefficient E just as in the main text, we achieve visibilities in good agreement to this value for all relevant
delays (shown is an example for a delay of ∼100 µs). (b) Longterm stability of the interference visibility in (a).
Drifts of our setup, in particular polarization variations, slowly reduce the achievable visibility in the setup. In
the main experiment, the polarizations and optical powers were manually readjusted about every 24 hrs.

our measurement rate while only slightly compromising on the achievable visibility. In
Figure 6.9c we see, that such a big mismatch is not possible for the amplitude β of the
second weak coherent state used in the detection. Here, we need to match the anti-
Stokes field from the device.

SETUP STABILITY

We test the stability of our setup during the long integration times in the coherence mea-
surement by emulating the optomechanical device with the EOM1 right before the cir-
culator in Figure 6.6. The lasers are detuned by 1 nm from the device, such that they
do not interact with the optical mode of the device but are still efficiently reflected in
the coupling waveguide. To emulate the optomechanical scattering from the device we
drive EOM1 at the mechanical frequency to create weak sidebands at ωc. We otherwise
recreate the pulsed coherence measurement of the main text by creating weak coherent
states with EOM2 from the reflected drives and measuring the interference in the coinci-
dence counts. Since all detected fields are in electro-optically generated coherent states,
the expected visibility in this case is 50%.

This measurement allows us verify the maximally attainable visibility of our setup
(see Figure 6.10a). We measure a visibility of about 50%, regardless of the actual delay of
red and blue pulses, which we test up to 1 ms. We can further test the longterm stability
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of the setup on the timescale of hours. Figure 6.10b shows the evolution of the fitted vis-
ibility for a delay around 100 µs between the two pulses over more than 12 hrs. We see a
slow decrease of the system visibility, with a reduction to ∼45%. The reason for this ef-
fect is most likely due to polarization drifts in the setup which are not compensated for.
During the actual measurement, the polarizations are readjusted every ∼24 hrs. We as-
sign a maximally achievable visibility of 95% to our setup, based on these slow drifts. The
expected visibility for the interference given in the main text includes this correction.



7
CONCLUSION

The work presented in this thesis is an exploration of optomechanical nanobeams as
DLCZ quantum memories. The resonators are operated close to the mechanical ground-
state by cryogenic cooling in a dilution refrigerator. It was shown the blue-detuned drive
produces light-matter entanglement which can be used to herald non-classical mechan-
ical states. They can be stored and retrieved using the red-detuned interaction and the
quantum nature of the mechanical state can be confirmed through measurements on
the anti-Stokes photons (chapter 3). It was furthermore shown in chapter 4 that, using
the DLCZ protocol, entanglement between two separate devices can be heralded by mix-
ing their Stokes fields on beamsplitters and registering optomechanically scattered pho-
tons on single photon detectors. It was also shown in chapter 5 that the entanglement
present in the combined system of Stokes fields and mechanical modes of two devices
can be large enough to violate a Bell inequality. The experiments of these chapters were
performed with storage times of the mechanical states of several hundreds of nanosec-
onds at most. It was shown in chapter 6 that employing phononic shielding around the
nanobeam resonators, long-lived mechanical resonances can be fabricated which can
store phononic Fock states for longer than one millisecond. Using a protocol to herald
mechanical superposition states, the phase coherence of the mode was investigated. It
was found that excess phase noise currently limits the storage of these states to 15 µs.

While the principal suitability of the structures for distributing long-distance entan-
glement could be shown during this work, future improvements need to be achieved to
make them practical. Most importantly, the fabrication techniques will have to be fur-
ther developed to reduce the negative effect of the surface. Improvements in surface
quality and a reduction of native oxide growth after the fabrication will reduce the ab-
sorption heating in the devices. With this, active laser cooling [152] of the devices deep
into their groundstate could drastically reduce the required measurement times. Rapid
re-thermalization at millikelvin bath temperatures could, however, also be achieved by
controlled coupling to other lossy phonon modes such the device could be actively Q-
switched [153]. Alternative approaches to reaching better device performance are to
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change the design to 2D [154, 155] or 3D structures [143, 156] which show lower ab-
sorption heating due to a reduced surface exposure as well as a better thermalization,
albeit currently at a reduced coupling. Mechanical coherence times might also be im-
proved in such devices [157]. Alternatively, different materials might be found which
could outperform silicon [158, 159]. Beyond this, multi-mode quantum optomechan-
ics in the quantum coherent regime would enable advanced protocols improving on
standard DLCZ [160, 161]. Coupling of multiple modes could either be achieved opti-
cally [162, 163], in dielectric gradient fields [164], piezo-electrically [165] or by actively
coupling degenerate modes [85]. Finally, coupling to both optical fields as well as super-
conducting circuits would enable fundamentally new protocols and operations on the
devices. A coherent conversion of quantum states from the microwave domain [24] or
the probabilistic entanglement of superconducting qubits over optical links [166, 167]
are two of the main goals in this direction. In such hybrid systems, mechanical modes
could thus be used for both transduction and storage of quantum information.

Quantum memories natively operating at telecommunication wavelengths are sparse,
as relatively few natural resonances are available (see appendix A). Mechanical devices
such as the optomechanical nanobeams discussed in this thesis could circumvent this by
relying on purely engineered optical resonances which can be designed freely through-
out the telecom band in a variety of host materials. Their flexibility and incorporation
options with other technologies make them fit well to the toolbox of integrated quan-
tum photonics. The big task to make them practical is to overcome the drawbacks of
engineered solid-state systems, such as fluctuating environments as well as losses and
noise due to imperfect fabrication techniques.



A
OPTICAL MEMORIES FOR QUANTUM

REPEATERS

One of the current frontiers of quantum physics is to distribute quantum information be-
yond individual laboratories. Long-distance quantum links could provide a supporting
structure to interconnect quantum computers[3, 4], including novel protocols for blind
quantum computing [168] or private database queries [169] among others. In a future
in which such quantum computers have compromised current cryptography standards,
new types on quantum communication technologies could also enable communication
channels secured by the laws of physics [2, 170]. In a scientific context, schemes have
been proposed for improved global timekeeping [171] or astronomy [172, 173]. Generat-
ing entangled states with separation of the particles on a global scale would also enable
new types of experiments on post-quantum theories, investigating abnormal decoher-
ence processes and quantum gravity [174].

The experiments in this thesis are based on the DLCZ scheme [10]. It was among the
first practical quantum repeater schemes requiring only linear optical elements, such
as phase shifters and beamsplitters, and single photon counters. The quantum memo-
ries at the heart of the protocol were initially proposed to be clouds of cold atoms. The
key aspect to make DLCZ a practical quantum repeater scheme is that the memory does
not consist of a single emitter which is strongly coupled to an optical mode. It rather
made use of collective excitations in dense optical media, which drastically relaxes ex-
perimental requirements compared to earlier schemes. The structure in this case is an
atomic three level lambda system with two metastable lower states |g1〉 and |g2〉 which
can be coupled by a Raman transition via an excited state |e〉 as shown in Figure A.1. All
atoms are initially in |g1〉, such that a weak off-resonant drive on the |g1〉 −|e〉 transition
causes spontaneous emission on the |e〉 − |g2〉 transition. A detection of a photon in the
Stokes field carries no information on which of the atoms went though the transition,
such that the cloud is projected on a coherent superposition of all those possibilities.
The driving fields have to be weak to avoid the multiple transitions from occurring. The
collective excitation of the atomic cloud can be read out efficiently by resonantly driving
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the |g2〉 − |e〉 transition. The distribution of entanglement between multiple clouds of
atoms, i.e. the quantum memories, is done analogously to chapter 1.3. Joint measure-
ments on the Stokes fields of simultaneously driven clouds can be used to project their
states onto approximately maximally entangled states. These Bell-state measurements
are performed, as in chapter 1.2.2, by mixing the fields on a beamsplitter and selecting
on trials with a click in one of the detectors of the output arms. An analogous measure-
ment on the anti-Stokes fields after readout can be used to swap entanglement between
more clouds.

The DLCZ paper has spurred a lot of experimental efforts with implementations close
to the original proposal (e.g. Ref. [63]). The scheme has, however, also successfully
been translated to several other systems which are now sometimes referred to as DLCZ
memories or read-only memories. Their common feature is that they can be excited
under off-resonant driving from an optical transition, such that their state becomes en-
tangled to an optical signal mode. Together with single photon detection in this sig-
nal mode, this allows to initialize them in highly non-classical states without the need
for an outside quantum light source. Successful demonstrations have been achieved in
atomic clouds [63, 175–178], warm atomic vapors [61, 62] and defects in solid state sys-
tems [68, 69, 179]. Mechanical modes have been considered as well, with experimental
demonstrations of DLCZ entanglement [75] and phonon Fock states [58, 180] in room
temperature terahertz diamond modes.

While the protocol has reduced the experimental requirements on the memory ele-
ments, it still comes with its own difficulties. One main problematic is that it does require
longterm sub-wavelength phase stabilization between all the nodes of the repeater. This
is a general problem with so-called single excitation protocols, where the quantum in-
formation is encoded in the number of excitations in the system. A straightforward im-
provement is to encode into a second degree of freedom, for example polarization [181].
A coincidence detection with two photons of orthogonal polarization is then required for
a successful Bell-state measurement, which reduces the entanglement generation rate.
On the upside, the phase stability requirements are relaxed several orders of magnitude
to the order of the photon coherence length. Proposals for a scheme in which both the
entanglement creation and swapping require two-photon coincidences were given in
Ref. [182, 183] and experimental work followed in Ref. [184]. A review about further sub-
tleties with DLCZ and its variations is given is Ref. [11].

A more general class of quantum memories, read and write memories, allow for a
mapping of an optical state from an outside source and controlled re-emission later.
Successful demonstrations have been carried out for example with single atoms [65,
185], clouds of atoms [151, 186], NV centers [187], ions [66, 67, 188], quantum dots [189]
or rare-earth doped crystals [179]. Such absorptive memories have a greater flexibility in
applications as the read-only memories, yet often require more experimental overhead
hindering scalability. While not the focus of this manuscript, we note that the optome-
chanical interactions allow for a similar operation using the optomechanically induced
transparency [13] with a recent experiment demonstrating quantum operation at short
delays [14]. Regardless of the protocol, operation in the telecom band around 1550 nm
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Figure A.1: Schematic of the processes used in the DLCZ scheme. a) Write process based on spontaneous
Raman scattering under off-resonant driving of the |g1〉 − |e〉 transition. b) Highly efficient readout of the
memory state by resonantly driving on the |g2〉 − |e〉 transition.

wavelength is strictly required for any realistic fiber-based approach for long-distance
quantum communication. All of the above implementations require an additional fre-
quency conversion step. This is a potential source of loss, noise and substantial experi-
mental overhead. We note though, that recently demonstrations have exceeded conver-
sion efficiencies of 50% [190]. Another way to avoid this problem is to use an asymmetric
quantum light source, as for example implemented in solid-state detect centers [191].
The most promising candidates for native telecom quantum memories are erbium ions,
doped into a variety of host materials [69]. Optical coherence times up to 4 ms [192] have
been measured which could in the future be complemented spin coherence up to sec-
onds [193]. Demonstrations of optical storage, however, have been limited to classical
input states [135, 136] or relatively short storage times [137].
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