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present between the source and the interference fringes
observation plane. To demonstrate the single-photon be-
haviour, we also perform the experiment with two detec-
tors sensitive to photons that follow either one or the other
interference path. Evidence for single photon behaviour
can then be obtained from the absence of time coinci-
dence between detections in these two paths [7,14]. Such
a measurement also provides a “which-path” information
complementary to the interference observation.

The paper is organized as follows. In Section 2, we
describe the triggered single-photon source used for the
experiment. Section 3 is dedicated to the demonstration
of the particle-like behaviour. Finally, single photon inter-
ferences are presented in Section 4.

2 Triggered single-photon source
using the photoluminescence of a single
N-V colour centre in a diamond nanocrystal

A lot of efforts have been put in the realization of single-
photon-source (SPS) over the recent years. Since first pro-
posal [15], a wide variety of schemes have been worked
out, based on the fluorescence from different kinds of emit-
ters, such as molecules, atoms, colour centres and semicon-
ductor structures [16]. The clock-triggered single-photon
source at the heart of our experiment, previously devel-
oped for quantum key distribution [12,17], is based on
the pulsed, optically excited photoluminescence of a sin-
gle N-V colour centre in a diamond nanocrystal. This sys-
tem, which consists in a substitionnal nitrogen atom (N)
associated to a vacancy (V) in an adjacent lattice site of
the diamond crystalline matrix (Fig. 2a), has shown an
unsurpassed efficiency and photostability at room tem-
perature [18,19].

In bulk diamond, the high index of refraction of the
material (n = 2.4) makes difficult to extract N-V colour
centre fluorescence efficiently. One way to circumvent this
problem is to use diamond nanocrystals, with a size much
smaller than the radiated light wavelength, deposited on a
microscope glass coverplate [20]. For such sub-wavelength
size, refraction becomes irrelevant and the colour centre
can simply be assimilated to a point source radiating at
the air-glass interface. Samples were prepared by a pro-
cedure described in reference [20]. N-V colour centre are
created by irradiation of type Ib diamond powder with
high-energy electrons followed by annealing at 800 ◦C. Un-
der well controlled irradiation dose, the N-V colour centre
density is small enough to allow independent addressing
of a single emitter using standard confocal microscopy, as
depicted in Figure 2b.

Under pulsed excitation with a pulse duration shorter
than the radiative lifetime, a single dipole emits photons
one by one [21,22]. As described in reference [11], we use a
home-built pulsed laser at a wavelength of 532 nm with a
800 ps pulse duration to excite a single N-V colour centre.
The 50 pJ energy per pulse is high enough to ensure effi-
cient pumping of the defect centre in its excited level. The
repetition rate, synchronized on a stable external clock,

                   

Fig. 2. (a) The N-V colour centre consists in a substitionnal
nitrogen atom (N), associated to a vacancy (V) in an adjacent
lattice site of the diamond crystalline matrix. (b) Confocal mi-
croscopy set-up: pulsed excitation laser beam at λ = 532 nm
is tightly focused on the diamond nanocrystals with a high
numerical aperture (NA = 0.95) microscope objective. Fluo-
rescence light emitted by the N-V colour centre is collected
by the same objective and then spectrally filtered from the
remaining pump light. Following standard confocal detection
scheme, collected light is focused onto a 100 microns diame-
ter pinhole. The reflected part from a 50/50 beamsplitter (BS)
goes then into an imaging spectrograph, while the transmit-
ted part is detected by a silicon avalanche photodiode in pho-
ton counting regime and used for fluorescence raster scan as
shown in (c). The central peak corresponds to the photolumi-
nescence of the single N-V colour centre used in the single-
photon interference experiment. (d) Fluorescence spectrum of
this single N-V colour centre recorded with a back-illuminated
cooled CCD matrix (2 minutes integration duration) placed
in the image plane of the spectrograph. The peak fluorescence
wavelength is at 670 nm. The two sharp lines (1) and (2) are
respectively the two-phonon Raman scattering line of the dia-
mond matrix associated to the excitation wavelength and the
N-V centre zero phonon line at 637 nm which characterizes the
negatively charged N-V colour centre photoluminescence.

can be adjusted between 2 to 6 MHz so that successive
fluorescent decays are well separated in time from each
other. Single photons are thus emitted by the N-V colour
centre at predetermined times within the accuracy of its
excited state lifetime, which is about 45 ns (see Fig. 3) for
the centre used in the experiment.

As a proof of the robustness of this single-photon
source, note that all the following experiments have been
realised with the same emitting N-V colour centre.

3 “Which-path” experiment: particle-like
behaviour

Single photons emitted by the N-V colour centre are now
sent at normal incidence onto a Fresnel’s biprism. Evi-
dence for a particle-like behaviour can be obtained using
the arrangement of Figure 1. If light is really made of
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fluorescence in an optical microscope23. As in silicon, the nuclear
structure near the impurity is sufficiently clean to allow hyperfine-
mediated nuclear spinmemory60,61; this memory in turnmay assist in
electron-spin readout62.

Owing to a nearly nuclear-spin-free carbon lattice and low spin-
orbit coupling, nitrogen-vacancy centres show longer spin coherence
times than GaAs quantum dots, even at room temperature. In low-
purity, technical-grade syntheticmaterial, single substitutional nitro-
gen atoms cause major effects on the electronic spin properties of
nitrogen-vacancy centres63. This electron spin bath can be polarized
in high magnetic fields leading to a complete freezing of the nitrogen
spin dynamics64. Decoherence times are much longer in ultrapure
diamond. Recently, it was shown that a chemical vapour deposition
process allows reduction of the impurity concentration down to
about 0.1 parts per billion. In such materials, the nuclear spin bath
formed by 13C nuclei (natural abundance of about 1.1%) governs the
dynamics of the electron spin of nitrogen-vacancy centres60. By grow-
ing isotopically enriched 12C diamond, it is possible to increase T2 to
2ms for 99.7% pure material. The T1 limit is expected to be of the
order of seconds at room temperature65.

Magnetic interactions between quantum dots or dopant spins
allow local couplings, as recently demonstrated in diamond66.
Longer-distance optical connections between such qubits are likely
to be strongly assisted by cavity quantumelectrodynamicswithoptical
microcavities. The critical figure of merit for the microcavity is the
cooperativity parameter, which is proportional to the cavity quality
factor Q divided by the cavity mode volume. The latter may be very
small in solid-statemicrocavities, on the scale of the cube of the optical
wavelength, leading to initial demonstrations of quantum logic
between single, self-assembled quantum dots in high-cooperativity
microcavities and single photons22. Microcavities will be especially
important for nitrogen-vacancy centres67, because their zero-phonon
emission line is weaker than for typical quantum dot transitions.

Othermaterials showing strong optical characteristics and nuclear-
spin-free substrates are also under consideration. In diamond, nickel-
related centres exhibit narrow-band, near-infrared emission at room
temperature68, and silicon-vacancy defects are known to have a para-
magnetic ground state similar to that in nitrogen-vacancy defects69. In
thewide-gap, group II–VI semiconductor ZnSe, the fluorine impurity
has a similar binding energy and spin structure to that of phosphorus
in silicon and a comparable potential for isotopic depletion of nuclear
spins from the substrate. Unlike silicon- or diamond-based impur-
ities, it has an oscillator strength comparable to that of a quantum
dot70.

Although it is routine tomake large wafers of spins trapped in dots
and impurities, scaling a system of coupled spins remains a challenge.
The microsecond T2 times seen in GaAs are long in comparison to
their 1–100-ps qubit control times and 1–10-ns measurement and

initialization times, but large-scale systemswill require improved con-
nectivity and homogeneity. The longer, millisecond T2 times in the
more homogeneous silicon and diamond systemsmust be considered
alongside the slower, developing methods to couple these qubits.

Superconductors
Qubits made from ordinary electrical circuits would decohere
quickly owing to resistive power loss. In superconductors at low
temperature, however, electrons bind into Cooper pairs that con-
dense into a state with zero-resistance current and a well-defined
phase. In superconducting circuits, the potential for the quantum
variables of that Cooper-pair condensate may be changed by con-
trolling macroscopically defined inductances (L), capacitances (C),
and so on, allowing the construction of qubits. Likewise, the potential
may be dynamically altered by electrical signals to give complete
quantum control. These devices therefore resemble classical high-
speed integrated circuits and can be readily fabricated using existing
technologies.

The basic physics behind superconducting qubits is most easily
explained by analogy to the simpler quantum mechanical system of
a single particle in a potential. To begin, an ordinary LC-resonator
circuit provides a quantum harmonic oscillator. The magnetic flux
across the inductorW and the charge on the capacitor plateQ have the
commutator [W, Q]5 i", and therefore W and Q are respectively
analogous to the position and momentum of a single quantum
particle. The dynamics are determined by the ‘potential’ energy W2/2L
and the ‘kinetic’ energy Q2/2C, which results in the well-known
equidistant level quantization of the harmonic oscillator. However,
anharmonicity is needed, and it is available from the key component
in superconducting qubits: the Josephson junction. A Josephson junc-
tion is a thin insulating layer separating sections of a superconductor.
The quantization of the tunnelling charge across the junction brings a
cosine term to the parabola in the potential energy with an amplitude
given by the Josephson energy EJ, which is proportional to the junction
critical current. Two of the quantized levels in the resulting anharmonic
potential give rise to a qubit.

There are three basic types of superconducting qubits—charge,
flux and phase—with potentials shown in Fig. 5b–d. A critical differ-
ence between the different qubit types is the ratio EJ/EC, where
EC5 e2/2C is the single electron charging energy characterizing the
charging effect, that is, the kinetic term. This ratio alters the nature of
thewavefunctions and their sensitivity to charge and flux fluctuations.

The first type of superconducting qubit, the charge qubit, omits
the inductance. There is no closed superconducting loop, and the
potential is simply a cosine with a minimum at zero phase. It is
sometimes called a Cooper-pair box, because it relies ultimately on
the quantization of charge into individual Cooper pairs, which
becomes a dominant effect when a sufficiently small ‘box’ electrode
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Figure 4 | Quantum dot and solid-state dopant qubits. a, An
electrostatically confined quantum dot; the structure shown is several mm
across. 2DEG, two-dimensional electron gas. b, A self-assembled quantum

dot. Scale bar,,5 nm. c, The atomic structure of a nitrogen-vacancy centre
in the diamond lattice, with lattice constant 3.6 Å. Figure copied from figure 1
of ref. 111 with permission.
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damping (TED) [16–18], damping due to localized de-
fects on the surface or within the bulk of the resonator
[19, 20], anharmonic processes such as Akhiezer damp-
ing [21] and anchor (radiation) losses from the resonator
to the supporting structure [14, 22–24]. Based on mod-
els and experimental measurements described below, we
find quantitative evidence that our current quality fac-
tors are limited by anchor losses from the membrane into
the substrate.
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FIG. 3. Interferometric imaging of the mechanical modes : In
situ images of the (a) (1,10) mode and (b) (9,9) mode (Color
scale for displacement shown). Substrate-induced coupling
between proximal asymmetric eigenmodes result in hybridiza-
tion into more symmetric structures. (c),(d) show the modal
structures corresponding to φ10,6 ± φ6,10 hybridized modes.
These can be compared to the calculated mode profiles for
this hybridization (e,f).

Firstly, we have developed a model of thermoelastic
dissipation in our membrane resonators that takes into
account their large intrinsic tensile stress of ∼ 1GPa.
Within this model, the mechanical motion of the mem-
brane couples to a local temperature field associated with
microscopic changes in the volume of the resonator. This
results in local irreversible heat flows and dissipation (see
Supplementary Information for more details). Our model
is built upon the formalism introduced in [16, 25] and
accurately reproduces the eigenfrequencies of our res-
onators for the entire range of geometries studied. Im-
portantly, for established material parameters of stoichio-
metric SiN, our model predicts a room temperature limit
of QTED ∼ 1012 for the frequency ranges of our study.
Further, our model also predicts that the quality factor
scales as Q ∼ 1/ν2jk in the frequency regime νjk/ν11 > 10
in distinct contrast to the weak dependence experimen-
tally observed (Fig.1). Based on these model predictions,
we discount TED in the membrane as a limiting influence
of our observed quality factors.
Another source of dissipation is the coupling between

the mechanical motion and intrinsic, localized defects
within the membrane. While the microscopic origins of
these defects remain unknown, these losses are typically

modeled as being due to two level systems (TLS) whose
energy splitting is modulated by the oscillating strain
field [26]. The subsequent re-equilibration of these two
level systems results in attenuation of the mechanical en-
ergy. At the elevated temperatures of our experiments,
these two-level systems can be regarded as being ther-
mally activated over a wide range of energy scales. For
the mechanical frequencies in this work, the TLS model
[27] predicts a scaling of Qjk ∼ 1/νjk and a dissipa-
tion that scales very weakly with the modal structures,
dimensions of the resonator and details of the support
structure. These predictions are inconsistent with our
observations (see Fig. 2,4).
The quality factors for a given sample remain stable

within 10% of the measured values even after exposure
to air for several days. We have also annealed the mem-
branes at temperatures up to 650◦C under vacuum to re-
duce surface contamination without a significant change
in quality factors. These observations rule out surface-
induced losses as a contributing influence.
In addition to the above observations that rule out

specific intrinsic processes, a more mechanism-agnostic
argument can be formulated for a large class of intrin-
sic dissipation mechanisms. For any such process that
couples mechanical motion to a source of dissipation, the
leading symmetry-allowed term in the equation of mo-
tion must be proportional to the local curvature of the
displacement field (see, for example [28]). Thus, the mea-
sured quality factors for the various modes should cor-
relate with the local modal curvature or higher powers
thereof. In order to better quantify this reasoning, we
have developed an interferometric imaging technique ca-
pable of spatially resolving the modal structure of the res-
onator [29]. These images (Fig.3) yield a wealth of spatial
information complementing our spectroscopic measure-
ments. In the plateau regime, we observe that the quality
factors can vary by almost two orders of magnitude for
a corresponding variation in the integrated curvature of
less than 20% pointing to an extremely weak correlation
between the two quantities.
We also note that we have measured Qs up to 2.7×107

in low stress SiN membranes (σ = 0.25 GPa) of similar
geometry, i.e. within a factor of two of those measured
in the high stress membranes. Further, we observe a
substantial influence of the substrate on the membrane
modes (see Fig.3) with nominally degenerate eigenmodes
hybridizing into more symmetric structures. At larger
drive amplitudes than those used in this study, we ob-
serve multimode bistability as a result of such coupling
to the substrate [30]. Based on the preceding arguments,
we conclude that there is little or no influence of intrinsic
material processes on our measured Qs.
Finally, we discuss the role of radiation loss from the

membrane into the supporting substrate. This loss of
mechanical energy arising from the coupling to the ex-
ternal supporting substrate represents one of the funda-
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N'='2×107,'P0'='16.5'mW,'
Δat/2π'='V8'GHz
Γa'='2π×1.6'kHz

SiN(membrane(in(cavity
Ωm/2π'='274'kHz,'Q'='3×106,'a'<'10V5

Γm'='Ωm/Q'='0.6'sV1

SingleVsided'cavity'F'='140V300
LaserVcavity'detuning'Δ='V0.02'κ
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SympatheNc'cooling'of'membrane'with'atoms

ThreeGstep(sequence:
1. atoms$offOresonant$Ωa$≪$Ωm

2. atoms$resonant$Ωa$≈$Ωm

3. Molasses$cooling$off

laser'slightly'red'detuned'to'avoid'
parametric'instability
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1. atoms$offOresonant$Ωa$≪$Ωm

2. atoms$resonant$Ωa$≈$Ωm

3. Molasses$cooling$off
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Ωm

Sxx(Ω)
bandwidth

T(t)

Atoms(cool(membrane(even(though(Nma/meff(=(10,10!

Membrane$cooled$from$

300(K$to$650(±(230(mK$
by$coupling$to$atoms$

Background

TRoom

Time [s]

T 
[K

]

Low finesse slope

0 0.5 1

100

101

102

Time [s]

High finesse slope

w/o atoms
with atoms
det. only

A B C

F=300

A.$Jöckel$et$al.,$arXiv:1407.6820$(2014)

Background

TRoom

0 0.5 1

100

101

102

Time [s]

T 
[K

]

Low finesse slope

0 0.5 1

100

101

102

A B C

Molasses$on

F=140

Ωa ≈ Ωm

with$atoms

without$atoms

detec-on$only



100 101100

101

102

P0 [mW]

T 
[K

]

W/o atoms (Topt)
With atoms (Tsym)
Optomechanics fit

273.9 274 274.1

10�14

10�13

10�12

�S
x
[m

/�
H

z]
�/2⇥ [kHz]

a

b

Resonant'character'of'the'interacNon

• Data$without$atoms$wellOdescribed$

by$cavity$optomechanics$theory

• Current$limit:$technical$laser$noise

• Sympathe-c$cooling$stronger$than$

cavity$optomechanics$cooling

Γsym > Γopt

a

b

100 200 300 400 500

0

20

40

60

80

⇤a(0)/2⇥ [kHz]

⌅ S
ym

[s
�1

]

⇤m

with'atoms

without'atoms

Atoms$affect$membrane$only$

if$Ωa(0)$≥$Ωm

Ωm

Ωa(0)$<$Ωm

Ωa(r)
0

Γa

laser'beam'profile

A.$Jöckel$et$al.,$arXiv:1407.6820$(2014)



100 101100

101

102

P0 [mW]

T 
[K

]

W/o atoms (Topt)
With atoms (Tsym)
Optomechanics fit

273.9 274 274.1

10�14

10�13

10�12

�S
x
[m

/�
H

z]
�/2⇥ [kHz]

a

b

Resonant'character'of'the'interacNon

• Data$without$atoms$wellOdescribed$

by$cavity$optomechanics$theory

• Current$limit:$technical$laser$noise

• Sympathe-c$cooling$stronger$than$

cavity$optomechanics$cooling

Γsym > Γopt

a

b

100 200 300 400 500

0

20

40

60

80

⇤a(0)/2⇥ [kHz]

⌅ S
ym

[s
�1

]

⇤m

with'atoms

without'atoms

Atoms$affect$membrane$only$

if$Ωa(0)$≥$Ωm

Ωm

Ωa(0)$=$Ωm

Ωa(r)
0

Γa

laser'beam'profile

A.$Jöckel$et$al.,$arXiv:1407.6820$(2014)



100 101100

101

102

P0 [mW]

T 
[K

]

W/o atoms (Topt)
With atoms (Tsym)
Optomechanics fit

273.9 274 274.1

10�14

10�13

10�12

�S
x
[m

/�
H

z]
�/2⇥ [kHz]

a

b

Resonant'character'of'the'interacNon

• Data$without$atoms$wellOdescribed$

by$cavity$optomechanics$theory

• Current$limit:$technical$laser$noise

• Sympathe-c$cooling$stronger$than$

cavity$optomechanics$cooling

Γsym > Γopt

a

b

100 200 300 400 500

0

20

40

60

80

⇤a(0)/2⇥ [kHz]

⌅ S
ym

[s
�1

]

⇤m

with'atoms

without'atoms

Atoms$affect$membrane$only$

if$Ωa(0)$≥$Ωm

Ωm

Ωa(0)$>$Ωm

Ωa(r)
0

Γa

laser'beam'profile

A.$Jöckel$et$al.,$arXiv:1407.6820$(2014)



Dependence'on'laRce'detuning'and'beam'power
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Perspec`ves:'groundVstate'
cooling'and'quantum'control



Improvements'of'the'system

Membrane'in'cryostat

Atoms'in'ring'cavity

T'='4'K

Vogell'et'al.,'PRA'87,'023816'(2013)

Benneq'et'al.,'
New'J'Phys'16,'083036'(2014)

• Atoms$can$provide$groundOstate$cooling$where$

optomechanical$cavity$cooling$or$feedback$cooling$cannot
C > nth but cm < nth 8

GroundOstate$cooling: C > nth and Γa > Γmnth
Current$experiment:$C = 680$⇒$atomOmembrane$EIT

N'='1×106,'Fa'='80
Qm'='107,'Fm'='360

AtomOmembrane$

coopera-vity
C = 4g2

ΓmΓa

= 16cmca

cm

ca

• resolvedOsideband$regime$not$required$(Ωm ≪ κ)

• Strong$atomOmembrane$coupling$

without$strong$coupling$to$light



Coupling'to'internal'state'of'the'atoms

Use'techniques'developed'for'ensemble,based'QIP'

• Rydberg$blockade$→$twoOlevel$system

• nonOclassical$states$of$membrane,$atomOmembrane$entanglement

Ωm

Internal'state'of'atoms'can'be'controlled'with'higher'fidelity'

• cooling$=$op-cal$pumping

• tunable$transi-on$frequency:$$Ωa  =  kHz$O$GHz
• inverted$collec-ve$spin$=$oscillator$with$nega-ve$mass

→$EPR$entanglement

→$“trajectories$without$quantum$uncertain-es”

Towards'quantum'interfaces'of'atoms,'photons'and'phonons!

Carmele'et'al.,'
New'J'Phys'16,'063042'(2014)

Bariani'et'al.,'
arXiv:1407.1073'(2014)

Hammerer,'Polzik'et'al.,'
PRL'102,'020501'(2009)
arXiv:1405.3067'(2014)

Ωa

ωL+Ωm ωL
ωL



Basel'ultracold'atoms'group
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