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RESEARCH

QUANTUM SYSTEMS

Hanbury Brown and Twiss
interferometry of single phonons
from an optomechanical resonator

Sungkun Hong,'* Ralf Riedinger,'* Igor Marinkovié¢,”* Andreas Wallucks,>*
Sebastian G. Hofer,! Richard A. Norte,” Markus Aspelmeyer,'t Simon Groblacher?t

Nano- and micromechanical solid-state quantum devices have become a focus of attention.
Reliably generating nonclassical states of their motion is of interest both for addressing
fundamental questions about macroscopic quantum phenomena and for developing quantum
technologies in the domains of sensing and transduction. We used quantum optical control
techniques to conditionally generate single-phonon Fock states of a nanomechanical resonator.
We performed a Hanbury Brown and Twiss—type experiment that verified the nonclassical
nature of the phonon state without requiring full state reconstruction. Our result establishes
purely optical quantum control of a mechanical oscillator at the single-phonon level.

ntensity correlations in electromagnetic fields
have been pivotal in the development of
modern quantum optics. The experiments by
Hanbury Brown and Twiss were a particular
milestone that connected the temporal and
spatial coherence properties of a light source with
the second-order intensity autocorrelation func-
tion g®(1, 2) (1-3). In essence, g correlates
intensities measured at times differing by t or at
locations differing by  and hence is a measure of
their joint detection probability. At the same time,
these correlations allow the quantum nature of the
underlying field to be inferred directly. For exam-
ple, a classical light source of finite coherence time
can only exhibit positive correlations at a delay of
1 = 0 in the joint intensity detection probability,
leading to bunching in the photon arrival time. This
result holds true for all bosonic fields. Fermions,
on the other hand, exhibit negative correlations
and hence antibunching in the detection events
(4-6), which is a manifestation of the Pauli exclu-
sion principle. A bosonic system needs to be in a
genuine nonclassical state to exhibit antibunch-
ing. The canonical example is a single-photon
(Fock) state, for which g(z)(r =0) = 0 because no
joint detection can take place (7). For this reason,
measuring g® has become a standard method to
characterize the purity of single-photon sources
(8). In general, g<2>(t) carries a wealth of informa-
tion on the statistical properties of a bosonic field
with no classical analog (9, 10)—specifically, sub-
Poissonian counting statistics [g®(0) < 1] and
antibunching [g®(1) = g®(0)]—all of which have
been demonstrated successfully with quantum
states of light (11, 12).
Over the past decade, motional degrees of free-
dom (phonons) of solid-state devices have emerged

ienna Center for Quantum Science and Technology, Faculty
of Physics, University of Vienna, A-1090 Vienna, Austria. Kavli
Institute of Nanoscience, Delft University of Technology,
2628CJ Delft, Netherlands.

*These authors contributed equally to this work. tCorresponding
author. Email: markus.aspelmeyer@univie.ac.at (M.A.);
s.groeblacher@tudelft.nl (S.G.)

Hong et al., Science 358, 203-206 (2017)

as a quantum resource. Quantum control of pho-
nons was pioneered in the field of trapped ions
(13), where single excitations of the motion of the
ions are manipulated through laser light. These
single-phonon states have been used for funda-
mental studies of decoherence (74) and for ele-
mentary transduction channels in quantum gates
for universal quantum computing (15). Cavity
optomechanics (76) has successfully extended
these ideas to optically controlling the collective
motion of solid-state mechanical systems. It has
allowed for remarkable progress in controlling
solid-state phonons at the quantum level, includ-
ing sideband cooling into the quantum ground
state of motion (17, 18), the generation of quan-
tum correlated states between radiation fields
and mechanical motion (19-21), and the genera-
tion of squeezed motional states (22-24).

So far, single-phonon manipulation of micro-
mechanical systems has exclusively been achieved
through coupling to superconducting qubits (25-27),
and optical control has been limited to the gen-
eration of quantum states of bipartite systems
(20, 21, 28). Here we demonstrate all-optical quan-
tum control of a purely mechanical system, creating
phonons at the single-quantum level and unam-
biguously showing their nonclassical nature. We
combined optomechanical control of motion and
single-phonon counting techniques (21, 29) to
probabilistically generate a single-phonon Fock
state from a nanomechanical device. Implement-
ing Hanbury Brown and Twiss interferometry for
phonons (21, 29) (Fig. 1) allowed us to probe the
quantum mechanical character of single phonons
without reconstructing their states. We observed
22(0) < 1, which is a direct verification of the
nonclassicality of the optomechanically gener-
ated phonons, highlighting their particle-like
behavior.

Our optomechanical crystal (18) consists of
a microfabricated silicon nanobeam patterned
so that it simultaneously acts as a photonic and
phononic resonator (Fig. 2). The resulting opti-
cal and mechanical modes couple through radia-
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tion pressure and the photoelastic effect so that a
displacement equivalent to the zero-point fluctu-
ation of the mechanical mode leads to a frequen-
cy shift of the optical mode by g,/2rn = 869 kHz
(80, optomechanical coupling rate). The optical
resonance has a wavelength A = 1554.35 nm and
a critically coupled total quality factor @, = 2.28 x
10° (cavity energy decay rate /2% = 846 MHz),
whereas the mechanical resonance has a fre-
quency of o, /2r = 5.25 GHz and a quality factor
of @, = 3.8 x 10°. The device is placed in a dilu-
tion refrigerator with a base temperature of 7" =
35 mK. When the device is thermalized, its high
frequency guarantees that the mechanical mode
is initialized deep in its quantum ground state (21).

We utilized two types of linearized optome-
chanical interactions—the parametric down-
conversion and the state swap—which can be
realized by driving the system with detuned laser
beams in the limit of weak coupling (go+/72c < ¥,
where 7, is the intracavity photon number) and
resolved sidebands (x « wy,) (I6). The paramet-
ric down-conversion interaction has the form
Hy = h(go\/rTc(&TI;T +&I3), where # is the re-
duced Planck constant; b'and b are the phononic
creation and annihilation operators, respectively;
and &' and & are the respective photonic oper-
ators. This interaction is selectively turned on by
detuning the laser frequency wy, to the blue side
of the cavity resonance o, (0, = W + ®Oy). Hge
drives the joint optical and mechanical state, ini-
tially in the ground state, into the state |y),,
00) + p/[11) + p, [22) + O(p/?). For low exci-
tation probabilities p;, « 1, higher-order terms
can be neglected so that the system can be ap-
proximated as emitting a pair consisting of a
resonant signal photon and an idler phonon
with a probability p;, (30). Detection of the sig-
nal photon emanating from the device heralds
a single excitation of the mechanical oscillator
[W)m =1), in close analogy to heralded single
photons from spontaneous parametric down-
conversion. To read out the phonon state, we
send in another laser pulse that is now red-
detuned from the cavity resonance by o, (o, =
. — ®y). This realizes a state-swap interaction
Hgap = hgo\/n_c(&% —+ &ZAJ*), which transfers the
mechanical state to the optical mode with ef-
ficiency p,. We can therefore use the scattered
light field from this “read” operation to directly
measure the second-order intensity correlation
function g® of the mechanical oscillator mode,
which is defined as

where 71 is the time between the first and the
second detection event. Like for any other bosonic
system, g®(0) > 1 means that the phonons exhib-
it super-Poissonian (classical) behavior, whereas
2@(0) < 1is direct evidence of the quantum
mechanical nature of the state and implies sub-
Poissonian phonon statistics (Z0).

We implemented the experimental approach
(Fig. 1) by repeatedly sending a pair of optical
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Step I: create single-phonon Fock state

Step II: measure phonon correlation function

Fig. 1. Working principle of the approach used to generate single-phonon states and verify
their nonclassicality. The first step (left) starts with a mechanical oscillator in its quantum ground
state, followed by pumping the optomechanical cavity with a blue-detuned pulse. The resonator is
excited to a single-phonon state with a probability p, = 1.2% through the optomechanical interaction,
which is accompanied by the emission of a photon on resonance with the cavity. The detection of
such a photon in a single-photon detector (indicated by the “click”) allows us to post-select on a purely
mechanical Fock state. To verify the quantum state that we created, a red-detuned read pulse is sent
onto the optomechanical cavity in the second step (right), which performs a partial state transfer
between the optics and the mechanics. With a probability of p, = 32.5%, the mechanical system'’s
excitation is converted into a photon on cavity resonance, returning the mechanics to its ground state.
The photon is sent onto a beamsplitter, where we measure the second-order intensity correlation
function g® by using a pair of single-photon detectors. g®(0) < 1 confirms the nonclassicality of the
generated phonon states. The insets show the equivalent energy level diagrams of the processes.

3 um :
f00o0cccccocn | :
I

Fig. 2. Sketch of the experimental setup used to measure the intensity autocorrelation function
2@ of phonons. Blue-detuned pump pulses are sent into the optomechanical cavity, which is kept
at 35 mK. With a small probability py,, the optomechanical interaction creates a single excitation of the
mechanical mode at 5.25 GHz (idler) and at the same time emits a signal photon on resonance

with the cavity. The original optical pump field is then filtered, and only the signal photon created in
the optomechanical down-conversion process is detected in one of the single-photon detectors
(D1 or D2). With a time delay tq, a red-detuned read pulse is sent into the device, converting any
mechanical idler excitation into an idler photon, which again is filtered from the original pump.
Conditioned on the detection of a signal photon, we measure the g of the idler photons. Because
the red-detuned pulse is equivalent to a state-swap interaction, the g function that we obtain

for the photons is a direct measure of the g® function of the phonons in the mechanical oscillator.
The inset in the top left corner shows a scanning electron microscope image of the device (top)
next to a waveguide (bottom). BS, beamsplitter.
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pulses, the first one blue-detuned [pump pulse,
full width at half maximum (FWHM) = 32 ns]
and the second one red-detuned (read pulse,
FWHM = 32 ns), with a fixed repetition period
T, = 50 us. Photons generated through the opto-
mechanical interactions were reflected back from
the device and analyzed by a Hanbury Brown and
Twiss interferometer using two superconducting
nanowire single-photon detectors (SNSPDs). We
set the mean pump pulse energy to 27 fJ so that
D = 1.2% (31). Detection of resonant (signal) pho-
tons created by this pulse heralds the preparation
of the mechanical oscillator in a single-phonon
Fock state, in principle with a probability of 98.8%.
Owing to a small amount of initial thermal pho-
nons and residual absorption heating, a fraction
of unwanted phonons were incoherently added to
the quantum states that we prepared (2I). After
each pump pulse, a red-detuned read pulse was
sent to the device with a programmable delay g,
reading out phonons stored in the device by con-
verting them into photons on resonance with the
cavity. The mean read pulse energy was set to
924 fJ, corresponding to a state-swap efficiency
pr = 32.5%. Taking into account subsequent
optical scattering losses, this yields an absolute
quantum efficiency for the detection of phonons
of 0.9% (31). Last, the pulse repetition period of
T, = 50 us, which is long compared with the
mechanical damping time of 11 ps, provides
ample time for dissipating any excitation or un-
wanted heating generated by optical absorption.
This ensured that each experimental cycle started
with the mechanical mode well in the quantum
ground state. The pulse sequence was repeated
more than 7 x 10° times to acquire enough sta-
tistics. Conditioned on heralding events from
detector D1 by the blue-detuned pulses, we
analyzed the coincidence detection probability
of photons at D1 and D2 that are transferred
from phonons by the swap operation.

In our first experiment, we set £q = 115 ns and
measured g®(0) of the heralded phonons. One
of our SNSPDs, D2, exhibited a longer dead time
than ¢4 (31), and we therefore only used photon
counts from D1 for heralding the phonon states.
From these measurements, we obtained a g2(0)
of 0.65%00; (Fig. 3C), demonstrating a non-
classical character of the mechanical state.

The observed g(0) of 0.65 is considerably
hi%her than what we expect in the ideal case,
gi(jeal(o) ~ 4 X pp = 0.045 (31). We attribute this
to heating induced by the absorption of the pump
and read pulses. Although a detailed physical
mechanism for the absorption and subsequent
heat transfer into the mechanical mode is still
a subject of study (21), the influx of thermal pho-
nons 7, caused by the absorption of drive laser
pulses can be experimentally deduced from the
(unconditional) photon count rates generated
by the read pulses (31). Including an estimation
of the initial thermal phonon number 7;,;, which
is likewise inferred from the unconditional pho-
ton counts associated with the pump and read
pulses, we constructed a theoretical model that
predicts g®(0) as a function of Py, Ninir, and Agys.
Given the measured 7;,;;  0.20 and 7,5 (31)
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function g®(z = An x
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g®(0) <1being a An

direct measure of
their nonclassicality.

In this measurement, we set tq = 115 ns and T, = 50 us. g (An x T,) with An =
0 depicts the correlations between phonons read from separate pulse
sequences with the cycle difference of An. Whereas phonons from independent
pulses show no correlation [g®(An x Ty; An = 0) = 1], those from the same read
L] (©) The influence of
an incoherent phonon background on the g®(0) of the generated mechanical
states. Several measurements are plotted for a range of different effective
initial temperatures of the nanomechanical oscillator. The first data point
(green) was taken with a delay t4 = 115 ns and a repetition period T, = 50 us. We

pulse are strongly anticorrelated [g<2) (r=0)=0.65"

within the read pulse, our model predicts g(z)(O) =
0.76, which is consistent with the experimen-
tal value.

To further probe the effect of thermal pho-
nons, we performed a set of experiments with
reduced repetition periods 7;, while keeping the
other settings for the pump pulses the same. This
effectively increases n;,;;, because the absorbed
heat does not have enough time to dissipate be-
fore the next pair of pulses arrives. As expected,
as T, was reduced, we observed an increase in
22(0). With the measured 7;n;; and 7z from the
same data set, we can plot the predicted g‘®(0)
values. The experimental values and theoretical
bounds on g®(0) are in good agreement (Fig. 3).

We also measured g(0) for ¢4 = 350 ns and
found that it increased to 0.84 9%, This in-
crease is consistent with previously observed de-
layed heating effects of the absorption (21) and
is in good agreement with the theoretical pre-
diction of 0.84. Even for these longer delays, the
value is still below 1, demonstrating the poten-
tial of our device as a single-phonon quantum
memory on the time scale of several hundred
nanoseconds.

We experimentally demonstrated the quantum
nature of heralded single phonons in a nano-
mechanical oscillator by measuring their inten-

sity correlation function g®(0) < 1. The deviation

Hong et al., Science 358, 203-206 (2017)

Tbath =160 mK.

from a perfect single-phonon state can be modeled
by a finite initial thermal occupation and addi-
tional heating from our optical cavity fields. We
achieved conversion efficiencies between phonons
and telecom photons of more than 30%, only
limited by our available laser power and residual
absorption. Full state reconstruction of the single-
phonon state, as demonstrated with phononic
states of trapped ions (14), should be realizable
with slightly improved readout efficiency and
through homodyne tomography. The demon-
strated fully optical quantum control of a nano-
mechanical mode, preparing sub-Poissonian
phonons, shows that optomechanical cavities
are a useful resource for future integrated quan-
tum phononic devices, as both single-phonon
sources and detectors. They are also an ideal
candidate for storage of quantum information
in mechanical excitations and constitute a fun-
damental building block for quantum informa-
tion processing involving phonons. Some of the
potential applications include quantum noise-
limited, coherent microwave-to-optics conversion,
as well as studying the quantum behavior of in-
dividual phonons of a massive system.
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Mechanical systems at the quantum level

A number of platforms are being pursued for developing technologies that exploit the enhanced sensing and
measurement capabilities of quantum mechanics. Hybrid systems offer the flexibility of combining and optimizing
different platforms. Hong et al. combined optomechanical control of motion and single-phonon counting techniques to
probabilistically generate a single-phonon Fock state within a nanomechanical resonator. Chu et al. used
electromechanical coupling to address a bulk piezoelectric resonator with a superconducting quantum circuit. Both
approaches hold promise for developing hybrid quantum technologies.
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