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‘We propose and demonstrate a versatile technique to measure the lifetime of the one-phonon Fock
state using two-color pump-probe Raman scattering and spectrally-resolved, time-correlated photon
counting. Following pulsed laser excitation, the n = 1 phonon Fock state is probabilistically prepared

by projective measurement of a single Stokes photon.

The detection of an anti-Stokes photon

generated by a second, time-delayed laser pulse probes the phonon population with sub-picosecond
time resolution. We observe strongly non-classical Stokes—anti-Stokes correlations, whose decay
maps the single phonon dynamics. Our scheme can be applied to any Raman-active vibrational
mode. It can be modified to measure the lifetime of n > 1 Fock states or the phonon quantum
coherences through the preparation and detection of two-mode entangled vibrational states.

PACS numbers:

Introduction — Phonons, the quantized excitations
of internal vibrational modes in crystals and molecules,
span a broad frequency range up to ~ 100 THz. At these
high frequencies, thermal occupancy at room tempera-
ture is much less than one, so that quantum effects are
readily observable. For example, creation and annihila-
tion of a single phonon within one short laser pulse pro-
duces non-classically correlated Stokes—anti-Stokes (SaS)
photon pairs [1-3], as observed in pulsed Raman scatter-
ing from a diamond crystal [4], liquid water [5] and other
molecular species [6]. With the advent of quantum op-
tomechanics, the quantisation of lower frequency (MHz
to GHz) mechanical oscillations was also evidenced in
several experiments using phase sentive detection [7, 8]
and photon counting [9, 10]. Finally, in a series of recent
experiments, Raman-active phonon modes in pure dia-
mond [11-16] and gaseous hydrogen [17-19] have been
used to store and process classical and quantum infor-
mation on picoseconds time scales at room-temperature.
Developing versatile schemes and techniques to address
non-classical phonon states in bulk and nanoscale sys-
tems is thus a promising research direction to improve our
understanding of quantum effects occurring at ambient
conditions and leverage them for quantum technologies.

In this Letter, we present a new scheme to measure the
creation and annihilation of a single phonon Fock state
with sub-picosecond time resolution (Fig. 1), which can
be applied on any Raman-active high frequency mode,
such as ubiquitously found in organic materials. Our
scheme is conceptually similar to the one recently ap-
plied to an optomechanical cavity with a GHz mechan-
ical oscillator [9], although we don’t use any optical
cavity and measure the dynamics on time scales that
are 5 to 6 orders of magnitude shorter. We use di-
amond in a proof-of-principle experiment (phonon fre-
quency /27 = 39.9 THz), but in contrast to Refs.
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FIG. 1: (a) Concept of the experiment: The first (write) laser
pulse probabilistically prepares the phonon in state |n = 1)
upon detection of a Stokes photon. The second (read) pulse,
after a time delay At, converts this phonon into an anti-Stokes
photon. (b) Schematics of the photon counting in the fre-
quency domain (SPAD: single-photon avalanche photodiode).
The choice of w1 and wsy is completely free, as long as the
Stokes and anti-Stokes photons can be efficiently isolated by
spectral filtering.

[11-19], our scheme does not rely on the polarization se-
lection rule of Raman scattering to temporally distin-
guish between photons. It is therefore not restricted to
diamond and can be applied to low-dimensional struc-
tures and molecules as well, in the solid, liquid or gaseous
phase. Indeed, we use two-color excitation and spectral
multiplexing to distinguish the photons from the write
and read steps. In the write step, a laser pulse cen-
tered at frequency wy leads to Stokes scattering with low
probability ps < 1 (two-phonon generation occurs with
probability o< p% < ps). Detection of a Stokes (S) pho-
ton at frequency wy — 2, projects the phonon onto the
Fock state |[n = 1). In the read step, after a controllable
time delay At, a second synchronised pulse centered at
a different frequency ws is used to probe the population
of the conditional phonon Fock state by detection of an

anti-Stokes (aS) photon at frequency wa +£2,,,. The value

of the second-order cross-correlation gg()ls(At) between



the S and aS photons witnesses the non-classical nature
of the two-photon state produced by the exchange of a
single phonon [20] (see SM, Sec. 1, [21] for a more gen-
eral discussion). The dynamics of this non-classical SaS
correlation can be tracked by scanning At, revealing the
single-phonon lifetime.

Ezxperimental Setup — Our experimental setup is
depicted in Fig. 2. The two synchronized femtosec-
ond pulse trains are generated by a Ti:Sapph oscillator
(Tsunami, Spectra Physics, 80 MHz repetition rate) and
a frequency-doubled optical parametric oscillator (OPO-
X fs, APE Berlin). We can independently tune the
Ti:Sapph wavelength between 740 and 860 nm and the
OPO wavelength between 505 and 740 [22]. The OPO
generates the write pulse, while the Ti:Sapph is sent
through a delay line to provide the read pulse. The
read and write pulses are combined at a dichroic mir-
ror before being focused on a synthetic diamond crystal
(~ 300 pm thick) cut along the 1-0-0 crystal axis. We use
tunable interference filters (highlighted in green in Fig. 2)
to block the spectral components of the excitation pulses
that overlap with the detection window. The sample is
studied in transmission with a pair of objective lenses in
order to fulfill momentum conversation in the exchange
of the same phonon in the read and write scattering pro-
cesses. After the sample, we block most of the laser light
with a combination of tunable short and long pass filters,
and send the signal either to a spectrometer equipped
with a cooled CCD array or to a single mode fiber, which
selects a single spatial mode of the photons. Since mo-
mentum is conserved during Raman scattering, this al-
lows us to probe a well-defined phonon spatial mode in
the bulk crystal. After the fiber, light is collimated and
sent to a tunable dichroic mirror (TuneCube, AHF anal-
ysentechnik AG), which allows us to separate the S and
aS photons, depending on their wavelengths, by rotating
a tunable filter (here a long-pass). The separated signals
are further spectrally filtered before impinging on fiber-
coupled single photon avalanche photodiodes (SPADs)
connected to a coincidence counter.

Results — In each experiment, we begin by tuning
the Ti:Sapph and OPO to center frequencies @y and @
so that w; —wy = (1, When the two pulses overlap, both
spatially and temporally, strong coherent anti-Stokes Ra-
man scattering (CARS) at frequency 7 + ,, is gener-
ated. We use this signal to find the zero time delay and
optimize the spatial overlap of the two excitation beams.

The center frequency of the write pulse is then tuned
so that the S and aS peaks are spectrally separated from
the read and write pulses. As a first demonstration, the
central wavelengths of the write and read pulses are set
to 696 nm and 810 nm, respectively. This results in S
photons at 767 nm (1.619 eV) and aS photons at 732 nm
(1.695 eV), as seen on the Raman spectrum of Fig. 3a,
inset. Figure 3a presents the coincidence histogram ob-
tained at zero write-read delay in this configuration. The
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FIG. 2: Schematic drawing of the experimental setup. HW:
half-wave plate; PBS: polarizing beam-splitter; SEF: spatial
filter; SP/LP/BP: short/long/band-pass filters (tunable fil-
ters are highlighted in green); DL: delay line; DM: Dichroic
mirror; OL: objective lens (numerical aperture = 0.8); SMF:
single-mode fiber (HP780, Thorlabs); MMF: graded index
multimode fiber (100 pm core, NA 0.29, OZ Optics); FM:
flip mirror. A video camera is used to overlap the beams.

t = 0 ns peak corresponds to events where one photon
is detected in each channel within the same write-read
pulse sequence. Since the delay between two repetitions
(12.5 ns) is three to four orders of magnitude longer than
the phonon lifetime, the side peaks are due to uncor-
related photons (“accidental” coincidences). The num-
ber of coincidences in the central peak, divided by the
average number of coincidences in the side peaks, is a
measure of gg()ls(O), the normalized second-order cross-
correlation function between the S photons produced in
the write pulse and the aS photons produced in the read
pulse [9, 23].

The Cauchy-Schwartz inequality sets an upper bound
on the possible value of the cross-correlation for clas-

1/2
sieal fields 2,5(0) < (5240)92,5(0)) "
terms on the RHS are the second-order auto-correlation
functions of the S and aS fields [24, 25]. We expect
that g(sz?S(O) = 2 since the spontaneously emitted S pho-
tons follow the same (thermal) statistics as in paramet-
ric down-conversion below threshold (See SM, Sec. 1-2).
However, this is true only in the single-mode situation, as
the the Stokes auto-correlation function falls as 1+ 1/N
with N the number of phonon and photon modes (see
SM, Sec. 1-2). We therefore used a 50/50 beam split-
ting fiber to measure the auto-correlation of the S chan-
nel and found géQ?g(O) = 240.1 (see Fig. S1), confirm-
ing that our experiment measures the state of a single
phonon mode. Although the count rate on the aS de-

, where the

tector was not sufficient to measure precisely 95;? 2s(0),
we cannot think of any reason why it should be larger
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FIG. 3: (a) S—aS coincidence histogram (20 min integration).
The S (resp. aS) count rates were < 2.5 - 10* Hz (resp.
< 8-10% Hz), with a dark count rate < 5-10? Hz. The OPO
(resp. TiSapph) powers just after the sample were ~ 1.5 mW
(resp. ~ 3.5 mW). Inset: representative Raman spectrum;
the pass-bands of the filters placed before the S and aS detec-
tors are overlaid in blue. (b) Write-read delay dependence of
the measured S—aS correlation (open circles) and fit (dashed
line) using an exponential decay (time constant = 3.9+0.7 ps)
convoluted with the instrument response (Gaussian with stan-
dard deviation o = 223 fs, see SM). The gray area marks the
classical bounds. Inset: coincidence histograms at different
delays. (c) Measured SaS correlations at zero delay vs. aver-
age power in the write beam (symbols) for different powers in
the readout beam. Solid lines are the result of the simplified
analytical model presented in the SM Sec. 4. It has two free
parameters: the overall collection and detection efficiency 7
(probability of registering a S or aS photon emitted in the
right spatial mode) and a factor « accounting for the non-
ideal phonon-photon conversion in the read pulse, which we
relate to imperfect mode overlap. The best fit to the data is
obtained with n = 0.07 and o = 0.3.

than 2 since the aS photons should carry the thermal

statistics of the phonon mode. In summary, the classical
bound to our measurement is gg()ls(()) < 2. The mea-

sured value ggls(()) = 63.41+9.7 in Fig. 3a,b thus violates
the Cauchy-Schwartz inequality by 6 standard deviations
and is a proof of quantum correlations between the S and
aS photons, mediated by the exchange of a single phonon.

We then repeat the coincidence measurement for many
different positions of the delay line and obtain the time
dependent correlation function ggzl s(At) (Fig. 3b). The
correlations decay with a 1/e time constant of 3.94+0.7 ps
(bounds for 95% confidence), in agreement with the lit-
erature values of the optical phonon lifetime in diamond
[11, 26]. This demonstrates that we are able to measure
the lifetime of a phonon Fock state by following the decay
of non-classical S—aS correlations.

In order to understand what determines the precise
value of 9(52_313 and what limits the achievable degree of
non-classical correlations, we study the dependence of the
zero-delay correlation ggzl)l 5(0) on the powers in the write
(Py) and read (P,) beams (Fig. 3¢) and compare the re-
sults to an analytically soluble quantum model of para-
metrically coupled photon-phonon modes at zero tem-
perature (SM, Sec. 2). In direct analogy with the physics
of photon pairs produced by parametric down-conversion
(see also SM, Sec. 1) [27], we find that 9592,315 (0) decreases
as 1/ng « 1/P,, where ng is the average S photon num-
ber produced by the write pulse. This can be under-
stood as the consequence of the growing probability of
exciting the |n = 2) phonon Fock state at higher power
compounded with the fact that our detectors cannot re-
solve the photon number.

Interestingly, at low P, the correlation saturates at a
value that depends on the power in the read pulse P..
We can explain this behavior by the noise generated in
the read pulse, which has three components. (i) The
thermal phonons (thermal occupancy ny, < 2-1073) are
responsible for uncorrelated aS emission. If this were
the only source of noise, then 9(52,313(0) — 1/n4p, at low
write powers P, irrespective of the read power P,.. (ii)
Yet, another intrinsic noise source related to the Raman
process is SaS pair emission in the read pulse [2], which
scales quadratically with P,. (iii) Finally, we identified
spontaneous four-wave mixing (SM) as another source of
uncorrelated counts on the aS detector in the read pulse.
In the SM, Sec. 3, we present a more complete quantum
model in which the effects (i-iii) are accounted for. Its
dynamics is solved numerically at non-zero temperature
and the results reproduce qualitatively well our obser-
vations without fitting parameters, suggesting that we
have a comprehensive understanding of the noise sources
limiting the value of gg%()ls(()).

The simplified model used to fit the data in Fig. 3c can
also be used to compute the expected second-order auto-

(2,cond)

correlation of the aS photons g,¢,s  (0) conditional on



the detection of a S photon in the write pulse, as would
be measured to characterize heralded single-photons [23]

(see SM). We find values of g%f;gd)(O) well below 0.1
for the parameters corresponding to most data points
of Fig. 3c, demonstrating that our experiment indeed
probes the dynamics of the |n = 1) phonon Fock state,
with negligible contribution of n > 2 eigenstates.

A route to increase the measured quantum correlation
toward the 1/ny, thermal limit is the use of a cavity
in the resolved sideband regime to select only S and aS
processes in the write and read pulses, respectively [23].
This is where the broad tunability of our setup would
become particularly relevant.
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FIG. 4: a) Decay of the normalized SaS correlation
(952 s(At) — 1)/(g5)5(0) — 1)) (symbols) as a function of
write-read delay At for two configurations of laser wave-
lengths (red and black colors), yielding S and aS peaks as
shown in the inset. The fitted exponential decays (solid lines)

have time constants 4.2 + 0.5 ps (red line) and 4.0 £ 0.3 ps
(black line).

Indeed, we show in Fig. 4 that we can perform this
measurement using different configurations of the exci-
tation/detection wavelengths accessible with our instru-
ments. For example, the write and read pulses were also
set at 650 nm and 821 nm, respectively, yielding S and aS
photons at 712 nm (1.74 eV) and 740 nm (1.67 eV) (see

Fig. 4, inset). Although the absolute value of ggZLS(O)
depends on the laser powers, on the quality of alignment
and beams’ overlap, on the amount of cross-talk between
the S and aS channel and on the amount of background
emission, after normalization both data sets accurately
track the phonon dynamics. This demonstrates the broad
tunability of our setup (limited here by the available fil-
ters) and the robustness of our technique.

Conclusion — Our scheme constitutes a broadly ap-
plicable technique for the time-resolved measurement of
quantum correlations mediated by high frequency vi-
brational modes, which can be observed even at room-
temperature due to their vanishing thermal occupancy.
As we verified by rotating the linear polarization of the
write beam, our scheme is polarization insensitive, so
that it can be applied to any Raman-active mode. It
is well suited to study quantum dynamics in individual

4

nanosystems — in principle down to a single molecule [28].
As shown in Ref. [11-19], Raman-active phonons are po-
tential candidates for room-temperature quantum infor-
mation processing. Our scheme extends the feasibility of
this approach to a much broader range of material sys-
tems, which can be optimized for coupling efficiency and
longer phonon lifetime.

The wide tunability of our setup will allow to lever-
age the resonant enhancement provided by electronic
transitions or nanocavities, while spectral multiplexing
and photon counting make it possible to measure cross-
correlations between different normal modes (by trigger-
ing the start and stop detectors with two different Ra-
man lines), thereby probing inter-mode coupling dynam-
ics. Moreover, by triggering the coincidence counter upon
multi-photon detection in the write step (using spatial
[29, 30] or temporal [31] multiplexing or a direct photon
number resolving detector [32, 33]), our technique would
probe the dynamics of higher vibrational Fock states
(n > 1) [34]. The probabilistic nature of the scheme,
however, means that the rate of successful events will
drop exponentially with n. Finally, this work constitutes
the basis for more advanced measurement schemes where
phonon coherences are measured using vibrational two-
mode entangled states [35] and photon-phonon entangled
states [36]. This could lead to new ways of studying quan-
tum phenomena in organic systems, which play essential
roles in photochemistry and possibly in some biological
reactions [37, 38].
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