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Nuclear spins interact weakly with their environment. In particular, they are generally insensitive
to mechanical vibrations. Here, we successfully demonstrate the coherent coupling of mechanics to a
single nuclear spin. This coupling is mediated by a silicon vacancy (SiV) centre in diamond, taking
advantage of its large strain susceptibility and hyperfine interaction with nuclear spins. Importantly,
we demonstrate that the nuclear spin retains its excellent coherence properties even in the presence
of this coupling. This provides a way to leverage nuclear spins as quantum memories for mechanical

systems in the quantum regime.

Mechanical systems are at the forefront of investiga-
tions in quantum physics [1-4]. Examples include the re-
alisation of quantum states of mechanical resonators [5],
quantum squeezing of mechanical motion [6], and cou-
pling of mechanics to other quantum systems [4, 7-16].
However, their size induces significant coupling to their
environment, which limits their coherence [3, 17, 18],
and reaching coherence times ~ 100 us requires com-
plex phononic shielding [3]. On the other hand, nuclear
spins display coherence times several orders of magnitude
longer, the longest among all solid-state systems [19, 20],
making them desirable quantum memories [19, 21, 22].
This is due to their insensitivity to the environment, in
particular to lattice vibrations. In this work, we achieve
coherent coupling of mechanical vibrations to an individ-
ual 3C nuclear spin in diamond. We utilize the large
strain susceptibility [23, 24] and the hyperfine coupling
[25-27] of the negatively charged silicon-vacancy (SiV)
centre to mediate this interaction. We confirm that the
nuclear spin retains its excellent coherence properties,
thus demonstrating the coherent coupling of mechanics
to long-lived quantum memories.

In our experiments, the mechanical vibrations are sur-
face acoustic waves (SAWs), which have natural two-
dimensional confinement, can be guided on chip, and
are easily generated by electrical excitation of interdigital
transducers (IDTs) [15]. We pattern aluminium IDTs on
top of a layer of piezoelectric aluminium nitride deposited
on the surface of a single-crystal diamond. The diamond
sample is ultra pure (nitrogen concentration < 5 ppb)
and has a natural abundance of the 2C isotope (1.1%).
The diamond is implanted with 2®Si* ions and annealed
to form SiV centres, which can be optically addressed in-
dividually. The SiVs are located within the strain field of
the SAW, which extends about a wavelength (~ 3 pm)
below the surface of the diamond (Fig. 1a). The sample
is cooled to below 200 mK in a dilution refrigerator to
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increase the lifetime of the SiV electron spin (S = 1/2)
[28]. An external magnetic field of 0.13 T at an angle of
90° with respect to the SiV axis lifts the spin degeneracy
and introduces a splitting of f+ = 3.42 GHz between the
[4) and [1) spin states (Fig. 1b). The optical transition
labelled ||’ can be excited resonantly by laser pulses to
initialize the SiV in |1) via optical pumping, while the |1
transition can be driven acoustically to coherently trans-
fer population between |{) and 1) [15].

The mechanical coupling to the **C nuclear spin (S =
1/2) relies on the simultaneous coupling of an SiV elec-
tronic spin to acoustic waves and to the nuclear spin. An
individual 3C nuclear spin couples to an SiV spin via
the hyperfine interaction Hamiltonian

H = 2rhSTV (A ST + AL S2)

where S; = 0;/2 are the spin operators, with o; being
the Pauli matrices for i € {z,y,z} (“SiV” and “nuc”
indicate SiV and nuclear spins respectively), and Aj and
A are the parallel and perpendicular components of the
hyperfine coupling. This coupling causes the nuclear spin
to precess about slightly different axes depending on the
state of the SiV spin. This can be utilized to control the
nuclear spin state [27, 29, 30] with the basic sequence
depicted in Fig. 1c. After the SiV spin is initialized in
[1), a series of periodically timed acoustic pulses (with
inter-pulse delay 7) flip its state repeatedly, causing the
nuclear spin to alternate between two different precession
axes. If the acoustic pulses are synchronized with the
precession of the nuclear spin, such that [30, 31]
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for integer values of k, where fi, is the nuclear Larmor
frequency, the nuclear spin rotates on the Bloch sphere
by an angle ¢, around an effective axis n. The angle ¢ is
determined by 7 and the number of pulses N, while the
effective rotation axis n| or ny depends on 7 and the ini-
tial state (]J) or |T)) of the SiV spin. Fig. 1d depicts the
effect of the sequence for the initial states ||)gy 1)

nuc
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FIG. 1. Principle behind mechanical coupling to nu-
clear spins. a Schematic of the system. Surface acoustic
waves (SAWSs) generated in the AIN layer, and extending into
diamond, are used to control the **C nuclear spin via its hy-
perfine coupling to the silicon vacancy (SiV) electron spin,
which can be initialized and read out optically. b Simplified
electronic structure of the SiV in the presence of an external
magnetic field. The red arrows (both dashed and solid) indi-
cate optical transitions around 737 nm. The solid red arrow
corresponds to the transition (JJ)’) used for optical pump-
ing to initialize the SiV state in |1). The blue arrow corre-
sponds to the 3.42 GHz spin-flipping transition |1 that can
be driven acoustically. ¢ Schematic of a sequence that induces
conditional precession of the nuclear spin. The optical part
corresponds to the optical initialization of the SiV spin into
[t). The SiV spin can be initialized in |]) by exciting the
M transition. The acoustic part corresponds to a series of
8 periodically timed acoustic m-pulses around the X-axis of
the Bloch sphere (RY). d Simulation of the evolution of the
nuclear spin on the Bloch sphere for the sequence described
in ¢. The red (blue) arrow corresponds to the nuclear spin
precession axis when the SiV is in |1) (|})). The nuclear spin
starts in ||) . and follows the red (blue) trajectory when the
SiV is initially in |1) (|})). Spin flips of the SiV are indicated
by transitions between solid and dashed trajectories. The red
(blue) dot indicates the final state of the nuclear spin for the
SiV initially in state |1) (|4)). The hyperfine coupling param-
eters used are {4 = 0.11 MHz, A, = 0.33 MHz} and the
inter-pulse time is 7 = 0.169 ps.

and [1)gy [4) pues Where the final state of the nuclear spin
depends on the initial state of the SiV spin. This is a con-
ditional rotation gate, denoted by R% ., that entangles

the SiV and nuclear spins, and is the building block of
all the nuclear spin control sequences performed in this
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FIG. 2. Nuclear spin resonance spectroscopy using an
XY8 decoupling sequence on the SiV spin. a Schematic
of the XY8 sequence. RY (”Rg,) represents a pulse that rotates
the SiV spin by an angle 6 around the X (Y')-axis of the Bloch
sphere. “init” and “read” represent optical initialization and
readout respectively. N is the total number of m-pulses. b
Measurement of the final SiV spin population in |}) for an
XY8 sequence with N = 16 pulses, as a function of the inter-
pulse time 7. The blue dots correspond to the experimental
data. The error bars represent the standard deviation of the
measured SiV spin population, from photon counting statis-
tics [32]. A fit (red curve) to the data yields the hyperfine
coupling parameters {A; = 0.11 MHz, A, = 0.33 MHz} for
the target nuclear spin [32].

work.

We identify a target '>C spin by performing nuclear
spin resonance spectroscopy using the SiV [29, 30]. The
SiV spin is initialized in |1), after which an acoustic pulse
performs a /2 rotation of the spin to bring it into the
superposition state (|1)+|1))/v/2. A series of acoustic 7-
pulses then perform an XY8 sequence [33], whereby the
SiV spin is flipped repeatedly around two different axes
(X,Y) on the Bloch sphere, depending on the phase (0 or
7/2) of each pulse (Fig. 2a). A final acoustic 7/2 pulse is
then applied to the SiV spin, before its state is read out
by optical excitation of the |}’ transition and collection of
the resulting fluorescence. This pulse sequence increases
the coherence time of the SiV spin by decoupling it from
magnetic field noise [32], while allowing its selective cou-
pling to individual 3C nuclear spins. Figure 2b shows
the measurement of the SiV population in ||) after an
XY8 sequence, as the inter-pulse time 7 is varied. For
values of 7 corresponding to resonance with a particular



13C spin, the SiV spin state coherently evolves in con-
junction with the nuclear spin. This appears as periodic
sharp dips. The most prominent dips in Fig. 2b can be
ascribed to a single nuclear spin, and their positions and
depths can be modelled to extract the hyperfine coupling
parameters {A = 0.11 MHz, A, = 0.33 MHz} [32].

Having identified the target nuclear spin, we proceed
to initialize it. The sequence for nuclear spin initializa-
tion is shown in Fig. 3a. It consists of 7 /2 rotations of the
SiV spin and conditional rotations of the nuclear spin im-
plemented as XY8 sequences on the SiV spin [27, 29, 30].
We simulate the state of the nuclear spin at the end of
the initialization sequence, for values of the inter-pulse
delay 7 in the vicinity of the 7 = 1.578 us resonance,
as shown in Fig. 3b. For 7 = 1.569 us, if the SiV is
set to Mgy ()giv) at the beginning of the sequence,
the nuclear spin is initialized in [|), . (|1),.c) at the end
of it. The nuclear spin readout sequence corresponds to
the same sequence in reverse, and transfers the nuclear
spin onto the SiV spin. The experimental results for the
full sequence for various values of 7 are shown as dots
in Fig. 3c, with simulations shown as solid curves. For
7 = 1.569 pus, the final state of the SiV depends on the
state the nuclear spin was initialized in. The experimen-
tal data agree with the expected results from the simu-
lation, thus confirming the successful initialization and
readout of the nuclear spin. The parasitic partial ad-
dressing of other 13C nuclear spins with similar hyperfine
couplings to the SiV limits the fidelity of the initialization
and readout sequences to 0.91 [32]. The experimentally
measured fidelities are 0.8540.03 and 0.91 4+ 0.02 for ini-
tialization into the [|) . and [1), . states respectively,
with readout fidelities equal to the initialization fidelities.
Although a similar initialization sequence could be con-
structed with 7 = 1.586 us, its fidelity is inferior as seen
in Fig. 3c, due to parasitic partial addressing of other
nuclear spins. The fidelity can be improved by operat-
ing at longer inter-pulse delay times, to better resolve
individual nuclear spin resonances.

If the inter-pulse delay is 7/ = 1.578 us, the XY8 se-
quence rotates the nuclear spin around the X-axis of the
Bloch sphere by an angle dependent on the number of
pulses N’ in the sequence. By inserting such an XY8 se-
quence between the nuclear spin initialization and read-
out sequences (Fig. 3d), and varying N', we perform co-
herent rotations of the nuclear spin, as demonstrated by
the observation of Rabi oscillations shown in Fig. 3e. We
note that N/ = 8 corresponds to a m/2-rotation of the
nuclear spin.

We then evaluate the coherence of the nuclear spin
under mechanical control, using Ramsey interferometry.
We perform two 7/2-rotations of the nuclear spin sep-
arated by a variable delay, whereby the nuclear spin is
brought into a superposition state that precesses freely
before being read out (Fig. 4a). Immediately after the
first 7w /2-rotation of the nuclear spin, the SiV is initialized
in either |[|) (red dots) or |1) (blue dots), which causes
the nuclear spin to precess at a rate that depends on the

state of the SiV spin, as shown in Fig. 4b, with precession
frequencies fﬁimsey = /(fuEA)/2)2+ (AL/2)%. This
difference in precession frequencies confirms that we ad-
dress a single nuclear spin. We repeat the measurement
for longer free precession times for a single orientation
of the SiV spin, as displayed in Fig. 4c. The amplitude
of the Ramsey oscillations does not decrease up to pre-
cession times of 2 ms, indicating that the nuclear spin
retains its coherence above this timescale, T5 > 2 ms.
Next, we perform a spin echo sequence by inserting a
nuclear 7-rotation between the two m/2-rotations, as il-
lustrated in Fig. 4d. The m-rotation cancels the impact
of any dephasing mechanism that is slower than the free
precession timescale. The nuclear spin state at the end of
the sequence is plotted as a function of the total preces-
sion time in Fig. 4e and shows no sign of decay, indicating
Ts°h° > 10 ms. Due to the limited photon collection effi-
ciency of our system, measurements for longer precession
times are impractical, considering the experimental times
required. Nevertheless, our measurements confirm that
the 3C nuclear spin retains long coherence times [19, 27]
under mechanical control.

In conclusion, we coherently couple surface acoustic
waves to a single *C nuclear spin using an SiV centre
as an interface, and show that the nuclear spin retains
its excellent coherence properties. Future developments
include integration with photonic structures such as ta-
pered waveguides, which would increase the photon col-
lection efficiency and enable single-shot spin readout [28].
Furthermore, this method can be extended to other nu-
clear spins. Using an SiV with a resident 2Si nuclear
spin enables the resolution of hyperfine energy levels [25],
which can be used to achieve entanglement between the
SiV and the nuclear spin with a single 7m-pulse. At the
same time, strong coupling between the SiV spin and a
single phonon could be achieved using a high quality fac-
tor, low mode volume mechanical resonator [23, 34, 35],
thus enabling single-phonon spin gates. This would en-
able the use of single nuclear spins as quantum memo-
ries for phononic states, with applications in metrology,
quantum sensing [36], quantum information processing
[11, 18, 37-39], and fundamental tests of quantum theory
[2, 40, 41]. Finally, diamond possesses a large Young’s
modulus allowing mechanical resonators to reach fre-
quencies in the GHz range, thus making their mechanical
ground states reachable with dilution refrigerators. This,
combined with recent progress in diamond nanofabrica-
tion, makes diamond an ideal platform for non-classical
mechanics experiments, while taking advantage of the re-
markable coherence properties of nuclear spins.

I. METHODS

A. Device fabrication

We use [100]-cut, electronic grade single-crystal dia-
mond samples synthesized by chemical vapour deposi-
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FIG. 3. Mechanical control of a single '*C nuclear spin. a Sequences for mechanically driven nuclear spin initialization
(initnuc) and readout (readnuc). These are based on entangling conditional rotations of the form Rﬁ Lot implemented as acoustic
XY8 sequences on the SiV spin. b Simulation of the state of the nuclear spin after the nuclear initialization sequence for N = 16
pulses, as a function of the inter-pulse time 7. The red (blue) curve corresponds to a sequence at the beginning of which the SiV
spin is in the state |1) (|{)). The dashed grey line indicates the value of 7 = 1.569 us later used for nuclear spin initialization.
¢ Measurement (dots) and simulation (solid curves) of the final SiV spin projection after the nuclear initialization and readout
sequences, as a function of 7, for different initial states of the SiV spin. The measured optimal value of 7 ~ 1.569 us (dashed grey
line) agrees with simulations. The simulation includes the effect of a second non-resonant nuclear spin with weaker hyperfine
couplings, which accounts for the reduction in fidelity [32]. d Sequence for coherent control of the nuclear spin. After nuclear
initialization with 7 = 1.569 us, an XY8 sequence with 7/ = 1.578 us rotates the nuclear spin around the X-axis of the Bloch
sphere with an angle ¢’ depending on the number of 7 pulses (N’). e Mechanically driven Rabi oscillations of the nuclear spin,
corresponding to the sequence in d. The dots represent measured values, while the solid curve corresponds to a simulation
using previously determined hyperfine coupling parameters. The error bars in ¢ and e represent the standard deviations of the
measured quantities.

tion (CVD) from Element Six Corporation. Silicon ions
(?®Si™) are implanted on the top surface of the diamond
at an energy of 150 keV and a density of 10'° ecm™2, in-
troducing Si atoms over the entire surface at a depth
of 100 £+ 18 nm as determined by a SRIM simulation

B. Experimental setup

Low temperature measurements are performed in a
3He/*He dilution refrigerator (Bluefors LD250) with a
base temperature of 10 mK. The diamond sample is

[42]. SiV centres are generated by a high-temperature
(1200° C), high-vacuum annealing procedure followed by
a tri-acid clean (1:1:1 sulphuric, perchloric and nitric
acids). A 1.4 pm aluminium nitride (AIN) layer is de-
posited on top of the diamond by RF sputtering. IDTs
are fabricated using electron beam lithography followed
by evaporation of 75 nm of aluminium (Al). The SAWs
propagate along the [110] direction, parallel to one of the
edges of the sample. Further details on the design and
characterization of IDTs may be found in [15].

mounted on a plate which is thermally anchored to the
mixing plate of the refrigerator. The diamond is af-
fixed with indium foil to a custom-made holder made
of copper, which is located on top of an XY nanoposi-
tioner stack. IDTs on the sample are wire-bonded to
a printed circuit board (PCB) mounted on the holder,
for electrical excitation of acoustic pulses. A thermome-
ter located close to the sample indicates a typical tem-
perature of 50 — 200 mK during our experiments. The
sample is surrounded by a 3-axis superconducting vec-
tor magnet system used to apply a static magnetic field.
Above the sample, a cryogenic objective (attocube LT-
APO/VISIR/0.82) with a numerical aperture of 0.82 and
a working distance of 0.65 mm is mounted on a Z nanopo-
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FIG. 4. Mechanically driven Ramsey interferometry and spin echo of the *C nuclear spin. a Sequence for Ramsey
interferometry. Two ¢’ = m/2 rotations of the nuclear spin, corresponding to XY8 sequences with N’ = 8 and 7/ = 1.578 us,
are separated by a free precession time 7. b Mechanically driven Ramsey interferometry of the nuclear spin. The electron spin
is initialized in |1) (|{}) after the first 7/2 nuclear rotation, corresponding to the red (blue) dots. The nuclear spin precesses at
different rates depending on the state of the electron spin. The solid curves are sinusoidal fits, whose frequencies are consistent
with the hyperfine coupling parameters determined earlier. ¢ Ramsey oscillations measured at longer precession times. There
is no decrease in the amplitude of the oscillations, indicating T3 > 2 ms for the *C nuclear spin. d Sequence for nuclear spin
echo. The m-rotation of the nuclear spin is implemented using an XY8 sequence with 2N’ = 16 and 7/ = 1.578 us. e The spin

echo measurement shows no decay up to 10 ms, indicating 75

sitioner. A home-built optical microscope is used for op-
tical excitation and fluorescence collection. A tunable
laser stabilized to an accuracy of 0.01 pm using feedback
from a wavelength meter is used to resonantly excite op-
tical transitions of individual SiVs. Photons emitted by
individual SiVs in the phonon side band (PSB) > 740 nm
are selected by an optical long-pass filter and sent to an
avalanche photodiode (APD).

C. Generation of optical and acoustic pulses

Laser pulses at 737 nm are generated using an acousto-
optic modulator (AOM). The AOM is driven by a
custom-built RF driver and is used in a double-pass con-
figuration to achieve an extinction ratio > 70 dB that is
required to prevent unwanted optical spin pumping dur-
ing long experimental sequences. A time-correlated sin-
gle photon counter (TCSPC) is used to record arrival
times of photons emitted from the SiV. An arbitrary
waveform generator (AWG) controls the entire experi-
mental sequence. The 8-bit analog output of the AWG
is used to drive the IDTs, while the two 1-bit marker
outputs are used to control the AOM and trigger the
TCSPC. There is a small amount of drift between the

> 10 ms for the ®*C nuclear spin.

clocks of the AWG and TCSPC, with a factor of about
1.25 x 10~°, which we correct for in our data processing.

D. SiV spin initialization

The SiV can be initialized in |1) or ||) by resonantly
pumping the optical transitions || or 11’ respectively.
For our experiments, after the acoustic w-pulse is cali-
brated, we initialize the SiV in |1) by optically pumping
W/, and in |}) by optically pumping |}’ followed by an
acoustic m-pulse. This allows keeping the wavelength of
the laser resonant with the ||’ transition. We insert an
acoustic 7m-pulse between the final optical readout pulse
of one experimental sequence and the optical initializa-
tion pulse of the next sequence, so that the SiV is in
|[4) before the initialization pulse. This allows the pho-
ton counts during the initialization pulse to be used as a
measure of the population in [{).

E. SiV spin population measurement

The SiV fluorescence is integrated for the first 100 ns
of optical pumping. The spin population of the SiV is



measured as the ratio of the integrated fluorescence dur-
ing the optical readout pulse to that during the optical
initialization pulse. The spin projection of the SiV is cal-
culated as (0,) = 1 — 2P, in which Py is the population
in the |]) state.

F. Nuclear spin rotations

For the value of 7 = 1.569 us used for nuclear initial-
ization and readout, the rotation angle is calculated to
be ¢ = 0.627, with the conditional rotation axes being
ny = (0.77,0,0.64) and n; = (—0.69,0,0.72).

The X-rotations of the nuclear spin during the Rabi
and Ramsey interferometry sequences are actually con-
ditional rotations of the form R‘fx’x for the inter-pulse
time 7 = 1.578 us. However, since the electron spin is
initialized in [1) at the end of the initialization sequence,
the nuclear spin only rotates about the +X-axis.
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