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The emerging field of quantum acoustics explores interactions between acoustic waves and artificial
atoms and their applications in quantum information processing. In this experimental study, we
demonstrate the coupling between a surface acoustic wave (SAW) and an electron spin in diamond by
taking advantage of the strong strain coupling of the excited states of a nitrogen vacancy center while
avoiding the short lifetime of these states. The SAW-spin coupling takes place through a Λ-type three-level
system where two ground spin states couple to a common excited state through a phonon-assisted as well as
a direct dipole optical transition. Both coherent population trapping and optically driven spin transitions
have been realized. The coherent population trapping demonstrates the coupling between a SAW and an
electron spin coherence through a dark state. The optically driven spin transitions, which resemble the
sideband transitions in a trapped-ion system, can enable the quantum control of both spin and mechanical
degrees of freedom and potentially a trapped-ion-like solid-state system for applications in quantum
computing. These results establish an experimental platform for spin-based quantum acoustics, bridging
the gap between spintronics and quantum acoustics.
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I. INTRODUCTION

Recent experimental success in coupling a surface
acoustic wave (SAW) to a superconducting qubit has
led to the emergence of quantum acoustics, the acoustic
analog of quantum optics [1]. Acoustic waves propagate
at a speed that is 5 orders of magnitude slower than the
speed of light, and they couple to artificial atoms through
mechanical as well as electromagnetic processes, thereby
enabling a new paradigm for on-chip quantum operation
and communication. The extensive technologies devel-
oped for micro-electromechanical systems (MEMS) can
also be adapted for quantum acoustics. Potential appli-
cations in quantum information processing, such as
phononic cavity QED, mechanically mediated spin entan-
glement, spin squeezing, and SAW-based universal quan-
tum transducers interfacing a broad array of qubits, have
been proposed recently [2–6]. Applications for phonon
cooling and lasing have also been considered theoretically
[7,8]. In addition to superconducting qubits [1,9,10],
epitaxially grown as well as gate-defined quantum dots
and, more recently, nitrogen vacancy (NV) centers in
diamond have also been coupled to mechanical vibrations,

including SAWs or mechanical modes of nanomechanical
resonators [11–25].
Among the various artificial atoms explored for quantum

acoustics, negatively chargedNVcenters in diamond feature
exceptional spin properties, including long decoherence
times for electron and nuclear spins and high-fidelity optical
state preparation and readout [26–32]. The exquisite quan-
tum control of electron and nuclear spin dynamics in NV
centers has also led to the realization of quantum state
transfer between electron and proximal nuclear spins [33].
There is, however, a major technical dilemma. Robust spin
qubits necessarily mean extremely weak coupling between
the spin and acoustic vibrations [34,35] since otherwise the
coupling will lead to rapid decay of the spin coherence. The
orbital degrees of freedom associated with the excited states
of NV centers can feature much stronger coupling to
acoustic vibrations via strain induced by the mechanical
vibrations [34–36]. The excited states, however, are not
suitable for use as qubits because an electron in these states
can quickly decay to the ground spin states through optical
spontaneous emission.
This paper reports experimental advances that overcome

this dilemma by coupling a SAW to a NV electron spin
qubit through an optically prepared dark state. A key
ingredient of this process is to use the strain coupling of
an excited state to mediate the interaction between the SAW
and the NV spin states but without populating the excited
state. Our experimental scheme takes advantage of the
optically prepared dark state, which traps the electron in the
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ground spin states through quantum interference or through
adiabatic evolution of the spin states. In this way, the
ground spin states are sensitive to the excited-state strain
coupling through optical interactions but are nearly
immune to the decay of the excited state.
More specifically, the deformation potential, which

characterizes the strength of the excited-state strain cou-
pling, scales with the relevant energy gap and is 5 orders of
magnitude greater than the corresponding parameter for the
ground-state strain coupling, as shown both theoretically
and experimentally [8,37]. Optomechanical quantum con-
trol of a NV center through the excited-state strain coupling
has been demonstrated recently [38]. The strain coupling of
the NV excited states has been characterized in detail in a
diamond cantilever [37]. Excited-state spin-strain coupling
has also been investigated [39].
As illustrated in Fig. 1, the excited-state mediated spin-

phonon coupling can take place in a Λ-type three-level
system, which features a direct dipole optical transition as
well as a phonon-assisted optical transition enabled by the
excited-state strain coupling. In this system, the two spin
states can couple to the SAW via a dark state, for which the
electron is trapped in a special coherent superposition of the
two spin states and is thus decoupled from the excited state.
Furthermore, in the limit where the external optical fields
are sufficiently detuned from the respective dipole optical
transitions, the excited state in the Λ-type three-level
system can be adiabatically eliminated from the dynamics
of the two spin states. In this case, the optically driven

transitions take place between the phonon ladders of the two
spin states (which we refer to as sideband spin transitions),
as illustrated in Fig. 1(b). We have demonstrated the
coherent coupling between a SAW and an electron spin in
diamond via a dark state by observing phonon-assisted
coherent population trapping (CPT). We have also realized
optically driven sideband spin transitions in both spectral-
and time-domain experiments and have shown that these
transitions are nuclear spin selective. The single-phonon
Rabi frequency for these spin transitions can be 3 orders of
magnitude greater than what can be achieved with direct
ground-state spin-phonon coupling.
The realization of the phonon-assisted CPT, and espe-

cially the optically driven sideband spin transitions for a
NV center, establishes an experimental platform for spin-
based quantum acoustics. These transitions are analogous
to the sideband transitions in the well-known trapped-ion
system. As shown for the trapped-ion system, the sideband
spin transitions can enable the quantum control of both the
spin and mechanical degrees of freedom, leading to one of
the most successful platforms for quantum information
processing [40–42]. Combined with diamond nanomechan-
ical resonators, which can be fabricated in a diamond-on-
silicon or bulk diamond approach [43–47], the excited-state
mediated and optically controlled spin-phonon coupling of
NV centers opens a promising avenue to realize a solid-
state analog of trapped-ion systems.
In the following, we first discuss the experimental

setting, including the generation of SAWs and the for-
mation of the relevant Λ-type three-level systems for a NV
center. We then present the experimental demonstration of
phonon-assisted CPT and optically driven sideband spin
transitions.

II. EXPERIMENTAL SETTING

For our experimental studies, a NV center situated a few
μm below the diamond surface is subjected to incident laser
fields and to a SAW that propagates along and extends
approximately one acoustic wavelength below the diamond
surface, as illustrated in Fig. 2(a). A confocal optical
microscopy setup was used for optical excitation and
fluorescence collection of a single NV center [48,49].
The experiments were carried out at 8 K, with the diamond
sample mounted in a cold-finger optical cryostat. An off-
resonant green laser beam (λ ¼ 532 nm) was also used to
initialize the NV into the ms ¼ 0 ground state.

A. Generation of surface acoustic waves

SAWs are widely used in electronic devices, such as
MEMS devices. A well-established technique for the
generation and detection of SAWs is to pattern interdigital
transducers (IDTs) on a piezoelectric substrate. High-
frequency SAW devices have previously been fabricated
on diamond [50]. For the samples used in our experiments,
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FIG. 1. (a) Schematic of a Λ-type three-level system driven by
two optical fields with respective Rabi frequency, Ω1 and Ω2. In
the limit of large dipole detuning, Δ, the system becomes
equivalent to an optically driven transition between the two
lower states. (b) Schematic of a Λ-type three-level system driven
by an acoustic field (brown dashed line) as well as two optical
fields. The jg1i to jei transition is a phonon-assisted transition
with effective Rabi frequency ΩR. In the limit of large Δ, the
system becomes equivalent to an optically driven transition
between the phonon ladders of the two lower states, where n
denotes the phonon number.

D. ANDREW GOLTER et al. PHYS. REV. X 6, 041060 (2016)

041060-2



a 400-nm-thick ZnO layer, which is piezoelectric, was first
sputtered onto the diamond surface. IDTs were then
patterned on the ZnO surface with electron beam litho-
graphy. Figure 2(b) shows an optical image of a pair of
IDTs, which are 80 μm apart, patterned on the ZnO layer.
One IDT, driven by a rf source, serves as a transmitter to
generate a SAW via piezoelectric effects. The other,
connected to a rf spectrum analyzer, converts the SAW
to rf fields and serves as a detector for the characterization
of the IDT. Each IDT contains 40 pairs of fingers. The
width, w, of each finger is 1.5 μm. The center frequency of
the SAW generated is given by vs=ð4wÞ, where vs is the
SAW velocity. For our structure, the center frequency
measured is near 900 MHz, yielding a SAW velocity of
approximately 5600 m=s. The electromechanical coupling
efficiency of the IDT is estimated to be approximately
0.05%. An input rf power of 1 W generates a SAW with an
amplitude on the order of a pm, as discussed in our earlier
work [38].
Since diamond is not piezoelectric and the ZnO layer

deposited on our diamond sample is only 400 nm in
thickness, the SAW reflection from the pair of IDTs is
too weak to lead to sharp mechanical resonances, as
evidenced by the broad spectral response with a linewidth
of about 90 MHz observed for the pair of IDTs. Further
improvement in the design and fabrication of the IDT
structures is still needed in order to use a pair of IDTs to
realize a SAW resonator with a relatively high mechanical
Q factor.

B. Λ-type three-level systems in a NV center

In a Λ-type three-level system, an upper state couples to
two lower states through two respective dipole optical
transitions [see Fig. 1(a)]. As shown in Fig. 3(a), a NV
center features a ground-state spin triplet, with thems ¼ �1
states split from the ms ¼ 0 state by 2.88 GHz, and six
excited states, denoted by A1;2, Ex;y, and E1;2 according to
their respective symmetry properties [34,35]. Dipole optical
transitions in a strain-free NV center occur between the
ms ¼ 0 and theEx;y states and between thems ¼ �1 and the
A1;2 andE1;2 states.With thems¼�1 states as the two lower
states, aΛ-type three-level system can be formed through the
A2 transition (states A1 and E1;2 can also serve as the upper
state, though these states are not as ideal because of various
mechanisms of statemixing). In the presence of a dc strain or
an external dc electric field, transitions between the Ey and
thems ¼ �1 states, as well as those between theE1;2 and the
ms ¼ 0 states, are allowed because of strain-induced or
electric-field–induced state mixing [see Fig. 3(b)] [34,35].
In this case, a Λ-type three-level system can be formed with
theEy state as the upper state and thems ¼ 0 state and either
of thems ¼ �1 states as the two lower states, as highlighted
in Fig. 3(b). CPT and optical spin control have previously
been observed in Λ-type three-level systems with either the
A2 or Ey state as the upper state [48,49,51–53].
For our experimental studies, we have taken advantage

of the built-in dc strain in the diamond sample and have
used a Λ-type three-level system with the Ey state as the
upper state and the ms ¼ 0 state as one of the lower states.
Excited-state mediated spin-phonon coupling can also be
implemented with other Λ-type systems. A technical
advantage of using the ms ¼ 0 state as one of the lower
states is that efficient optical spin detection and initializa-
tion can be conveniently implemented without the use of
microwave fields.
We have carried out detailed photoluminescence exci-

tation experiments to characterize the optical selection rules
and to single out the desired Λ-type three-level system. The
inset of Fig. 3(c) shows the fluorescence collected from a
single NV center as a function of the frequency of a probe
laser near the zero phonon line (λ ∼ 637 nm). At each data
point, the probe laser is periodically (with a period near
10 μs) alternated with a green laser, which reverses
ionization and optical pumping. As a result, the population
is initialized into the ms ¼ 0 ground state. The resulting
excitation spectrum features pronounced Ex and Ey reso-
nances. The splitting between the two resonances is
9.6 GHz, indicating a relatively large built-in dc strain
[36]. Under this condition, significant strain-induced mix-
ing occurs, which leads to transitions between the Ey and
the ms ¼ �1 states as well as transitions between the E1;2

and the ms ¼ 0 states.
To characterize these processes, we applied a second

laser (pump laser), resonant with the ms ¼ 0 to Ex

FIG. 2. (a) Schematic of a NV center driven by two optical
fields and a SAW field generated by an IDT. (b) Optical image of
a pair of IDTs fabricated on the diamond surface.
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transition, and measured the fluorescence as a function of
the probe frequency. The nearly constant fluorescence level
in the excitation spectrum shown in Fig. 3(c) is due to the
pump-driven Ex excitation. This excitation can also pump
the electron to thems ¼ �1 ground states since the Ex state
has a small probability of decaying into thems ¼ �1 states.
The pump-probe excitation spectrum is especially sen-

sitive to the underlying optical pumping process of the
probe. As indicated in Fig. 3(c), the probe excitation from
thems ¼ �1 ground states leads to three pronounced peaks
in the excitation spectrum. These excitations pump the NV
back into the ms ¼ 0 state, increasing the fluorescence
from the pump-driven Ex transition. In comparison, the

probe excitations from thems ¼ 0 state appear as three dips
in the excitation spectrum. These excitations pump the NV
from the ms ¼ 0 to the ms ¼ �1 states, effectively reduc-
ing the fluorescence from the pump-driven Ex transition.
Because of the efficient optical pumping induced by the
probe, transitions from the ms ¼ 0 to the E1;2 states and
from the ms ¼ �1 to the Ey states are more pronounced in
the pump-probe excitation spectrum shown in Fig. 3(c)
than the probe excitation spectrum shown in the inset of
Fig. 3(c). This pump-probe excitation spectrum provides
detailed information on the optical transitions of the NV
center without the usual application of a microwave field.

III. PHONON-ASSISTED COHERENT
POPULATION TRAPPING

As discussed in the Introduction, the excited states of NV
centers couple strongly to long-wavelength lattice strain.
This electron-phonon coupling can lead to a strain-induced
energy shift and to state mixing of the relevant excited states
[34–36]. For the Ey state, the electron-phonon interaction
Hamiltonian, describing the strain-induced energy shift, can
be written as

He-phonon ¼ ℏgðbþ bþÞjEyihEyj; ð1Þ

where b is the annihilation operator for the phonon mode,
g ¼ Dkm

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ℏ=2mωm

p
is the effective electron-phonon cou-

pling rate, D is the deformation potential, km is the wave
number of the phonon mode, ωm is the phonon frequency,
andm is the effective mass of the mechanical resonator. For
the phonon-assisted optical transition from thems ¼ 0 to the
Ey state and with a laser field at the red sideband of the
optical transition [see Fig. 4(a)], the effective interaction
Hamiltonian linear to the mechanical displacement can be
derived as (see the Appendix)

HR ¼ ℏ
Ω0

2

g
ωm

ðbjEyihms ¼ 0j þ bþjms ¼ 0ihEyjÞ; ð2Þ

whereΩ0 is the Rabi frequency for the laser field coupling to
the transition between the ms ¼ 0 and the Ey state (i.e., the
Ey transition). The effective Rabi frequency for the phonon-
assisted optical transition (the red sideband transition) is thus
given by ΩR ¼ g

ffiffiffi
n

p
Ω0=ωm, where n is the average phonon

number. A similar Hamiltonian can also be derivedwhen the
laser is at the blue sideband of the optical transition.
We can use the excited-state electron-phonon coupling to

mediate the interactions between spin and mechanical
degrees of freedom by incorporating a phonon-assisted
optical transition into a Λ-type three-level system, where
two ground spin states serve as the two lower states. It is
well known that Λ-type three-level systems feature a dark
state, a special coherent superposition of the two lower
states, which is decoupled from the upper state [54].

(a) (b)

(c)

FIG. 3. (a) Energy-level structure and dipole optical transitions
of a NV center (strain free). (b) State mixing due to built-in dc
strain, leading to additional dipole transitions, as indicated by the
dashed lines. Shaded levels and arrows highlight the Λ-type
three-level systems used in our experiments. (c) Excitation
spectrum with a pump field fixed at the Ex transition. Peak
labels indicate the corresponding transitions in (b). Red lines are
fits to Lorentzians. Inset: Excitation spectrum obtained with no
pump field.

D. ANDREW GOLTER et al. PHYS. REV. X 6, 041060 (2016)

041060-4



This dark state can also be formed for a Λ-type system that
incorporates a phonon-assisted optical transition (see the
Appendix). Figure 4(a) shows a Λ-type three-level system,
where the upper state Ey couples to statesms ¼ �1 through
a direct dipole optical transition and to state ms ¼ 0
through a red sideband transition. For this system, the
dark state is given by

jψdi ¼
1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

Ω2
R þΩ2

�
p ðΩRjms ¼ �1i −Ω�jms ¼ 0iÞ; ð3Þ

where Ω� is the Rabi frequency for the direct dipole
optical transition between the Ey and the ms ¼ �1 states.
In this case, the formation of the dark state leads to
phonon-assisted CPT, with the electron trapped in the
two lower states. This dark state can mediate and control

the interactions between the spin states and the relevant
phonon mode.
For the phonon-assisted CPT experiment, a SAW with

ωm ¼ 818 MHz was coupled to the NV center. The two
optical driving fields were derived from a frequency-
stabilized tunable dye laser. The detuning between the
two laser fields was set by two acoustic optical modulators
(AOMs). As indicated in Fig. 4(a), one optical field with
frequencyω� drives the direct dipole transition between the
Ey and thems ¼ �1 states. A small magnetic field was also
applied to generate a Zeeman splitting, ωB=2π ¼ 24 MHz,
between the ms ¼ �1 states. The other optical field with
fixed frequency ω0 was tuned to the red sideband of the Ey

transition such that ω0 þ ωm is resonant with the Ey

transition. This phonon-assisted optical transition was
characterized in detail in our earlier work [38].
A NV center, when pumped into the dark state, will

remain trapped in the dark state, resulting in the quenching
of the NV fluorescence. Figure 4(b) shows the fluorescence
from the Ey state as a function of detuning ω0 þ ωm − ω�,
for which the NV was initially prepared in the ms ¼ 0 state
and the powers of the two optical fields were adjusted such
that ΩR and Ω� are about equal. Two pronounced dips are
observed in Fig. 4(b), when the Raman resonant condition is
satisfied, i.e., when ω0 þ ωm − ω� equals the frequency
separation between thems ¼ 0 and thems ¼ �1 states. Two
sets ofΛ-type systems are involved in this case.One contains
thems ¼ þ1 state and the other thems ¼ −1 state. The two
dips correspond to the quenching of the NV fluorescence
when the NVis pumped into the respective dark state. These
dips are a direct manifestation of the phonon-assisted CPT
process, revealing the coherent interaction between the
SAW and the relevant electron spin coherence.
We have used the density matrix equations for the Λ-type

three-level system to model the phonon-assisted CPT
experiment (see the Appendix). Figure 4(b) shows a general
agreement between the experiment and the theory. Note
that the ms ¼ �1 states exhibit a hyperfine splitting of
2.2 MHz due to coupling with the nitrogen nuclear spin
with I ¼ 1. These hyperfine states, which are included in
our model, cannot be clearly resolved in the CPT experi-
ment because of power broadening of the CPT dips and
the limited signal-to-noise ratio. With the assumption that
ΩR ¼ Ω�, the observed depth of the CPT dip yields
ΩR=2π ¼ 8 MHz, in agreement with the Rabi frequency
estimated from individual dipole optical or phonon-assisted
optical transitions [38] and with the Rabi frequency derived
from the sideband spin transition experiment, which will be
discussed in the next section.

IV. OPTICALLY DRIVEN SIDEBAND
SPIN TRANSITIONS

While the phonon-assisted CPT discussed above dem-
onstrates the coherent coupling between a SAW and an
electron spin via a dark state, the residual excitation and

(a)

(b)

FIG. 4. (a) Energy-level diagram used for phonon-assisted
CPT. Solid red arrows are the optical fields. The dashed brown
arrow is the acoustic field. (b) Fluorescence from state Ey as a
function of ω0 þ ωm − ω�. The optical power at frequency ω0

and ω� is 4 μW and 1 μW, respectively. The rf input power for
the IDT is 0.13 W. The two dips correspond to Λ-type systems
formed with either the ms ¼ þ1 or the ms ¼ −1 state. The solid
red curve is the theoretical calculation discussed in the text. The
fluorescence is normalized to the peak of the theoretical ex-
citation spectrum with no CPT.
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subsequent decay of the upper state in the Λ-type system
introduces an optically induced decoherence to the spin-
phonon system. The upper-state excitation, however, can be
avoided or reduced through adiabatic passage [55], which
has been demonstrated for NV centers [48,56]. For a
conventional Λ-type system, the upper state can also be
eliminated adiabatically from the dynamics of the two
lower states, if the two optical driving fields are sufficiently
detuned from the respective dipole optical transitions. In
this adiabatic limit, the three-level system becomes equiv-
alent to an optically driven spin transition between the two
lower states, with an effective Rabi frequency for the spin
transition given by ΩS ¼ Ω1Ω2=ð2jΔjÞ; where Ω1 and Ω2

are the Rabi frequencies for the two dipole transitions and
Δ is the dipole detuning, as illustrated in Fig. 1(a)[48]. In
analogy, for a Λ-type three-level system coupling to an
acoustic as well as two optical fields and with a sufficiently
large detuning for both the optical and the phonon-assisted
optical transitions, the three-level system becomes equiv-
alent to optically driven spin transitions between the
phonon ladders of the two lower states, with an effective
Rabi frequency for the sideband spin transition given by

ΩSS ¼
ΩRΩ�
2jΔj ¼ Ω0Ω�

2jΔjωm
g

ffiffiffi
n

p ¼ gss
ffiffiffi
n

p
; ð4Þ

as illustrated in Fig. 1(b). Here, gss is the single-phonon
Rabi frequency for the sideband spin transition.
We have carried out both spectral- and time-domain

experiments to demonstrate and characterize the sideband
spin transitions. For these experiments, optical driving fields
similar to those used for the phonon-assisted CPT experi-
ment were used, except that we set Δ=2π ¼ 100 MHz. A
relatively small detuning was employed such that effects of
the upper-state excitation can still be investigated. The
optical and rf powers used for Figs. 5 and 6 are the same
as those used for Fig. 4. To detect the spin population in the
ms ¼ �1 states, we used a resonant laser field to excite
the NV from thems ¼ �1 states to the A2 state and measure
the corresponding fluorescence, as illustrated in Fig. 5(a).

A. Spectral-domain experiment

The pulse sequence used for the spectral-domain experi-
ment is shown in Fig. 5(b). After the initialization of the
NV center into the ms ¼ 0 ground state with a 532-nm-
laser pulse, two optical driving fields with a duration of
2 μs were applied to the Λ-type three-level system. The
SAW field was kept on continuously since it is far from the
relevant resonances and contributes only when the corre-
sponding optical driving field is also on. The population in
the ms ¼ �1 states was detected via the A2 transition right
after the optical driving pulses.
Figure 5(c) plots the fluorescence from state A2 as a

function of detuning ω0 þ ωm − ω�, with both ω0 and ωm
fixed. This spectrum directly measures the optically
driven, phonon-assisted transitions from the ms ¼ 0 to

the ms ¼ �1 states. As shown in Fig. 5(c), the sideband
spin transitions take place when the Raman resonant
condition is satisfied. The spectral linewidth (full width
at half maximum) of the transition resonances is 0.7 MHz,
in agreement with the expected spin dephasing rate. The
clearly resolved hyperfine structure of the ms ¼ �1 states,
with a 2.2-MHz hyperfine splitting, demonstrates that the
sideband spin transitions are nuclear-spin selective, thus
allowing the use of nuclear spins in quantum acoustics.

B. Time-domain experiment

To determine the effective Rabi frequency for the side-
band spin transitions and to probe effects of the upper-state

(a)

(b)

(c)

FIG. 5. (a) Energy-level diagram including spin detection used
for the sideband spin transition experiments. (b) Pulse sequence
used for the spectral-domain experiment. (c) Fluorescence from
state A2 as a function of ω0 þ ωm − ω�. The solid red line is a fit
to six Lorentzians with equal linewidths. A background due to
optical pumping has been subtracted from the data.
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excitation, we have carried out transient experiments, in
which we measure the spin population in the ms ¼ �1
states as a function of the duration of the optical driving
fields. As shown in Fig. 6(a), the pulse sequence used is the
same as that for the spectral-domain experiments except
that the duration of the optical driving fields is now a
variable parameter.
The solid circles plotted in Fig. 6(b) show the fluores-

cence from state A2 as a function of the optical pulse
duration, where we fixed ω0, ω�, and ωm such that the
Raman resonant condition for the sideband spin transition
was satisfied for the state with ms ¼ þ1 and mn ¼ þ1,
where mn denotes nitrogen nuclear-spin projection. The
initial rise of the fluorescence is primarily due to the
sideband spin transition from the ms ¼ 0 state to the ms ¼
þ1 state, with the rise time determined by Ωss. Optical
pumping resulting from the excitation and subsequent
decay of the upper state can also lead to population in
thems ¼ þ1 state. To single out this process, we performed
an experiment with the same experimental condition as that
used for the solid circles in Fig. 6(b), except that ðω0 þ
ωm − ω�Þ=2π is 6.5 MHz away from the Raman resonant
condition. The experimental result is plotted as the solid
squares in Fig. 6(b).

The solid lines in Fig. 6(b) show the theoretical calcu-
lations based on the density matrix equations, where we
have taken ΩR ¼ Ω� and Γ1, the decay rate from the Ey
state to the ms ¼ �1 states, as adjustable parameters. The
calculations yield Γ1=2π¼ 1.8MHz andΩR=2π ¼ 8 MHz,
which agrees with the Rabi frequency derived from the
phonon-assisted CPT experiment using the same optical
powers. From these results, we obtain an effective Rabi
frequency for the sideband spin transition, Ωss=2π ¼
0.3MHz. The good agreement between the experiment
and theory shows that both the sideband spin transitions
and the optical pumping are well characterized by the
density matrix equations.
In the limit of large dipole detuning, the upper-state

population in the Λ-type system scales with 1=Δ2. Both the
optical pumping rate and the optically induced decoherence
rate, γopt, thus also scale with 1=Δ2. In comparison, Ωss

scaleswith1=Δ. In this regard, strong excited-statemediated
spin-phonon coupling can be achieved with negligible
optical pumping or optically induced decoherence. For
example, by setting Ω�=jΔj and Ω0=jΔj to 1=60, we can
keep γopt=2π to about 1 kHz. With jΔj ¼ 25ωm Eq. (4) then
yields a single-phonon Rabi frequency gss that is 3 orders of
magnitude greater than what can be achieved with direct
ground-state spin-phonon coupling. More optimal excited-
state-mediated spin-phonon coupling with greater gss and
smaller γopt can be achieved by exploiting techniques such as
a shortcut to adiabatic passage [57].

V. SUMMARY AND OUTLOOK

In summary, by coupling a SAW to an electron spin in
diamond through a Λ-type three-level system, we have
realized both phonon-assisted CPT and optically driven
sideband spin transitions. These experiments demonstrate
that we can take advantage of the strong excited-state
electron-phonon interaction to mediate and control the
coupling between spin and mechanical degrees of freedom
while avoiding decoherence associated with the excited
state. Note that Λ-type three-level systems with strong
excited-state strain coupling provide an excellent exper-
imental platform for exploring spin-based quantum acous-
tics. Our approach can also be extended to other emerging
spin systems with spin defect centers such as SiC [58], as
well as to quantum-dot and superconducting systems. A
diamond nanomechanical resonator featuring optically
driven sideband spin transitions resembles a trapped-ion
system. For a resonator with a modest mechanical Q factor,
phonon lasing from a single spin, as well as cooling of the
mechanical resonator via coupling to an electron spin, can
be explored. A nanomechanical resonator with a suffi-
ciently high mechanical Q factor can enable us to achieve
strong spin-phonon coupling at the level of a single phonon
and to pursue the highly successful paradigm of trapped-
ion-based quantum computing in a solid-state system.

(a)

(b)

FIG. 6. (a) Pulse sequence used for the transient sideband spin
transition experiment. (b) Fluorescence from state A2 as a
function of the optical pulse duration. Solid circles: ω0 þ ωm −
ω� satisfies the Raman resonant condition for the sideband spin
transition. Solid squares: ω0 þ ωm − ω� is 6.5 MHz detuned
from the Raman resonant condition (the data are smoothed). The
solid lines are the theoretical calculations discussed in the text.
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APPENDIX A: THEORETICAL MODEL

We consider a Λ-type three-level system, driven by two
optical fields and an acoustic field, as shown in Fig. 1(b).
The two dipole optical transitions, with frequency ν1 and
ν2, couple to the two optical fields, with frequency ω1 and
ω2 and Rabi frequency Ω1 and Ω2, respectively. With the
rotating wave approximation, the Hamiltonian of the
system is given by

H¼ℏωmbþb−ℏν1jg1ihg1j−ℏν2jg2ihg2jþℏgðbþþbÞjei

× hejþℏ
Ω1

2
ðe−iω1tjeihg1jþH:c:Þ

þℏ
Ω2

2
ðe−iω2tjeihg2jþH:c:Þ ðA1Þ

where bþ and b are the creation and annihilation operators
for the acoustic field with frequency ωm and g is the
electron-phonon coupling rate. Applying the Schrieffer-
Wolff transformation

U ¼ exp

�
g
ωm

ðbþ − bÞjeihej
�

ðA2Þ

to the Hamiltonian gives

~H ¼ ℏωmbþb − ℏν1jg1ihg1j − ℏν2jg2ihg2j þ ℏ
g2

ωm
jei

× hej þ ℏ
Ω1

2
ðe−iω1tþ g

ωm
ðbþ−bÞjeihg1j þ H:c:Þ

þ ℏ
Ω2

2
ðe−iω2tþ g

ωm
ðbþ−bÞjeihg2j þ H:c:Þ ðA3Þ

which has the same form as the trapped-ion Hamiltonian
[40,59]. Transforming to an interaction picture, we then have

~HI ¼ ℏ
Ω1

2
ðeiΔ1te−

g
ωm

ðbþeiωmt−be−iωmtÞjeihg1j þ H:c:Þ

þ ℏ
Ω2

2
ðeiΔ2te−

g
ωm

ðbþeiωmt−be−iωmtÞjeihg2j þ H:c:Þ
ðA4Þ

where Δ1¼ðν1−g2=ωmÞ−ω1 and Δ2¼ðν2−g2=ωmÞ−ω2

are the effective detunings of the two optical fields from their
respective dipole transitions.
We assume that the Ω1 field is tuned near the red phonon

sideband of the jg1i to jei transition (Δ1 ≈ ωm) and the Ω2

field is tuned near the jg2i to jei transition (Δ2 ≈ 0).
Expanding ~HI in g=ωm, which can be viewed as an
effective Lamb-Dicke parameter for our solid-state system
[40], and keeping only the nearly resonant terms, we can
approximate the interaction Hamiltonian as

HI ¼ ℏ
Ω1

2

g
ωm

ðbeiðΔ1−ωmÞtjeihg1j þ H:c:Þ þ ℏ
Ω2

2
ðeiΔ2tjei

× hg2j þ H:c:Þ ðA5Þ

which is similar to a Hamiltonian for a Λ-type three-level
system driven by two optical fields, with effective detuning,
ΔR ¼ Δ1 − ωm and Δ2, and effective Rabi frequency,
ΩR ¼ g

ffiffiffi
n

p
Ω1=ωm and Ω2, respectively, where n denotes

the average phonon number. Note that the Raman resonant
condition is ΔR ¼ Δ2. The above Hamiltonian is also valid
for relatively large ΔR and Δ2, as long as ΔR ≈ Δ2.
With ΔR ¼ Δ2, the Hamiltonian given by Eq. (A5)

features a dark state,

jψdi ¼
1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

Ω2
R þ Ω2

2

p ðΩRjg2i −Ω2jg1iÞ; ðA6Þ

with HIjψdi ¼ 0. This dark state is decoupled from state
jei, leading to phonon-assisted CPT of the electron in the
two lower states.
The equations of motion for the density matrix elements,

ρij, in the rotating frame, which we have used to model the
experiments, can also be derived from HI and are given as

_ρe1 ¼−ðiΔRþ γÞρe1þ
iΩR

2
ðρee−ρ11Þ− iΩ2

2
ρ21 ðA7aÞ

_ρe2 ¼ −ðiΔ2 þ γÞρe2 þ
iΩ2

2
ðρee − ρ22Þ − iΩR

2
ρ12 ðA7bÞ

_ρ21 ¼ −½iðΔR − Δ2Þ þ γs�ρ21 þ
iΩR

2
ρ2e − iΩ2

2
ρe1 ðA7cÞ

_ρee ¼ −Γρee þ
�
iΩR

2
ρe1 þ c:c:

�
þ
�
iΩ2

2
ρe2 þ c:c:

�

ðA7dÞ

_ρ11 ¼ Γ1ρee −
�
iΩR

2
ρe1 þ c:c:

�
ðA7eÞ

_ρ22 ¼ Γ2ρee −
�
iΩ2

2
ρe2 þ c:c:

�
ðA7fÞ

where γs and γ are the decay rates for the spin coherence and
optical dipole coherence, respectively, andΓ ¼ Γ1 þ Γ2 is the
total decay rate for the upper-state population, with Γ1 and Γ2

being the decay rate to jg1i and jg2i, respectively. For the
theoretical calculation, we have used γs=2π¼ 0.35MHz,
which is primarily due to spin dephasing induced by the
nuclear-spin bath, and Γ=2π ¼ 14 MHz, as determined
experimentally. We have assumed γ ¼ Γ=2þ γorb, where
γorb is the dephasing rate due to coupling to the orbital degrees
of freedom, and we have taken γorb=2π ¼ 12 MHz [56].
We have also used Γ1=2π ¼ 1.8 MHz, as derived from the
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optical pumping experiment in Fig. 6(b). NV spectral
diffusion is treated as a Gaussian distribution of the optical
transition frequency with a linewidth of 140MHz, as derived
from the excitation spectrum of the Ey resonance.

APPENDIX B: EFFECTS OF STRAIN-INDUCED
ELECTRIC FIELDS

For our experiments, the strain field of a SAW can induce
a propagating electric field in the piezoelectric ZnO layer.
This strain-induced electric field can couple to NV centers,
though theoretically this coupling is expected to be small
compared with the deformation potential coupling. This is
because the strain-induced electric field is relatively small
[60] and it is mostly confined in the ZnO layer; in addition,
the NV center is about a few microns (3 μm in our
experiment) below the diamond surface. For an experi-
mental confirmation, we rapidly heated up the sample from
8 K to room temperature. When we cooled the sample back
down again to 8 K, the phonon sidebands in the excitation
spectrum vanished, but the IDT still functioned, though
with a slightly reduced amplitude. In this case, the rapid
temperature change broke or significantly weakened the
bonds between the ZnO and diamond. Although the electric
field induced by the strain field still propagates in the ZnO
layer, the SAW no longer propagates in diamond. We can
only recover the phonon sideband by removing and then
redepositing the ZnO layer. This experiment shows that the
coupling between the strain-induced electric field and the
NV center used in our experiment is negligible compared
with the deformation potential coupling.
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