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We demonstrate direct coupling between phonons and diamond nitrogen-vacancy (NV) center spins by

driving spin transitions with mechanically generated harmonic strain at room temperature. The amplitude

of the mechanically driven spin signal varies with the spatial periodicity of the stress standing wave within

the diamond substrate, verifying that we drive NV center spins mechanically. These spin-phonon

interactions could offer a route to quantum spin control of magnetically forbidden transitions, which

would enhance NV-based quantum metrology, grant access to direct transitions between all of the spin-1

quantum states of the NV center, and provide a platform to study spin-phonon interactions at the level of a

few interacting spins.
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As spin-based quantum technology evolves, the ability
to manipulate spin with nonmagnetic fields could enable an
interface for hybrid quantum systems and facilitate inte-
gration with conventional technology. Particularly useful
examples are electric fields, optical fields, and mechanical
lattice vibrations. The last of these represents direct spin-
phonon coupling, which has garnered fundamental interest
as a potential mediator of spin-spin interactions [1,2].

Nitrogen-vacancy (NV) center spins in diamond are a
promising solid-state platform for quantum information
science [3,4] and precision metrology. They are sensitive
magnetometers [5,6], electrometers [7], and thermometers
[8,9] with nanoscale spatial resolution due to their atomic
size [10,11]. Significant progress in integrating NV centers
with microelectromechanical systems (MEMS) has paved
the way for studies of spins coupled to mechanical
resonators [12–17]. In previous work, NV centers have
been coupled to phonons indirectly, either by using a
magnetic field gradient or by tuning the frequency of a
magnetic spin transition. Here, we use a MEMS transducer
to directly drive electronic spin transitions in NV centers
using gigahertz-frequency mechanical (stress) waves. This
work demonstrates direct spin-phonon interactions at room
temperature as a means to drive magnetically forbidden
spin transitions.

Driving spin transitions is the key to using NV center
spins for quantum information science or sensing.
Conventionally, quantum spin control in this system is
accomplished with gigahertz-frequency magnetic fields
[18–20] or with optical fields at cryogenic temperatures
[21]. Resonant lattice vibrations couple to nuclear quadru-
pole moments [22] and represent another avenue to ma-
nipulate NV center electronic spins. NV centers couple to a
magnetic field (Bk and B?) and a stress (!k and !?)
through their ground-state spin Hamiltonian [7,23]

HNV ! "D0 # "k!k$S2z # #NVBkSz # #NVB?Sx

% "?!x"S2x % S2y$ # "?!y"SxSy # SySx$; (1)

where D0 ! 2:87 GHz is the zero-field splitting, #NV !
2:8 MHz=G is the gyromagnetic ratio, "? !
0:03 MHz=MPa [1,24] and "k are the perpendicular and
axial stress coupling constants, and Sx, Sy, Sz are the x, y,
and z components of the spin-1 operator, respectively.
The z axis is defined along the NV symmetry axis as
depicted in Fig. 1(a).
In the Sz basis, HNV has eigenstates fj"ms!$0i;j#1i;

j%1ig. D0 breaks the degeneracy between the j0i and
j& 1i spin states at zero magnetic field. Careful alignment
of a static external magnetic field Bk along the NV
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FIG. 1 (color online). (a) Schematic of an NV center. The z
axis corresponds to the symmetry axis of the NV center.
(b) Levels of an NV center ground-state spin. Magnetic driving
enables !ms ! &1 transitions, whereas mechanical driving can
produce !ms ! &2 transitions. (c) Reflected microwave power
(S11) as a function of frequency from the MEMS device mea-
sured using a network analyzer. Standing wave resonances have
Qs as high as 437. (d) Device schematic. A loop antenna
produces gigahertz-frequency magnetic fields for magnetic con-
trol while an HBAR produces gigahertz-frequency stress stand-
ing waves within the diamond.
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Point defect in diamond lattice.
Consists of neighboring Nitrogen atom and vacancy

Two types exist: neutral N-V0 and charged N-V-1 (spin 1)

Long history, first studied in the 70s
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Magnetometry: P. Maletinsky et al., Nat. Nano 7, 320 (2007)

Electrometer: F. Dolde et al., Nat. Phys. 7, 459 (2011)
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Long coherence times at room temperatureBalasybramanian et al., Nat . Mat. 8, 383 (2007)

Well-controlled (creation, control spin state, read-out)
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What’s done in the experiment?
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As spin-based quantum technology evolves, the ability
to manipulate spin with nonmagnetic fields could enable an
interface for hybrid quantum systems and facilitate inte-
gration with conventional technology. Particularly useful
examples are electric fields, optical fields, and mechanical
lattice vibrations. The last of these represents direct spin-
phonon coupling, which has garnered fundamental interest
as a potential mediator of spin-spin interactions [1,2].

Nitrogen-vacancy (NV) center spins in diamond are a
promising solid-state platform for quantum information
science [3,4] and precision metrology. They are sensitive
magnetometers [5,6], electrometers [7], and thermometers
[8,9] with nanoscale spatial resolution due to their atomic
size [10,11]. Significant progress in integrating NV centers
with microelectromechanical systems (MEMS) has paved
the way for studies of spins coupled to mechanical
resonators [12–17]. In previous work, NV centers have
been coupled to phonons indirectly, either by using a
magnetic field gradient or by tuning the frequency of a
magnetic spin transition. Here, we use a MEMS transducer
to directly drive electronic spin transitions in NV centers
using gigahertz-frequency mechanical (stress) waves. This
work demonstrates direct spin-phonon interactions at room
temperature as a means to drive magnetically forbidden
spin transitions.

Driving spin transitions is the key to using NV center
spins for quantum information science or sensing.
Conventionally, quantum spin control in this system is
accomplished with gigahertz-frequency magnetic fields
[18–20] or with optical fields at cryogenic temperatures
[21]. Resonant lattice vibrations couple to nuclear quadru-
pole moments [22] and represent another avenue to ma-
nipulate NV center electronic spins. NV centers couple to a
magnetic field (Bk and B?) and a stress (!k and !?)
through their ground-state spin Hamiltonian [7,23]
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where D0 ! 2:87 GHz is the zero-field splitting, #NV !
2:8 MHz=G is the gyromagnetic ratio, "? !
0:03 MHz=MPa [1,24] and "k are the perpendicular and
axial stress coupling constants, and Sx, Sy, Sz are the x, y,
and z components of the spin-1 operator, respectively.
The z axis is defined along the NV symmetry axis as
depicted in Fig. 1(a).
In the Sz basis, HNV has eigenstates fj"ms!$0i;j#1i;

j%1ig. D0 breaks the degeneracy between the j0i and
j& 1i spin states at zero magnetic field. Careful alignment
of a static external magnetic field Bk along the NV
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FIG. 1 (color online). (a) Schematic of an NV center. The z
axis corresponds to the symmetry axis of the NV center.
(b) Levels of an NV center ground-state spin. Magnetic driving
enables !ms ! &1 transitions, whereas mechanical driving can
produce !ms ! &2 transitions. (c) Reflected microwave power
(S11) as a function of frequency from the MEMS device mea-
sured using a network analyzer. Standing wave resonances have
Qs as high as 437. (d) Device schematic. A loop antenna
produces gigahertz-frequency magnetic fields for magnetic con-
trol while an HBAR produces gigahertz-frequency stress stand-
ing waves within the diamond.
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magnetic, and strain fields can be used to precisely control
this important spin in diamond, for example, multimodal
decoherence microscopy that maps both magnetic and electric
noise using the same probe.19–22

II. ELECTRONIC FINE STRUCTURE AND
INTERACTIONS WITH ELECTRIC, MAGNETIC,

AND STRAIN FIELDS

By adopting the adiabatic approximation and considering
the nuclei of the crystal to be fixed at their equilibrium
coordinates "R0 corresponding to the ground electronic state,
the electronic Hamiltonian Ĥe of the NV! center can be
defined as

Ĥe =
!

i

T̂i + V̂Ne("ri, "R0) + V̂so(xi , "R0) + V̂hf (xi ,X0)

+
!

i>j

V̂ee(xi ,xj ) + V̂ss(xi ,xj ), (1)

where xi = ("ri,"si) denotes the collective spatial and spin coor-
dinates of the ith electron of the center, X0 = ( "R0, "I ) denotes
the collective equilibrium spatial and spin coordinates of the
crystal nuclei, T̂i is the kinetic energy of the ith electron, V̂Ne is
the effective Coulomb potential of the interaction of the nuclei
and lattice electrons with the electrons of the center, V̂so is the
electronic spin-orbit potential, V̂hf is the hyperfine potential of
the interactions between the crystal nuclei and the electrons of
the center, V̂ee is the Coulomb repulsion potential of the elec-
trons of the center, and V̂ss is the electronic spin-spin potential.

Ab initio studies41–49 have confirmed the presence of
three MOs (a1, ex , ey) in the band gap of diamond and
the center’s observable electronic structure has been shown
to consist of the ground a2

1e
2 and first excited a1e

3 MO
configurations formed from the occupation of the MOs by
four electrons.25 Note that the other two electrons of the six
electrons associated with the center occupy delocalized A1
symmetric MOs within the diamond valence band and do not
influence the observable properties of the center. The electronic
states can be constructed by first defining orbital states with
well-defined C3v orbital symmetry formed from products of
the MOs and defining spin states with well-defined C3v spin
symmetry.25 Second, electronic states !so

n,j,k that transform
as specific rows k of irreducible representations j of the C3v

group in spin-orbit space are formed from linear combinations
of the orbital and spin-state products.25 Note that the quantum
number n denotes the fine-structure level of the electronic state.
For example, using the irreducible representations contained
in Ref. 52, the electronic states of the ground triplet are

!so
1,A1

= !A2SA2 = 1#
2

(|a1ā1exēy$ + |a1ā1ēxey$),

!so
2,E,x = !!A2SE,y = 1#

2
(|a1ā1exey$ ! |a1ā1ēx ēy$), (2)

!so
2,E,y = !A2SE,x = !i#

2
(|a1ā1exey$ + |a1ā1ēx ēy$),

where !A2 = 1#
2
(a1a1exey ! a1a1eyex) is the A2 orbital state

of the ground triplet, the kets on the right-hand side denote
Slater determinants (overbar denoting down spin), and the

symmetrized S = 1 spin states in terms of the Sz eigenstates
{|S,ms$} are SA2 = |1,0$, SE,x = !i#

2
(|1,1$ + |1, ! 1$), and

SE,y = !1#
2
(|1,1$ ! |1, ! 1$).

The majority of the spin-orbit states !so
n,j,k are eigenstates

of the orbital components of the electronic Hamiltonian Ĥo ="
i T̂i + V̂Ne("ri, "R0) +

"
i>j V̂ee(xi ,xj ) with orbital energies

denoted by EJ ;S (where, to remain consistent with Ref. 25, J
denotes the irreducible representation of the orbital state and S
denotes the total spin of the spin states used to form !so

n,j,k , and
the orbital energy of the ground triplet is defined as EA2;1 =
0). Only the spin-orbit states (!so

3,E,x,!
so
3,E,y,!

so
9,E,x,!

so
9,E,y)

associated with the 1E and 1E% singlets are not eigenstates of
Ĥo and are mixed by the Coulomb coupling coefficient " (refer
to Ref. 25 for further details). The energies EJ ;S including the
effects of the Coulomb repulsion of the E singlets form the
orbital structure of the center depicted in Fig. 2.

The electronic spin-orbit and spin-spin potentials can be
treated as first-order perturbations to Ĥo using the orbital
energies EJ ;S and the spin-orbit states !so

n,j,k (accounting for
Coulomb coupling) as the zero-order energies and states of the
perturbation expansion. The perturbed energies correct to first
order En have been shown to be consistent with the observed
fine structure of the center depicted in Fig. 2.27 It is found that
the fine structure of the ground triplet state is governed by elec-
tronic spin-spin interaction, which splits the ms = 0 and ±1
spin sublevels such that E2 ! E1 = Dgs & 2.87 GHz, where

Dgs = 3µ0g
2
eµ

2
B

8#
'ex("r1)ey("r2)|1 ! 3z2

12/|"r12|2

|"r12|3
( [|ex("r1)ey("r2)$ ! |ey("r1)ex("r2)$], (3)

µ0 is the vacuum permeability, ge = 2.0023 is the free electron
g factor, µB is the Bohr magneton, "ri = xi "x + yi "y + zi"z
("x,"y,"z being unit coordinate vectors), "r12 = "r2 ! "r1, and
z12 = z2 ! z1. As obtained in Ref. 25, the first-order-corrected
spin-orbit states !so%

n,j,k have the general form

!so%
n,j,k = Nn

#

!so
n,j,k +

!

m)=n

sn,m!so
m,j,k

$

, (4)

where Nn are normalization constants and sn,m are the
first-order spin coupling coefficients. Using the results of
Ref. 25, the first-order spin-orbit states of the ground triplet are

!so%
1,A1

= !so
1,A1

+ s1,4!
so
4,A1

+ s1,8!
so
8,A1

,
(5)

!so%
2,E,k = !so

2,E,k + s2,3!
so
3,E,k + s2,5!

so
5,E,k

+ s2,6!
so
6,E,k + s2,9!

so
9,E,k,

where k = x,y and the spin coupling coefficients of the
ground triplet are contained in Table I and are functions of
the orbital energies EJ ;S , the axial $* = 5.3 GHz (Ref. 27)
and nonaxial $+ & GHz spin-orbit parameters, the spin-spin
parameters D1,E,1 & MHz and D1,E,2 & MHz, the Coulomb
coupling coefficient " , and the spin-spin coupling coefficient
of the excited triplet % = 0.053.25

Note that recent strain measurements of the infrared zero
phonon line54 (ZPL) have indicated that the Coulomb coupling
coefficient is significant (" & 0.3) and therefore must be
retained to second order in the spin coupling coefficients.
Furthermore, it should be noted that since the spin-orbit
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B. Interactions with electric fields

Defining !E to be the applied electric field that is assumed
to be approximately constant over the dimensions of the NV"

center, the interaction of the center’s electrons with the electric
field is described by the potential59

V̂el =
!

i

!di · !E, (14)

where !d = e!r is the electron electric dipole moment. The
tensor components of !d are simply !d = dE,x !x + dE,y !y + dA1!z,
and the ground triplet matrix representation of V̂el correct to
first order in the spin coupling coefficients is

Vel =

"

#$
da,A1Ez d #

$Ex d #
$Ey

d #
$Ex da,A1Ez + d$Ex "d$Ey

d #
$Ey "d$Ey da,A1Ez " d$Ex

%

&' ,

(15)

where da,A1 = 2(%a1||dA1 ||a1&+%e||dA1 ||e&), d$ = "2s2,5da,E ,
d #

$ = (s2,6 + s1,8'
2
)da,E , and da,E = 1'

2
%a1||dE||e&.

The leading-order terms of the two nonaxial dipole param-
eters are

d$ ( 2
!"$

EE;1
da,E, d #

$ ( "2
D1,E,2

EE;1
da,E, (16)

which, due to the potentially similar orders of magnitude
of the numerators in each, suggests that the parameters
are potentially of the same magnitude. However, since d #

$
couples electronic states separated in energy by Dgs , it can
be ignored for static electric fields that satisfy d #

$E$ ) Dgs ,

where E$ =
(

E2
x + E2

y is the nonaxial electric field strength.

This conclusion is in agreement with observation,12,33 where
small linear Stark splittings of the ms = ±1 fine-structure
levels have been shown to agree with d #

$ ( 0 and d$/h =
17 ± 3 Hz cm/V.33

Since correct to first order in the spin coupling coefficients,
the term da,A1Ez is common to each of the diagonal matrix
elements, it appears that an axial electric field does not
induce a relative shift of the fine-structure levels of the
ground triplet. However, this conclusion is in conflict with
observation,33 where a very small linear shift of the zero-field
splitting between the ms = 0 and ±1 fine-structure levels
was observed and could be described only by a difference of
d*/h = 0.35 ± 0.02 Hz cm/V in the axial dipole parameters of
the ms = 0 and ±1 spin-orbit states. Such a difference occurs
at second order in the spin coupling coefficients, where the
matrix representation of the interaction of the ground triplet
with an axial electric field becomes

dA1Ez =

"

#$
da,A1Ez 0 0

0 (da,A1 + d*)Ez 0

0 0 (da,A1 + d*)Ez

%

&' ,

(17)

where d* = (s2
2,5 + s2

2,6 + s2
2,9)db,A1 and db,A1 = %e||dA1 ||e& "

%a1||dA1 ||a1&. Therefore, the effective matrix representation of
the interaction of the ground triplet with a static electric field

satisfying d #
$E$ ) Dgs is

Vel =

"

#$
0 0 0

0 d*Ez + d$Ex "d$Ey

0 "d$Ey d*Ez " d$Ex

%

&' . (18)

This effective representation can be expressed in the spin-
Hamiltonian form V̂el = 1

h̄2 d*EzS
2
z " 1

h̄2 d$Ex(S2
x " S2

y ) +
1
h̄2 d$Ey(SxSy + SySx) used to describe the linear Stark effect
present in C3v symmetric systems in ESR.60

The dipole reduced matrix element da,E contained in d$
is also responsible for the center’s optical transition,25 and an
estimate of its magnitude can be obtained from the center’s
observed radiative lifetime TR ( 13 ns,61 using62

da,E/h =
)

6#$0h̄
4c3

*
E3

O

+
nDTR

, 1
2
-

h, (19)

where %E3
O& =

. +
0 F (EO)E3

OdEO is the expectation value of
the cube of the optical emission energy given the normalized
vibrational sideband distribution F (EO),63 and nD = 2.418
is the refractive index of diamond. As the vibrational side-
band of the center’s optical emission extends from approx-
imately 1.4 eV to the ZPL at 1.945 eV, the estimate of
the dipole reduced matrix element is bounded by 3.65 !
da,E/h ! 5.98 MHz cm/V [compare with, for example,
the 5.41 MHz cm/V dipole moment of the 5s(2S1/2) ,-
5p(2P3/2) transition of 87Rb].64

The observed value of d$/h = 17 ± 3 Hz cm/V, 33 the
estimated range of da,E , the approximate expression for
d$ ( 2 !"$

EE;1
da,E , and ! = 0.053 (Ref. 25) imply that "$

EE;1
.

10"4 as expected, thereby supporting the assertion made
in the previous section that the orbital magnetic moment
does not contribute significantly to ḡ. The dipole reduced
matrix element db,A1 contained in d* also contributes to the
shift of the center’s optical ZPL in the presence of an axial
electric field.25 However, since the optical transition involves
a change in MO configuration and, thus a change in the
nuclear equilibrium coordinates,25 both the axial electric and
nuclear dipole moments contribute to the shift of the center’s
optical ZPL. Consequently, without knowledge of the nuclear
dipole moment, it is not possible to estimate db,A1 given just
measurements of the shift.

C. Interactions with strain fields

The interaction of the center’s electrons with a crystal strain
field can be approximately described by performing a Taylor
series expansion of the electronic Hamiltonian Ĥe in terms
of the displacements of the nuclear coordinates !R from their
ground-state equilibrium coordinates !R0 induced by the strain
field and retaining only the linear terms of the expansion.
Defining Qu,p,q to be the uth normal nuclear displacement
coordinate of the crystal that transforms as the row q of
the irreducible representation p of the C3v group, the strain
potential is62

V̂str =
!

i

!

u,p,q

%V̂Ne(!ri, !R)
%Qu,p,q

//// !R0

&u,p,q , (20)
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As spin-based quantum technology evolves, the ability
to manipulate spin with nonmagnetic fields could enable an
interface for hybrid quantum systems and facilitate inte-
gration with conventional technology. Particularly useful
examples are electric fields, optical fields, and mechanical
lattice vibrations. The last of these represents direct spin-
phonon coupling, which has garnered fundamental interest
as a potential mediator of spin-spin interactions [1,2].

Nitrogen-vacancy (NV) center spins in diamond are a
promising solid-state platform for quantum information
science [3,4] and precision metrology. They are sensitive
magnetometers [5,6], electrometers [7], and thermometers
[8,9] with nanoscale spatial resolution due to their atomic
size [10,11]. Significant progress in integrating NV centers
with microelectromechanical systems (MEMS) has paved
the way for studies of spins coupled to mechanical
resonators [12–17]. In previous work, NV centers have
been coupled to phonons indirectly, either by using a
magnetic field gradient or by tuning the frequency of a
magnetic spin transition. Here, we use a MEMS transducer
to directly drive electronic spin transitions in NV centers
using gigahertz-frequency mechanical (stress) waves. This
work demonstrates direct spin-phonon interactions at room
temperature as a means to drive magnetically forbidden
spin transitions.

Driving spin transitions is the key to using NV center
spins for quantum information science or sensing.
Conventionally, quantum spin control in this system is
accomplished with gigahertz-frequency magnetic fields
[18–20] or with optical fields at cryogenic temperatures
[21]. Resonant lattice vibrations couple to nuclear quadru-
pole moments [22] and represent another avenue to ma-
nipulate NV center electronic spins. NV centers couple to a
magnetic field (Bk and B?) and a stress (!k and !?)
through their ground-state spin Hamiltonian [7,23]

HNV ! "D0 # "k!k$S2z # #NVBkSz # #NVB?Sx

% "?!x"S2x % S2y$ # "?!y"SxSy # SySx$; (1)

where D0 ! 2:87 GHz is the zero-field splitting, #NV !
2:8 MHz=G is the gyromagnetic ratio, "? !
0:03 MHz=MPa [1,24] and "k are the perpendicular and
axial stress coupling constants, and Sx, Sy, Sz are the x, y,
and z components of the spin-1 operator, respectively.
The z axis is defined along the NV symmetry axis as
depicted in Fig. 1(a).
In the Sz basis, HNV has eigenstates fj"ms!$0i;j#1i;

j%1ig. D0 breaks the degeneracy between the j0i and
j& 1i spin states at zero magnetic field. Careful alignment
of a static external magnetic field Bk along the NV
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FIG. 1 (color online). (a) Schematic of an NV center. The z
axis corresponds to the symmetry axis of the NV center.
(b) Levels of an NV center ground-state spin. Magnetic driving
enables !ms ! &1 transitions, whereas mechanical driving can
produce !ms ! &2 transitions. (c) Reflected microwave power
(S11) as a function of frequency from the MEMS device mea-
sured using a network analyzer. Standing wave resonances have
Qs as high as 437. (d) Device schematic. A loop antenna
produces gigahertz-frequency magnetic fields for magnetic con-
trol while an HBAR produces gigahertz-frequency stress stand-
ing waves within the diamond.
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FIG. 1. (Color online) Schematic of the nitrogen-vacancy center
and the adopted coordinate system, depicting the vacancy (trans-
parent), the nearest-neighbor carbon atoms to the vacancy (black),
the substitutional nitrogen atom (brown), the effective magnetic
and electric-strain field components (colored arrows), and their
corresponding field angles.

QIP applications and involve optical polarization and readout
pulses encompassing a sequence of microwave pulses tuned
to the fine-structure splittings of the ground triplet state.
The microwave pulses coherently manipulate the ground-state
spin and result in an optically detectable oscillation in the
relative population of the ms = 0 and ±1 sublevels. In order
to optimally control the spin and elicit the maximum amount of
information and sensitivity from its implementation in ODMR
experiments, a detailed model of the time evolution, relaxation,
and dephasing of the spin is required.
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FIG. 2. The electronic orbital structure (left) and fine structure
(right) at ambient temperatures formed from the ground a2

1e
2 and first

excited a1e
3 molecular orbital configurations. The observed optical

zero phonon line (1.945 eV) (Ref. 34) and infrared zero phonon
line (1.190 eV) (Ref. 35) transitions are depicted as solid arrows in
the orbital structure. The radiative (chain arrows) and nonradiative
(dashed arrows) pathways that result in the optical spin polarization
and readout of the center are depicted in the fine structure. Note that
the much weaker radiative and nonradiative transitions that act to
reduce spin polarization have not been depicted.

Electron spin resonance40 (ESR) and ab initio studies41–49

have confirmed that the electronic states of the center are
highly localized to the vacancy and its nearest neighbors.
The localization of the center’s electronic states supports
the application of a molecular model, in which the center’s
states are approximated by configurations of molecular orbitals
(MOs). The molecular model has been successfully applied to
describe the effects of electric, magnetic, and strain fields on
the fine structure of the excited triplet state,27,29,32 however,
the model has not yet been applied to describe the effects of
the fields on the ground triplet state. This has been due to
an absence of the spin-orbit and spin-spin induced couplings
of the center’s electronic states, which have been obtained
recently in Ref. 25. Consequently, until now, the measurements
of the effects of the fields on the ground-state spin have been
interpreted in terms of the canonical parameters of the effective
spin-Hamiltonian formalism of ESR.33,40,50,51 While the spin-
Hamiltonian formalism has provided a practical model for
the implementation of the center’s applications, its canonical
parameters alone do not facilitate the identification of their
physical origins. A complementary first-principles treatment
is required to derive expressions for the spin-Hamiltonian
parameters and to correlate the properties of the ground-state
spin to the other properties of the center. Furthermore, such a
first-principles treatment enables the theoretical prediction of
more intricate properties of the spin that may not have been
identified in initial observations. The success of the molecular
model in describing the properties of the excited triplet state
motivates its implementation as the required first-principles
treatment to understand the ground-state spin in greater detail.

In this article, the well-established molecular
model25,50,52,53 of the NV! center will be applied in order to
fully develop the theory of the ground-state spin. The fine
and hyperfine structures and their corresponding eigenstates
will be constructed prior to examining the effect of electric,
magnetic, and strain fields on each. By using the matrix
representations derived in the recently published electronic
solution,25 explicit expressions in terms of the center’s MOs
will be derived in this work for the hyperfine interaction
with the 14N nucleus, the components of the electron g-factor
tensor, and the Stark and strain interactions. The derivation of
these expressions enables the rigorous definition of the spin
Hamiltonian of the ground-state spin and the correlation of
the accurately measured parameters of the spin to the other
observed properties of the center. The expressions will also
assist future ab initio studies to independently calculate the
properties of the ground-state spin.

The theory developed in Secs. II and III of this article
will be applied in the subsequent sections in order to produce
the solution of the ground-state spin and its time evolution
in the presence of a general electric-magnetic-strain field
configuration. The solution will be demonstrated by modeling
a simple free induction decay experiment and examining the
dependence of the FID signal, inhomogeneous dephasing, and
spin relaxation on the applied field configuration. This simple
demonstration will provide insight into the observed strong
dependence of the spin’s inhomogeneous dephasing time on
the applied fields.12 Furthermore, the spin solution will be
a useful tool in future applications of the spin in quantum
metrology and QIP as it clearly describes how electric,
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As spin-based quantum technology evolves, the ability
to manipulate spin with nonmagnetic fields could enable an
interface for hybrid quantum systems and facilitate inte-
gration with conventional technology. Particularly useful
examples are electric fields, optical fields, and mechanical
lattice vibrations. The last of these represents direct spin-
phonon coupling, which has garnered fundamental interest
as a potential mediator of spin-spin interactions [1,2].

Nitrogen-vacancy (NV) center spins in diamond are a
promising solid-state platform for quantum information
science [3,4] and precision metrology. They are sensitive
magnetometers [5,6], electrometers [7], and thermometers
[8,9] with nanoscale spatial resolution due to their atomic
size [10,11]. Significant progress in integrating NV centers
with microelectromechanical systems (MEMS) has paved
the way for studies of spins coupled to mechanical
resonators [12–17]. In previous work, NV centers have
been coupled to phonons indirectly, either by using a
magnetic field gradient or by tuning the frequency of a
magnetic spin transition. Here, we use a MEMS transducer
to directly drive electronic spin transitions in NV centers
using gigahertz-frequency mechanical (stress) waves. This
work demonstrates direct spin-phonon interactions at room
temperature as a means to drive magnetically forbidden
spin transitions.

Driving spin transitions is the key to using NV center
spins for quantum information science or sensing.
Conventionally, quantum spin control in this system is
accomplished with gigahertz-frequency magnetic fields
[18–20] or with optical fields at cryogenic temperatures
[21]. Resonant lattice vibrations couple to nuclear quadru-
pole moments [22] and represent another avenue to ma-
nipulate NV center electronic spins. NV centers couple to a
magnetic field (Bk and B?) and a stress (!k and !?)
through their ground-state spin Hamiltonian [7,23]

HNV ! "D0 # "k!k$S2z # #NVBkSz # #NVB?Sx

% "?!x"S2x % S2y$ # "?!y"SxSy # SySx$; (1)

where D0 ! 2:87 GHz is the zero-field splitting, #NV !
2:8 MHz=G is the gyromagnetic ratio, "? !
0:03 MHz=MPa [1,24] and "k are the perpendicular and
axial stress coupling constants, and Sx, Sy, Sz are the x, y,
and z components of the spin-1 operator, respectively.
The z axis is defined along the NV symmetry axis as
depicted in Fig. 1(a).
In the Sz basis, HNV has eigenstates fj"ms!$0i;j#1i;

j%1ig. D0 breaks the degeneracy between the j0i and
j& 1i spin states at zero magnetic field. Careful alignment
of a static external magnetic field Bk along the NV

(a)

(b) (c)

(d)

FIG. 1 (color online). (a) Schematic of an NV center. The z
axis corresponds to the symmetry axis of the NV center.
(b) Levels of an NV center ground-state spin. Magnetic driving
enables !ms ! &1 transitions, whereas mechanical driving can
produce !ms ! &2 transitions. (c) Reflected microwave power
(S11) as a function of frequency from the MEMS device mea-
sured using a network analyzer. Standing wave resonances have
Qs as high as 437. (d) Device schematic. A loop antenna
produces gigahertz-frequency magnetic fields for magnetic con-
trol while an HBAR produces gigahertz-frequency stress stand-
ing waves within the diamond.
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B. Interactions with electric fields

Defining !E to be the applied electric field that is assumed
to be approximately constant over the dimensions of the NV"

center, the interaction of the center’s electrons with the electric
field is described by the potential59

V̂el =
!

i

!di · !E, (14)

where !d = e!r is the electron electric dipole moment. The
tensor components of !d are simply !d = dE,x !x + dE,y !y + dA1!z,
and the ground triplet matrix representation of V̂el correct to
first order in the spin coupling coefficients is

Vel =

"

#$
da,A1Ez d #

$Ex d #
$Ey

d #
$Ex da,A1Ez + d$Ex "d$Ey

d #
$Ey "d$Ey da,A1Ez " d$Ex

%

&' ,

(15)

where da,A1 = 2(%a1||dA1 ||a1&+%e||dA1 ||e&), d$ = "2s2,5da,E ,
d #

$ = (s2,6 + s1,8'
2
)da,E , and da,E = 1'

2
%a1||dE||e&.

The leading-order terms of the two nonaxial dipole param-
eters are

d$ ( 2
!"$

EE;1
da,E, d #

$ ( "2
D1,E,2

EE;1
da,E, (16)

which, due to the potentially similar orders of magnitude
of the numerators in each, suggests that the parameters
are potentially of the same magnitude. However, since d #

$
couples electronic states separated in energy by Dgs , it can
be ignored for static electric fields that satisfy d #

$E$ ) Dgs ,

where E$ =
(

E2
x + E2

y is the nonaxial electric field strength.

This conclusion is in agreement with observation,12,33 where
small linear Stark splittings of the ms = ±1 fine-structure
levels have been shown to agree with d #

$ ( 0 and d$/h =
17 ± 3 Hz cm/V.33

Since correct to first order in the spin coupling coefficients,
the term da,A1Ez is common to each of the diagonal matrix
elements, it appears that an axial electric field does not
induce a relative shift of the fine-structure levels of the
ground triplet. However, this conclusion is in conflict with
observation,33 where a very small linear shift of the zero-field
splitting between the ms = 0 and ±1 fine-structure levels
was observed and could be described only by a difference of
d*/h = 0.35 ± 0.02 Hz cm/V in the axial dipole parameters of
the ms = 0 and ±1 spin-orbit states. Such a difference occurs
at second order in the spin coupling coefficients, where the
matrix representation of the interaction of the ground triplet
with an axial electric field becomes

dA1Ez =

"

#$
da,A1Ez 0 0

0 (da,A1 + d*)Ez 0

0 0 (da,A1 + d*)Ez

%

&' ,

(17)

where d* = (s2
2,5 + s2

2,6 + s2
2,9)db,A1 and db,A1 = %e||dA1 ||e& "

%a1||dA1 ||a1&. Therefore, the effective matrix representation of
the interaction of the ground triplet with a static electric field

satisfying d #
$E$ ) Dgs is

Vel =

"

#$
0 0 0

0 d*Ez + d$Ex "d$Ey

0 "d$Ey d*Ez " d$Ex

%

&' . (18)

This effective representation can be expressed in the spin-
Hamiltonian form V̂el = 1

h̄2 d*EzS
2
z " 1

h̄2 d$Ex(S2
x " S2

y ) +
1
h̄2 d$Ey(SxSy + SySx) used to describe the linear Stark effect
present in C3v symmetric systems in ESR.60

The dipole reduced matrix element da,E contained in d$
is also responsible for the center’s optical transition,25 and an
estimate of its magnitude can be obtained from the center’s
observed radiative lifetime TR ( 13 ns,61 using62

da,E/h =
)

6#$0h̄
4c3

*
E3

O

+
nDTR

, 1
2
-

h, (19)

where %E3
O& =

. +
0 F (EO)E3

OdEO is the expectation value of
the cube of the optical emission energy given the normalized
vibrational sideband distribution F (EO),63 and nD = 2.418
is the refractive index of diamond. As the vibrational side-
band of the center’s optical emission extends from approx-
imately 1.4 eV to the ZPL at 1.945 eV, the estimate of
the dipole reduced matrix element is bounded by 3.65 !
da,E/h ! 5.98 MHz cm/V [compare with, for example,
the 5.41 MHz cm/V dipole moment of the 5s(2S1/2) ,-
5p(2P3/2) transition of 87Rb].64

The observed value of d$/h = 17 ± 3 Hz cm/V, 33 the
estimated range of da,E , the approximate expression for
d$ ( 2 !"$

EE;1
da,E , and ! = 0.053 (Ref. 25) imply that "$

EE;1
.

10"4 as expected, thereby supporting the assertion made
in the previous section that the orbital magnetic moment
does not contribute significantly to ḡ. The dipole reduced
matrix element db,A1 contained in d* also contributes to the
shift of the center’s optical ZPL in the presence of an axial
electric field.25 However, since the optical transition involves
a change in MO configuration and, thus a change in the
nuclear equilibrium coordinates,25 both the axial electric and
nuclear dipole moments contribute to the shift of the center’s
optical ZPL. Consequently, without knowledge of the nuclear
dipole moment, it is not possible to estimate db,A1 given just
measurements of the shift.

C. Interactions with strain fields

The interaction of the center’s electrons with a crystal strain
field can be approximately described by performing a Taylor
series expansion of the electronic Hamiltonian Ĥe in terms
of the displacements of the nuclear coordinates !R from their
ground-state equilibrium coordinates !R0 induced by the strain
field and retaining only the linear terms of the expansion.
Defining Qu,p,q to be the uth normal nuclear displacement
coordinate of the crystal that transforms as the row q of
the irreducible representation p of the C3v group, the strain
potential is62

V̂str =
!

i

!

u,p,q

%V̂Ne(!ri, !R)
%Qu,p,q

//// !R0

&u,p,q , (20)
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of the displacements of the nuclear coordinates !R from their
ground-state equilibrium coordinates !R0 induced by the strain
field and retaining only the linear terms of the expansion.
Defining Qu,p,q to be the uth normal nuclear displacement
coordinate of the crystal that transforms as the row q of
the irreducible representation p of the C3v group, the strain
potential is62

V̂str =
!

i

!

u,p,q

%V̂Ne(!ri, !R)
%Qu,p,q

//// !R0

&u,p,q , (20)

205203-6

Relativistic (SOI) effect

✏? = 0.03 MHz/MPa

D0 = 2.873 GHz

Monday, December 9, 13



EXPERIMENTAL SETUP

Basel, 3 December 2013 Kevin van Hoogdalem

Top: experimental setup 
Middle: reflection signal
Bottom: Level structure

Apply GHz-frequency voltage to piezoelectric aluminum nitride

Gives rise to ‘stress wave’ into the diamond

Diamond acts as Fabry-Perot cavity for these waves

Standing stress waves, 7 MPa (~200 KHz)

Mechanical Spin Control of Nitrogen-Vacancy Centers in Diamond

E. R. MacQuarrie, T. A. Gosavi, N. R. Jungwirth, S. A. Bhave, and G.D. Fuchs*

Cornell University, Ithaca, New York 14853, USA
(Received 4 July 2013; published 27 November 2013)

We demonstrate direct coupling between phonons and diamond nitrogen-vacancy (NV) center spins by

driving spin transitions with mechanically generated harmonic strain at room temperature. The amplitude

of the mechanically driven spin signal varies with the spatial periodicity of the stress standing wave within

the diamond substrate, verifying that we drive NV center spins mechanically. These spin-phonon

interactions could offer a route to quantum spin control of magnetically forbidden transitions, which

would enhance NV-based quantum metrology, grant access to direct transitions between all of the spin-1

quantum states of the NV center, and provide a platform to study spin-phonon interactions at the level of a

few interacting spins.
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As spin-based quantum technology evolves, the ability
to manipulate spin with nonmagnetic fields could enable an
interface for hybrid quantum systems and facilitate inte-
gration with conventional technology. Particularly useful
examples are electric fields, optical fields, and mechanical
lattice vibrations. The last of these represents direct spin-
phonon coupling, which has garnered fundamental interest
as a potential mediator of spin-spin interactions [1,2].

Nitrogen-vacancy (NV) center spins in diamond are a
promising solid-state platform for quantum information
science [3,4] and precision metrology. They are sensitive
magnetometers [5,6], electrometers [7], and thermometers
[8,9] with nanoscale spatial resolution due to their atomic
size [10,11]. Significant progress in integrating NV centers
with microelectromechanical systems (MEMS) has paved
the way for studies of spins coupled to mechanical
resonators [12–17]. In previous work, NV centers have
been coupled to phonons indirectly, either by using a
magnetic field gradient or by tuning the frequency of a
magnetic spin transition. Here, we use a MEMS transducer
to directly drive electronic spin transitions in NV centers
using gigahertz-frequency mechanical (stress) waves. This
work demonstrates direct spin-phonon interactions at room
temperature as a means to drive magnetically forbidden
spin transitions.

Driving spin transitions is the key to using NV center
spins for quantum information science or sensing.
Conventionally, quantum spin control in this system is
accomplished with gigahertz-frequency magnetic fields
[18–20] or with optical fields at cryogenic temperatures
[21]. Resonant lattice vibrations couple to nuclear quadru-
pole moments [22] and represent another avenue to ma-
nipulate NV center electronic spins. NV centers couple to a
magnetic field (Bk and B?) and a stress (!k and !?)
through their ground-state spin Hamiltonian [7,23]

HNV ! "D0 # "k!k$S2z # #NVBkSz # #NVB?Sx

% "?!x"S2x % S2y$ # "?!y"SxSy # SySx$; (1)

where D0 ! 2:87 GHz is the zero-field splitting, #NV !
2:8 MHz=G is the gyromagnetic ratio, "? !
0:03 MHz=MPa [1,24] and "k are the perpendicular and
axial stress coupling constants, and Sx, Sy, Sz are the x, y,
and z components of the spin-1 operator, respectively.
The z axis is defined along the NV symmetry axis as
depicted in Fig. 1(a).
In the Sz basis, HNV has eigenstates fj"ms!$0i;j#1i;

j%1ig. D0 breaks the degeneracy between the j0i and
j& 1i spin states at zero magnetic field. Careful alignment
of a static external magnetic field Bk along the NV

(a)

(b) (c)

(d)

FIG. 1 (color online). (a) Schematic of an NV center. The z
axis corresponds to the symmetry axis of the NV center.
(b) Levels of an NV center ground-state spin. Magnetic driving
enables !ms ! &1 transitions, whereas mechanical driving can
produce !ms ! &2 transitions. (c) Reflected microwave power
(S11) as a function of frequency from the MEMS device mea-
sured using a network analyzer. Standing wave resonances have
Qs as high as 437. (d) Device schematic. A loop antenna
produces gigahertz-frequency magnetic fields for magnetic con-
trol while an HBAR produces gigahertz-frequency stress stand-
ing waves within the diamond.
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The z axis is defined along the NV symmetry axis as
depicted in Fig. 1(a).
In the Sz basis, HNV has eigenstates fj"ms!$0i;j#1i;

j%1ig. D0 breaks the degeneracy between the j0i and
j& 1i spin states at zero magnetic field. Careful alignment
of a static external magnetic field Bk along the NV
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FIG. 1 (color online). (a) Schematic of an NV center. The z
axis corresponds to the symmetry axis of the NV center.
(b) Levels of an NV center ground-state spin. Magnetic driving
enables !ms ! &1 transitions, whereas mechanical driving can
produce !ms ! &2 transitions. (c) Reflected microwave power
(S11) as a function of frequency from the MEMS device mea-
sured using a network analyzer. Standing wave resonances have
Qs as high as 437. (d) Device schematic. A loop antenna
produces gigahertz-frequency magnetic fields for magnetic con-
trol while an HBAR produces gigahertz-frequency stress stand-
ing waves within the diamond.
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We demonstrate direct coupling between phonons and diamond nitrogen-vacancy (NV) center spins by

driving spin transitions with mechanically generated harmonic strain at room temperature. The amplitude

of the mechanically driven spin signal varies with the spatial periodicity of the stress standing wave within

the diamond substrate, verifying that we drive NV center spins mechanically. These spin-phonon

interactions could offer a route to quantum spin control of magnetically forbidden transitions, which

would enhance NV-based quantum metrology, grant access to direct transitions between all of the spin-1

quantum states of the NV center, and provide a platform to study spin-phonon interactions at the level of a

few interacting spins.
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As spin-based quantum technology evolves, the ability
to manipulate spin with nonmagnetic fields could enable an
interface for hybrid quantum systems and facilitate inte-
gration with conventional technology. Particularly useful
examples are electric fields, optical fields, and mechanical
lattice vibrations. The last of these represents direct spin-
phonon coupling, which has garnered fundamental interest
as a potential mediator of spin-spin interactions [1,2].

Nitrogen-vacancy (NV) center spins in diamond are a
promising solid-state platform for quantum information
science [3,4] and precision metrology. They are sensitive
magnetometers [5,6], electrometers [7], and thermometers
[8,9] with nanoscale spatial resolution due to their atomic
size [10,11]. Significant progress in integrating NV centers
with microelectromechanical systems (MEMS) has paved
the way for studies of spins coupled to mechanical
resonators [12–17]. In previous work, NV centers have
been coupled to phonons indirectly, either by using a
magnetic field gradient or by tuning the frequency of a
magnetic spin transition. Here, we use a MEMS transducer
to directly drive electronic spin transitions in NV centers
using gigahertz-frequency mechanical (stress) waves. This
work demonstrates direct spin-phonon interactions at room
temperature as a means to drive magnetically forbidden
spin transitions.

Driving spin transitions is the key to using NV center
spins for quantum information science or sensing.
Conventionally, quantum spin control in this system is
accomplished with gigahertz-frequency magnetic fields
[18–20] or with optical fields at cryogenic temperatures
[21]. Resonant lattice vibrations couple to nuclear quadru-
pole moments [22] and represent another avenue to ma-
nipulate NV center electronic spins. NV centers couple to a
magnetic field (Bk and B?) and a stress (!k and !?)
through their ground-state spin Hamiltonian [7,23]
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symmetry axis zeros the static component of B? and splits
the j!1i and j"1i states. For conventional magnetic spin
driving, an oscillating B? can drive spin transitions from
the j0i state to either the j!1i or the j"1i state. Similarly, a
perpendicular stress couples the j!1i and j"1i states,
allowing a direct j!1i $ j"1i spin transition to be driven
by a gigahertz-frequency stress wave resonant with the
spin-state splitting. In the Sz basis, this transition is mag-
netically forbidden by the magnetic dipole selection rule,
!ms # $1. Thus, the ability to drive j!1i $ j"1iwith an
oscillating stress wave and j0i$ j$1i with oscillating
magnetic fields establishes direct transitions between all
three spin levels, as depicted in Fig. 1(b). Additionally, an
axial stress !k shifts j!1i and j"1i equivalently and,
therefore, has no effect on mechanical spin control per-
formed in the j$1i spin subspace.

The stress coupling coefficient "? is small enough that a
large stress is required to produce a driving field compa-
rable to those achieved with magnetic fields. To drive a
large stress resonant with gigahertz-frequency spin transi-
tions, we fabricated high-overtone bulk acoustic resonators
(HBARs) [25] on one face of a 300 #m thick, h100i
diamond [26]. The type IIa diamond used in these mea-
surements is dense with native NV centers (%3&
1014 NV=cm3), placing % 230 NVs inside the confocal
volume of our microscope. These NV centers are randomly
oriented along one of the four h111i crystal axes within the
diamond. By aligning the static magnetic field Bk with one
such axis, we isolate a single NV species from the four
possible orientations, leaving % 58 NVs that contribute to
the signal in our experiments. Those NV centers that are not
aligned with Bk are not resonant with our control pulses so
their fluorescence contributes a constant background to our
measurements that is subtracted during data processing.

The HBAR consists of a 3 #m thick aluminum nitride
(AlN) piezoelectric film sandwiched between two 400 #m
diameter metal electrodes. Applying a gigahertz-frequency
voltage across the AlN launches a longitudinal stress wave
into the diamond. The diamond substrate acts as an acous-
tic Fabry-Pérot cavity, generating stress standing wave
resonances with a pitch determined by the speed of sound
in the diamond and the substrate thickness. By measuring
the microwave power reflected from the device (S11),
we observed the resonant frequency comb of an HBAR
[Fig. 1(c)]. From this data, we used the Q-circle method
[27] to find that the unloaded quality factor (Q) of each
resonance, which is as high as Q # 437 for !HBAR #
2$& 1:076 GHz. Based on a one-dimensional oscillator
model [28], this corresponds to a stress of !max % 10 MPa
directed along the [001] crystal axis of the diamond for
25 dBm of applied microwave power. By transforming the
resulting stress tensor from the lattice coordinates to the
coordinates of the NV center, we estimate the applied
perpendicular stress to be !? % 7 MPa [26]. This is
enough for an "stress % 2$& 210 kHz spin driving field.

On the opposite face of the diamond, we fabricated a loop
antenna for magnetic spin control [Fig. 1(d)].
To demonstrate mechanical spin control, we performed

optically detected mechanical spin resonance (ODMSR)
measurements of the j"1i ! j!1i spin transition. The
pulse sequences used for this experiment are shown in
Fig. 2(a). First, the NV center ensemble is initialized into
j0i by optical pumping with a 532 nm laser. The laser is
then turned off and a magnetic adiabatic passage through
the j0i ! j"1i resonance robustly transfers the initialized
spin population into the j"1i state [26,29]. The stress wave
is then turned on for 6 #s at a frequency !HBAR corre-
sponding to a resonance of the HBAR. Pulsing the stress
wave ensures that any axial stress generated by the HBAR
has no effect on the j0i $ j"1i magnetic driving. After
this stress pulse, a second magnetic adiabatic passage
transfers the population remaining in j"1i to the j0i state.
Fluorescence read out of the population in the j0i state is
then performed, giving the signal for the experiment.
Fluorescence read out is also performed after initialization
into the j0i state to provide normalization for each iteration
of the duty cycle. By repeating this sequence as a function
of Bk, we scan !$1, the energy splitting between j!1i and
j"1i. Whenever !$1 # !HBAR, the strain pulse transfers
population from j"1i to j!1i. Population transferred to
j!1i during the stress pulse shows up as missing popula-
tion in j0i via fluorescence measurement at the end of the
duty cycle.
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FIG. 2 (color online). (a) Pulse sequence used for ODMSR
measurements. (b) Population driven into the j! 1i state by the
mechanical driving field as a function of the axial magnetic field
Bk for !HBAR # 2$& 1:076 GHz at room temperature. (c) NV
hyperfine structure labeled with the experimentally observed
transitions. Each arrow corresponds with the resonance condi-
tion !$1 # !HBAR for each of the three nuclear spin sublevels.
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Typical ODMSR results are shown in Fig. 2(b). The
spectrum shows three peaks with 0:78! 0:02 G spacing.
This corresponds to the A=!NV " 0:77 G hyperfine split-
ting arising from interactions between the NV spins and the
unpolarized nuclear spins of the 14N atoms neighboring the
vacancies [23,26]. Because the nuclear spins are not po-
larized, only one third of the spins are resonant with each
hyperfine sublevel, which reduces the contrast by a factor
of 3. The contrast is also reduced by inhomogeneous
mechanical driving of the NV ensemble. To account for
dephasing and inhomogeneous driving, we calibrate the
spin contrast by driving with conventional magnetic spin
resonance [26]. For the resonance at !HBAR "
2"# 1:076 GHz, we estimate the peak mechanical driv-
ing field is!stress $ 2"# 230 kHz. This is consistent with
the coupling strength of 0:03 MHz=MPa, which was pre-
viously determined from measurements of static strain at
low temperature [1,24]. For scale, a single NV with a
polarized nuclear spin driven at a stress antinode of this
resonance would show 14% spin contrast. We also verified
that the spin contrast scales with the mechanical Q by
measuring ODMSR at an HBAR resonance with a different
Q [26].

Because stress and electric fields enter the NV spin
Hamiltonian in the same way [23], we verified that the
ODMSR signals do not result from stray electric fields. To
address this possibility, we used the finite element analysis
software ANSYS HFSS to simulate the electric field gen-
erated during the stress pulse, which comprises the domi-
nant source of stray electric fields in the experiment. The
loop antenna on the rear face of the diamond was included.
The simulated electric field within the relevant region of
the diamond was no larger than Esim " 10 V=cm. The
coupling strength between a perpendicular electric field
and the NV ground state spin is d?gs " 17! 3 Hz cm=V
[7,30]. Under conservative assumptions, Esim would gen-
erate a driving field roughly 3 orders of magnitude lower
than observed in the experiment. We also considered, but
ruled out, magnetic driving of the j%1i $ j&1i transition
via stray magnetic fields from the MEMS transducer [26].

As a critical verification that we drive spin transitions
with mechanically generated stress waves, we investigated
how the ODMSR signal varies as a function of depth.
Because we drive a stress standing wave, we expect that
the ODMSR signal will be modulated at the periodicity of
the standing wave. Taking care to account for optical
aberrations introduced from refraction at the air-diamond
interface [31], we repeated ODMSR measurements of the
!HBAR " 2"# 0:942 GHz mechanical resonance at dif-
ferent depths within the sample. To correctly interpret the
results, we note that our microscope collects fluorescence
from all of the NV centers within its confocal volume.
Figure 3(a) depicts schematically the variation in stress
amplitude across an approximate confocal point spread
function (PSF). Different regions within the confocal

volume experience different stress driving fields, and we
sample the range of stresses within the PSF. This reduces
the spatial resolution in the focal direction and contributes
to the inhomogeneous spin dephasing of the NV centers.
The ODMSR signal depends on the overlap between the

oscillating stress and the PSF of the microscope, which is a
maximum at an antinode of the stress standing wave. In
contrast, ODMSR measured at a node is reduced by a
factor of 1.5 [Fig. 3(b)]. Our approximate model, which
is not a fit to the data, reproduces this ratio and the structure
of the measured oscillation. To calculate the model curve,
we convolve the stress standing wave with an approxi-
mated PSF that accounts for distortions in the position
and shape of the PSF as a function of focal depth inside
the diamond [26]. Crucially, we find excellent agreement
between the spatial periodicity of the measured signal and
the 17 #m wavelength of the HBAR-generated standing
wave. This wavelength was calculated from the speed
of sound in diamond (16 km=s) that we determined from
the HBAR resonance pitch and the sample thickness.
The decay of the measured oscillation at large depths is
due to refractive aberration of the optical PSF, which
increases linearly as a function of depth. Taken together,
these observations are the ‘‘smoking gun’’ for mechani-
cally driven spin transitions because the stress standing

(a)

(b)

FIG. 3 (color online). (a) Normalized PSF of our confocal
microscope plotted at a node and an antinode of the stress
standing wave. (b) Peak ODMSR signal as a function of depth
inside the diamond. The oscillations as a function of focal depth
correspond to oscillations in stress along the standing wave used
to drive spin transitions.
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