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We show that a strong coupling exists between Nitrogen Vacancy (NV) centers in diamond in
proximity to magnetoelastic spin waves. Experimental measurements show the presence of both a
linear and non-linear coupling. A model is proposed based on chiral coupling of the NV centers to
the stray field that originates from the a propagating magnetoelastic wave in a thin magnet, and
model predictions are validated by the experimental observations. Understanding of the coupling
enables a direct measurement of the stray field polarization, which in turn provides a detailed picture
of the resonantly coupled magnon-phonon interaction.

The phenomenon of magnetostriction was first re-
ported and studied by Joule in 1847 [1]; over a century
later, Charles Kittel would develop a theoretical frame-
work for magnon-phonon interactions, predicting highly
efficient power conversion between acoustic waves and
magnetism [2]. Early experimental studies of high fre-
quency magnetostrictive coupling relied on exciting mag-
netic resonance or high amplitude sound waves [3]; how-
ever, as nanofabrication technology developed, it became
possible to efficiently excite GHz surface acoustic waves
using high Q interdigitated transducers (IDTS) on piezo-
electric substrates [4, 5]. As a result, in recent years, the
number of studies of acoustically driven ferromagnetic
resonance (ADFMR) [6-8] and other magnetoelastic ef-
fects has grown significantly [9, 10].

In this Letter, we show that a strong dipolar coupling
can be achieved between ferromagnetic films undergoing
acoustically-driven ferromagnetic resonance (ADFMR)
and nitrogen vacancy (NV) color center in diamond [11]
located nearby. We find that the coupling between the
magnetic film and the NV centers is a combination of
linear and nonlinear mechanisms, each with a distinct
dependence on magnetic bias field. We propose a model
that explains the observed phenomena. The coupling elu-
cidates insight into the magnetoelastic dynamics and pro-
vides a pathway to study such dynamics with high spatial
resolution, a capability that is not available in traditional
spectroscopic techniques.

In Acoustically Driven Ferromagnetic Resonance, a
voltage excites a Rayleigh wave in a piezoelectric ma-
terial. When the Rayleigh wave passes through the
magnetostrictive film sitting on top of the piezoelectric
material, the acoustic wave induces an effective magne-
toelastic field which converts acoustic energy into mag-
netic dynamics. With an appropriate balance of exter-
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nally applied and internal anisotropy magnetic fields, the
magnetization dynamics induce a resonance in the mag-
netostrictive film. The ADFMR device in this study
consists of a piezoelectric substrate (128° Y-cut, X-
propagating LiNbOg3), on which interdigitated transduc-
ers were deposited and lift-off patterned (Al, 80 nm
thick), exciting a Rayleigh-mode wave dominated by lon-
gitudinal strain. A magnetic film (Ni, 20 nm thick)
was evaporated and lift-off patterned between the IDTs.
Droplets of nanodiamonds containing NV centers (100nm
diameter, 3 ppm NV concentration) were deposited on
top of and adjacent to the Ni film, within the acoustic
window of the IDTs; a diagram of the device is provided
in Figure la. The LiNbO3s / Ni bilayer was chosen as it
is a model ADFMR system for which a large quantity of
existing literature exists.

The NV center offers long room temperature spin-
coherence times [12] and a fluorescence readout mech-
anism implementable with relative ease in a benchtop
optical system, and has been coupled to a range of mag-
netic systems in prior studies. In particular, it has been
shown that NV centers can be used to directly image and
quantify coherent spin-wave dynamics in a ferromagnetic
film [13]. While the NV center is in principle capable of
imaging spin-wave dynamics in acoustically-driven fer-
romagnetic systems as well, non-linear NV center cou-
pling mechanisms exist in both resonant and acoustically-
driven magnetic systems which are not present in tradi-
tional microwave drive [14, 15]. In this study, an IDT
center frequency of 2.6 GHz was chosen to ensure that
the 2.87 GHz NV center resonance would overlap with
the drive frequency under Zeeman shift due to ADFMR
bias fields in the Ni film.

To characterize the ADFMR-~NV coupling, the device
was mounted in a home-built 532 nm laser fluorescence
microscope. First, ADFMR power absorption was char-
acterized by driving the IDTs using a vector network an-
alyzer (VNA) under a magnetic bias field sweep. The
electrical S-parameters were time-gated to exclude elec-
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FIG. 1. Structure of the ADFMR Device. (a) Diagram of the overall experimental structure. Pulsed 532 nm light excites NV
fluorescence, which is sensed by an APD. NV resonance is driven by magnetoelastic dynamics excited by the IDTs. (b) Optical
image of the ADFMR device. Acoustic wave propagates from top to bottom; blue inset identifies the area characterized in
(c-d). (c) Zoomed optical image of the NV clusters measured. Green circles identify locations where data was collected, and
the corresponding figure in which the results are plotted. (d) Measured NV fluorescence intensity as a function of position.
ODMR collection locations were chosen to be local fluorescence maxima.

tromagnetic coupling and triple-transit signals following
standard ADFMR procedure [16]. Next, continuous wave
NV ODMR was characterized under varying magnetic
field bias in amplitude and direction. The transmitter
IDT was driven by pulsed microwaves at +15 dBm, while
pulsed 532 nm laser light excited the nanodiamond clus-
ter of interest. The resulting NV fluorescence was iso-
lated by a dichroic mirror and optical long-pass filter
and measured using an avalanche photodiode (APD) and
multi-demodulator lock-in amplifier.

To mitigate mechanical drift, data was collected at lo-
cal maxima of NV fluorescence, and device position was
periodically corrected to maximize NV fluorescence dur-
ing the ~10 hour measurement, ensuring data was col-
lected at the same location throughout. ODMR spectra
were normalized to fluorescence intensity, and results are
plotted in Figure 2. ODMR spectra were measured at
multiple locations on the device, labeled in Figure 1lc-
d. A control measurement was first taken at the NV
center cluster off the Ni pad at location 2A. No synchro-
nization of the lock-in amplifier with the microwave pulse
frequency could be observed, indicating no dependence of
fluorescence on acoustic drive and guaranteeing that the
coupling mechanism is mediated by magnetic dynamics.
Of the four locations where ODMR was measured, loca-
tions 2C and 2D corresponded to points near the center of
the acoustic wave path where the acoustic amplitude was
highest, and displayed nonlinear coupling. Locations 2B

and S3 were offset from the acoustic center, resulting in
a lower acoustic amplitude, and displayed a linear cou-
pling. Complete details of the experimental procedure
are provided in the supplementary material.

The ODMR profile was also modeled within a propor-
tionality factor through an analytical approach derivable
from the NV center Hamiltonian and Maxwell’s equa-
tions, following a combination of two experimentally val-
idated models from literature [17][18]. The ODMR mea-
sured at location 2B is compared to the analytical model
in Figure 3. Misalignment of the mounted device by 3.5°
relative to the electromagnet poles leads to a correspond-
ing rotation of the fluorescence spectrum. ODMR signal
is maximized when the external applied field is offset by
90° from the acoustic propagation direction, matching
the analytical model. The measured signal maximum
occurs at a larger external field than modelled by ap-
proximately 23 G; this is attributed to stationary stray
field from the Ni film, which is expected to reduce the
effective magnetic bias field. Dipolar stray fields excited
by the acoustic wave can be evaluated using a tensorial
Green’s function G(x — z') given by



Arb. Units

(b) Arb. Units

y

=)
S

Bias Field, B, (G)
o

N
=3
S

-200 -100 0 100 200 -200 -100 [1] 100 200
Bias Field, B, (G) Bias Field, B (G)
(@ Arb. Units Arb. Units

,\
e

N
=1
=3

y
s
5

y
s
5

-100

Bias Field, B, (G)
g .

Bias Field, B, (G)
o

N

=3

=3
N
o
=3

-200 -100 0 100 200 -200 -100 0 100 200
Bias Field, B, (G) Bias Field, B, (G)

FIG. 2. ODMR signal versus magnetic bias field at nanodi-
amond clusters. Data near 0 field was not collected due to
errors in the electromagnet power supplies at near-zero cur-
rents. (a) Control cluster off Ni pad. No fluorescence de-
pendence on the MW drive was detected. (b) Cluster offset
from acoustic path center, displaying Zeeman shift and angu-
lar dependence. See Figure 3 for analysis. (c) Cluster close
to acoustic path center, see Figure 4 for analysis. Nonlinear
coupling is observed, in line with prior NV-FMR studies. (d)
Small cluster closest to the Ni pad edge; nonlinear coupling
is expected to be strongest here. Qualitatively similar to (c).
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The chiral response seen in Figure 3 emerges due to
the fact that the acoustic wave induces a plane-wave mag-
netic excitation with matching wavevector and frequency
and that the magnet precesses with a right circular polar-
ization. Applying the magnetostatic approximation [19],
the stray field above the magnetic film is also found to
be circularly polarized, and proportional to

Hm(f') mp(l+sinfp) +mg(1 —sindp)

ﬁy(f’) x | —i[mg(l +sinfp) +mr(l —sinfp)]

H.(7) 0

3)

where Ap is the angle between bias field and acoustic
wavevector. As a result, symmetry breaking in the an-
gular ODMR profile is readily explained by chirality of
dipolar stray fields[20]. Further details of the model are

provided in the supplementary information.
The ODMR signal resulting from the stray field in (3)
was evaluated by summing ODMR spectra of 1000 NV
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FIG. 3. Comparison of ODMR data in cluster 2B to model.
(a) ODMR profile of Figure 2b. (b) Simulated ODMR pro-
file for a circularly polarized spin-wave coupling to randomly
oriented NV centers via dipolar fields. (c) Line-cut of (a-b)
along 0p = 90°, the measured signal maximum is found to
be ~23 G higher than simulated. (d) Line-cut of (a-b) along
Bbias = 130 G, showing a near identical angular signal depen-
dence.

centers of randomly chosen orientation [18]. The ODMR
signal was found to be proportional to x, given by the
expression:

RO = (g Hypy [3) P(A(5) (A(S2)) (4)
Ap) = (sl plibs) = (il plebi)
A(S2) = (by] S2 tby) — (hi] S2 [8hi)
p=1-252
where |¢;) are eigenstates of the unperturbed Hamilto-
nian

. 1. S =
Ho = DQS(SE/ — 552) +'YeS - Bpias (5)

The perturbation Hamiltonian Hyw induced by the spin
wave stray field is evaluated numerically for each indi-
vidual NV orientation. Hpyw is parameterized by the
orientations of the NV axes and external bias field, and
is given by the general equation:

ﬂ-](\f[)W - hcirc * (fa(sl) (037 9%)\/7 S\Z/')V)gm"_

1§05, 03, 65) Sy + 11 (05,00, 63 )S-)
The ODMR profile is modelled as a sum over NV ori-
entations of Gaussian functions with amplitude x and a

linewidth of 54.2 MHz [18], a typical NV linewidth in
nanodiamonds.

(6)
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FIG. 4. Comparison of ODMR data in cluster 2C to model in
Figure 3b. (a) Radial line-cut comparison at 0 = 90°, large
signals are observed near 0 field, attributed to incomplete
saturation of the Ni film. (b) Angular line-cut comparison at
Bbias = 130 G, highlighting the presence of a second, smaller
lobe centered at 270° (c) Electrically characterized ADFMR
absorption versus Bpiqs (d) Line-cut of measured ODMR and
ADFMR signals in the nonlinear coupling region, assuming
ADFMR absorption induces a field proportional to square
root of absorbed power. Maximal ADFMR absorption angles
coincide with ODMR maxima.

Turning to location 2C, discussed in Figure 4, we find
that the ODMR, profile at this position reflects both the
linear coupling seen in location 2B and a nonlinear in-
teraction coinciding with the acoustically-driven ferro-
magnetic resonance absorption. The typical theoretical
framework of ADFMR models a Rayleigh-mode surface
acoustic wave exciting a magnetostrictive thin film [21].
For a polycrystalline Ni film, the magnetoelastic free en-
ergy is given by [22]

Gme = bleijmimj (7)

where € represents the strain tensor, and m; is the nor-
malized magnetization in the ¢ direction. The acoustic
wave modulates the magnetoelastic free energy, inducing
an effective magnetoelastic field and converting acoustic
energy into magnetic dynamics. For a longitudinal strain
dominated acoustic wave, magnetoelastic power conver-
sion is maximized in a 4-lobed angular pattern when the
magnetization orientation is approximately at a 7/4 an-
gle to the acoustic propagation direction.

ADFMR absorption patterns and linewidth in Ni films
have been well characterized in prior experiment, and

linewidth is known to be wider than electrically excited
FMR linewidths in comparable Ni films [23]. As a re-
sult, we attribute the NV coupling with ADFMR ab-
sorption to a nonlinear resonant damping process where
magnetic dynamics induce stray fields across a wide fre-
quency band, some of which couple to the NV center
clusters. Similar nonlinear behavior has been observed
in other magnetic systems where NV centers have been
coupled to uniform ferromagnetic resonance modes [15].

Interestingly, the largest NV-magnet coupling is ob-
served to occur at low fields when external field is applied
at angles of 0 and 180° to the wave propagation direction.
This coupling occurs where nonlinear ADFMR lobe cou-
plings are visible, but does not coincide with regions of
high electrical absorption (see Supplementary Informa-
tion). Notably, traditional ADFMR theory is predicated
upon a complete saturation of the magnetization, but this
approximation fails at low fields. It is expected that an
unsaturated magnet going through resonance will excite
a complex set of dynamics in the film. We hypothesize
that the coupling observed at low fields is associated with
incomplete saturation in the magnet and a complete pic-
ture in this context will need a revision of traditional
ADFMR theory.

Our results demonstrate that multiple coupling mech-
anisms exists between magnetoelastic waves and NV cen-
ters and provide a methodology to distinguish between
them. A linear, potentially coherent coupling between
NV centers and magnetoelastic waves was experimentally
shown, and validated by an analytical model based on
chiral coupling of dipolar stray fields. Importantly, the
chirality results in a circular polarization of the magne-
toelastic stray fields. In addition to the specificity it pro-
vides, it reduces the requirement for the drive power by a
factor of v/2 [24]. We have further characterized the non-
linear magnetic resonant coupling process known to occur
in these systems, and shown that it occurs in conjunction
with the linear coupling. Insight into the coupling mech-
anism allows one to use the NV centers to measure the
polarization of the stray fields, as shown in this paper,
which in turn carries the signature of the magnon-phonon
interaction induced by ADFMR. In addition, NV centers
have garnered great interest as extremely precise atomic
sensors. Our work provides a pathway towards integrated
atomic sensing, driven by purely voltage excitation, with-
out needing any power hungry, external microwave exci-
tation.
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