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Bulk-mode acoustic waves in a crystalline material exert lattice strain through the thickness of the
sample, which couples to the spin Hamiltonian of defect-based qubits such as the nitrogen-vacancy
(NV) center defect in diamond. This mechanism has been previously harnessed for unconventional
quantum spin control, spin decoherence protection, and quantum sensing. Bulk-mode acoustic wave
devices are also important in the microelectronics industry as microwave filters. A key challenge in
both applications is a lack of appropriate operando microscopy tools for quantifying and visualizing
gigahertz-frequency dynamic strain. In this work, we directly image acoustic strain within NV
center-coupled diamond thin-film bulk acoustic wave resonators using stroboscopic scanning hard
X-ray diffraction microscopy at the Advanced Photon Source. The far-field scattering patterns of the
nano-focused X-ray diffraction encode strain information entirely through the illuminated thickness
of the resonator. These patterns have a real-space spatial variation that is consistent with the bulk
strain’s expected modal distribution and a momentum-space angular variation from which the strain
amplitude can be quantitatively deduced. We also perform optical measurements of strain-driven
Rabi precession of the NV center spin ensemble, providing an additional quantitative measurement
of the strain amplitude. As a result, we directly measure one of the six NV spin-stress coupling
parameters b = 2.73(2) MHz/GPa by correlating these measurements at the same spatial position
and applied microwave power. Our results demonstrate a unique technique for directly imaging AC
lattice strain in micromechanical structures and provide a direct measurement of a fundamental
constant for the NV center defect spin Hamiltonian.

I. INTRODUCTION

Engineered control over lattice strain – static [1, 2]
and dynamic [3] – enables quantum control of atomic-
scale point defects for quantum sensing [4] and im-
proved qubit performance such as extending spin coher-
ence times [5, 6], tuning defect state energy levels [1, 2],
and driving coherent spin [6, 7] and orbital [8, 9] transi-
tions. Surface and bulk acoustic strain waves in the lat-
tice that are coupled to defects have been demonstrated
by micro-electromechanical systems (MEMS) that use
piezoelectric transducers [3, 7, 10–18]. Bulk acoustic
wave (BAW) resonators are particularly useful because of
their high operating frequencies, high quality factors, and
high thermal conductivity enabling robust power han-
dling [19, 20]. Also, BAW resonators are electronic de-
vices, allowing for convenient integration of an additional
microwave (MW) control antenna or other quantum con-
trol fields. It is especially interesting to quantify the gen-
erated bulk acoustic strain in BAW devices because they
are widely prevalent in applications including filters, os-
cillators, and sensors [19, 20] in addition to coupling with
defects.

Previous work has shown that acoustic strain waves
in high-overtone bulk acoustic wave resonators (HBARs)
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enable coupling to the nitrogen-vacancy (NV) center de-
fects in diamond [4]. Gigahertz frequency lattice strain
drives coherent Rabi oscillations between two ground
spin states [3, 7, 10, 11] and is directly proportional to
the Rabi frequency, providing a quantitative measure-
ment of this strain [10]. An alternative approach for ex-
amining NV-strain coupling uses microbeam resonator
systems. For these, cantilever deflection is directly mea-
sured, which is converted to strain using Euler-Bernoulli
beam theory [1, 2]. These works form the most accu-
rate prior measurements of the NV ground state spin ax-
ial and transverse strain sensitivities. More direct mea-
surements of lattice displacement are possible using scan-
ning X-ray diffraction microscopy (SXDM), where Bragg
diffraction provides a direct measurement of the displace-
ment of atoms in the lattice [21]. Experiments at the Ad-
vanced Photon Source (APS) using SXDM have studied
surface acoustic waves (SAWs) on a SiC lattice with cor-
related photoluminescence of an ensemble of defects [16].
Meanwhile, measuring BAW strain is more challenging
because the lattice is both compressively and tensilely
strained through the thickness. Direct measurements will
necessarily sum over both forms of strain, complicating
the measurement of the lattice displacement through the
bulk. However, a direct measurement is important be-
cause it sheds light on the BAW device’s behaviors, limi-
tations, and pathways for fabrication improvements, and
because it provides the most direct comparison yet be-
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tween dynamic lattice strain and the corresponding NV
center response.

In this work we use time-resolved SXDM (tr-SXDM)
at the Hard X-ray Nanoprobe Beamline operated by the
Center for Nanoscale Materials (CNM) at the APS to
measure gigahertz frequency strains generated in dia-
mond thin-film bulk acoustic resonators (FBARs). We
measure the bulk acoustic strain made possible by the
penetrating depth of the X-rays, allowing for diffraction
summed over the entire depth of atomic displacements
[21]. The monochromatic nature of the X-ray beam al-
lows us to isolate the response of diamond, ignoring other
materials that comprise the FBAR device. We measure
strain stroboscopically, allowing for repeatable measure-
ments of the strain wave with twenty picosecond reso-
lution by driving the resonator referenced to the X-ray
bunches. Also, we perform confocal microscopy of dia-
mond NV centers to access the strain using an indepen-
dent method. We measure Rabi oscillations driven by the
strain wave at the same drive power and frequency used
at the APS. With these two methods of analysis, we make
a direct measurement of one of the six spin-stress param-
eters for NV centers, b = 2.73(2) MHz/GPa, that relates
strain and Rabi frequency. Our measurement agrees well
with previous results, and Table I contains the results
of our direct measurement in addition to the other three
measurements of this parameter.

II. DEVICE

We fabricate thin-film bulk acoustic resonators
(FBARs) that are thinner than previous generations of
diamond HBAR devices for acoustic NV center control
[3, 7, 10, 11]. This increases the strain coupling to the
NV centers because the coupling is inversely proportional
to the square root of the modal volume (g ∝ 1/

√
V ) [10].

The fabrication starts with a 3 mm × 3 mm × 50 µm
thick double side polished single crystal diamond with a
roughly uniform ensemble of NV centers, purchased from
Element Six. The diamond is back-side etched down to 12
µm in preparation for the FBAR device structures. The
1.5 µm thick pentagonal AlN transducer layer is sand-
wiched between two 100 nm platinum electrodes along
with 10 nm of titanium for adhesion between the lay-
ers. We also fabricate a microwave (MW) antenna on
the diamond to provide MW control over the NV cen-
ters. Fig. 1(a) shows an SEM image of the final device.

Exciting the resonator at gigahertz frequencies with an
AC voltage excites standing bulk acoustic waves into the
diamond with the entire structure thickness acting as an
acoustic Fabry-Pérot cavity [3]. These GHz bulk waves
are useful for controlling NV center spins in the diamond
[3, 7, 10, 11]. Fig. 1(c) shows a qualitative finite-element
model of a GHz strain wave in depth and a cross-section
of the device. There are three strain antinodes present
in the 2.553 GHz mode used for all the measurements in
this work; one is mainly located in the AlN transducer

FIG. 1. (a) SEM image of the pentagonal FBAR and MW
antenna. (b) Energy levels of the NV center ground state
with a non-zero field along the NV axis, B||, along with cor-
responding driving fields used in this work. (c) Finite-element
(COMSOL) cross-sectional model showing about one full os-
cillation of strain generated in the diamond for the 2.553 GHz
mode used in this work.

(dark red color) and the other two in the depth of the
diamond (dark blue and red colors). We use this model
later to aid in the X-ray diffraction analysis in Sec. III A
as a first guess of the strain profile in depth.
The fabricated diamond chip is wire-bonded to printed

circuit boards (PCBs) for delivering the necessary mi-
crowave and mechanical drive to the device for all mea-
surements [Fig. 1(b)]. Once bonded, we measure the in
situ scattering parameters (S-parameters) using a vector
network analyzer (VNA) to locate the resonance mode
frequencies. When driven at a mode frequency, the ap-
plied power is transferred to an acoustic excitation of
the diamond through the bulk. We use a modified But-
terworth Van-Dyke model [22, 23] to fit the reflected
power (S11) VNA data of the 2.553 GHz mechanical
mode [Fig. 4(e)], giving a quality factor of Q ≈ 140. The
following sections describe measurements of the strain
in the diamond produced by this mechanical mode with
both scanning X-ray diffraction microscopy and NV Rabi
oscillations in a confocal microscope.

III. RESULTS

A. Stroboscopic Scanning X-ray diffraction
microscopy

The Advanced Photon Source generates hard X-rays
for our experiment in a configuration shown schemati-
cally in Fig. 2(a). The 11.6 keV synchrotron pulses are
focused down to a ∼25 nm FWHM pencil-like, Gaussian
profile [24, 25] using a Fresnel zone plate optic [26]. The
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zone plate is scanned relative to the sample position with
25 nm typical step size in x and y directions [25], with
z positioned along the beam direction. We collect the
reflected diffraction from the [113] Bragg condition of di-
amond in the far field on a two-dimensional Eiger2 X
1M Pixel Array Detector (PAD). Also, we measure the
platinum fluorescence of the pentagonal electrodes of the
FBAR to locate the position on the sample [Fig. 2(b)]
by collecting fluorescence on another detector. We si-
multaneously measure the corresponding X-ray diffrac-
tion images at the same location [Fig. 2(c)] where each
pixel is the total sum of diffraction counts on the PAD
[Fig. 2(d)]. The detector image appears split in half ver-
tically due to a central stop that is concentric with the
focusing optic (this blocks the zeroth order unfocused
X-ray beam creating an annular illumination), and split
horizontally along the detected Bragg scattering angle
(conventional 2θ) direction due to static strain variation
within the illuminated volume present from device fab-
rication. The vertical streaks observed on the detector
represent an elongation of the diffraction pattern out of
the scattering plane due to the focusing optic and are
summed in the analysis due to their self-similar two theta
values [24, 27, 28].

The microwave excitation of the resonator is synchro-
nized to a multiple of the X-ray bunch timing of 153 ns or
∼6.5 MHz [29] [Fig. 2(e)] by taking the bunch clock as an
external reference clock of the arbitrary waveform gen-
erator (AWG), which directly synthesizes the microwave
drive tone. This allows for stroboscopic measurements
of the mechanical drive via the collected diffraction im-
ages. With picosecond temporal control over the relative
phase between the X-ray bunches and the mechanical
drive, we measure the entire oscillating strain wave at
the same physical location on the sample. Because X-
rays are weakly interacting with materials [21] and our
diamond is only 12 µm thick, our diffraction images are
summations of the diffraction through the entire thick-
ness of our diamond. This allows us to directly study the
effects of bulk acoustic waves using X-ray diffraction.

The results of the stroboscopic scanning X-ray diffrac-
tion measurements with mechanical drive are shown in
Fig. 3. The acoustic wave creates both compressive and
tensile strain through the bulk that causes lattice com-
pression and expansion. This creates a changing lattice
spacing d through the bulk of the diamond. The first-
order Bragg condition, 2d sin(θ) = λ [30], gives the re-
lationship between d and the angle θ of the measured
diffraction, at a wavelength λ. Therefore, measuring vari-
ations in the Bragg angle gives variations in the lattice
spacing under AC strain. Then, we calculate the applied
strain using ϵ = (d′ − d)/d, the relative difference of the
previous and new lattice spacings, d and d′ respectively.
Since we are summing over diffraction of the entire bulk,
we measure diffraction integrated over both the compres-
sive and tensile strain from the bulk acoustic wave at the
same time. This creates two lobes on the diffraction pat-
terns that oscillate with the changing phase of the X-ray

FIG. 2. (a) Schematic of the experimental setup at the
Advanced Photon Source. Focused X-rays diffract onto a de-
tector while mechanically driving the FBAR with the AWG.
(b) Platinum fluorescence showing the pentagonal electrode
(c) X-ray diffraction image with no mechanical driving, show-
ing the pentagonal FBAR structure, where each pixel is the
sum of the corresponding detector fluorescence. (d) Exam-
ple pixelated area detector image for the center pixel of the
undriven scan (c) indicating the static strain present in the
diamond at its interface with AlN due to fabrication. Each
pixel of the diffraction scan has a corresponding detector im-
age like the one shown here. (e) Phase synchronous driving
of the FBAR to the X-ray bunches with a phase difference ϕ.
Mechanical drive is driven at a frequency multiple of 391 of
the ∼6.5 MHz bunch clock.

bunches [Fig. 3(c) and Fig. 3(d)].

To visualize this dynamic strain in images, we use
the horizontal standard deviation in the detector im-
ages, σx, as a proxy. As the strain amplitude increases,
the distance between the compressive and tensile lobes
increases, resulting in a larger σx. Fig. 3(a) shows a
15× 15 µm scan (51× 51 pixels) of the FBAR at a fixed
phase of the mechanical drive that corresponds to a large
strain, with 0.4 s collection time at each pixel. Then, σx
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FIG. 3. Results of X-ray diffraction microscopy strain measurements. (a) Two-dimensional X-ray diffraction scan of the
diamond FBAR at a fixed phase value showing the horizontal standard deviation σx of the detector image at each pixel. (b)
One-dimensional line-cut across the center of the FBAR versus phase relative to a starting time t0. Both share the same scale.
(c) and (d) Strain fits (orange) for the vertically summed data (blue) of each of the corresponding detector images in the top
right corner for the phase values of t = t0 + 20 ps and t = t0 + 160 ps, respectively. (e) Strain amplitude fit where each blue
dot is the calculated strain amplitude value at the corresponding phase. The fit function is Eq. 2, while the dashed line is the
function with no absolute value.

is calculated at each pixel after summing vertically over
the corresponding detector image. The largest region of
bulk acoustic strain is about 5 nm wide at the center of
the pentagonal FBAR structure. We see very little strain
present at the edges of the FBAR and near the anchor,
indicating very little loss through the anchor. Fig. 3(b)
is a 40 µm wide 1D plot of diffraction in the x-direction
across the center of the FBAR. We repeat this measure-
ment from the starting time t0 to t = t0 + 1400 ps with
20 ps step sizes of the X-ray bunches relative to the me-
chanical drive with 1 s of collection time at each pixel.
We can see the maximal strain region towards the center
of the FBAR again. The mechanical drive is performed
at a strain frequency of fAPS = 2.548 GHz, which is syn-
chronized to 391 times the X-ray bunch frequency, the
multiple where we saw the largest diffraction response
while driving. Therefore, we expect to see multiple os-
cillations of the strain wave amplitude over 1400 ps of
phase since the period is T = 1/f ≈ 400 ps.

We now present a toy model for fitting the collected
diffraction and extracting the strain amplitude from the

detector images at each phase. The functional form,
F (x), for the fits seen in 3 (c) and (d) is a convolution
of the sinusoidal strain wave in the diamond’s thickness
with an idealized Gaussian detector response given by

F (x) = A

∫ L

0

G(x− ϵ(z)) dz ,

G(y) =
1

σ
√
2π

e
(y−µ)2

2σ2 ,

ϵ(z) = ϵ0sin(2πkz) +mz,

(1)

where x is the pixel position on the detector, A is an over-
all scaling factor, L is the length of the acoustic strain
wave in the diamond depth, and G(y) is a normalized
Gaussian with expected value µ and variance σ2. ϵ(z)
is the spatial strain wave in depth z with an amplitude
and spatial frequency of ϵ0 and k respectively and an
additional linear static strain of slope m. This convo-
lution results in a function with two peaks of width σ
and separation ϵ0 pixels, on each edge corresponding to
the highest strain amplitude and the turning points. The
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difference in amplitude of the two peaks results from the
relative amounts of the positive to the negative strain in
ϵ(z). We fix the applied dynamic strain to zero at the
diamond/air boundary, but let the amplitude be free at
the diamond/AlN boundary by integrating over a vari-
able length of oscillations L, since we only qualitatively
know the strain profile in depth from the finite-element
model [Fig. 1(b)]. We also model the linear static strain
that we clearly see as the FBAR is bowed out from fabri-
cation in other diffraction images with m. We do not add
an additional strain offset to correctly set the zero point
of this static strain to be somewhere in the bulk, because
adding an offset just shifts the functional form along x.
We let µ entirely take care of the x position to avoid
covariance in the fit because the size of our detector col-
lection area we choose is already arbitrary. Fig. 5 shows
both the strain profile in depth ϵ(z) and an example de-
tector function F (x). A detailed analysis for choosing
the fitting parameters is discussed further in Appendix
A.

Fig. 3(e) shows the results of the stroboscopic strain
amplitude fits for each of the 71 detector images as a
function of waveform phase. For each phase, we verti-
cally sum the detector data over three pixels of position
that correspond to maximum strain at the center of the
FBAR in Fig. 3(b). We extract the splitting between the
compressive and tensile lobes in pixels (ϵ0) of our fit us-
ing the change in d spacing, where Fig. 3(c) and Fig. 3(d)
are examples of the fit using Eq. 1, at two different phase
values. A full description of the calculation of the AC
amplitude can be found in Appendix B. We then use a
change of basis transformation to convert the projection
of the strain from the [113] direction to the [001] crystal
axis, because the FBAR generates stress along the thick-
ness of the diamond, see Appendix C. We fit the data
with an absolute value of cosine wave with an offset,

ϵ[001](t) = |ϵ[001] cos(2πft+ ϕt) + ϵoff | (2)

where ϵ[001] and ϵoff are the amplitude and offset re-
spectively and ϕt is the temporal phase value. The DC
offset, ϵoff , accounts for the static strain in the diamond
induced by the interface with AlN (see Appendix A for
further details). The temporal phase value, ϕt is included
to account for phase delays in the applied strain due to
cable length. The presence of the absolute value in Eq. 2
is because the fit to the detector data can only distinguish
the difference in magnitude between the positive strain
and negative strain within the standing strain wave; it
is sensitive only to the splitting between the two lobes
to compute the strain amplitude. An appearance of an-
harmonicity is not a real effect, and instead arises from
the absolute value. The dashed curve in Fig. 3(e) gives
the oscillation response after accounting for the absolute
value present in the data. We extract an amplitude of the
mechanical drive of ϵ[001] = 5.2877(9)×10−4 at 0.96 W of
driving power applied to the device’s port. From the fit
in Fig. 3(e), we extract a strain oscillation frequency of
f = 2.60385(8) GHz, which is close to but not exactly the

same as the nominal drive frequency fAPS = 2.548 GHz,
where the given uncertainty is the standard error derived
from the fit. We attribute the discrepancy between fAPS

and the fit frequency to a systematic error in the delay
calibration of the bunch clock generator, which in turn
determines the time axis. However, the fit frequency and
its discrepancy is independent from the strain amplitude
fit, which is the most important conclusion we make from
this measurement.
Fig. 6 shows the fits for all the detector images us-

ing the model described by Eq. 1. The model does well
in choosing the location and splitting between the two
peaks, and we are confident in the extracted amplitude
of strain for all data points. However, our simplified
model does not capture all the dynamics that occur while
measuring the diffraction. For example, even though the
model can account for the difference in heights of the
two peaks in the detector response, it is clear from all
the fits shown in Fig. 6, that the peaks vary in height
from phase to phase. This effect is not predicted by our
model, and could be due to optical effect of the optics
used in the X-ray experimental setup [Fig. 2(a)]. Also,
this model results in a poor fit of the lower strain am-
plitude points, once we fix the peak widths σ following
the procedure described in Appendix A. This may be
because we are approaching the dynamical diffraction
limit due to the thickness of the diamond [31]. With
an asymmetric broadened functional form for dynami-
cal diffraction, we could correct for things like refraction,
shape and width of the peaks, and interference effects,
overall resulting in a more accurate fit at the cost of
additional fitting parameters. We will discuss these re-
sults further with the corresponding strain measurements
through mechanically-driven Rabi measurements of the
nitrogen vacancy center defects in the diamond FBAR.

B. Strain-driven Rabi oscillations of diamond NV
centers

The negatively charged nitrogen vacancy center has
a spin triplet ground state. In the absence of external
electric fields, its spin Hamiltonian is given by

H/h = DS2
z + γeB · S+Hσ/h, (3)

where h is Plank’s constant, D = 2.87 GHz is the zero-
field splitting of the |0⟩ and |±1⟩ electron spin states,
S = (Sx, Sy, Sz) is the dimensionless spin-1 operator,
γe = 2.802 MHz/G is the electron gyromagnetic ratio,
B = (Bx, By, Bz) is an applied magnetic field, and Hσ

is the spin-stress Hamiltonian [32]. We fabricate a mi-
crowave antenna [Fig. 1(a)] to apply out of plane AC
magnetic fields with the form, B = B0 cos(ωt). This
magnetic field can drive the single quantum (SQ) tran-
sitions between |0⟩ ↔ |1⟩ and |0⟩ ↔ |−1⟩ when the
frequency ω matches the energy difference between the
corresponding spin states. The fabricated FBAR drives
the double quantum (DQ) transition between |−1⟩ ↔ |1⟩
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with oscillating strain, which is not accessible magneti-
cally [Fig. 1(c)].

The FBAR generates oscillating uniaxial stress along
the [001] crystal direction, σZZ(t) = |σZZ | cos(ωmt). Us-
ing the same crystal and NV coordinate systems as Ref.
[32], the Hσ spin-stress Hamiltonian in the NV basis
(|−1⟩, |0⟩, |1⟩), reduces to

Hσ =

 a1
2√
2
d −2b

2√
2
d 0 − 2√

2
d

−2b − 2√
2
d a1

σZZ , (4)

where a1 [32–34], b [32–34], and d [32] are spin-stress
coupling parameters. A component of the applied stress
wave resonantly couples to the |−1⟩ ↔ |1⟩ transition, al-
lowing us to mechanically drive coherent Rabi oscillations
on the DQ transition [3, 7, 10, 11]. The Rabi frequency
is Ωm = 2b|σZZ |, corresponding to the magnitude of the
⟨±1|Hσ |∓1⟩ matrix elements in Eq. 4, after applying
the rotating wave approximation in the rotating frame
of the applied mechanical drive field. Stress is related to
strain through the elastic stiffness tensor [35] such that
we write the strain along [001] as ϵZZ = σZZ/C11. Here,
C11 = 1079(5) GPa [36] is the Young’s modulus of di-
amond. Then, we relate the Rabi frequency to strain
using Ωm = 2bC11|ϵZZ |. Therefore, a Rabi measurement
enables a quantitative measurement of acoustic strain in
the resonator. We average over some inhomogeneity as
we measure because of the depth-of-focus in our optical
collection, which includes NV centers at a small range
of different depths with varying strain amplitudes. This
systematic distribution of driving over the ensemble is
the primary source of dephasing of the mechanical Rabi
oscillations [3, 7]. However, the inhomogeneity does not
significantly change the Rabi frequency that we extract.
We can then compare these indirect strain measurements
to the direct response from the X-ray analysis results in
Sec. III A.

To measure coherent mechanical Rabi oscillations, we
take advantage of the optical and spin properties of the
NV− center that allow for optical spin initialization, co-
herent quantum control between spin states, and opti-
cal readout with spin-dependent photoluminescence [4].
Fig. 4(a) shows the sequence we use for mechanically-
driven Rabi oscillations [7]. First, we optically initialize
the ensemble into spin state |0⟩ with a 532 nm laser.
Next, an adiabatic passage (AP) pulse shifts the ensem-
ble to |−1⟩ by adiabatically varying the MW drive fre-
quency through the spin transition frequency to robustly
transfer the population into the DQ subspace. Then, we
apply the mechanical drive at fmode = 2γeB||, the energy
difference between the two spin states |−1⟩ and |+1⟩ at
the applied external field B||, to measure mechanical DQ
transitions. We vary the length of the mechanical drive
pulse, which changes the percentage of population trans-
ferred from one state to the other. A second AP pulse
transfers the remaining |−1⟩ population back to |0⟩ for
readout. To ensure equal heating of the sample for each

time step, we vary the length of a second mechanical
pulse based on the length of the first mechanical pulse.
This pulse does not effect the oscillation, since it acts on
the DQ subspace after we transferred the relevant spins
back to |0⟩. We vary the length of this pulse to ensure
equal heating of the sample for each time step. We re-
peat this 27.5 µs sequence many times for each data point
of the measurement. Each mechanical Rabi curve is ac-
quired at the same physical location on the sample as
the X-ray diffraction analysis, the maximum of strain at
the center of the FBAR. The results for a 3.74(3) MHz
mechanical Rabi oscillation at the fmode = 2.553 GHz
are shown in Fig. 4(b). The data are fit to a decaying
sinusoid to extract the Rabi frequency Ωm.

We then repeat mechanically-driven Rabi measure-
ments as a function of applied magnetic field B||, or
resonator drive frequency (fmode = 2γeB||), shown in
Fig. 4(c). At each field B∥, we adjust the drive fre-
quency to match the DQ transition frequency, demon-
strated graphically in Fig. 4(d). Fig. 4(e) shows how
the mechanically-driven Rabi frequencies compare to the
electrical response measured using a VNA. The elec-
tromechanical properties of the mode are well described
by a modified Butterworth Van-Dyke (BVD) model [23].
The first plot is the S11 reflected power of the device
showing a minimum that corresponds to the mode fre-
quency of the device. The second plot is the admittance
calculated from the impedance by |Y (ω) = 1/Z(ω)|. The
admittance contains a maximum and minimum that cor-
respond to the series and parallel resonance frequencies,
respectively, of the modified BVD model. The third plot
shows the Rabi frequency extracted from a fit of each
mechanical Rabi curve.

We now turn toward measurement of Rabi oscillations
as a function of the mechanical drive frequency to prop-
erly compare NV-detected dynamic strain to X-ray de-
tected dynamic strain. First we note a subtle point – the
stroboscopic measurements at the APS ensure we can-
not drive at the maximum response of the mode, which
is roughly at both the minimum of the reflected power
and halfway between the maximum and minimum of the
admittance [Fig. 4(e)]. This is still effective because the
mode linewidth is large enough that there is still signif-
icant resonant response at the nearest APS harmonic,
fAPS = 2.548 GHz, which is ∼5 MHz detuned from the
center of the electro-mechanical resonance. However, we
do not have this constraint in Rabi measurements, en-
abling us to measure at finely spaced frequencies. We
extract a Rabi frequency of 3.12(2) MHz at fAPS from a
Lorentzian lineshape fit of the Rabi frequencies at both
the same mechanical power used for the APS measure-
ments, 0.96 W, and physical location on the FBAR. With
the corresponding measurements of the X-ray dynamic
strain ϵZZ = 5.2877(9) × 10−4 and the Rabi frequency
Ωm, we can calculate a direct measurement of the spin-
stress coupling parameter b = 2.73(2) MHz/GPa using
Ωm = 2bC11|ϵZZ |. The results of the previous three mea-
surements of this parameter along with our measurement
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FIG. 4. Results of mechanical Rabi measurements. (a) Pulse sequence for mechanical driving [7]. (b) Mechanically driven Rabi
oscillations between the |−1⟩ and |+1⟩ spin states at 0.96 W of applied mechanical drive power. (c) Resonant mechanical Rabi
curves as a function of applied external magnetic field, B||, or similarly, the mechanical drive frequency, fmode. (d) Ground spin
state energies as a function of external field showing the resonant mechanical drive. (e) Comparison of the electrical responses
of the reflected power (S11) and admittance (Y11) to the fit Rabi frequencies of the resonant mechanical drive.

are shown in Table I.

Our direct measurement of this spin-stress coupling
parameter b is in reasonable agreement with the pre-
vious measurements. There is an additional system-
atic error present in the power difference applied to the
FBAR between the two analysis methods in Sec. IIIA
and Sec. III B. Since the two experimental setups are not
compatible with each other, we require different PCBs
for each measurement. This results in different wire-
bond lengths, which can change the electrical response
and power delivery to the device. These two wire-bonds
have different inductances, leading to an impedance dif-

TABLE I. Comparison of our direct measurement of the spin-
stress susceptibility parameter b using both the X-ray diffrac-
tion and mechanical Rabi analysis to the three previous mea-
surements from both density functional theory (DFT) and
two different experimental results.

b [MHz/GPa]
This work 2.73(2)
DFT [32] 1.94(2)
Expt. [33] 2.3(3)
Expt. [34] 7.1(8)



8

ference that contributes to additional reflected power at
the device. We calculate an upper bound of this power
difference to be on the same order of the error in the
calculated spin-stress coupling parameter b = 2.73(2)
MHz/GPa. This power difference along with the fitting
discussion at the end of section IIIA are the main sources
of systematic error in our measurements.

IV. CONCLUSION

We perform measurements of gigahertz frequency
acoustic strain in bulk acoustic wave resonators using
stroboscopic X-ray diffraction microscopy. This tech-
nique provides a direct measurement of a bulk acoustic
wave summed over the entire diamond depth, allowing for
a quantitative measurement of both the applied acous-
tic strain amplitude and the static strain present from
fabrication. Also, we image the modal structure of the
resonator, indicating areas with the largest and small-
est strain. In addition to diffraction measurements, we
perform optical measurements of the Rabi precession fre-
quency of the ensemble of NV centers present in the bulk
of the diamond resonator. Since we perform these mea-
surements at corresponding lateral positions and power,
we correlate the results to directly measure one of the
six NV spin-stress coupling parameters, b. Our mea-
surement is in reasonable agreement with the previous
measurements of this parameter. This result allows for
an updated value of another spin-stress coupling param-
eter, since d is directly related to b, d =

√
2(0.5 ± 0.2)b

[11]. A simple extension of this work would be fabricat-
ing bulk acoustic wave resonators on a (111) diamond to
access the a1 spin-stress parameter via resolved sideband
detection. Also, these measurement techniques can also
be applied to other defects, like the group IV defects in
diamond. However, for the group IV defects, the strain
susceptibility is not fundamental, but instead depends
on the orientation of the external magnetic field to the
defect [12]. Additionally, the SXDM technique provides
new insights on the structure of the diamond resonators
and helps to enhance future fabrication of these devices
for improved quantum control of defects in diamond.
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Appendix A: X-ray Strain Analysis Fitting

The model used for fitting the detector images, Eq. 1,
includes two free parameters for the strain profile other
than the amplitude ϵ0: the length of the acoustic
strain wave in the diamond depth L and linear slope
of static strain m. The length determines the number
of nodes/antinodes of the strain wave in the diamond
thickness, and m determines the slope of the linear static
strain from fabrication. In combination, these two pa-
rameters describe the entire spatial profile of the strain
wave. However, the strain profile in depth should only
vary in amplitude as the phase relative to the X-ray
bunch varies. Therefore, to correctly fit the detector
images, we have to constrain both of these parameters
before fitting each phase value.
We fit five of the highest strained detector images

per oscillation with all six fitting parameters free, and
take the mean giving L = 0.907(5) oscillations and m =
24(1) pixels. Both of these calculated values are reason-
able. We constrain to these values moving forward. L =
0.907(5) matches the qualitative finite-element model of
about one full oscillation (L = 1) of the strain amplitude
in the diamond [Fig. 1(b)]. Also, we can convert the lin-
ear static strain of m = 24(1) pixels to strain using the
method in Appendix B, resulting in a strain of ϵoff ≈ 2
x 10−3. Additionally, with Euler-Bernoulli beam theory,
we can approximate the static strain from fabrication.
The X-ray diffraction maximum varies over the 50 µm
long FBAR by ∼ 0.4◦ as we rotate the angle of the sam-
ple relative to the X-ray beam. We calculate the radius
of curvature of the statically strained FBAR, and using
the thickness of the diamond, we arrive at a similar static
strain of ϵoff ≈ 2 x 10−3. This agreement supports that
the model accurately captures the length of the spatial
strain wave as well as the static strain through the depth.
Fig. 5(a) shows the sinusoidal spatial strain profile

through the depth of the diamond with the constrained
length L, in addition to the the static strainm term of the
model. In practice, the strain would be zero somewhere
in the bulk, not at the diamond/air boundary as shown
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FIG. 5. Plots of the functions used to fit the detector images.
(a) The spatial strain profile as a function of depth in the
diamond with the constrained period L and linear static strain
m. (b) Model from Eq. 1 with fixed L and m values from our
constrains with arbitrary other fitting parameters µ, σ, ϵ0 and
A.

in Fig. 5(a). However, adding an additional static strain
offset term to correct the strain profile just results in a
translation of the fit function F (x) along x, not changing
the shape of the fit function. We let µ be the sole deter-
mination of the x position to avoid covariance between
the offset strain and µ. Fig. 5(b) shows the detector fit
model F (x) after constraining L and m with arbitrary
µ, σ, ϵ0 and A values for demonstration.

Additionally, the detector response width σ needs to
be constrained. There is a large covariance between the
width σ and the amplitude ϵ0 for small values of split-
ting when the two detector lobes are close to each other
because a single wide Gaussian can also fit despite not
being physical. Therefore, we have to determine σ for
each phase value of the drive. The σ’s vary with phase
because the temporal width (∆t) of the X-ray bunch tim-
ings result in a broadened detector response. We define
a strain velocity ϵv(t) that corresponds to how much the
strain wave is changing in time at each point in the depth,
which is maximized at the antinodes and minimized at
the nodes. The strain velocity is the derivative of the AC
part of the spatial strain wave ϵ(z) from Eq. 1,

ϵv(t) =
dϵ(z)

dt

=
dϵ0(t)

dt
sin(2πkz)

= −2πϵ001f sin(2πft+ ϕt) sin(2πkz),

(A1)

where the amplitude of the spatial strain wave ϵ0(t) is
time-varying according to Eq. 2. At the nodes, there
is no broadening from the temporal width of the X-ray
bunches. Also, we know the strain velocity is maximized
at the antinodes, resulting in |ϵv| = 2πϵ001f . To calculate
the broadening of the detector function in pixels, we use
σbroad = |ϵv|∆t, where the ∆t = 33.5(1) ps [29]. There-
fore, at the antinodes, we will have the most broadening,
and the sigma at those phase values will be given by

σ2
antinode = σ2

node + σ2
broad. (A2)

Then, σ(t) oscillates between σantinode and σnode as a
cosine wave with the same frequency and phase as Eq. 2,
giving

σ(t) = σ0 cos(2πft+ ϕt) + σ1,

σ0 =
σantinode − σnode

2
,

σ1 =
σantinode + σnode

2
,

(A3)

where t is the time corresponding to a phase between the
X-ray bunch and mechanical drive.
With the fixed parameters including the widths and

spatial strain parameters (length and linear static strain),
the seventy-one detector images with varying phase are
fit according to the model described by Eq. 1, and the fits
are shown in Fig. 6. The strain amplitude ϵ0 is extracted
from each of these fits and plotted as shown in Fig. 3(e).

Appendix B: Converting pixel position on detector
to strain

The bulk acoustic waves from the FBAR change the
lattice throughout the depth of the diamond. We can
relate the position of the compressive and tensile lobes
on the detector from the X-ray Bragg diffraction to a
change in Bragg angle. We know the angle relates to the
unstrained lattice spacing d through the first-order Bragg
condition [30],

2d sin(θB) = λ, (B1)

where d = 1.075 Å is the [113] lattice spacing using the di-
amond lattice parameter a = 3.567 Å [37], λ = 1.0688(5)
Å (11.600(5) keV) is the wavelength of the X-rays, and
θB = 29.81(2)◦ is the Bragg angle. While driving the
FBAR, the positions of the two lobes change, and a new
Bragg condition results from a new lattice spacing:

2d′ sin(θ′B) = λ, (B2)
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FIG. 6. This is a fit of all seventy-one detector images over the varying phase values using the model given in Eq. 1 while
constraining the parameters σ, L, and m as described by Appendix A. The phase value in picoseconds is the time between the
start of the mechanical drive and the incoming X-ray bunch.
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where d′ and θ′B are the lattice spacing and Bragg an-
gle under mechanical strain respectively. We measure
the strain generated by the FBAR along the [113] crys-
tal direction by calculating the relative difference of the
unstrained and strained lattice spacings using

ϵ[113] =
d′ − d

d
. (B3)

To extract the strain from the diffraction images, we
calculate θp, the change in Bragg angle per pixel, where
the pixel corresponds to the location of the diffraction
lobes on the detector. We calculate the sample-detector
distance by performing a measurement where we rotate
the sample by 0.9◦ with a stage of ± 24 µrad angular
motion repeatability and measure the diffraction pattern
shifting a lateral distance of 234 pixels with a 75 µm pixel
spacing. Using the law of cosines on an acute isosceles
triangle, where two sides are the sample-detector dis-
tance and the third is 234 × 75 µm with an opposite
angle of 0.9◦, the sample-detector distance is 1.1(1) m.
Then, forming an acute right triangle with one side as
the sample-detector distance and the other as the pixel-
pixel distance, we calculate θp = tan−1(75 µm/1.1 m) =
0.0038(3)◦. Now, we can write the new Bragg condition
angle,

θ′B = θB + θp(ϵ0/2), (B4)

where ϵ0 is the number of pixels between the two peaks
from our model for the fits in Fig. 6. We include the
factor of two since the change in Bragg angle corresponds
to the angle from the original Bragg angle to one of the
detector lobes, and ϵ0 is the total distance between both
lobes.

Therefore, the fitting of the X-ray diffraction images al-
low us to calculate the strained Bragg condition angle θ′B
using Eq. B4, and then the lattice spacing under strain d′

using Eq. B2. Then, we calculate ϵ[113], the strain along
the [113] crystal direction, through the relative difference
of the strained and unstrained lattice spacings, Eq. B3.

Appendix C: Change of Basis

The FBAR creates uniaxial stress σ along the [001]
crystal direction via the bulk acoustic waves. With crys-
tal frame coordinates of X = [100], Y = [010], and
Z = [001], we can write the stress generated from the
FBAR as

σFBAR =

0 0 0
0 0 0
0 0 σZZ

 , (C1)

in the crystal frame’s coordinate system. The strain ϵ is

related to the stress through the elastic stiffness tensor
[35], and we can write the strain generated by the FBAR
in the crystal frame as

ϵFBAR =

ϵXX 0 0
0 ϵY Y 0
0 0 ϵZZ


=

−ν 0 0
0 −ν 0
0 0 1

 ϵZZ

=

−ν 0 0
0 −ν 0
0 0 1

σZZ/C11,

(C2)

where |ν| = C12/(C11+C12) = 0.103(2) is Poisson’s ratio
and C11 = 1079(5) GPa and C12 = 124(5) GPa are elastic
stiffness moduli for diamond [36].

We choose new normalized coordinates with the new z
direction along [113] crystal direction matching the in-

coming X-ray angle: z = [113]/
√
11, x = [110]/

√
2,

y = −→z x −→x = [332]. Using a change of basis trans-
formation [38],

ϵ′ = QϵQ′, σ′ = QσQ′, (C3)

where Q is a unitary transformation between the two
frames,

Q =

x
y
z

X
Y
Z

T

, (C4)

the applied strain from the FBAR in the new basis will
be given by

ϵ′ =

−ν 0 0

0 −9ν+2
11

−3
√
2(ν+1)
11

0 −3
√
2(ν+1)
11

−2ν+9
11

σZZ/C11. (C5)

Therefore, we can convert the strain the [113] crystal
direction to the [001] direction using the corresponding
component of ϵ′ giving

ϵ[113] = [(−2ν + 9)/11]σZZ/C11

= [(−2ν + 9)/11]ϵZZ

= [(−2ν + 9)/11]ϵ[001].

(C6)
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cal Control of a Single Nuclear Spin, Physical Review X
12, 011056 (2022).

[14] D. A. Golter, T. Oo, M. Amezcua, I. Lekavicius, K. A.
Stewart, and H. Wang, Coupling a surface acoustic wave
to an electron spin in diamond via a dark state, Physical
Review X 6, 041060 (2016).

[15] J. R. Dietz, B. Jiang, A. M. Day, S. A. Bhave, and E. L.
Hu, Spin-acoustic control of silicon vacancies in 4H silicon
carbide, Nature Electronics 6, 739 (2023).

[16] S. J. Whiteley, F. J. Heremans, G. Wolfowicz, D. D.

Awschalom, and M. V. Holt, Correlating dynamic strain
and photoluminescence of solid-state defects with stro-
boscopic x-ray diffraction microscopy, Nature Communi-
cations 10, 3386 (2019).

[17] K.-M. C. Fu, C. Santori, P. E. Barclay, I. Aharonovich,
S. Prawer, N. Meyer, A. M. Holm, and R. G. Beau-
soleil, Coupling of nitrogen-vacancy centers in diamond
to a GaP waveguide, Applied Physics Letters 93, 234107
(2008).

[18] P. E. Barclay, K.-M. C. Fu, C. Santori, and R. G.
Beausoleil, Chip-based microcavities coupled to nitrogen-
vacancy centers in single crystal diamond, Applied
Physics Letters 95, 191115 (2009).

[19] Y. Liu, Y. Cai, Y. Zhang, A. Tovstopyat, S. Liu, and
C. Sun, Materials, Design, and Characteristics of Bulk
Acoustic Wave Resonator: A Review, Micromachines 11,
630 (2020).

[20] L. Wang, C. Wang, Y. Wang, A. Quan, M. Keshavarz,
B. P. Madeira, H. Zhang, C. Wang, and M. Kraft, A Re-
view on Coupled Bulk Acoustic Wave MEMS Resonators,
Sensors (Basel, Switzerland) 22, 3857 (2022).

[21] M. Holt, R. Harder, R. Winarski, and V. Rose, Nanoscale
hard x-ray microscopy methods for materials studies, An-
nual Review of Materials Research 43, 183 (2013).

[22] D. A. Feld, R. Parker, R. Ruby, P. Bradley, and S. Dong,
After 60 years: A new formula for computing quality
factor is warranted, in 2008 IEEE Ultrasonics Symposium
(2008) pp. 431–436.

[23] J. Larson, P. Bradley, S. Wartenberg, and R. Ruby, Mod-
ified butterworth-van dyke circuit for fbar resonators and
automated measurement system, in 2000 IEEE Ultra-
sonics Symposium. Proceedings. An International Sym-
posium (Cat. No.00CH37121), Vol. 1 (2000) pp. 863–868
vol.1.

[24] S. O. Hruszkewycz, M. V. Holt, J. Maser, C. E. Mur-
ray, M. J. Highland, C. M. Folkman, and P. H. Fu-
oss, Coherent Bragg nanodiffraction at the hard X-ray
Nanoprobe beamline, Philosophical Transactions. Series
A, Mathematical, Physical, and Engineering Sciences
372, 20130118 (2014).

[25] N. Delegan, S. J. Whiteley, T. Zhou, S. L. Bayliss,
M. Titze, E. Bielejec, M. V. Holt, D. D. Awschalom,
and F. J. Heremans, Deterministic nanoscale quantum
spin-defect implantation and diffraction strain imaging,
Nanotechnology 34, 385001 (2023).

[26] R. P. Winarski, M. V. Holt, V. Rose, P. Fuesz, D. Car-
baugh, C. Benson, D. Shu, D. Kline, G. B. Stephenson,
I. McNulty, and J. Maser, A hard X-ray nanoprobe beam-
line for nanoscale microscopy, Journal of Synchrotron Ra-
diation 19, 1056 (2012).

[27] S. O. Hruszkewycz, M. V. Holt, M. Allain, V. Chamard,
S. M. Polvino, C. E. Murray, and P. H. Fuoss, Efficient
modeling of bragg coherent x-ray nanobeam diffraction,
Optics Letters 40, 3241 (2015).

[28] A. Pateras, J. Park, Y. Ahn, J. A. Tilka, M. V. Holt,
H. Kim, L. J. Mawst, and P. G. Evans, Dynamical scat-
tering in coherent hard x-ray nanobeam bragg diffraction,
Physical Review B 97, 235414 (2018).

[29] Storage Ring Operation Modes, https://ops.aps.anl.gov/
SRparameters/node5.html (2010).

[30] W. H. Bragg and W. L. Bragg, The structure of the dia-



13

mond, Proceedings of the Royal Society of London. Series
A, Containing Papers of a Mathematical and Physical
Character 89, 277 (1913).

[31] T. Takahashi and S. Nakatani, Dynamical theory of x-
ray diffraction for the study of crystal surfaces, Surface
Science 326, 347 (1995).

[32] P. Udvarhelyi, V. O. Shkolnikov, A. Gali, G. Burkard,
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