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Bulk-mode acoustic waves in a crystalline material exert lattice strain through the thickness of the sam-
ple, which couples to the spin Hamiltonian of defect-based qubits such as the nitrogen-vacancy (N-V)
center defect in diamond. This mechanism has previously been 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 N-V 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 nanofocused 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 of the N-V center spin ensem-
ble, providing an additional quantitative measurement of the strain amplitude. As a result, we directly
measure one of the six N-V 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 N-V center defect spin Hamiltonian.

DOI: 10.1103/PhysRevApplied.22.024016

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 improved qubit
performance such as extending spin coherence times [5,6],
tuning defect state energy levels [1,2], and driving coher-
ent spin [6,7] and orbital [8,9] transitions. Surface and
bulk acoustic strain waves in the lattice that are coupled to
defects have been demonstrated by microelectromechani-
cal systems that use piezoelectric transducers [3,7,10–18].
Bulk acoustic wave (BAW) resonators are particularly use-
ful because of their high operating frequencies, high qual-
ity factors, and high thermal conductivity enabling robust
power handling [19,20]. In addition, BAW resonators are
electronic devices, allowing for convenient integration of

*Contact author: gdf9@cornell.edu

an additional microwave (MW) control antenna or other
quantum control fields. It is especially interesting to quan-
tify the generated bulk acoustic strain in BAW devices
because they are widely prevalent in applications includ-
ing filters, oscillators, 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)
enable coupling to the nitrogen-vacancy (N-V) center
defects 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 measurement of this
strain [10]. An alternative approach for examining N-V
strain coupling uses microbeam resonator systems. For
these, cantilever deflection is directly measured, which
is converted to strain using Euler-Bernoulli beam the-
ory [1,2]. These works form the most accurate prior
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measurements of the N-V ground-state spin axial and
transverse strain sensitivities. More direct measurements
of lattice displacement are possible using scanning x-ray
diffraction microscopy (SXDM), where Bragg diffraction
provides a direct measurement of the displacement of
atoms in the lattice [21]. Experiments at the Advanced
Photon Source (APS) using SXDM have studied surface
acoustic waves (SAWs) on a SiC lattice with correlated
photoluminescence of an ensemble of defects [16]. Mean-
while, measuring BAW strain is more challenging because
the lattice is both compressively and tensilely strained
through the thickness. Direct measurements will neces-
sarily sum over both forms of strain, complicating the
measurement of the lattice displacement through the bulk.
However, a direct measurement is important because it
sheds light on the BAW device’s behaviors, limitations,
and pathways for fabrication improvements, and because it
provides the most direct comparison yet between dynamic
lattice strain and the corresponding N-V center response.

In this work we use time-resolved SXDM at the Hard
X-ray Nanoprobe Beamline operated by the Center for
Nanoscale Materials at the APS to measure gigahertz-
frequency strains generated in diamond thin-film bulk
acoustic resonators (FBARs). We measure the bulk acous-
tic 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 allows us to isolate the response of dia-
mond, ignoring other materials that comprise the FBAR
device. We measure strain stroboscopically, allowing for
repeatable measurements of the strain wave with 20-ps res-
olution by driving the resonator referenced to the x-ray
bunches. In addition, we perform confocal microscopy of
diamond N-V centers to access the strain using an inde-
pendent 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
parameters for N-V 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 FBARs that are thinner than previous gen-
erations of diamond HBAR devices for acoustic N-V cen-
ter control [3,7,10,11]. This increases the strain coupling to
the N-V centers because the coupling is inversely propor-
tional 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 N-V centers, purchased from
Element Six. The diamond is backside etched down to

(a)

(c)

(b)

FIG. 1. (a) Scanning electron microscope image of the pentag-
onal FBAR and MW antenna. (b) Energy levels of the N-V center
ground state with a nonzero field along the N-V axis, B||, along
with corresponding driving fields used in this work. (c) Finite-
element (COMSOL) cross-sectional model showing about one
full oscillation of strain generated in the diamond for the 2.553
GHz mode used in this work.

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 layers.
We also fabricate a MW antenna on the diamond to pro-
vide MW control over the N-V centers. Figure 1(a) shows
a scanning electron microscope image of the final device.

Exciting the resonator at gigahertz frequencies with an
ac voltage excites standing BAWs into the diamond with
the entire structure thickness acting as an acoustic Fabry-
Pérot cavity [3]. These gigahertz bulk waves are useful for
controlling N-V center spins in the diamond [3,7,10,11].
Figure 1(c) shows a qualitative finite-element model of a
gigahertz 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 (dark red) and the
other two in the depth of the diamond (dark blue and red).
We use this model later to aid in the x-ray diffraction anal-
ysis 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 MW
and mechanical drive to the device for all measurements
[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 applied power is trans-
ferred to an acoustic excitation of the diamond through the
bulk. We use a modified Butterworth-Van Dyke (BVD)
model [22,23] to fit the reflected power (S11) VNA data
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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 SXDM and N-V Rabi
oscillations in a confocal microscope.

III. RESULTS

A. Stroboscopic scanning x-ray diffraction microscopy

The APS generates hard x-rays for our experiment in
a configuration shown schematically in Fig. 2(a). The
11.6-keV synchrotron pulses are focused down to a
roughly 25-nm full width at half maximum pencil-like,
Gaussian profile [24,25] using a Fresnel zone plate optic
[26]. The zone plate is scanned relative to the sample posi-
tion with 25-nm typical step size in the x and y directions

(a)

(b)

(e)

(c) (d)

X-ray bunch

FIG. 2. (a) Schematic of the experimental setup at the APS.
Focused x-rays diffract onto a detector while mechanically driv-
ing the FBAR with the arbitrary waveform generator (AWG). (b)
Platinum fluorescence showing the pentagonal electrode. (c) X-
ray diffraction image with no mechanical driving, showing the
pentagonal FBAR structure, where each pixel is the sum of the
corresponding detector fluorescence. (d) Example pixelated area
detector image for the center pixel of the undriven scan (c) indi-
cating 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 image like the one shown here. (e) Phase
synchronous driving of the FBAR to the x-ray bunches with a
phase difference φ. The mechanical drive is driven at a frequency
multiple of 391 of the approximately 6.5-MHz bunch clock.

[25], with z positioned along the beam direction. We col-
lect the reflected diffraction from the [113] Bragg condition
of diamond 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 simultane-
ously measure the corresponding x-ray diffraction 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 vertically 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 illumi-
nated volume present from device fabrication. 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 roughly 6.5 MHz [29] [Fig. 2(e)] by taking the bunch
clock as an external reference clock of the arbitrary wave-
form generator , which directly synthesizes the microwave
drive tone. This allows for stroboscopic measurements of
the mechanical drive via the collected diffraction images.
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 phys-
ical 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 thickness of our diamond.
This allows us to directly study the effects of BAWs 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 relationship
between d and the angle θ of the measured diffraction,
at a wavelength λ. Therefore, measuring variations 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 inte-
grated over both the compressive and tensile strain from
the BAW at the same time. This creates two lobes on the
diffraction patterns that oscillate with the changing phase
of the x-ray bunches [Figs. 3(c) and 3(d)].
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(a)

(e) (d)

(b) (c)

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),(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.

To visualize this dynamic strain in images, we use the
horizontal standard deviation in the detector images, σx,
as a proxy. As the strain amplitude increases, the dis-
tance between the compressive and tensile lobes increases,
resulting in a larger σx. Figure 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
collection time 0.4 s at each pixel. Then σx is calculated at
each pixel after summing vertically over the correspond-
ing detector image. The largest region of bulk acoustic
strain is about 5 nm wide at the center of the pentago-
nal 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. Figure 3(b) is a 40-µm
wide one-dimensional 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 mechan-
ical 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 synchro-
nized to 391 times the x-ray bunch frequency, the multiple
where we saw the largest diffraction response while driv-
ing. Therefore, we expect to see multiple oscillations 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 Figs. 3(c) and 3(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 overall
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 σ 2. Here 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 convolution results in a func-
tion with two peaks of width σ and separation ε0 pixels,
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on each edge corresponding to the highest strain ampli-
tude and the turning points. The 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 variable 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 lin-
ear static strain that we clearly see as the FBAR is bowed
out from fabrication 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 detec-
tor collection area we choose is already arbitrary. Figure 5
shows both the strain profile in depth ε(z) and an example
detector function F(x). A detailed analysis for choosing
the fitting parameters is discussed further in Appendix A.

Figure 3(e) shows the results of the stroboscopic strain
amplitude fits for each of the 71 detector images as a func-
tion of waveform phase. For each phase, we vertically sum
the detector data over three pixels of position that corre-
spond 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 using the change in
d spacing, where Figs. 3(c) and 3(d) are examples of the fit
using Eq. (1), at two different phase values. A full descrip-
tion 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] direc-
tion to the [001] crystal axis, because the FBAR generates
stress along the thickness 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(2π ft + φt) + εoff|, (2)

where ε[001] and εoff are the amplitude and offset respec-
tively 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 differ-
ence 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 anharmonicity 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 = 2.603 85(8) GHz,
which is close to but not exactly the same as the nom-
inal 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 are indepen-
dent of the strain amplitude fit, which is the most important
conclusion we make from this measurement.

Figure 6 shows the fits for all the detector images using
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 the 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 amplitude 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 dynamical diffraction, we could correct for things
like refraction, shape and width of the peaks, and inter-
ference effects, overall resulting in a more accurate fit at
the cost of additional fitting parameters. We will discuss
these results further with the corresponding strain measure-
ments through mechanically driven Rabi measurements of
the N-V center defects in the diamond FBAR.

B. Strain-driven Rabi oscillations of diamond N-V
centers

The negatively charged N-V 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 microwave antenna
[Fig. 1(a)] to apply out-of-plane ac magnetic fields of the
form B = B0 cos(ωt). This magnetic field can drive the
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single-quantum (SQ) transitions between |0〉 ↔ |1〉 and
|0〉 ↔ |−1〉 when the frequency ω matches the energy
difference between the corresponding spin states. The fab-
ricated FBAR drives the double-quantum (DQ) transition
between |−1〉 ↔ |1〉 with oscillating strain, which is not
accessible magnetically [Fig. 1(c)].

The FBAR generates oscillating uniaxial stress along the
[001] crystal direction, σZZ(t) = |σZZ | cos(ωmt). Using the
same crystal and N-V coordinate systems as Ref. [32], the
Hσ spin-stress Hamiltonian in the N-V 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,
allowing us to mechanically drive coherent Rabi oscilla-
tions on the DQ transition [3,7,10,11]. The Rabi frequency
is 
m = 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 dia-
mond. Then we relate the Rabi frequency to strain using

m = 2bC11|εZZ |. Therefore, a Rabi measurement enables
a quantitative measurement of acoustic strain in the res-
onator. We average over some inhomogeneity as we mea-
sure because of the depth of focus in our optical collection,
which includes N-V centers at a small range of different
depths with varying strain amplitudes. This systematic dis-
tribution 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 with 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 N-V
center that allow for optical spin initialization, coherent
quantum control between spin states, and optical readout
with spin-dependent photoluminescence [4]. Figure 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 ensemble to |−1〉 by adia-
batically varying the MW drive frequency 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 percent-
age of population transferred from one state to the other.
A second AP pulse transfers the remaining |−1〉 popula-
tion 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 mechani-
cal pulse. This pulse does not affect 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 repeat
this 27.5-µs sequence many times for each data point of
the measurement. Each mechanical Rabi curve is acquired
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 fitted to a decaying sinusoid to extract the
Rabi frequency 
m.

We then repeat mechanically driven Rabi measurements
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 frequency to match
the DQ transition frequency, demonstrated graphically in
Fig. 4(d). Figure 4(e) shows how the mechanically driven
Rabi frequencies compare with the electrical response
measured using a VNA. The electromechanical proper-
ties of the mode are well described by a modified BVD
model [23]. The first plot is the S11 reflected power of the
device showing a minimum that corresponds to the mode
frequency of the device. The second plot is the admit-
tance calculated from the impedance by |Y(ω) = 1/Z(ω)|.
The admittance contains a maximum and minimum that
correspond to the series and parallel resonance frequen-
cies 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 towards measurement of Rabi oscilla-
tions as a function of the mechanical drive frequency to
properly compare N-V-detected dynamic strain with x-ray
detected 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 sig-
nificant resonant response at the nearest APS harmonic,
fAPS = 2.548 GHz, which is about 5 MHz detuned from
the center of the electromechanical resonance. However,
we do not have this constraint in Rabi measurements,
enabling us to measure at finely spaced frequencies. We
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(a) (d)

(e)

(b)

(c)

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.

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 
m,
we can calculate a direct measurement of the spin-stress
coupling parameter b = 2.73(2) MHz/GPa using 
m =
2bC11|εZZ |. The results of the previous three measurements
of this parameter along with our measurement are listed in
Table I.

Our direct measurement of this spin-stress coupling
parameter b is in reasonable agreement with the previ-
ous measurements. There is an additional systematic error
present in the power difference applied to the FBAR
between the two analysis methods in Secs. III A and 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 deliv-
ery to the device. These two wire bonds have different
inductances, leading to an impedance difference that con-
tributes to additional reflected power at the device. We

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

b [MHz/GPa]

This work 2.73(2)
DFT [32] 1.94(2)
Experiment [33] 2.3(3)
Experiment [34] 7.1(8)
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calculate an upper bound of this power difference to be on
the same order of the error in the calculated spin-stress cou-
pling parameter b = 2.73(2) MHz/GPa. This power differ-
ence and the fitting discussion at the end of Sec. III A are
the main sources of systematic error in our measurements.

IV. CONCLUSION

We perform measurements of gigahertz-frequency
acoustic strain in BAW resonators using stroboscopic x-ray
diffraction microscopy. This technique provides a direct
measurement of a BAW summed over the entire diamond
depth, allowing for a quantitative measurement of both
the applied acoustic strain amplitude and the static strain
present from fabrication. Also, we image the modal struc-
ture of the resonator, indicating areas with the largest and
smallest strain. In addition to diffraction measurements, we
perform optical measurements of the Rabi precession fre-
quency of the ensemble of N-V 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 N-V
spin-stress coupling parameters, b. Our measurement is in
reasonable agreement with the previous measurements of
this parameter. This result allows for an updated value of
another spin-stress coupling parameter, since d is directly
related to b, d = √

2(0.5 ± 0.2)b [11]. A simple exten-
sion of this work would be fabricating BAW resonators
on a (111) diamond to access the a1 spin-stress param-
eter via resolved sideband detection. 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 mag-
netic field to the defect [12]. Additionally, the SXDM
technique provides new insights into 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 thick-
ness, and m determines the slope of the linear static
strain from fabrication. In combination, these two param-
eters 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 reasonable.
We constrain to these values moving forward. The value
L = 0.907(5) matches the qualitative finite-element model
of about one full oscillation (L = 1) of the strain ampli-
tude in the diamond [Fig. 1(b)]. In addition, we can convert
the linear static strain of m = 24(1) pixels to strain using
the method in Appendix B, resulting in a strain of εoff ≈
2 × 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 about 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 × 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.

Figure 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 strain m term of the
model. In practice, the strain would be zero somewhere
in the bulk, not at the diamond-air boundary as shown in
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(a)

(b)

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.

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 determination of the x
position to avoid covariance between the offset strain and
μ. Figure 5(b) shows the detector fit model F(x) after con-
straining 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 splitting when
the two detector lobes are close to each other because a sin-
gle 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 timings results in a broad-
ened 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 veloc-
ity 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(2π ft + 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

σ 2
antinode = σ 2

node + σ 2
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(2π ft + 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 spa-
tial strain parameters (length and linear static strain), the
71 detector images with varying phase are fitted 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 BAWs from the FBAR change the lattice through-
out 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 diamond 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 driv-
ing 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)

where d′ and θ ′
B are the lattice spacing and Bragg angle

under mechanical strain, respectively. We measure the
strain generated by the FBAR along the [113] crystal
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FIG. 6. This is a fit of all 71 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.

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 cal-
culate 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
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by 0.9◦ with a stage of ± 24 µrad angular motion repeata-
bility 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 distance 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 2 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
allow 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 BAWs. With crystal frame coor-
dinates 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 εYY 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 the [113] crystal direction matching
the incoming x-ray angle: z = [113]/

√
11, x = [110]/

√
2,

y = −→z × −→x = [332]. Using a change-of-basis transfor-
mation [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 in 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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a single nuclear spin, Phys. Rev. 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, Phys. Rev.
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, Nat. Electron. 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, Nat. Commun. 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. Beausoleil,
Coupling of nitrogen-vacancy centers in diamond to a GaP
waveguide, Appl. Phys. Lett. 93, 234107 (2008).

[18] P. E. Barclay, K.-M. C. Fu, C. Santori, and R. G. Beausoleil,
Chip-based microcavities coupled to nitrogen-vacancy cen-
ters in single crystal diamond, Appl. Phys. Lett. 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 review
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, Annu.
Rev. Mater. Res. 43, 183 (2013).

[22] D. A. Feld, R. Parker, R. Ruby, P. Bradley, and S. Dong,
in 2008 IEEE Ultrasonics Symposium (Institute of Elec-
trical and Electronics Engineers, Beijing, China, 2008),
pp. 431–436.

[23] J. Larson, P. Bradley, S. Wartenberg, and R. Ruby, in 2000
IEEE Ultrasonics Symposium. Proceedings. An Interna-
tional Symposium (Cat. No.00CH37121), Vol. 1 (2000),
p. 863.

[24] S. O. Hruszkewycz, M. V. Holt, J. Maser, C. E. Murray,
M. J. Highland, C. M. Folkman, and P. H. Fuoss, Coherent
Bragg nanodiffraction at the hard X-ray nanoprobe beam-
line, Philos. Trans. A. Math. Phys. Eng. Sci. 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. Carbaugh,
C. Benson, D. Shu, D. Kline, G. B. Stephenson, I. McNulty,
and J. Maser, A hard X-ray nanoprobe beamline for
nanoscale microscopy, J. Synchrotron. Radiat. 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 mod-
eling of Bragg coherent x-ray nanobeam diffraction, Opt.
Lett. 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 scattering
in coherent hard x-ray nanobeam Bragg diffraction, Phys.
Rev. B 97, 235414 (2018).

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

[30] W. H. Bragg and W. L. Bragg, The structure of the dia-
mond, Proc. R. Soc. Lond. Ser. A-Contain. Pap. Math.
Phys. Character 89, 277 (1913).

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

[32] P. Udvarhelyi, V. O. Shkolnikov, A. Gali, G. Burkard,
and A. Pályi, Spin-strain interaction in nitrogen-
vacancy centers in diamond, Phys. Rev. B 98, 075201
(2018).

[33] M. S. J. Barson, P. Peddibhotla, P. Ovartchaiyapong,
K. Ganesan, R. L. Taylor, M. Gebert, Z. Mielens,
B. Koslowski, D. A. Simpson, L. P. McGuinness, J.
McCallum, S. Prawer, S. Onoda, T. Ohshima, A. C.
Bleszynski Jayich, F. Jelezko, N. B. Manson, and M. W.
Doherty, Nanomechanical sensing using spins in diamond,
Nano Lett. 17, 1496 (2017).

[34] A. Barfuss, M. Kasperczyk, J. Kölbl, and P. Maletinsky,
Spin-stress and spin-strain coupling in diamond-based

024016-12

https://doi.org/10.1103/PhysRevB.92.224419
https://doi.org/10.1038/nphys3411
https://doi.org/10.1364/OPTICA.2.000233
https://doi.org/10.1103/PhysRevApplied.6.034005
https://doi.org/10.1103/PhysRevLett.120.167401
https://doi.org/10.1021/acs.nanolett.9b02430
https://doi.org/10.1103/PhysRevApplied.13.054068
https://doi.org/10.1038/s41467-019-13822-x
https://doi.org/10.1103/PhysRevX.12.011056
https://doi.org/10.1103/PhysRevX.6.041060
https://doi.org/10.1038/s41928-023-01029-4
https://doi.org/10.1038/s41467-019-11365-9
https://doi.org/10.1063/1.3045950
https://doi.org/10.1063/1.3262948
https://doi.org/10.3390/mi11070630
https://doi.org/10.3390/s22103857
https://doi.org/10.1146/annurev-matsci-071312-121654
https://doi.org/10.1098/rsta.2013.0118
https://doi.org/10.1088/1361-6528/acdd09
https://doi.org/10.1107/S0909049512036783
https://doi.org/10.1364/OL.40.003241
https://doi.org/10.1103/PhysRevB.97.235414
https://ops.aps.anl.gov/SRparameters/node5.html
https://doi.org/10.1098/rspa.1913.0084
https://doi.org/10.1016/0039-6028(94)00792-6
https://doi.org/10.1103/PhysRevB.98.075201
https://doi.org/10.1021/acs.nanolett.6b04544


DIAMOND THIN-FILM BULK ACOUSTIC RESONATORS. . . PHYS. REV. APPLIED 22, 024016 (2024)

hybrid spin oscillator systems, Phys. Rev. B 99, 174102
(2019).

[35] A. P. Boresi, R. J. Schmidt, and O. M. Sidebottom, in
Advanced Mechanics of Materials, 5th ed., Vol. 29 (John
Wiley & Sons, New York, Chichester, Bisbane, Toronto and
Singapore, 1993), pp. 141–142.

[36] H. J. McSkimin and P. A. Jr, Elastic moduli of diamond as
a function of pressure and temperature, J. Appl. Phys. 43,
2944 (2003).

[37] M. A. Prelas, P. Gielisse, G. Popovici, B. V. Spitsyn, and
T. Stacy, Wide Band Gap Electronic Materials (Kluwer
Academic Publishers, Dordrecht, Netherlands, Boston,
Massachusetts and London, United Kingdom, 1995),
p. 342.

[38] B. S. Aadnøy and R. Looyeh, Petroleum Rock Mechanics:
Drilling Operations and Well Design (Gulf Professional
Publishing, Cambridge, Massachusetts and Oxford, United
Kingdom, 2012).

024016-13

https://doi.org/10.1103/PhysRevB.99.174102
https://doi.org/10.1063/1.1661636

	I. INTRODUCTION
	II. DEVICE
	III. RESULTS
	A. Stroboscopic scanning x-ray diffraction microscopy
	B. Strain-driven Rabi oscillations of diamond N-V centers

	IV. CONCLUSION
	ACKNOWLEDGMENTS
	A. APPENDIX A: X-RAY STRAIN ANALYSIS FITTING
	B. APPENDIX B: CONVERTING PIXEL POSITION ON DETECTOR TO STRAIN
	C. APPENDIX C: CHANGE OF BASIS
	. References


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile ()
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 5
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Average
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Average
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Average
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /PDFX1a:2003
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError false
  /PDFXTrimBoxToMediaBoxOffset [
    33.84000
    33.84000
    33.84000
    33.84000
  ]
  /PDFXSetBleedBoxToMediaBox false
  /PDFXBleedBoxToTrimBoxOffset [
    9.00000
    9.00000
    9.00000
    9.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV <>
    /HUN <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames false
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks true
      /AddColorBars false
      /AddCropMarks true
      /AddPageInfo true
      /AddRegMarks false
      /BleedOffset [
        9
        9
        9
        9
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


