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INSTRUMENTATION AND MEASUREMENT

Design and simulation of an accelerometer based on
NV center spin—strain coupling

Lu-Min Ji(ZE&#), Li-Ye Zhao(BX37Mk)", and Yu-Hai Wang(E 43 )

Key Laboratory of Micro-Inertial Instrument and Advanced Navigation Technology, Ministry of Education,
Department of Instrument Science and Engineering, Southeast University, Nanjing 210096, China

(Received 13 September 2023; revised manuscript received 18 October 2023; accepted manuscript online 4 November 2023)

The nitrogen-vacancy (NV) center quantum systems have emerged as versatile tools in the field of precision mea-
surement because of their high sensitivity in spin state detection and miniaturization potential as solid-state platforms. In
this paper, an acceleration sensing scheme based on NV spin—strain coupling is proposed, which can effectively eliminate
the influence of the stray noise field introduced by traditional mechanical schemes. Through the finite element simula-
tion, it is found that the measurement bandwidth of this ensemble NV spin system ranges from 3 kHz to hundreds of kHz
with structure optimization. The required power is at the sub-uW level, corresponding to a noise-limited sensitivity of
6.7x107° g/+/Hz. Compared with other types of accelerometers, this micro-sized diamond sensor proposed here has low
power consumption, exquisite sensitivity, and integration potential. This research opens a fresh perspective to realize an
accelerometer with appealing comprehensive performance applied in biomechanics and inertial measurement fields.

Keywords: nitrogen-vacancy (NV) accelerometer, spin—strain, diamond

PACS: 73.22.—, 87.80.Ek, 07.10.Cm, 85.85.+j

1. Introduction

From fundamental physics to quantum metrology and
quantum information processing, quantum systems have at-
tracted a surge of interest recently.!'-3] Meanwhile, the de-
velopment of nanofabrication technology has facilitated the
fabrication of high-quality mechanical oscillators.*° Ben-
efiting from the diversity of interactions between oscilla-
tor motion and quantum systems,>! quantum hybrid systems
(QHSs) with different materials, structures, and principles
combining their advantages have been widely explored, in-
cluding conducting devices, ultracold atoms, and solid-state

7-121 They have stood out as strong candidates to

qubits. [
replace conventional quantum and micro-electromechanical
systems (MEMSs) for realizing high-precision magnetic
field, acceleration, displacement, and other physical quantity
sensing. [13-181

After studying the influence of strain, electric and mag-
netic fields on the ground state and excited state of the neg-
atively charged nitrogen-vacancy (NV) center (hereafter re-

19.201 the verification of the NV spin

ferred to as NV center),[
oscillator systems paves the way for its intensive research in
the field of precision measurement.[>!~>#! These QHSs based
on NV realize the coupling of spin and mechanical oscillator
through magnetic field gradient or the electric field introduced
by strain.!??! The mechanical motion provides a coherent con-
trol method of the quantum system which in turn can be sensed
as a signal source through spin state readout.>! Owing to the

atomic size of the center and the well-established quantum ma-
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nipulation technology, they have been proven to be a powerful
tool to achieve high-resolution measurement of the spin state
phase.[>>2%] In addition, the high Young’s modulus and low
internal dissipation of diamond entail the possibility of pro-
duction of the NV spin-oscillators with high frequency and
strength. [3-13.27-29]

However, the field fluctuations induced by the indispens-
able component including the magnetic tip or the cavity in the
NV QHS using magnetic coupling or optical radiation force

[5,10,27

coupling respectively cannot be ignored. 1 To obtain sys-

tems that are less susceptible to ambient thermal noise and

[23.3031] pesearchers have shown

produce fewer stray fields,
a grown emphasis on the NV strain based QHS in which
the coupling is intrinsic in the crystal and the simple mono-
lithic structure does not require precise alignment of addi-
tional components.!'3! University of California Santa Barbara
demonstrated that the strain sensitivity of 3 x 10~° strain / VHz
and the displacement resolution of 7 nm could be achieved
utilizing the designed diamond membrane.*") University of
Basel quantified the NV strain coupling constants and esti-
mated the sensitivity of 76 MHz/um using their cantilever
beam. ?! Australian National University presented a diamond
nanopillar structure and optimized the static force sensitivity
to 100 pN/y/Hz.133

So far, previous studies have been conducted to consis-
tently show that the NV strain based QHSs are capable of be-
ing burgeoning and leading platforms in the field of metrol-
ogy, such as vibrometry and pressure sensing. However, what

http://iopscience.iop.org/cpb http://cpb.iphy.ac.cn
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is not yet understood is the feasibility of applying NV spin-
strain systems to the measurement of acceleration. In this pa-
per, a MEMS accelerometer based on NV strain QHS is pro-
posed. Compared with traditional piezoelectric or capacitive
accelerometers, it does not need additional circuit connection
and has the advantages of low power consumption, small size,
high bandwidth, and satisfactory sensitivity. This research
offers a new way of acceleration sensing in biomedicine, vi-
brometry, and inertial navigation fields.

2. Principle

The acceleration measurement device based on the NV
spin-oscillator is shown in Fig. 1(a). The mechanical oscil-
lator fixed at both ends is a diamond membrane containing
NV centers. The structural coordinate system (CS) is defined
as XYZ, and the view along the Z axis of the structural CS
is shown in Fig. 1(b). The total length L, total width W and
height D are along the directions of X, Y and Z axes, respec-
tively. The effective sensitive unit is a cuboid in the middle of
the whole structure with length Ly and width W,. When ac-
celeration as shown is applied along the Z axis direction, the
diamond structure generates strain under the action of inertial
force.

For this NV spin-strain coupling QHS, the NV electron
spin states are initialized by laser pumping at 532 nm with
non-radiative transition process and controlled by microwave
sequences. The optical readout is realized by the dependence
of photoluminescence on spin states. The strain generated by
the diamond mechanical oscillator under acceleration changes
the intensity and contrast of photoluminescence, thus provid-
ing a way to measure the external physical quantity.

The crystal CS is defined as XoYpZy, and the four
NV CSs in the crystal are defined as xyz,, m €
{NVI,NV2,NV3 NV4}. The four internuclear NV axes cor-
responding to NV1, NV2, NV3, NV4 are along the direction
of [111], [T11], [111], [111] in the crystal, which are the z axes
of the four NV CSs, respectively. The relationship between the
crystal CS and the four internal NV CSs is shown in Fig. 2(a).
The strain that contributes to atomic displacement and elec-
tron density change in the diamond crystal can be regarded as
an additional local electric field action on the NV centers. The
Hamiltonian can be described by2%-34!

Hnvy

= (DoerHSZZ)S?+YS'B
—dy [£y (ScSy+5,S0) +en (ST=50)], (D

where Dy = 2.87 GHz is the zero field splitting constant.
Y = gellg/h = 2.8 MHz/Gs is the electron gyromagnetic ra-
tio. up is the Bohr magnet. g. = 2.0023 is the electron g
factor. B is the applied magnetic field. Sy, Sy and S, are the
Pauli matrixes of spin 1. The normal strain components in the

NV CS are represented by &, &, and &;. The ground state
strain coupling constants parallel to and perpendicular to the
NV axis are respectively dj and d . 1321

(b)
Y
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Acceleration

@y

Fig. 1. Diamond-spin-oscillator acceleration sensor: (a) schematic di-
agram of the overall setup; (b) structure diagram of the diamond me-
chanical oscillator in structure CS.
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Considering that the diamond structure explored here is
still a beam with a high aspect ratio, the shear strain com-
ponents of the structure can be approximately ignored. The
optimal lattice cutting direction is selected to minimize the
coupling degree between the lateral components of the normal
strain and the NV spin. In the NV CS (shown in Fig. 2(b)),
the strain g = & parallel to the NV axis causes the con-
traction and elongation of the nitrogen bond without chang-
ing the C3y symmetry of the NV center, which can be seen as
a linear correction to the zero field splitting Dy.>>/The strain
€ = ,/€&} + &}, perpendicular to the NV axis causes defor-
mation of the carbon bond, destroying the rotational symmetry
and breaking the degeneracy of the state mg =

a spin mixing state. 3]

+1, resulting in
The energy level of the NV spin state
is presented in Fig. 2(c).
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Fig. 2. Schematic diagram of NV spin-strain coupling mechanism.
(a) Schematic diagram of the relationship between 4 NV CSs and the
crystal CS. (b) Normal strain components in parallel and vertical direc-
tions. (c) Energy levels of NV ground state in the presence of strain and
magnetic field.

Ramsey sequence can be utilized for acceleration mea-
surement in this scheme. Applying a microwave field with
an effective intensity of By and a frequency of Dy — ¥YB;, the
Hamiltonian of the ground spin state under rotating wave ap-
proximation is

B, e~ 19 .
djg-+2yB.  TL— —d| (&, —i€x)
Ho=h M 0 M L@
. B, e~ i¢
—d (Syy +i&y) z 1; d||8zz
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The axial magnetic field B, is assumed to be large enough

. . . d2e2
to ignore the effect of the lateral strain coupling term 2#/1?

The subspace of state —1 and state O is used as two en-

ergy levels approximation. After the evolution process 7 /2~
T7-1/2, the two-level system will accumulate phase @ (7) =
d| €T between the two states. Considering the attenuation
caused by the dephasing effect, the probability of the elec-
tronic spin state remaining in the state can be expressed as
P(1) =3[l —cos(®(7))] exp[—(TT; )"], thus the phase infor-
mation could be obtained through the radiation fluorescence

measurement.

Mechanical oscillators can be classified by the geom-
etry of the structure shape and the number of fixed ends.
Typical oscillators include singly-clamped structures (e.g.,
‘U’-shaped and cantilever) and doubly-clamped structures
(e.g., bridge).>> For the general strip diamond structure with
double-clamped ends, the vibration of the bridge with a length
larger than the cross-section scale can be described by Euler—
Bernoulli’s theory according to the elastic theory.[??3% The
eigenfrequency can be expressed as

2 2
k2 |EI kX | E
= — _— = JR— 3
Gan =\ 54 = 2\ 12p° 3)

where E is Young’s modulus of the material, p is the density,
A is the cross-section area, [ and d are the length and height,
respectively. [ is the moment of inertia, wy, is the nth order
eigenfrequency, and k;, is the constant depending on the fixed
way and order.[*%! As the vibration frequency of the longitudi-
nal mode is much higher than that of the transverse mode, the
longitudinal mode is ignored here and only the fundamental
mode is analyzed.

3. Simulation results and analysis
3.1. Sensitivity analysis

Assuming that the NV axial strain of the diamond me-
chanical oscillator caused by the external acceleration a is g,
the scale factor determined by the diamond structure and cut-
ting orientation can be expressed as g|/a. Considering that
the interrogation time determined by the quantum manipula-
tion sequence is 7, for the Ramsey and spin echo sequences,
T can be taken as the dephasing time and coherence time, i.e.,
T<T;and T <T>. A general sensitivity expression for the

g

acceleration measurement can be obtained, S,o< (;) l%.
In addition, the sensitivity of an NV spin-strain QHS is re-
lated to spin projection noise, photon shot noise, and over-
head time.3”! Therefore, for the system here using Ramsey
sequences, the noise determined acceleration sensing sensitiv-

ity can be expressed as follows:

T\
(TZ* ) T+ tpol‘Hro

-1
(3)'
Aa 27[d||C\/Nﬁ T ’

“)

where C is the fluorescence collection efficiency C = 0.3.[38
pcanbe 1,2, 3, and p =2 is taken here. #,0 and #, are the
initialization time and readout time, respectively, which can
be ignored. Therefore, 7 is taken as T = T’ /2 to obtain the
optimal sensitivity. The number of effective spins is taken as
a quarter of the total number of centers N = nV /4. The nitro-
gen density is about 10'® cm ™3, thus the NV center density is
n=10" cm~3 with NV center conversion ratio 0.1.138! T, is
taken as 10 ps, V' is the effective sensing volume, d| is taken as
13.3 GHz.?3 Therefore, the sensitivity of acceleration mea-
surement is expressed as

et yae)
Sg_(ﬂ) 7d | C\/nV Ty

3.2. Optimization of diamond crystal cutting orientation

&)

The structural strain tensor needs to be converted into the
NV CSs to calculate the effective strain. Therefore, the cut-
ting direction of the diamond crystal is optimized to reduce the
coupling of transverse strain with the NV axis. The X axis in
the structure CS can be chosen to be along [100], [110] or [111]
direction with a great degree of symmetry in the crystal, ]
which is denoted as XYZ; k€ {1,2,3} corresponding to the
above three cases. Without loss of generality, the orientations
of the three structure CSs XY Z;, and the four NV CSs xyz,, in
the crystal CS are assumed in Table 1. According to the rota-
tion matrix L}’ of the kth structure CS to the mth NV CS, the
strain tensor €y, = Lexyz LT in the NV CS can be obtained.
The strain tensor forms in the structure CS and the NV CS are
respectively shown below:

&x &y &z
exyz= | &x &y &z |, (6)
&x &y €&zz
Exx exy Exz
Exyom = | &x &y &z |- 7)
Ex gzy &z

The strain components in the corresponding CS satisfy &;; =
gji, 1, JE{X,Y, Z}, i # jand &g = €, pg< {x,y.2}. p#q.

Table 1. Representation of 3 structure CSs and 4 NV CSs in the crystal CS.

CSs X or x| Y oryl| Z or z||

XYZ, [100] [010] [001]

Structure CS XYZ, [110] [110] [001]
XYZ;5 (111] [110] (112]

XYINVI [110] [112] [111]

wes | Dawe DI iz [
XYZINV3 [110] [112] [111]

XYINV4 [110] [112] [111]

A finite element analysis software is used to obtain the
strain distribution of the diamond structure under the action
of acceleration along the —Z axis. Poisson ratio, Young’s
modulus, and density of diamond are 0.069, 1220 GPa, and

017301-3



Chin. Phys. B 33, 017301 (2024)

3515 g/ cm’, respectively. 3336 In Figs. 3(a)-3(c), the strain
is concentrated at the sensitive unit and the fixed ends of the
overall structure. In the length direction of the oscillator (X
axis in the structure CS), the strain at the sensitive unit is rel-
atively high. In the height direction (Z axis), the strain at the
sensitive element gradually decreases from the surface to the
middle. It is apparent from Fig. 3(d) that in the sensitive unit,
€xz and €yz are significantly smaller among the shear com-

ponents of the strain tensor, and about one order of magnitude
lower than gxy. Similarly, exx is the maximum among the nor-
mal strain, one order of magnitude higher than exx and &yy.
This result can be explained by the fact that the structure is
overall beam-shaped and the acceleration is input along the Z
direction. Meanwhile, the shear strain components, which can
be ignored, are more than two orders of magnitude lower than
the normal strain components.

8 xX10-7 %10-7
&0 . (b) g 5n (¢)
2 g 4
5 g
£ 4 £3
= — 2
22 2
o o
— 0 0
200 600 1000 0.2 04 06 0.8
X (um) Z (um)
'o
-2
"’] )
) —6

Fig. 3. Mechanical simulation of the spin—strain coupling oscillator. (a) The log-normalized effective strain distribution of the diamond structure on
the surface parallel to the X OY plane under acceleration. The effective strain distribution along the length (b) and height (c) directions of the structure
is shown in (a). (d) Schematic diagram of the components of the log-normalized strain on the surface of the structure parallel to the plane X OY .

The influence of different diamond cutting orientations
on the sensing performance can be analyzed according to the
above simulation results. The effective strain transformation
results are calculated for three different diamond cut orienta-
tions in four NV CSs shown in Table 1. The effective strain
components g are present in Table 2. Considering that the in-
fluence of the normal strain components perpendicular to the
NV axis on the energy splitting between 0 and 1 states can
be approximated as a’i((sxxm)2 + (Syym)z) /(2yB) according to
Eq. (6), we can ignore the normal strain component €, and
shear strain in the NV CS, and take g as the effective strain.

For the normalization of the normal strain tensor of the struc-
ture, €xx, &yy and €zz can be expressed as 1, 0.1, 0.1. It can be
concluded that the X axis along [110] or [111] could achieve
a 19.3% improvement of the effective strain than being along
[100] direction. In addition, the effective strain of NV1 and
NV2 is equal, which increases the number of the effective NV
centers twice and optimizes the sensitivity of the ensemble NV
measurement scheme of acceleration by v/2 times. The results
of this investigation show that the [110] direction is better be-
cause there is no energy level difference in this direction NV3
and N'V4, so the energy level splitting can be easier to identify.

Table 1. Normal strain component parallel to the NV axis in the NV CS.

X || [100] X || [110] X || [111]
NV1 0.83exx +0.53exy —0.53€ex7 +0.083eyy — Exx Exx
0.17£YZ +O'083£ZZ
NV2 0.83exx —0.53&xy — 0.53ex7z +0.083¢eyy + Exx Exx

0.17eyz +0.083¢ez2

NV3 0.83exx +0.53¢exy +0.53¢ex7z +0.083¢eyy + 0.67exx +0.94ex7 +0.33¢7, 0.67exx + 0.54exy +0.77exz + 0.11eyy +

0.17¢yz +0.083€zz

0.31eyz +0.22¢72

NV4 0.83exy —0.53exy +0.53¢exz +0.083¢eyy — 0.67exx +0.94ex, 4+ 0.33¢e, 0.67exx — 0.54exy +0.77exz + 0.11eyy —

0.17eyz +0.083¢ez2

0.31eyz +0.22¢72

3.3. Structural parameters influence on sensing perfor-
mance

To characterize the sensing performance of the spin-strain

coupling system, simulations are conducted from the perspec-

tives of sensitivity, power, and size. Based on the analysis
above, the diamond cutting orientation X|| [110] and effective
NV axis of NV1 and NV2 are applied in the simulation, with

the corresponding effective strain £ = exx.

017301-4
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First of all, the influence of the sensitive unit size on
the sensitivity is simulated when the overall size of the struc-
ture is determined. We choose L = 1000 um, W = 100 pum,
D = 1 um, and length-height ratio to be 1000.["! The single
NV center is in the center of the sensitive unit surface to avoid
strain upheaval points for a single NV scheme. For the en-
semble NV scheme, the effective center is taken as the whole
sensitive unit containing centers. The length Lo and width
Wy are adjusted with the optimization principle: D < Ly < L,
D < Wy <W. So the variation ranges of Ly and W are respec-
tively [1 pm, 1000 pm] and [1 um, 100 pm].

The results of sensitivity change with the size of the sen-
sitive unit are shown in Figs. 4(a) and 4(b). Points A, marked
with circles, and points B, marked with asterisks, indicate the
best and worst sensitivity simulation results, respectively. Ev-
idently, the sensitivity of the ensemble NV center-based sys-
tem is considerably better than that of the single NV center-
based system. Optimal sensitivities are 6.7x107> g/v/Hz
(Lo =30 um, Wy = 1 um) and 0.068 g/vHz (Lo = 1 um,
Wo = 1 um), respectively. If the length and width of the sensi-

tive unit are equal to the length and width of the overall struc-
ture, respectively, the structure is a simple Euler—Bernoulli
beam. The corresponding sensitivity and power consumption
are not optimal, which verifies the effectiveness of the pro-
posed structure in this work. In addition, the obvious differ-
ence between the two measurement methods is that for the
multi-spin scheme, the structural parameters leading to rela-
tively good performance correspond to the length and width
of the sensitive element being synchronous large and small.
While for the single-spin scheme, they only correspond to the
length and width being small at the same time. Reducing
the overall size of the sensitive unit can increase the effective
mass and decrease the system’s stiffness for both single and
ensemble center based schemes. When the length and width
are increasing simultaneously, the sensitivity is excellent for
the muti-spin scheme, which benefits from the increase in the
number of effective NV centers. Through this structure opti-
mization, the sensitivity of the single spin and multi-spin mea-
surement schemes can be respectively improved by 2.4 and 1.6
orders of magnitude.

~ = < —2.5

S (a) N (b) ) ()

= 18 B ~2.8 Li

z 1 g = < 50

o =] S —o.

0 . —-3.2 o

2 o 0 & -35 5 3

z Z -36 £ 35

S 5 —4.5 >

@ 7] 50 —4.0

g L g Lba( A—F500 8 _40 1A

2 @ “y 00 () @ -8 —6 —4 -2
P (log10W)

Fig. 4. The comprehensive effect of the length and width of the sensitive unit in (a) single NV and (b) ensemble NV center based schemes on
the sensitivity of acceleration measurement. Points A and B represent the best and worst simulation results in both figures. (c) The influence of
excited light power on the sensitivity of the ensemble NV center based sensor. Point A represents the best simulation result.

Considering that the sensitivity optimization procedures
for a multi-spin system have different requirements on the
excitation light power, we analyze the effect of laser power
on the sensitivity of acceleration measurements later. The
black line through (Lomin, Womin) and (Lomax, Womax ), the red
line through (Lomax, Womin) and (Lomax/2, Womax/2), the yel-
low line through (Lomin, Womax) and (Lomax/2, Womax/2) in
Fig. 4(a) are chosen to calculate the power consumption. As-
sume that each NV center requires three excited photons of
532 nm to achieve optical polarization, then the laser power
expression is

_ 6Nhc

where h is Planck’s constant, c is the speed of light, and the
532 nm light wavelength A is taken. As can be seen from
the black curve in Fig. 4(c), with the increase of the available
power, the curve shows a trend of decreasing, increasing, and
then decreasing. This phenomenon can be attributed to the

counterbalance between the system response and the effective
color number. When the length and width of the sensitive unit
vary by the same multiple, the system performance is opti-
mized at a certain intermediate value, as indicated by point A
marked with a circle. The corresponding moderate power is
only 1.1 pW, which is three orders of magnitude less than the
maximum power, and better sensitivity can be obtained. It can
be concluded from the red and yellow lines in Fig. 4(c) that
the sensitivity nearly shows a monotonically improving trend
with the increase of provided power. Starting from that point,
the sensitivity of increasing the length is slightly better than
that of increasing the width with a fixed power consumption.
Moreover, for the optimal sensitivity of the multi-spin scheme
aforementioned, the power required is only 0.69 uW, on the
sub-puW scale.

Then we explore the influence of the structure height D
on sensitivity, and set W = 1000 um, L = 100 um, Ly = Wy =
10 um, 1 um < D < 10 um. As shown in Fig. 5, the sensitivity
improvement is less than one order magnitude (about 3 times)

017301-5
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when the height changes by 10 times, indicating that the thick-
ness has a limited effect on the performance under the current

parameters.
—3.0

N
@ 3.1

S~
0 _3.2

G2 4 6 s 10
Fig. 5. The influence of the overall structure height on the sensitivity.

Finally, the frequency response caused by the change in
the overall length of the structure with other parameters be-
ing constant (W = 100 um, Lo = 30 um, Wy = 1 pum, and
D =1 pm) is investigated. As shown in Fig. 6(a), if the
length L increases from 100 pm to 1000 um, the correspond-
ing resonant frequency will decrease from the order of 1 MHz
to the order of 10 kHz. It can be inferred from the inset of
Fig. 6(b) that the eigenfrequency of the system and the to-
tal length L are negatively correlated, and can be fitted by
y = 5.03 x 10%/x!°7. This relationship, which is approxi-
mately wy o< 1/ L2, is similar to that of the Eulbernoulli beam.

What’s more, the relationship between the sensitivity and
the bandwidth is simulated in Fig. 6(b). When the length is
increased by one order of magnitude, the corresponding band-
width, from 790 kHz to 10 kHz, is decreased by nearly two
orders of magnitude, and the sensitivity is improved by nearly
three orders of magnitude. The simulation result represents
a trade-off between bandwidth and sensitivity. For the fre-
quency of acceleration lower than 3 kHz, a better sensitivity
can be obtained when L is chosen to be sufficiently large, e.g.,

1000 pm. For a high-frequency signal (hundreds of kHz) sens-
ing, a smaller L is preferred to obtain a larger working range.
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L =200 pym
— L =300 ym
— L =400 pm
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L =900 um
— L =1000 pm

Response (logio(strain/g))

0 05 1.0 1.5 2.0 2.5 3.0 3.5
Frequency (logiokHz)

5 153 0

@ —1.51% 500 .
> ata

R —_2.0¢t é —— Fitting

E

o0 —2.5rE

2

5, —3.0rH

=

>

e —3.5¢1

0

£ —4.0t

n

1.0 15 20 25 3.0
Bandwidth (logiokHz)

Fig. 6. Influence of different overall lengths L on sensor performance.
(a) Different frequency responses of effective strain. (b) The relation-
ship between bandwidth and sensitivity. The inset shows the impact of
L on the eigenfrequency.

4. Discussion

The performance compared with other types of MEMS
accelerometers is shown in Table 3. Compared with traditional
accelerometers, the superiority of the MEMS accelerometer
proposed in this paper is reflected in its flexibility, versatility,
and integrated potential. With its fine sensitivity, wide band-
width, and non-contact measurement properties, this sensor
has broad prospects in inertial navigation, *!l seismology, and

bioscience in the future.

Table 3. Main performance comparisons of this work and other MEMS accelerometers.

Classification

Capacitive*?! Capacitive*! Resonant!*4 This work

Principles acceleration-capacitance acceleration-capacitance acceleration-frequency acceleration-fluorescence
Sensitivity (ng/vHz) 2 380 2 67
P
ower. 3.6mW 1.4 mW 583 uW 0.69 pW
consumption
Bandwidth 200 Hz > 200 Hz >3 kHz

In general, although the NV strain based system does not
require the precise alignment of spin and oscillator, the precise
positioning of the NV center in the single NV center scheme
is necessary, which is still challenging. This problem can be
weakened by using the ensemble NV system. However, the
noise calculation method described here, which does not fully
consider the impact of impurities in ensemble samples, cannot
be ignored in practical application.®! To further improve sen-

sor performance, optimization could be conducted from the
following perspectives in the future. The Ramsey sequence
could be replaced with spin echo with longer interrogation
time to improve the sensitivity by about \/W times. Sim-
ilarly, a more complex dynamic decoupling sequence can fur-
ther increase the interrogation time at the cost of bandwidth
loss. 13341 Considering the sensitivity of the ensemble NV
based system related to the number of effective NV centers,
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a scheme with an array of small-volume diamond oscillators
could be investigated with the development of nanoelectrome-
chanical systems (NEMS) fabrication technology. The method

of coupling the oscillator with the NV spin excited state to im-

prove the coupling strength is also worth further exploring. 36!

5. Conclusion

In summary, this work proposes a diamond based spin-
strain coupling scheme for acceleration measurement and
characterizes its performance. The effective strain under ac-
celeration applied along three symmetrical crystal directions
is analyzed through the transformation between the structure,
crystal, and NV CSs. The measurement bandwidth ranges
from 3 kHz to hundreds of kHz with structure optimization.
The sensitivity can reach 6.7x 107> g/v/Hz with um level ef-
fective size and sub-uW power consumption.
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