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Magnetomechanical Accelerometer Based on Magnetic Tunnel Junctions
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Accelerometers have widespread applications and are an essential component in many areas, such as
automotive, consumer electronics, and industrial applications. Most commercial accelerometers are based
on a microelectromechanical system (MEMS) that is limited in downscaling and power consumption.
Spintronics-based accelerometers are proposed as alternatives; however, current proposals suffer from
design limitations that result in reliability issues and high cost. Here, we propose spintronic accelerometers
with magnetic tunnel junctions (MTJs) as building blocks, which map accelerations into a measurable
voltage across the MTJ terminals. The device exploits elastic and dipolar coupling as a sensing mechanism
and the spintronic diode effect for the direct readout of acceleration. The proposed technology represents
a potentially competitive and scalable solution to current capacitive MEMS-based approaches that could
lead to a step forward in many of the commercial applications.
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L. INTRODUCTION

Accelerometers are an essential component in many
applications, such as automotive [1], consumer electronics
[2], seismic monitoring [3], human-computer interaction
[4], and Industry 4.0 [5], with the emerging internet of
things [6], internet of everything [7], and digital twins
[8]. Most commercial accelerometers are based on micro-
electromechanical systems (MEMSs) built with hetero-
geneous integration [9—11], and among them, capacitive
MEMS-based accelerometers are the most common. They
exploit the change of capacitance between a fixed elec-
trode and a movable one attached to a spring that behaves
as a proof mass. The change in capacitance relates to the
acceleration acting on the device, and it allows the mea-
surement of acceleration [3,12]. The main limitations of
MEMS-based accelerometers are the difficulty of down-
scaling, lack of electromagnetic radiation hardness, and
high-power consumption, as it is required to charge the
capacitive plates [3,13].
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Spintronics is now an active area of research, devel-
opment, and applications [14,15]. The compatibility with
complementary metal oxide semiconductor (CMOS) man-
ufacturing processes [16—19], as well as recent advance-
ments in material and device fabrication, have been driving
the development of the key building blocks of spintron-
ics, i.e., magnetic tunnel junctions (MTJs) [16,17,20], to
be ready for exploitation in commercial applications, such
as magnetic sensors [17,21,22], memories [15,23], oscilla-
tors [24], and others [16,17,20]. The active part of the MTJ
is composed of two ferromagnetic layers, pinned and free
layers, separated by a thin isolating material. The resis-
tance of an MTJ depends on the relative orientation of
the free-layer magnetization with respect to the fixed-layer
one.

Some spintronics-based accelerometers have been pro-
posed in recent years [25-29]. Such proposals rely on
mechanical stresses acting on the MTJ device itself, be it a
moving component of the MTJ [25,29] or a cantilever clos-
ing into the MTJ [26,27]. However, these approaches can
result in a potential rapid degradation of the magnetic prop-
erties and tunneling magnetoresistance of the MTJ because
of their complex structure, causing reliability issues as well
as inducing structural damage. Moreover, the fabrication
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of these devices would require the development of ad hoc
processes and techniques not compatible with the current
processes implemented for MTJs, resulting in expensive
and complex products.

Here, we propose a spintronic MEMS accelerometer
designed by coupling micromagnetic simulations and elas-
tic dynamics, drawing inspiration from capacitive MEMS-
based accelerometers. The device concept comprises two
MTIJs working as spin-torque nano-oscillators (STNOs)
that are magnetically and elastically coupled. One MTJ is
realized on top of a fixed substrate (fixed MTJ), while the
other is deposited on top of a substrate that is free to move
(free MTJ) but elastically connected to the fixed one. To
work as a MEMS, the two MTJs have to be magnetically
coupled throughout the whole range of displacements that
the substrates can reach. The spintronic diode effect across
the fixed MTJ is used as a readout mechanism [20,30].
We first design the fixed MTJ, considering experimentally
measured physical parameters, where the magnetization
dynamics is characterized by the excitation of a uniform
mode. The free MTJ is designed in such a way that the
rectified voltage in the fixed MTJ changes linearly as a
function of the distance between the free and fixed MTls.
Variations of the rectified voltage can be linked directly to
the external acceleration acting on the free MTJ because
the magnetization dynamics is much faster than the elas-
tic one. With experimentally achievable parameters, we
predict rectification voltages on the order of tens of micro-
volts. Our results show that the spintronic MEMS devices
proposed here can be potentially competitive candidates
to replace current capacitive MEMS-based accelerome-
ters owing to their compactness, CMOS compatibility, and
high sensitivity.

The paper is organized as follows. Section II presents
the working principle of the proposed spintronic MEMS
accelerometer. The device design and the numerical mod-
eling approach utilized in this study are presented and
discussed in Sec. III. The approach is validated by char-
acterizing the fixed MTJ in Sec. IV, while the two-MTJ
system is modeled and analyzed in Sec. V. Section VI is
dedicated to simulations of the behavior of a spintronic
MEMS device in a potential operational environment.
Finally, Sec. VII summarizes the main conclusions of this
study.

II. WORKING PRINCIPLE

Figure 1(a) shows the established design of a capacitive
MEMS-based accelerometer. A proof mass and the elec-
trodes attached to it are displaced with respect to fixed
electrodes upon application of an external acceleration,
and the change in differential capacitance [C; — C; in
Fig. 1(a)] is used to estimate the acceleration. An MTJ-
based accelerometer can be designed in different ways. In
particular, a concept similar to the capacitive MEMS-based
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FIG. 1. (a) Schematic description of the working principle of
a capacitive MEMS accelerometer composed of fixed electrodes
and a movable structure with capacitive “fingers” defining a
proof mass connected to anchors via springs. Each finger elec-
trode, i, is characterized by a capacitance, Ci—; 2, . Ax is the
displacement of the proof mass from the equilibrium position
(shaded area) induced by the action of an external accelera-
tion, dex. (b) Schematic description of the proposed spintronic
MEMS accelerometers. System of two MTJs, composed of a
free layer and a pinned layer, is coupled via a dipolar field
(red lines) and elastically via the substates. Free MTJ, acting
as a spin-torque nano-oscillator, is displaced from its equilib-
rium position (shaded area) of Ax when an external acceleration,
dext, 18 applied, resulting in a change in the MTJ center-to-center
distance (d), and thus, in the stray-field distribution. Readout
mechanism is based on the spintronic diode effect on the fixed
MT] that acts as a spin-torque diode. Cartesian coordinate system
used in this paper is also included.

accelerometer can be exploited by considering a pair of
MTlJs placed on top of two substrates connected via an
elastic element, as shown in Fig. 1(b). One substrate is
fixed, while the other substrate is free to move along a
fixed direction in response to an external excitation, and
we refer to the MTJs mounted on top of each substrate as
fixed MTJ and free MTJ, respectively. In this design, the
two MTJs are coupled elastically through the substrate and
magnetically via their dipolar interactions. In the presence
of an acceleration, the relative distance between the MTJs
changes and is translated into a change in the stray-field
configuration between them (red lines). The proposed solu-
tion relies on the spintronic diode effect [20,31]. The two
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MT]Js are in the self-oscillation regime driven by a constant
applied current, both working as the STNO [32,33]. An
ac current is applied to the fixed MTJ to precisely control
the oscillation frequency, thanks to the injection-locking
phenomenon. The spintronic diode effect measurable in
the injection-locked states exhibits very high sensitivity
enhanced by the dc bias current [20,31,34]. Therefore,
the fixed MTJ works as an active spin-torque diode. In
addition, the system is designed in such a way that the
oscillatory dynamics of the two MTIJs is mutually syn-
chronized via the dynamic stray field. In this configuration,
the rectified voltage across the fixed MTJ depends on the
distance between the two MTJs. An alternative solution,
where a coil is placed in between the MTJs, to perform
the readout is presented in Note S1 of the Supplemental
Material [32]. However, the simpler and smaller design,
together with the use of the spintronic diode effect, make
the solution of Fig. 1(b) more appealing. Moreover, the
spintronic accelerometer proposed here senses the accel-
eration directly as voltage variation across the fixed MT]J.
Once amplified by an external circuit, the signal can be
used for the evaluation of the acceleration directly, in con-
trast to state-of-the-art integrable MEMS devices, where a
circuit to convert the capacitance variation into an output
voltage and then an amplification are needed [13,33,34].

III. MODEL

The magnetic behavior of the spintronic MEMS
accelerometer is simulated by numerically integrating
two coupled Landau-Lifshitz-Gilbert-Slonczewski equa-
tions for the free and fixed MTJs [35-37], whereas the
elastic dynamics is described in Eq. (2):

dm1 1
dr = Taer M hemt)

o
R [m; x (m; X heg;1)]
oiligr
1 +a?

[my > (m; x m,) —g(m; x my)],

=— m; x h
dt 1 4o2° 27 e

o
1+ a?
o2hgr
1+ a2

[my x (my x hego)]

[my; x (my x m,) —g(my X m,)].
(1)

Here, « is the Gilbert damping coefficient, m; = M;/M,;
with i = 1,2 is the normalized magnetization vector of
the free layer (FL) of MTJ i (1 corresponds to a fixed
MT]J; 2 corresponds to a free MTJ) of saturation mag-
netization M,; and volume Vg ;, and T = yyM;t is the
dimensionless time with ), being the gyromagnetic ratio

and ¢ the time. The effective field acting on MTJ i (heg;)
includes the contributions from exchange (hey;), uniaxial
anisotropy (h,,;), the demagnetization field (hgemag,), and
the dipolar field (hgip;—;) acting on MTJ i due to MTJ
j. The latter is the coupling mechanism of the two MTIJs
in the proposed device. The strength of the spin-transfer
torque is given by the term /;0;g7, where [; is the injected
current in MTJ i comprising both dc and ac components,
Ii = lac,i + Laci SMQ27fac + @ac); 07 = g/ (eyoMy,iVEL);
and gr = 2n/(1 + n*cos ) is the polarization function
that depends on the angle formed between m; and the
pinned-layer (m,) magnetization [38,39]. We observe
that we consider, without loss of generality, that both
MTIJs have the same gr and m, [m, = —x = (—1,0,0)].
Micromagnetic calculations are performed by means
of the micromagnetic solver PETASPIN utilizing an
adaptive semi-implicit scheme [37,39]. In macrospin
simulations, we exploit the uniform magnetization

hypothesis to compute hgemag; as hgemagi = —Nm; and
haipj—i s haipj i = (1o/4mr))[3E; (m; - F;) —m;] =
D- m; via dipolar approximation, where N is a diagonal
matrix with the demagnetization factors as elements, T
is the unit vector of magnitude 7;; of the distance between

MT]J i and j, and D is the position-dependent dipole matrix.
All simulations are performed at zero temperature.

The spintronic MEMS accelerometer employs hybrid
MT]Js with an out-of-plane FL and in-plane PL patterned
into pillars of an elliptical cross section of dimensions
150 x 70 nm?, designed according to previous schemes
that optimize the rectification response of active spintronic
diodes driven by injection locking at zero bias field [40].
A sketch of the MTIJs is also shown in Fig. 1(b). The FL
is a 1.6-nm-thick layer of Co,oFegoBy, whereas the PL
can be realized with a thicker ferromagnet or a synthetic
antiferromagnet (SAF) exchange biased to an antiferro-
magnet. The MTJ’s magnetic parameters are saturation
magnetization, M, = 0.95 MJ/(Tm?); perpendicular mag-
netic anisotropy, K, = 0.545 MJ/m?; exchange stiffness,
Aex = 20 pJ/m; Gilbert damping, o = 0.02; polarization
efficiency, n = 0.66; and a fieldlike torque that is 10%
of the damping like torque, ¢ = 0.1 [35,41]. The nominal
electrical resistances associated with the parallel (Rp) and
antiparallel (Rap) configurations of magnetization are 640
and 1200 €2, respectively [40]. Such MTJs have already
been extensively studied experimentally and modeled by
micromagnetic simulations [40,41].

To describe the mechanical dynamics of the MTlJs,
we exploit the fact that the device is designed to have
the motion constrained along a fixed direction and that
the timescales involved in elastic and magnetic processes
are different. These allow us to restrict the dynamics to
one dimension and to approximate the MTJ as a point-
like object, the position of which is given by its center
of mass. Then, the elastic dynamics of the free MTJ
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can be described as a one-dimensional driven damped
spring-mass harmonic oscillator, governed by

dunry _ _bduMTJ
e dt

Mot 2

— KelUMT) — Fmag + Fext~

The forces are applied to the center of mass of the free
MTIs and the free-MTJ displacement (uyry) is along the
direction connecting the two MTJs; myy is the total mass
of the accelerometer system. The first term on the right-
hand side of the equation is the linear viscous damping
with viscous damping coefficient b, the second is the
harmonic contribution with elastic constant k. and reso-
nance frequency a)(z) = ke1/myot, the third one is the mag-
netic interaction between the MTJs, and Feyt = Myordext ()
is the driving external force acting on the device with
external acceleration aex(#). To calculate Fyy,g in this one-
dimensional system, we exploit the dipole approximation
and the current-loop model [42]. This allows us to express
the force acting on the magnetization of the FL of MTJ
i due to the stray field from MTJ j (hgip;—;) as Fiag =
V(w; - hgipi;), where w; = m;M Vg
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IV. DESIGN OF THE FIXED MTJ

A. Magnetization dynamics of the fixed MTJ

Since the MTJ working as an STNO is the main build-
ing block of the proposed device, we initially character-
ize its magnetization dynamics as a function of the dc
current, /g.. We perform micromagnetic simulations and
verify the uniform nature of the magnetization dynam-
ics, which is a necessary condition to satisfy to apply a
macrospin approximation. These are presented and dis-
cussed in Note S2 of the Supplemental Material [32].
Figure 2(a) shows the frequency, f, and power, p (dimen-
sionless unit), of the fixed MTJ as a function of the dc
current. These data show the working region of the MTJ as
an STNO; the dynamic response is characterized by a neg-
ative nonlinear frequency shift, N/2x = df /dp, around
—0.75 GHz and a threshold current of —0.065 mA [43].
Once we identify the dynamic properties of the STNO,
we evaluate the rectification voltage in the presence of
an ac current, /o = 50 pA, with frequency f,c = 0.5 GHz.
The frequency is chosen to be close enough to the oscil-
lation frequency of the oscillator to achieve injection
locking and then an enhanced diode effect. Figure 2(b)
shows the rectified voltage, Vg, as a function of [g.
The rectification voltage can be expressed analytically as

(c) T T I !
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(a) Oscillation frequency (f') and power (p) of the x component of FL magnetization as a function of applied dc current

({4c); lines are guides to the eye. (b) Rectification voltage (V) as a function of /. (symbols) for /,, = 50 pA and f,. = 0.5 GHz,
and the fit (solid line) according to Vg = (Rap — Rp) /P /4 Lac max €0S[@ac (Iac)]. () Intrinsic phase shift (¢q4c) and amplitude of the x
component of magnetization (dm,) as a function of /. for a fixed ac current, I,, = 50 pA, at f;c = 0.5 GHz. Lines are guides to the
eye. (d) Comparison of time traces of the input current, /,., and oscillating magnetoresistance (AR) for /3. = —0.09 mA, I, = 50 pA,

and f,. = 0.5 GHz.
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Vie = Rap — RP)\/}7/4 Ly COS[‘pdc (Idc)] fOHOWng Ref. [41]
The maximum Vg (Vaemax) 1S obtained for ¢gc(Zgc) = 0.
By fitting the quadratic expression of Vg as a function of
14 [solid line in Fig. 2(b)], we extract the dc current that
gives Viemax to be Ige = —0.09 mA. Similar qualitative
results are observed for I, = 25 — 75 wA. The validity
of the V4. expression is checked with numerical calcu-
lations of the oscillator power, p (ﬁ = dmx), and the
intrinsic phase shift (¢4.) between the ac current and the
oscillating magnetization as a function of /., as summa-
rized in Fig. 2(c). Here, the linear dependence of ¢4, and
weak dependence of dm, (dm, variation is less than 1%)
can be clearly observed, as expected for an STNO with
a large nonlinear frequency shift [43]. Figure 2(d) shows
the time traces of the input ac signal and oscillating MTJ
magnetoresistance (AR) for [i = —0.09 mA. AR is com-
puted by considering the following expression: AR™! =
(Rp" + R3p)/2) 4+ (Rp" — R3})/2) cos(B) [40], where B
is the angle between FL magnetization m and m,,. We point
out that, since the polarizer is magnetized along the x direc-
tion, the oscillations in AR are due to dm,. For this reason,
@dc(lge) of AR is the same as that of dm,. These results
agree with previous micromagnetic simulations and exper-
imental reports [40,41] and represent the fundamental basis
of our system.

V. MUTUAL SYNCHRONIZATION OF THE FREE
AND FIXED MTJs

Once the single STNO is characterized, as the first
step towards modeling the accelerometer device, we study
the dynamics of the synchronized state of the two MTlJs
at different distances [d is the center-to-center distance,
see Fig. 1(b)]. We set the fixed MTJ into the injection-
locked state upon application of ac (/) and dc (Zyc1)
currents. The free MTJ is then biased with a second dc
current (/4. 2), which also drives self-oscillations. The two
MT]s are coupled via the stray field generated by the two
free layers (we consider the pinned layer as an exchange-
biased SAF, which generates a reduced-bias dipolar field).
To compute the stray field, we apply the dipole approx-
imation, and we consider d > 350 nm. At each position,

we compute the position-dependent dipole matrix (D) and
calculate its product with the other MTJ magnetization
vector m. When the two MTJs are far apart, the magnetic
interaction is negligible, and their magnetization dynam-
ics are independent. As the MTJs get closer, the dipolar
interaction couples the two MTJ dynamics, leading to
mutual synchronization [44]. We wish to stress that find-
ing such conditions is crucial for the operation of the
spintronic MEMS accelerometer. Based on the characteri-
zation of the single STNO, to set the injection locking in
the fixed MTJ, we apply Igc1 = —0.09 mA, I,.; = 50 pA,
and f;1 = 0.5 GHz. Then, we perform simulations as a
function of the center-to-center distance between the MTJs
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o M _
s0r i
3— .
3
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FIG. 3. (a)Rectification voltage, A V., as a function of the dis-

tance between the two MTJs for different dc currents injected
into the free MTJ, Iy, (black dots, —0.099 mA; upwards dark-
blue triangles, —0.1 mA; navy-blue squares, —0.10035 mA;
downwards light-blue triangles, —0.1008 mA; yellow diamonds,
—0.10135mA; light-brown pentagons, —0.1017 mA; upward
dark-brown triangles, 0.10225 mA). (b) Plot of fixed- and
free-MTJ m, components at a distance d = 450 nm for I4.» =
—0.10035. (c) Intrinsic phase shift (¢4.) as a function of d
for Ij.» = —0.10035 mA. Inset shows the time traces of the
input ac signal, I,.;, and magnetoresistance, AR, for I4.» =
—0.10035 mA and distance d = 450 nm.

(d), as highlighted in Fig. 1(b), by varying 4., for val-
ues around /4c;. The rectification voltage (Vgc,l) of the
fixed MTJ when it is isolated is used as a reference for the
calibration of the system. Hence, the rectification voltage
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can be expressed as AVy. = Vel — V(Oic,p where Ve 1s
the rectification voltage measured across the fixed MTJ
when the two MTlJs are coupled. Figure 3(a) shows the
obtained AV, as a function of d in the range 350650 nm
for various /4 » (see figure caption). For the parameters we
are considering here, the mutual synchronization occurs
for I4» close to lyc. In the rest of the work, we con-
sider I4.» = —0.10035 mA [blue squares in Fig. 3(a)], but
similar qualitative results are achieved for other curves.

Figure 3(b) shows an example of the time evolution
of m, for the fixed and free MTJs upon application
of Igc; = —0.09 mA, L1 = 50 pA, foer = 0.5 GHz, and
lgep = —0.10035 mA at d =450 nm, where the phase dif-
ference is near 180°. However, it is worth pointing out
that, for a given set of /4.1, lac,1, and Iy, the intrinsic
phase shift (pq4.) between the ac current and the oscillating
magnetization depends on the distance between the MT1Js,
and it is determined by the dipolar coupling. Therefore,
it may be adjusted by tuning these parameters. The inset
of Fig. 3(c) compares an example of time-domain traces
of magnetoresistance, induced by the oscillations of m, of
the fixed MTJ, and the input ac signal for a distance of
d =450 nm. The phase difference between the two signals
varies as d changes [see main panel of Fig. 3(c)], while
the power remains constant (not shown). Hence, it is the
distance-dependent phase shift that is the key ingredient
for the change of AV, as a function of distance d. This is
advantageous, as the phase offers a robust tool, and it can
be easily accessed by measurements.

In Note S3 of the Supplemental Material [32], we dis-
cuss micromagnetic simulations performed to verify the
effect that nonuniformities in the stray-field distribution,
due to the quasiuniform magnetization of the MTJs, may
have on the magnetization dynamics. Despite the slightly
higher frequencies at which synchronization occurs, we
do not observe qualitative differences from the macrospin
results.

VI. SPINTRONIC MEMS ACCELEROMETER
A. Results

In modeling the whole magnetic-elastic dynamics, we
can consider a range of realistic situations, such as a
car crash, screen reorientation, and seismic events. Those
excitations are generally characterized by a low-frequency
response, ranging from few hertz to kilohertz. For this
reason, usually, capacitive MEMS-based accelerometers
[12,45,46] are designed to have mechanical resonance fre-
quencies (fy = wo/2m) between 1 and 100 kHz, which
allows one to consider the quasistatic response of the oscil-
lator in the process of extracting acceleration. In such
a condition, when the mechanical resonance is at least
10 times larger than the external acceleration, the latter
can be determined from the equilibrium conditions of the
forced harmonic oscillator, dey = a)gds, where ds is the

displacement. Considering the same substrate technology
of current MEMS-based devices, the spintronic MEMS
accelerometer can exploit the same approach to extract
the acceleration directly from displacement, in our case,
d. In particular, here, we assume a total mass of the sys-
tem, my = 1 g, and an elastic constant of the spring,
ke = 1 kN/m [12,45,46]. This combination of m and k|
gives a resonance frequency of the system, fy ~ 5 kHz,
that is orders of magnitude lower than the ferromagnetic
resonance frequency (GHz range); we also consider a typ-
ical damping ratio of ¢ = b//4kemyy = 0.75. With such
elastic properties, the distance between the MTJs at equi-
librium is 500 nm. This value corresponds to the midpoint
of the range in which AV, exhibits a linear dependence
with d, as shown previously in Fig. 3(a).

As an example, let us set the fixed MTJ in the injection-
locking regime by applying /g1 = —0.09 mA, I =
50 pA, and foc; = 0.5 GHz. We also inject a current,
I4cp = —0.10035 mA, to generate the self-oscillation in
the free MTJ. Figure 4(a) shows the time evolution of
distance d for different constant accelerations up to 10g,
where g = 9.81 m/s? is the acceleration of gravity. The
transient elastic dynamics elapses in less than 0.5 ms, and
final displacement d corresponds to the forced harmonic
case, dext = w(z)d. In addition, we find that the transient
of the magnetization dynamics occurs in less than 40 ns
(not shown here). This time interval is negligible when
compared to the elastic dynamics, and it does not impose
limitations on the operability of the proposed device. This
direct mapping between acceleration and voltage poten-
tially allows one to simplify the acquisition process, the
extra circuitry, and the postprocessing to evaluate accel-
eration. In other words, to determine the displacement,
we exploit its linear effect on the output voltage, AVjye,
demonstrated in the static case shown in Fig. 3(a) and
confirmed from Fig. 4(a). By performing a preliminary cal-
ibration of the response of AVy. as a function of d, it is
possible to translate the measured output voltage into the
displacement, and consequently, acceleration aey;.

Once the device is validated for constant accelerations,
we consider a more realistic case by mimicking the accel-
eration and deceleration profile of a car, for instance, to
decide whether to issue an attention warning to the driver.
The top panel of Fig. 4(b) shows a(f) that we provide
as an input to the accelerometer. We employ the same
mechanical parameters utilized previously and simulate
the response of the system under the external accelera-
tion, dex(f), which has a maximum amplitude of —10g.
With these parameters, the mechanical oscillator adapts
to the external acceleration within 0.5 ms; thus a few
milliseconds are sufficient to evaluate the performance of
the system. The middle and bottom panels of Fig. 4(b)
show the time evolution of the relative displacement, d,
of the free MTJ with respect to the fixed MTJ and the
time trace of AVjy. generated across the fixed MTJ in
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FIG. 4. (a) Displacement of the free MTJ with respect to its
initial position as a function of time when the device is subjected
to different constant external accelerations, given in units of g. (b)
Input time-dependent external acceleration, acy, given in units
of acceleration of gravity, g (top panel); relative displacement,
d, of the free MTJ from the fixed MTJ (middle panel); and time-
dependent rectification voltage, A Vy., measured at the fixed MTJ
(bottom panel) in response to deys-

response to ae(2), respectively. From the figure, the linear
relationship between d and AVy. is evident by inspec-
tion: the variation of AVy. follows that of d, with the
two curves overlapping perfectly once the sign of AV,
is changed. In fact, for negative displacements (free MTJ
moving closer to the fixed MTJ), AV is positive, which
is clear from Fig. 3(a). We record a variation of AVy.
on the order of 10 puV, as expected from the static case
and the constant-acceleration test. A comparison of the
three panels of Fig. 4(b) shows clearly the direct mapping
between AVy., d, and a.y, proving the goodness of the
proposed approach. We would like to stress that the sim-
ulated timescale is faster than the actual event, in which
aext varies over the range of seconds or longer. The choice
is dictated by the computational time required to access
such long times, and the results do not exhibit any effect

attributable to excessively fast dynamics. On the contrary,
it is clear that, in the case of external accelerations with
a lower frequency, the proposed spintronic MEMS device
would operate successfully.

In the absence of a whole circuitry evaluation, to esti-
mate the energy consumption of the device due to the
injection of dc currents into both MTJs, which is required
to exploit the spintronic features of the MTJs, one can
extract it from the average MTJ resistance (Rmryayv)- Fol-
lowing the work of Zeng et al. [47] on analogous MT]J
devices [refer to the current region marked as Bl in
Fig. 1(c) of Ref. [47]], RmTrav can be estimated at around
800 . Thus, by considering working currents, Iy (12}, of
—0.1 mA, we can estimate a power consumption lower
than 20 uW by taking into account both the free and
fixed MTJs. This estimated power consumption is com-
parable with or better than those of commercial MEMS-
based devices, as reported in data sheets of commercially
available accelerometers [48,49].

A. Sensitivity of the spintronic MEMS accelerometer

There are various figures of merit that characterize a sen-
sor, depending on the transduction mechanisms involved
[12,46,50]. One of the most common in capacitive MEMS-
based accelerometers is the capacitance sensitivity, i.e., the
change in capacitance with respect to external acceleration.
However, the absence of the capacitive element, which is a
specificity of the proposed idea, does not allow us to make
a comparison to this figure of merit. On the other hand,
we can use a sensitivity defined as the ratio between the
amplitude of external acceleration and the readout volt-
age. Since the variation of AVy. is on the order of tens
of microvolts, as shown in Figs. 3 and 4, we obtain sensi-
tivities on the order of 0.5 uV/g, considering directly the
voltage extracted across the MTJ without any amplifica-
tion or postprocessing. We wish to stress that the aim of
this work is to present a design that may drive the develop-
ment of alternative types of devices based on spintronics.
Optimization of the device has not been performed at
this stage. However, by tuning opportunely the MTJ-setup
properties, higher output voltages and higher sensitivities
with the spintronic diode effect can be obtained. The dis-
placement or mechanical sensitivity, proportional to 1 /w2,
relates to the mechanical response of the device, and in
capacitive MEMS-based accelerometers, it is related to
the displacement of the proof mass along the measure-
ment axis and external acceleration. In our design, we can
relate the displacement of the free MTJ with the acceler-
ation by applying different accelerations and extract it as
the slope of the linear relationship between the two quanti-
ties. Considering the same substrate technology, we obtain
a mechanical sensitivity of around 10 nm/g for the chosen
mechanical parameters.
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VII. SUMMARY AND CONCLUSIONS

We propose a spintronic MEMS accelerometer based on
two MTlJs, magnetically and elastically coupled, that are
both working as an STNO with bias currents on the order
of mA. The oscillatory frequency of the fixed MTJ is con-
trolled by an ac current that drives injection locking to
enable the use of the spintronic diode effect as the read-
out mechanism of the acceleration applied to the device.
We emphasize that the elastic connection between the two
substrates on which the MTJs are fabricated can also be
realized by exploiting the same technology as that used for
capacitive MEMS accelerometers, which makes the pro-
posed device technologically appealing. Moreover, while
the intrinsic magnetic coupling between the MTlJs is often
considered disruptive in applications [51-53], here it plays
a crucial role due to its strong dependence on the position.
The idea of a spintronic MEMS accelerometer can be scal-
able to smaller systems and the sensitivity can be enhanced
by designing a network of spintronic MEMSs.

Overall, the major potential advantages of the spintronic
MEMS accelerometer are the compatibility with current
technological implementations of MTJs, a robust and
simple reading scheme [20,30], and low power require-
ments. In fact, the spintronic accelerometer proposed here
senses the acceleration directly as voltage variation across
the fixed MTJ, in contrast to state-of-the-art integrable
MEMS-based devices, where a circuit to convert the
capacitance variation into an output voltage is needed. In
conclusion, we believe that this idea can be a stimulus
for the spintronic community to design experiments and
expand the application of MTJs for sensors.
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