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Because of the wide selectivity of ferromagnetic and ferroelectric (FE) components, electric-field (E-field) control
of magnetism via strain mediation can be easily realized through composite multiferroic heterostructures. Here, an MgO-
based magnetic tunnel junction (MTJ) is chosen rationally as the ferromagnetic constitution and a high-activity (001)-
Pb(Mg, /3Nb2 /3)0,7Ti0,303 (PMN-0.3PT) single crystal is selected as the FE component to create a multiferroic MTJ/FE
hybrid structure. The shape of tunneling magnetoresistance (TMR) versus in situ E-fields imprints the butterfly loop of
the piezo-strain of the FE without magnetic-field bias. The E-field-controlled change in the TMR ratio is up to —0.27%
without magnetic-field bias. Moreover, when a typical magnetic field (~ £10 Oe) is applied along the minor axis of the
MT]J, the butterfly loop is changed significantly by the E-fields relative to that without magnetic-field bias. This suggests
that the E-field-controlled junction resistance is spin-dependent and correlated with magnetization switching in the free
layer of the MTJ. In addition, based on such a multiferroic heterostructure, a strain-gauge factor up to approximately 40
is achieved, which decreases further with a sign change from positive to negative with increasing magnetic fields. This
multiferroic hybrid structure is a promising avenue to control TMR through E-fields in low-power-consumption spintronic
and straintronic devices at room temperature.

Keywords: tunneling magnetoresistance, magnetic tunnel junction (MTJ), multiferroic heterostructure, mag-

netoelectric coupling
PACS: 75.85.4+t, 77.55.Nv, 85.75.—d, 75.47.—m

1. Introduction

In the rapid development of information storage tech-
nology, research on random-access memory with high den-
sity, high speed, non-volatility, and low-energy consumption
is challenging.!'=*! The ferroelectric (FE) and magnetic con-
stituents in composite multiferroic materials can interact di-
rectly or indirectly through magnetoelectric effects, which po-
tentially enables electric-field (E-field) control of magnetiza-
tion switching to solve this challenge. There have been exten-
sive investigations on growing ferromagnetic thin films, mul-
tilayers, and magnetic device prototypes on FE substrates to
study E-field control of magnetism. The central goal is to
find an energy-efficient way of using voltage across the FE
layer for reversible and nonvolatile manipulation of magnetic
and resistance states. As one of the most fascinating spin-
tronic devices, magnetic tunnel junctions (MTJs), with excel-
lent tunneling magnetoresistance (TMR) effects, are attract-
ing great interest in the fundamental sciences and in practi-
cal applications.>®! Many studies used high-density currents
to manipulate MTJs via spin-transfer torque effects or exter-
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nal magnetic fields.!"?) However, this is an energy-consuming
method.
By taking advantage of magnetoelectric effects in com-

341 we can use E-fields

posite multiferroic heterostructures,
to control magnetic anisotropy, TMR, and magnetic interac-
tions in the ferromagnetic layers of the MTJ.I”-"] Integra-
tion of MTJs into FE constituents enables novel multiferroic
magnetoelectric devices,'”) such as magnetoelectric mag-
netic random-access memory,[!!) magnetic sensors, and tun-
able inductors.['>13] Roschewsky et al. observed that the coer-
cive field and the switching current decrease by approximately
2% under mechanical strain in the perpendicular MTJ.[!4]
These results are attributed to magneto-elastic coupling and
have also been applied in the design of MTJ-based pres-
sure sensors.!1>161 Moreover, MTJ/FE hybrid multiferroic het-
erostructures were theoretically proposed for new-generation
non-volatile magnetoelectric random-access memory,!'!!7]
and were soon verified experimentally.'8-%?] Pertsev et al.!'”]

(111 theoretically proposed a spin valve or an

and Nan et al.
MT] fabricated on an FE substrate, and used phase-field sim-

ulations to demonstrate a simple and new pathway for high-
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performance magnetic random-access memories.!'!l Then,
Li et al. successfully demonstrated reversible continuous mag-
netization rotation and manipulation of the TMR at room
temperature in an AlO,-based MTJ/(001)-PMN-0.3PT hybrid
heterostructure by E-fields.!!8! Zhao er al. demonstrated sig-
nificant voltage manipulation of the TMR in an MgO-based
MT]J grown on a (001)-PMN-0.3PT FE substrate with an in-
plane E-field configuration.!'”) Chen et al. further optimized
the architecture of the MgO-based MTJ/PMN-xPT multifer-
roic heterostructure and achieved giant reversible and non-
volatile E-field manipulation of magnetoresistance to about
55% at room temperature without the assistance of a magnetic
field.[3] Yang et al. fabricated an MgO-based MTJ/(011)-
PMN-0.3PT magnetoelectric hybrid structure and observed
angle-dependent magnetic switching behavior under the appli-
cation of E-fields.>*! So far, most research on MTJ/FE hybrid
multiferroic heterostructures is generally focused on the MTJ
with a memory configuration. However, tunneling magnetore-
sistance and magnetization switching of the MTJ in a sensory
configuration is still lacking in these types of hybrid multifer-
roic heterostructures. Moreover, E-field-induced anisotropic
strain control of magnetization switching in MTJ/FE hy-
brid structures has been extensively studied, as mentioned
above.[?1:326] But E-field-induced isotropic strain on mag-
netic states and TMR in such an MTJ-based multiferroic het-
erostructure is not well understood. In particular, the isotropic
strain induced by E-fields in the (001)-oriented FE layer may
be more efficient than the anisotropic strain (most commonly
used (011)-cut FE) to achieve 180° magnetization switching
in the perpendicular magnetic tunnel junction, which has re-
ceived extensive attention due to high thermal stability at a re-
duced dimension, low-current-induced magnetization switch-
ing and a high TMR ratio all at the same time.!?’3% Addi-
tionally, the exploration of different architectures of in-plane
or perpendicular MTJ/FE multiferroic heterostructures offers
new possibilities for high-performance memory and logic de-
vices. Therefore, further optimization of hybrid MTJ/PMN-
xPT multiferroic heterostructures is meaningful for potential
spintronic and electronic applications, even without the assis-
tance of external magnetic fields.3!-32!

Motivated by the aforementioned achievements in in-
plane MTJ-based multiferroic heterostructures, herein, we
demonstrate E-field control of magnetization rotation in a
sensory MTJ/FE (001)-PMN-0.3PT hybrid multiferroic het-
erostructure at room temperature. Without a magnetic-field
bias, the TMR ratio controlled by E-fields was obvious. More-
over, when a magnetic field was applied along the minor
axis of the MTJ, the butterfly loop also changed significantly.
Based on this multiferroic heterostructure, we also demon-
strated that the MTJ can be used as a strain-sensitive sensor
with a considerable gauge factor (GF). The hybrid structure
exhibits low power consumption and measurable micro-strain,

which enables an in-depth understanding of E-field-controlled
magnetization in MTJ/PMN-xPT multiferroic heterostructures
and potential strain-sensing applications.

2. Experimental methods

Fabrication of MTJs on pre-oxide (001)-Si wafers was
previously reported in detail. 33! MTJ dies were cut from a Si
wafer into 3-mm widths and lengths. The Si substrate was ap-
proximately 280-um thick. The top and back electrodes used
for the applied E-fields across the thickness direction of the
PMN-0.3PT substrates were made via electron-beam evapo-
ration. The thickness was approximately 700 um to prevent
cracking of the PMN-0.3PT FE substrate under E-field cy-
cling. A 100-nm Au film was deposited on a 10-nm Ti adhe-
sive layer at room temperature. The Ti thin film enhanced ad-
hesion between the Au and the PMN-0.3PT substrates. Then,
the Au/Ti/PMN-0.3PT/Ti/Au samples were annealed in air for
one hour at 200 °C and naturally cooled to room tempera-
ture for better piezo-strain transfer. The MTJ dies were glued
on one side of the Au/Ti/PMN-0.3PT/Ti/Au with epoxy resin
(M-Bond 610, Vishay Precision Group, Inc. USA).?* The
MTIJ/Au/Ti/PMN-0.3PT/Ti/Au hybrid structures were cured
for 24 hours at room temperature to dry the glue. The TMR
was measured with in situ magnetic fields using a source me-
ter (Keithley 2400, USA) in four-probe mode. The in-situ E-
field was applied via a high-voltage source (Keithley 2410,
USA). The in-plane strain was measured by gluing strain
gauges (L2A-06-06LT-350, Micro-Measurements, USA) on
the PMN-0.3PT single crystals.

3. Results and discussion
3.1. Architecture of hybrid multiferroic heterostructure

Figure 1(a) is a schematic of an MTJ/PMN-0.3PT hy-
brid multiferroic heterostructure. The Si substrate with the
MT]J array is glued on the FE PMN-0.3PT single crystal with
We etched the MTJs into 6 umx18 pm el-
The long axis of the ellipse is along the [100] di-

epoxy resin.
lipses.
rection, and the short axis is along the [010] direction of
the PMN-0.3PT substrate, as shown in Fig. 1(a). The il-
lustration on the left side of Fig. 1(a) shows an enlarged
Au/Ru/Ta/CoFeB (free
layer, FL)/MgO (tunneling layer)/CoFeB (reference layer,
RL)/Ru/CoFe/IrMn/CoFe/Ta/SiO,/Si. The E-fields are ap-
plied along the PMN-0.3PT thickness direction through the
top and bottom electrodes. Figure 1(b) shows the major and

view of the MTJ layer structure:

minor loops of an MTJ array with the applied magnetic fields
along the long and short axis of the MTJs, respectively. The
TMR ratio is defined as [R(H) — Ry]/Ro X 100%. Tt is ap-
proximately 35% along the minor direction. According to the
linear fitting results of the minor curve as the magnetic field
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scans back and forth within £20 Oe (see Fig. S1 in the sup-
plementary material), a small difference in the fitting slope in-
dicates a good linear region, as shaded in Fig. 1(b). Addition-
ally, a small hysteresis exists in the minor loop, which could
be attributed to the magnetic hysteresis of CoFeB FL and Néel

+
E—field

(a)

Si0,

-

Z[100]

y[o{%

Z[001]

TMR ratio (%)

“orange-peel” coupling due to the roughness of the interface
between the MgO barrier and CoFeB layer.[>>3¢! In contrast,
the TMR ratio is very small along the major direction, which is
consistent with the previous report.>’l These results strongly

indicate that the MTJ array is in a sensory configuration. [20-38

40
(b)
—m—Minor

30t —o—Major
20
10

0 -
—100 —50 0 50 100

Magnetic field (Oe)

Fig. 1. (a) A schematic of magnetic tunneling junction/ferroelectric (001)-oriented PMN-0.3PT (MTJ/PMN-0.3PT) hybrid multiferroic heterostructures. The
inset is a cross-section of one MTJ layer architecture. The thicknesses of the multilayers in the heterostructure are not drawn to scale. (b) The tunneling
magnetoresistance ratio (TMR) measured along the major (solid circles) and minor (solid squares) axes of the MTJs.

3.2. Magnetization configuration

Figure 2(a) shows the magnetization configuration in the
MT]J. The blue arrow indicates the magnetization direction
of the CoFeB FL, and the red arrows show the magnetiza-
tion direction in the SAF layer. The antiferromagnetic layer
is drawn with a double arrow. The angle between the ap-
plied magnetic field and the x-axis is given by «. The refer-
ence and pinned layers are pinned along the —y-axis through
Ruderman—Kittel-Kasuya—Yosida (RKKY) interactions. 33371

To study the magnetization switching behavior, cir-
cle transfer curve (CTC) measurements were performed by
sweeping the magnetic field over 360° with a constant magni-
tude to analyze the TMR angular dependence of the MTJ.[>?]
Figure 2(b) shows the TMR ratios under 5-Oe, 20-Oe, 50-
Oe, and 60-Oe magnetic fields. In the CTCs, the maximal
and minimal TMR ratios under all magnetic fields can be ob-
tained when the fields were at 90° and 270°, respectively.
This indicates that the magnetization coherently rotates with
the changing direction of the magnetic field, regardless of the
field strength. Consequently, we could determine the high-
resistance state with an antiparallel magnetization configura-
tion (labeled as “2”), and the low-resistance state with a paral-
lel configuration (labeled as “4”), as shown in Figs. 2(d) and
2(f), respectively. In addition, the TMR ratios at the 0° and
180° angles are roughly equal and half the maximal value.
This implies that the FL. magnetization is perpendicular to that
in the RL, as shown in Figs. 2(c) and 2(e). The direction of RL
magnetization is assumed to be locked by the antiferromag-
netic coupling according to our previous reports.!?**1 Thus,
the magnetic states of the MTJ/PMN-0.3PT multiferroic het-

erostructure are revealed, which helps us to understand mag-
netization switching under applied E-fields.

3.3. E-field-control of TMR without magnetic-field bias

To study E-field effects on the MTJ/(001)-PMN-0.3PT
multiferroic heterostructure, we examine the relationship be-
tween the TMR and the applied E-field without a magnetic-
field bias, as shown in Fig. 3(a). Herein, the magnetic
state is initialized by applying a saturated magnetic field of
about +80 Oe along the y axis and reducing it to zero, as
marked by the blue solid circle in Fig. 1(b). The corre-
sponding TMR ratio is also shown, which exhibited butterfly-
The E-
field-controlled junction-resistance change ratio without a

like behavior under the bipolar E-field cycling.

magnetic-field bias is approximately 4+0.18% at +3 kV/cm,
and is —0.27% at —1.4 kV/cm. This E-field-modulated TMR
change ratio is comparable to the GMR (~ 0.1%—1%) at room
temperature. “>*! Figure 3(b) shows the loop of the in-plane
strain along the isotropic direction [001] of the PMN-0.3PT
under a scanned bipolar E-field. Comparing Figs. 3(a) and
3(b), the shape of the resistance versus electric field loop is
similar to that of the strain versus E-field curve. Therefore,
the in-plane strain induced by the E-field could play a role in
the TMR modulation. Additionally, the butterfly-like curves
in Figs. 3(a) and 3(b) are nearly opposite each other, which
strongly indicates strain-mediated magnetoelectric coupling
in the MTJ/PMN-0.3PT multiferroic heterostructures. The
piezo-strain generated by the PMN-0.3PT layer is transferred
to the FL. Thus, the magnetization rotation of the FL with re-
spect to the RL (or PL) is modulated by the in-plane strain in-
duced by the applied E-field via the inverse magnetostriction

097502-3
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effect. This leads to TMR modulation by E-fields. It is worth
mentioning that the piezo-strain for the PMN-0.3PT FE layer
is indeed transferred to the silicon substrate surface by check-
ing the Si (400) reflection shift through x-ray diffraction with
in situ E-fields (not shown here). Accordingly, the free layer of
the MTJ must feel the strain upon application of E-fields.[*?]
Furthermore, we propose three strategies to further enhance
the tunability of the TMR ratio by E-fields as follows. (i) Di-
rect growth of TMR multilayers on the PMN-0.3PT substrates

(a)

Free layer MgO

SAF layer

AFM

(c) Magnetic field at 0°

O]

“]”

Magnetic field at 180°

029

g

rather than glued layers could ensure a high strain-transfer
efficiency, certainly resulting in a high TMR ratio modula-
tion by E-fields.** (ii) Choosing a (011)-oriented ferroelec-
tric layer probably increases the tunability of the TMR ratio
due to the in-plane anisotropic piezo-strain.[** (iii) Select-
ing highly piezoelectric active materials, for example, a lead
zinc niobate-lead titanate (PZN-PT) ferroelectric layer, can
promise a large E-field-induced piezo-strain, and thus large
TMR ratio modulation can be expected.[**]

40
(b)
30
S
5 20
2
@
-
£ 10
H
0
! 1 1 i 1 4 1 1
0 60 120 180 240 300 360
Magnetic field angle a (°)
(d) Magnetic field at 90°
Gemommomemmemamaes
B
e —
“2” —
agnetic field at
(f) M ic field at 270°
_________________ N
B —
—
>
wym

Fig. 2. (a) A schematic of the magnetization configuration in the magnetic tunneling junctions. (b) The tunneling magnetoresistance ratio as a function of
the magnetic fields and their azimuthal angles. (c)—(f) Configurations of the magnetization in the free and reference CoFeB layers under different directional
external magnetic fields. The magnetization of the free layer was nearly coherently rotated by larger magnetic fields.

(a) @0 Oe
__47.5¢ 10-2
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Fig. 3. (a) Tunneling magnetoresistance as a function of the applied fields without a magnetic-field bias. (b) The strain vs. E-field loop of the (001)-PMN-
0.3PT ferroelectric substrate. The arrow indicates the E-field scan direction. The solid circle represents the starting point of the E-field scan.
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(a) H=0 Oe, no strain

t+ t+
'
'
'
'

(b) H=0 Oe, tensile, in the region of
coercive field of PMN-PT

(c) H=0 Oe, compressive, in the region of
coercive field of PMN-PT

R

Fig. 4. (a) The initial magnetization configuration of the magnetic tunneling junctions without magnetic field bias. (b) and (c) Schematics of the free layer
rotated under E-field-induced tensile and compressive strains, without a magnetic-field bias, respectively.

To explain the magnetization reversal under the E-fields,
we drew magnetization configurations in Fig. 4, which was
an intuitive diagram to help readers create a concise and clear
physical image. Figure 4(a) is the magnetization configura-
tion under no magnetic or E-fields. Because of the small hys-
teresis [see Fig. 1(b)], the FL. magnetization is not completely
aligned along the major axis of the MTJ (easy axis, e.a.) la-
beled by ¢, which is the angle between the magnetization M
and the x axis (or e.a.) of the MTJ. Herein, 3 is the angle of
the magnetization direction of the FL and RL. Upon cycling
the E-fields near the coercive field (~ 1.4 kV/cm), the ten-
sile strain dominates over the compressive strain, as marked
by the blue arrows in Fig. 2(b). The lowest free-energy is
found when the magnetization is rotated to the x-axis direc-
tion due to a positive magnetostriction of the FL. This reduces
the angle ¢. Therefore, B decreases, as shown in Fig. 4(b),
and the junction resistance decreases according to Julliere’s

44.451 With further increases in the E-fields over the co-

model. !
ercive field, compressive strain is dominant, as labeled by the
orange arrows in Fig. 4(c). The FL magnetization is thus ro-
tated out-of-plane to save the free energy.!!**%! Therefore, the
magnetization, which was originally in-plane, is now upturned
in Fig. 4(c). Consequently, 3 increases, and hence the junction
resistance increases, as shown in Fig. 3(a). It is reasonably
assumed that the direction of the RL magnetization is locked
and not rotated because of the strong exchange bias field in the
SAF layer, which has been confirmed in MTJ/(011)-PMN-xPT

hybrid multiferroic structures. [>+37]

3.4. E-field-control of TMR with the assistance of mag-
netic fields

To confirm the strain-mediated magnetoelectric control of
TMR, we applied a series of biased magnetic fields to perform
the TMR measurements with in situ E-fields. This is because

the TMR is actually spin-dependent.!*’! Then, we could de-
termine whether the FL magnetization rotates under E-fields.
Herein, a typical case of +10 Oe is discussed in detail below
and other similar cases of +5 Oe, £20 Oe along the y axis are
shown in Fig. S2 (see the supplementary material). The +10-
Oe magnetic field is applied along the minor axis (4+y) and the
—10-Oe field is along the —y axis, as shown in Figs. 5(a) and
5(b), respectively. The FL magnetization direction rotates to-
wards the applied magnetic fields to lower the FL free energy
because of the additional Zeeman energy. Therefore, 8 be-
comes larger and smaller in the +10-Oe and —10-Oe magnetic
fields, respectively, resulting in an increase and a decrease of
the TMR, as shown in the left axis of Figs. 5(c) and 5(d), re-
spectively. The corresponding tunneling resistance change ra-
tio is also respectively shown in the right axis of Figs. 5(c)
and 5(d). Overall, comparing Figs. 5(c) and 5(d), the shape of
the tunneling resistance versus E-field curve is roughly oppo-
site under the +10-Oe and —10-Oe magnetic fields. In detail,
compared with Fig. 3(a), the shape of the tunneling resistance
versus E-field curves under magnetic fields is significantly dif-
ferent from that without a magnetic-field bias, strongly indi-
cating the existence of strain-mediated magnetoelectric cou-
pling between the FL of the MTJ and PMN-0.3PT FE layer.
In addition, we have performed a repeated test, as shown in
Fig. 5(c), to ensure reproducible control of the tunneling resis-
tance under the co-actions of E-fields and magnetic fields. The
results of the two measurements are totally consistent, verify-
ing that spin-dependent TMR is modulated by E-field-induced
magnetization rotation of the FL via strain-mediated magne-
toelectric coupling. As a confirmatory experiment, we further
verified the dependence of tunneling resistance on the E-fields
with magnetic fields along the +x-axis direction (see the de-
tails in Fig. S2 in the supplementary material), which is com-
pletely consistent with the case in Figs. 5(c) and 5(d).

097502-5


http://cpb.iphy.ac.cn/EN/10.1088/1674-1056/ac523e
http://cpb.iphy.ac.cn/EN/10.1088/1674-1056/ac523e

Chin. Phys. B 31, 097502 (2022)

() [010] (b)

+10 Oe M
ea f_ _ - |- = ea - — -
M
—10 Oe
Y
\ \[100]

(001)-PMN-PT Free layer z ¥

(d) 44.00 0.2
(c) ” @ 10 Oe along +y —m— = @ 10 Oe along —y .
51.45 == —o— 10.1 S
_ 8 _ 43.95} 101 2
S sl4of 5 & 5
X 10 = ] =
S o i o
® . 4 o 10 &
S 51350 = S 43.90f =
E | os % E 3
g 5130 8 7 {-01 g
= 0T g e 43.85f ]
7 i
1—0.2 '3 k7
L Q 1-0.2 ¢
51.25 2 =

—4 4 45‘80—4 -2 0 2 4
Electric field (kV/cm) Electric field (kV/cm)

Fig. 5. (a) and (b) Schematics of the magnetization configuration of MTJ/PMN-0.3PT multiferroic heterostructures under £10 Oe along the y axis. (c) and (d)
Tunneling magnetoresistance and the corresponding resistance change ratio versus E-fields under magnetic bias fields of +=10 Oe along the y axis, respectively.
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Fig. 6. (a) and (b) Schematics of the FL. magnetization rotated by electric-field-induced tensile strain in the vicinity of the coercive field, and compressive
strain under the larger E-field with the +10-Oe magnetic field along the y axis, respectively. (c) and (d) Schematics of the magnetization of the free layer
rotated by the E-field-induced tensile and compressive strains with the —10-Oe magnetic field along the y axis, respectively.
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To understand E-field control of the tunneling resistance
with the assistance of magnetic fields, we conduct a detailed
analysis of magnetization rotation, as shown in Fig. 6. In the
vicinity of the coercive field, the in-plane tensile strain pushes
the magnetization rotation towards the e.a., which decreases
the angle ¢, as shown in Fig. 6(a). With the decrease of @, 8
decreases, and the tunneling resistance near the coercive field
thus decreases. This explains the reduction of the junction re-
sistance in Fig. 5(c). In contrast, when the E-fields increase,
the induced compressive strain causes the magnetization to ro-
tate out-of-plane, leading to increased f3, as shown in Fig. 6(b).
Hence, the TMR increases when the multiferroic heterostruc-
ture experiences a larger E-field and a +10-Oe magnetic-field
bias. When a —10-Oe magnetic field is applied, the magne-
tization also rotates to the e.a. in the vicinity of the coercive
field to save FL free energy, which reduces ¢, as shown in
Fig. 6(c). Correspondingly, 3 increases, leading to an increase
in the TMR [Fig. 5(d)]. When the E-fields increase further to
saturation, the compressive strain induces the magnetization
to rotate out-of-plane, and f3 increases, as shown in Fig. 6(d).
Accordingly, the TMR increases under a high E-field and a
—10-Oe magnetic field, which is also consistent with the ob-
servation in Fig. 5(d). Therefore, strain-mediated magneto-
electric control of the TMR is demonstrated, and the observed
results could be understood from the magnetoelectric coupling
between the FL. and PMN-0.3PT FE layers. It is worth men-
tioning that both Figs. 4 and 6 are just intuitive diagrams to
construct an intuitive physical picture for the E-field-induced
change in the TMR ratio, presenting a qualitative understand-
ing of magnetization switching rather than a quantitative re-
sult. We will obtain a quantitative angle rotation using micro-
magnetic simulations in the future.

3.5. Potential application of the hybrid multiferroic het-
erostructure

Earlier research on the applications of MTJs mainly fo-
cused on solid-state magnetic storage elements, *! magnetic
logic devices,!! and magnetic field sensors.!'% According to
the above studies, the MTJs may also have promising appli-
cations in strain sensors. In Fig. 7(a), the change ratio of the
TMR is plotted as a function of the strain induced by unipo-
lar E-fields under different magnetic-field bias. Overall, the
change ratio increases with increasing unipolar compressive
strain under relatively small-bias magnetic fields (0 Oe, 5 Oe,
and 10 Oe). However, increasing the magnetic-field bias de-
creases the change ratio, which may be attributed to increasing
Zeeman energy under larger magnetic fields. In addition, the
RL may have also been rotated under the larger magnetic field,
resulting in a reduction of the TMR ratio change,!!®! which
will be further investigated in the future.

Then, we can calculate the GF of the MTJs in a multifer-

roic heterostructure according to!!%)
AR/R
GF = 1
= (M

where € is strain, and AR = R — Ry is the difference between
the tunneling resistance and the initial resistance at an E-field
of 0 kV/cm. The GF versus magnetic-field bias is shown in
Fig. 7(b). At 0 Oe, the GF is approximately 40, which is an av-
erage value compared with commercial metallic GF = 2-5,4°]
or silicon-based piezo-resistive GF = 40-180.°1 At 5 Oe
and 10 Oe, the GF is reduced, because the external magnetic
fields try to align the magnetization along their own directions.
Moreover, the GF changed sign (—9.5) with further increases
in the magnetic field up to 20 Oe, as shown in Fig. 7(b).
It is expected that the GF should increase until the exter-
nal magnetic field reaches the saturated magnetic field of the
MT]Js. Therefore, the GF in the MTJs is tunable with external
magnetic fields, enabling applications as strain sensors with

However, conventional fabricated strain
d.[49.50

adjustable ranges.
sensors are fixed and cannot be adjuste | According to
these results, the MTJ/PMN-0.3PT multiferroic heterostruc-
ture could be used as standard equipment for strain calibration
(including metallic, semiconductor, and MTJ-based sensors),
with the advantages of compact architectures, small sizes, light
weights, and high strain measurement accuracies via E-field
control. In contrast, the conventional bending apparatus for
strain calibration is bulky, large, and heavy, and has difficulty
in strain control,>"

0.16
3
— 0.08
2
~
<
g 0
—0.08—5 20 40
Strain (ppm)
(b)
40} \
A
-
o
s \
< 20}
% A
a0
3
S O ——— ———
v
—20 0 10 20

Magnetic field (Oe)

Fig. 7. (a) The relationship between the tunneling magnetoresistance change
ratio and strain induced by E-fields in the MTJ/PMN-0.3PT multiferroic het-
erostructure under different magnetic-field biases. (b) Magnetic-field depen-
dence of the strain gauge factor. The triangles are colored red and blue to
emphasize the sign change.
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4. Conclusion

We fabricated an MgO-based MTJ/(001)-PMN-0.3PT
multiferroic heterostructure and examined the TMR and mag-
netization switching under the co-actions of E-fields and mag-
netic fields. In the absence of a magnetic-field bias, the TMR
change ratio controlled by E-fields is approximately —0.27%,
which is comparable to the GMR ratio in conventional spin
valves. Under a +10-Oe magnetic field, the TMR loop is
changed significantly by the E-fields, compared to that without
magnetic-field bias. This indicates that E-field control of the
TMR ratio is spin-dependent, which is attributed to the mag-
netization rotation via strain-mediated magnetoelectric cou-
pling. We have also demonstrated that the MTJ could be used
as a strain sensor with an adjustable GF. Furthermore, the
MTIJ/PMN-0.3PT multiferroic heterostructure could be used
as standard equipment for strain-sensor calibrations with very
compact and lightweight features, and accurate advantages.
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