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APPLIED PHYSICS

Full voltage manipulation of the resistance

of a magnetic tunnel junction

Aitian Chen', Yuelei Zhao', Yan Wen', Long Pan?, Peisen Li? Xi-Xiang Zhang'*

One of the motivations for multiferroics research is to find an energy-efficient solution to spintronic applications,
such as the solely electrical control of magnetic tunnel junctions. Here, we integrate spintronics and multiferroics
by depositing MgO-based magnetic tunnel junctions on ferroelectric substrate. We fabricate two pairs of electrodes
on the ferroelectric substrate to generate localized strain by applying voltage. This voltage-generated localized
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strain has the ability to modify the magnetic anisotropy of the free layer effectively. By sequentially applying
voltages to these two pairs of electrodes, we successively and unidirectionally rotate the magnetization of the
free layer in the magnetic tunnel junctions to complete reversible 180° magnetization switching. Thus, we accomplish
a giant nonvolatile solely electrical switchable high/low resistance in magnetic tunnel junctions at room tempera-
ture without the aid of a magnetic field. Our results are important for exploring voltage control of magnetism and

low-power spintronic devices.

INTRODUCTION

The resistance of a magnetic tunnel junction (MT]) that consists of
two ferromagnetic layers sandwiching a thin nonmagnetic insulating
layer depends on the angle between the magnetization of the two
magnetic layers (1, 2). When the two magnetizations in both ferro-
magnetic layers are parallel (antiparallel) to each other, the resistance
of the MTJ is lowest (highest). These two states with the lowest and
highest resistances can be designated as bits 0 and 1 in the magnet-
oresistive random access memory (MRAM) and other spintronic
applications (I1-4). To store binary bits 0 and 1, the parallel and
antiparallel magnetization configurations need to be easily mutually
switched, thus accomplishing a “writing” operation. Conventionally,
the writing of bits uses a magnetic field, a spin-orbit torque (5-7), or
a spin-transfer torque (STT) (8, 9), each of which requires a high
electric current density to be flowing in the device and consequently
dissipates significant energy.

The efficient operation of MT]s with lower energy consumption
becomes more important with their increasing miniaturization (10).
Much effort has been dedicated to developing electrical approaches
to manipulating MTTs, such as using electric field-modified coercivity
(11) or magnetization precession (12) with the assistance of a mag-
netic field and using ferroelectric materials as the barrier layer with
cryogenic operation temperature (13-15). The manipulation of
magnetization in nanomagnets by voltage has been realized in
ferromagnetic/ferroelectric multiferroic heterostructures (16-18),
which is most effectively applied to manipulate MT]s with voltage
instead of magnetic field or current. Therefore, integrating spintronics
and multiferroics is emerging as a promising strategy for memory
and logic (19) and presents a new opportunity for the energy-efficient
operation of MTTs, the key elements in spintronics. Motivated by the
successes in the electrical control of magnetism using ferromagnetic/
ferroelectric multiferroic heterostructures (20-23), several groups
have realized the electrical manipulation of magnetoresistance (MR)
in MTJs deposited on ferroelectric substrates (24-26), in which the
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magnetization of the free layer is rotated by the strain transferred
from the ferroelectric substrate. However, in these experiments, the
magnetization in the free layer with an in-plane uniaxial anisotropy
could only be rotated from one of the stable states up to 90° by the
voltage-induced strain. This means that the parallel and antiparallel
magnetization configurations of the MT] cannot be switched as
desired, since a 180° magnetization switching of the free layer is
required. Although several schemes (27, 28) have been theoretically
proposed to achieve 180° magnetization switching, the experimental
demonstration is still challenging (29) and remains elusive.

Recently, a new strategy to fully reverse the magnetization by
voltage was proposed (30) and experimentally demonstrated in
nanomagnets with uniaxial anisotropy (31). In this approach, two
pairs of electrodes with a special arrangement (30), in which the
joint lines of the paired electrodes are noncollinear with the easy
axis of the nanomagnet by +30°, are used to apply the voltage
sequentially. In this configuration, once one pair of electrodes has
been activated by a voltage, the magnetization of the nanomagnet is
rotated from one stable state by an acute angle. With the activation
of another set of paired electrodes, the magnetization is rotated
closer to another stable state. After turning off the voltage, the mag-
netization aligns toward the other stable state, accomplishing a full
180° magnetization reversal from the initial direction through two
steps of rotations. Therefore, by programming the activation of two
paired electrodes, the magnetization direction in the nanomagnets
can be reversed reproducibly (31). If this strategy is applied to an
MT] to reverse the magnetization in the free layer, then we can write
bits with low energy dissipation and low write error probability (30, 32).

Here, we report full voltage manipulation of the resistance of an
MT]J without the assistance of a magnetic field. We deposit high-
quality MgO—based MTIS on Pb(Mg1/3Nb2/3)0'7Tio‘303 (PMN-PT)
ferroelectric substrate and fabricate two pairs of electrodes that are
activated by voltage to generate localized strain. By sequentially
applying the voltage to the two electrode pairs, we demonstrate that
it is feasible to control the resistance in MTJs with voltage between
high and low nonvolatile resistance states via reversing the magnet-
ization of the free layer. This is a well-recognized energy-efficient
strategy for “writing bit” in MRAM. Therefore, our work represents
a crucial step toward the ultralow-power operation of MRAM.
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RESULTS

The effect of voltage-induced localized strain on MTJs

Figure 1A shows a schematic diagram of the experiment. The voltage
was applied between one pair of shorted electrodes (AA) and the
PMN-PT ferroelectric substrate, and an MT] was placed at the center
of the electrodes. It is notable that the voltage was not directly applied
to the MTJ device to avoid the potential damage to the MTJs. The
MT] was etched into an elliptical shape of 18 x 6 um” to give the free
layer an in-plane uniaxial anisotropy along its major axis. In this
arrangement, the major axis or the uniaxial easy axis was perpen-
dicular to the joint line of the AA electrodes. The detailed MT] stack
is illustrated in Fig. 1B, in which the CoFeB layer below the MgO
layer is pinned by the antiferromagnetic IrMn layer and the CoFeB
layer above the MgO layer is the free layer to be rotated by voltage
through strain-mediated magnetoelectric coupling. As reported, a
localized strain was generated upon application of a voltage to the
shorted electrode pair and the grounded substrate (31, 33). To confirm
this, we also simulated the distribution of the localized strain using
finite element analysis (fig. S1). Figure 1C shows the distribution of
localized tensile strain gyy-£,, between the two electrodes under a
positive voltage of 400 V, as extracted from simulation. To obtain
enough piezostrain to modify the magnetic easy axis of the CoFeB
ferromagnetic layer via inverse magnetostriction effect, these large
voltages (usually several hundred volts) are needed because of the
thick ferroelectric substrate. It is clear that a nearly uniform localized
tensile strain along the joint line of the electrodes was generated.
This uniform localized strain is different from that generated by one
electrode scheme (34, 35), where the piezostrain is governed by the
intrinsic anisotropy of piezoelectric coefficients, and consequently,

its orientation is always fixed in a certain crystal orientation (35, 36).
Furthermore, this anisotropic strain generated with one electrode is
nonuniform at the microscale (16) and difficult to control, which leads
to different magnetization responses to the electric field in magnetic
disks (16-18, 37) that are fabricated on a ferroelectric substrate with
complex ferroelectric domain structures. Unlike a single-electrode
approach that generates a nonuniform strain, the pair of shorted
electrodes generates a strong and uniform strain between the two
electrodes with a fixed direction (along the joint line of the two elec-
trodes) and controllable strength, which can manipulate individual
magnetic disks within the gap between the two electrodes and
enables the application of arrays of indexed magnetic disks (33).
Moreover, this anisotropic strain generated by the use of one electrode
pair is available and universal for ferroelectric material, regardless if
it is single crystal (26, 31) or polycrystalline (33). Therefore, this
voltage-induced uniform localized strain is superior for application
in small devices, such as MTJs with a microscale or even nanoscale size.

To explore how the voltage-induced localized strain manipulates
the resistance of MTJs, we measured the MR curves at room tem-
perature with in situ voltages, as shown in Fig. 1D. The MR curve at
0 V has a well-defined narrow and square hysteresis with a large
tunnel MR (TMR) ratio [TMR = (Rhigh — Riow)/Riow = 208%], indi-
cating the high quality of the MT]J. It is evident that under an
applied voltage of 400 V, the curve is gradual, which is notably dif-
ferent to the curve without voltage. The results shown in Fig. 1D,
which are consistent with those of previous work (24, 25), indicate
that the voltage-generated strain rotates the magnetization of the
free layer (fig. S2), but not the magnetization of the pinned layer in
the defined magnetic field range.
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Fig. 1. Voltage manipulation of the MTJ by one pair of electrodes. (A) Schematic of the experimental setup. One pair of AA electrodes was deposited on the PMN-PT,
and an elliptical MTJ device of 18 x 6 um? was placed at the center of the gap. Voltage was applied to the AA electrodes to generate localized strain, and the bottom of
the substrate was grounded. (B) The detailed structure of the MgO-based MTJ device. To enhance the performance of the devices, we used both the antiferromagnetic
layer IrMn and the artificial antiferromagnetic structure of CoFe/Ru/CoFeB. With this particular design, at zero magnetic field, the top CoFeB layer acts as a free layer whose
magnetization can be tuned by voltage, whereas the magnetization of the bottom CoFeB layer is fixed because of the pinning effect of the antiferromagnetic IrMn
layer. (C) Simulated anisotropic strain distribution upon applying 400 V to the AA electrodes using finite element analysis. A uniform localized tensile strain along the
y direction was generated at the central gap of the electrode pair. The dashed-line boxes illustrate the locations of the electrodes. (D) MR curves with 0 and 400 V applied
at the AA electrodes. (E) Dependence of resistance on voltage applied to the AA electrodes under H = 0 Oe. The dashed lines denote the various magnetization configu-
rations of the MTJ, as illustrated by the insets, i.e., antiparallel (red), perpendicular (purple), and parallel (blue). a.u., arbitrary units.
13 December 2019
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To further study the response of the resistance of the MTJs on
the applied voltage, we measured the resistance of an MT] as a func-
tion of voltage applied on AA electrodes at zero magnetic field, as
shown in Fig. 1E. It is evident that two curves in the bottom panel of
Fig. 1E correspond to two different initial states at 0 V, i.e., the high-
resistance (antiparallel magnetization configuration) and low-resistance
(parallel magnetization configuration) states at H = 0 Oe. For the
initial state with high resistance at 0 V, the resistance decreased as
the voltage applied to the AA electrodes increased, due to the mag-
netization in the free layer rotating away from the antiparallel
configuration to the perpendicular configuration driven by the
voltage-generated strain, although a perfect perpendicular configura-
tion was not yet reached at 400 V. By decreasing the voltage from
400 to 0 V, the resistance returned back to the same value as that of
the initial state, indicating that the magnetization of the free layer
recovers its antiparallel state with the magnetization of the pinned
layer and exhibits a characteristic feature of volatility. Similarly, we
also observed a volatile manipulation of the resistance in MTJs for
the initial state with low resistance at 0 V, as denoted by the red
curve in the bottom panel of Fig. 1E. We therefore produced the
following results using only one pair of electrodes: (i) We were able
to rotate the magnetization of the free layer in the MTJs deposited
on the ferroelectric PMN-PT substrate; (ii) however, we could only
rotate the magnetization at a maximum less than 90°; (iii) after turn-
ing off the voltage, the magnetization returned back to its initial
state; (iv) therefore, with one pair of electrodes, we could not realize
a full magnetization reversal as desired. That is, we were unable to
realize a writing bit operation precisely in the MRAM devices or
other spintronic devices that require the high- and low-resistance
states of MT7Js to be precisely controlled (2, 4).

The voltage-tuned magnetic anisotropy of the CoFeB

layer using two electrode pairs

To realize the fully electrical control of MTJs, i.e., the voltage-induced
180° magnetization reversal of the free layer, we added another pair
of electrodes (BB) in the direction away from the major axis by 45°,
as shown in Fig. 2A. We also simulated the voltage-induced strain
of the BB electrodes by finite element analysis (fig. S3). Applying a
positive (or negative) voltage to the shorted BB electrodes generated
a localized tensile (or compressive) strain along the joint line of the
electrodes at the central gap. We then investigated the effect of the
voltage-induced strains produced by the two electrode pairs (AA
and BB) on the magnetic anisotropy of the free layer in the MTJs.
Since we had demonstrated that the free layer in MT]Js can be
manipulated by voltage-induced strains, to simplify the fabrication
process, we used a single ferromagnetic layer deposited on the
PMN-PT substrate with the detailed structure of PMN-PT/Ta (5 nm)/
Ru (5 nm)/CoFeB (5 nm)/Ta (5 nm) for the study. The variation of
the magnetic property of this CoFeB sample was studied using the
magneto-optical Kerr effect (MOKE) with in situ voltages, and the
magnetic anisotropy was obtained by measuring the angular depen-
dence of the magnetic hysteresis loops.

In multiferroic heterostructures integrating ferroelectric and
magnetic materials, the piezostrain € generated in ferroelectric
materials by applying voltage transfers to the magnetic material, re-
sulting in a magnetic anisotropy E = 3AYe due to the converse
magnetostriction effect (21, 25), where A and Y are the magnet-
ostriction coefficient and Young’s modulus of magnetic materials,
respectively. Therefore, the magnetic properties of the magnetic
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materials can be modified through the strain-mediated magneto-
electric coupling. Figure 2 (B to E) shows the angular dependence of
the remanence ratio (Mg/Ms) under different voltages applied to
either the AA or BB electrodes. At 0 V, Fig. 2B demonstrates that
the magnetic easy axis is along the [100] direction with the largest
Myp/Ms. When a voltage of 200 V was applied to the BB electrodes, a
tensile strain was generated along the joint line of the BB electrodes
(fig. S3B). This tensile strain induced a uniaxial magnetic anisotropy
with an easy axis along the joint line of the BB electrodes, due to the
positive magnetostriction coefficient of the CoFeB film (24, 38), so
that the easy axis was rotated away from the [100] direction by
about 45°, which is evidenced by the data shown in Fig. 2C. When a
voltage of 400 V was applied to the AA electrodes, the uniaxial magnetic
easy axis was altered to be aligned with the [01T] direction of the
substrate or y axis (Fig. 2D) because of the voltage-induced tensile
strain along the [011] direction (Fig. 1B). To successively control
the magnetic easy axis by voltage, we applied a negative voltage
of —200 V to the BB electrodes rather than a positive 200 V. It is
clear that the easy axis was rotated to a direction that was nearly
perpendicular to the joint line of the BB electrodes (Fig. 2E), be-
cause the voltage-induced compressive strain along the joint line of
the BB electrodes (fig. S3C) induces a uniaxial magnetic anisotropy
perpendicular to the joint line of the BB electrodes. Therefore, the
results shown in Fig. 2 demonstrate that voltage-induced localized
strains enabled us to successively rotate the easy axis of the ferro-
magnetic film via strain-mediated magnetoelectric coupling. On the
basis of the experiments described above, we can conclude that the
successive rotation of the magnetic easy axis can be realized by pro-
gramming the application of voltage to two pairs of electrodes and
that voltage-driven reversible 180° magnetization switching can, thus,
be achieved.

Voltage-driven fully reversible 180° magnetization switching
We performed micromagnetic simulations to investigate how voltage-
driven reversible 180° magnetization switching could be achieved.
We set a single domain along the [100] direction (the +x direction
in the x-y plane) of the PMN-PT substrate (the pinning direction of
the MT]Js) as the initial state (Fig. 3A). When applying a voltage of
200 V to the BB electrodes, the magnetic moment M rotated to the
induced magnetic easy axis, which was away from the x direction by
an acute angle of 45° (Fig. 3B). Next, by applying 400 V to the AA
electrodes and then removing the voltage on the BB electrodes,
M reoriented to the —y direction as illustrated in Fig. 3C because the
magnetic easy axis induced by the tensile strain was along the y axis
(Fig. 2D). Subsequently, the application of —200 V to the BB electrodes
drove M to rotate unidirectionally by another 45° (Fig. 3D). Last,
M rotated to the —x direction after the voltage was removed, as shown
in Fig. 3E, since the —x direction is another stable state of M at 0 V.
Through applying the above sequential voltages to AA and BB elec-
trodes (i.e., 0 V—> BB 200V - AA 400 V - BB -200 V — 0 V), the
M completed a 180° reversal by successive clockwise 45° rotations
(Fig. 3, A to E). Similarly, the M could be reverted back to its initial
state after another 180° rotation by applying the same sequential
voltages, as shown in Fig. 3, E to H. Note that a 180° magnetization
switching can also be accomplished by implementing sequential
voltages of 0 V.— BB -200 V — AA 400 V - BB200V - 0V,
through successive anticlockwise 45° rotations. Here, the role of the
BB electrodes was to break the symmetry and to drive M to rotate
unidirectionally. It is therefore evident that a reversible and nonvolatile
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Fig. 2. Tuning the magnetic anisotropy of the free layer by voltage using two pairs of electrodes. (A) Schematic top view of the sample structure with two pairs of
AA and BB electrodes. An elliptical MTJ device of 18 x 6 um? was placed at the center of two electrode pairs. The major axis of the elliptical device was along the x axis.
The pinning direction of the MTJ was along the [100] direction of the PMN-PT substrate (+x axis). The joint line of the AA electrodes was perpendicular to the pinning
direction, while that of the BB electrodes deviated from the pinning direction by 45°. (B to E) Polar curves of the angular-dependent Mg/Ms of a CoFeB layer, when the
applied voltages were 0 V (B), BB 200 V (C), AA 400 V (D), and BB —200 V (E). The [100] direction of the PMN-PT substrate was defined as 0°. The double-headed arrows

indicate the direction of the magnetic easy axis.

manipulation of 180° magnetization reversal can be realized by
synergistically applying voltages to AA and BB electrode pairs via
successive unidirectional 45° magnetization rotations, which is
essential to realizing the fully electrical control of MT]s.

Full control of MTJs solely by voltage

It is well documented that the resistance of MTJs depends on the
relative magnetization orientation of the free layer and the pinned
layer. In our devices (Fig. 1C), at zero magnetic field, the magneti-
zation of the pinned layer was fixed, while the magnetization of the
free layer could be modulated by voltage (24, 25). The resistance of
MTTJs at H = 0 Oe is, thus, able to reveal the magnetization rotation
of the free layer driven by voltage. Figure 31 shows the dependence
of the resistance of MT] on voltage at zero magnetic field to demon-
strate the aforementioned voltage-driven 180° magnetization switching
in Fig. 3 (A to H). In contrast to the results shown in Fig. 1E, in
which only AA electrodes were used, both AA and BB electrode pairs
worked synergistically in Fig. 31 (fig. S4). The resistance of the MT]
started to increase from the low-resistance state at 0 V (parallel
magnetization configuration) with the increasing positive voltage
applied to the BB electrodes, since the magnetization of the free layer
deviated from the magnetization direction of the pinned layer. After
applying 400 V to the AA electrodes and removing the voltage on
the BB electrodes, the magnetization of the free layer was approximately
perpendicular to that of the pinned layer, a rotation of nearly 90° for
the magnetization in the free layer. Furthermore, the application of
negative voltage to the BB electrodes drove the magnetization of the
free layer to rotate by more than 90°, as indicated by the continuous
increase in resistance. With continuous application of the voltages
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to AA and BB electrodes sequentially, the magnetization of the free
layer lastly became antiparallel to that of the pinned layer. Con-
sequently, the resistance of the MT] eventually approached the high-
resistance state, as represented in Fig. 31. Moreover, the high-resistance
state could also be switched to the low-resistance state by operat-
ing the same sequential voltages (i.e.,0 V—BB200V - AA 400V —
BB —200 V — 0 V). This high-/low-resistance switching is stable,
reversible, and nonvolatile, as shaded in pink and blue in Fig. 31.
The switchable high/low resistance suggests a reversible and non-
volatile 180° magnetization switching, which is consistent with the
simulations shown in Fig. 3 (A to H). These results are distinct from
those in Fig. 1E and previous work (24-26), where the rotation of
magnetization is limited to 90°. Thus, full control of MTJs, deriving
from the voltage-switched magnetization of the free layer by 180°, is
realized at zero magnetic field by synergistically applying voltages
to the AA and BB electrodes.

The emerging electrical control of MT]s is drawing much attraction
for its minimal power dissipation. Most of the energy consumed in
our devices is that which was dissipated to activate the electrodes to
produce localized strain (31). The energy consumption per unit
area can be estimated by CV?/A (24, 30, 39), where C, V, and A
denote the capacitance of the ferroelectric layer, the applied voltage,
and the area of the device, respectively. The capacitance can be written
as C=¢g,&0A/d (31), assuming a parallel plate capacitor (A is the area
of the electrode, d is the thickness of the ferroelectric layer, €, is the
relative dielectric constant of the ferroelectric layer, and g is the
vacuum dielectric constant). Thus, the energy consumption per
unit area can be expressed as €, V2/d. In our devices, the thickness
and &, of PMN-PT substrate were approximately 500 jum and 3000 (40),
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Fig. 3. Reversible and nonvolatile full control of MTJs by voltage-driven 180° magnetization switching. (A to H) Simulated magnetization profiles of the free layer
at various voltages applied to the AA and BB electrode pairs. A 180° magnetization switching was accomplished by implementing sequential voltages of 0 V (A) — BB 200 V
(B) — AA 400 V (C) — BB =200 V (D) — 0V (E) via successive unidirectional 45° rotations, and the M reverted back to the initial state after the same sequential voltages
were implemented (E to H), suggesting reversibility and nonvolatility. The arrows schematically indicate the magnetization directions of the free layer. (I) Dependence of
the resistance of an MTJ on voltage synergistically applied to the AA and BB electrode pairs at H = 0 Oe. The reversible resistance switching between high- and low-resistance
states corresponds to the antiparallel and parallel magnetization configurations of the MTJ, as illustrated by the insets, which indicates the 180° magnetization switching
of the free layer driven by voltage. The red, purple, and blue dashed lines denote the antiparallel, perpendicular, and parallel magnetization configurations of the MTJ,
respectively. The stable resistance states with a giant modulation of approximately 200%, highlighted by the vertical pink and blue shaded lines, demonstrate that this

180° magnetization switching and full control of MTJs by voltage are reversible and nonvolatile.

respectively. The energy consumption per unit area was therefore
approximately 0.85 mJ cm ™2 for a 400-V operation voltage, and
0.21 mJ cm™ for 200 V; thus, the energy dissipation for write opera-
tion is approximately 1.06 mJ cm ™2 by applying 400 V to the AA
electrodes and applying 200 V to the BB electrodes, while the energy
dissipation in state-of-the-art STT MTJs is about 3 to 4 m] cm 2
(29), which is larger than the dissipation in our devices. The energy
consumption per bit for a circular-shaped MTJ of 100 nm in diameter
is about 85 ] bit™* for a 400-V operation voltage and about 21 f] bit™
for 200 V, which is comparable with that of STT MTJs (about 100 {] bit™)
(41, 42). Although the present applied voltage is high for practical
applications because of the thick PMN-PT substrate, the voltage can
be further reduced to less than several volts using PMN-PT thin
film (43). In addition, the energy consumption per bit can be further
reduced using ferroelectric film, even as low as 0.16 fJ bit™! (44),
owing to the lower operation voltage. Moreover, using ferroelectric
film can shrink the size of the electrodes and also their distance.
Recently, high-quality PMN-PT epitaxial thin films on Si wafers with
giant piezoelectricity have been reported to enable low voltage control
of magnetization rotation (43), which offers a promising approach
to integrating the MTJs/ferroelectric structure with current silicon-
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based electronics. Thus, this fully electrical manipulation of MT]Js can
be realized using ferroelectric film with low voltage and ultralow-power
dissipation, and our present work based on PMN-PT substrate gives
a prelude to this attractive future application.

DISCUSSION

We have experimentally demonstrated a room temperature giant
(about 200%), reversible, and nonvolatile fully electrical control of
MT]Js deposited on ferroelectric substrate at zero magnetic field.
This fully electrical control of MTJs was ascribed to the voltage-
rotated magnetization of the free layer, which was achieved by
sequentially activating two pairs of electrodes, via strain-mediated
magnetoelectric coupling. The voltage-driven successive unidirectional
magnetization rotation led to 180° magnetization switching of the
free layer, such that the magnetization configuration of the MT]Js
could be switched between antiparallel and parallel, as revealed by
the full control of MTJs. The full control of MTJs solely by voltage
represents a crucial step toward electrical-driven spintronic devices
with ultralow-power consumption. It is notable that the introduc-
tion of two pairs of electrodes in our device enabled low-power
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switching of MTJs at the expense of memory density. Therefore,
these full voltage-controlled MT]Js are most attractive for energy-
efficient applications, such as wearable electronics (45) and im-
plantable medical devices (46), where low-power consumption is a
major consideration.

MATERIALS AND METHODS

Sample fabrication

The MT] multilayer films from the substrate side consisted of Ta
(5 nm)/Ru (5 nm)/IrMn (8 nm)/CoFe (2.3 nm)/Ru (0.85 nm)
CoFeB (2.6 nm)/MgO (2.8 nm)/CoFeB (2.6 nm)/Ta (5 nm)/Ru
(7 nm) and were deposited on PMN-PT (011) single crystals with a
size of 10 x 10 x 0.5 mm®. The films were processed into an elliptical
shape of 18 x 6 um” by photolithography and ion milling. The
major axis was along the [100] crystal direction of the PMN-PT
substrate. Subsequently, the MT] devices were annealed in a vacuum
at 360°C for 2 hours with a magnetic field of 8000 Oe along the
major axis of the elliptical MTJ pillar to crystallize CoFeB/MgO/
CoFeB structures and to improve the TMR ratio. To study the effect
of the voltage-induced localized strain on the magnetic anisotropy
of the CoFeB free layer, a single CoFeB film was sputtered on PMN-
PT (011) with the structure of PMN-PT/Ta (5 nm)/Ru (5 nm)/CoFeB
(5 nm)/Ta (5 nm). The CoFe, CoFeB, and IrMn denote CoyFes,
CoyoFes0B2o, and IrppMngg alloys with nominal target composi-
tions, respectively. All of the stack structures in this study were
deposited using a Singulus sputtering system at room tempera-
ture with a base vacuum of 1 x 10~® Pa. The patterned electrodes,
Ti (10 nm) and Au (50 nm), were fabricated using lift-off. The size
of the AA electrodes was 300 x 300 um?* with a distance of 250 pm
between the facing edges, and the joint line of the AA electrodes
was perpendicular to the major axis, i.e., the pinning direction of
the MTJs. The size of the BB electrodes was 100 x 40 pm? with a
distance of 120 um, and the joint line of the BB electrodes was
away from the major axis of the MTJs by 45°. Ti (10 nm) and
Au (150 nm) layers were sputtered on the bottom of PMN-PT as
bottom electrode.

Magnetic and magnetotransport measurements

The magnetic anisotropy of the CoFeB film was performed using
Durham NanoMOKE 2 with in situ voltages. The resistance of the
MT]Js was measured by a homemade electromagnet system, using
the four-probe method with a Keithley 6221 current source and a
Keithley 2182 nanovolt meter. The applied voltage was generated by
a Keithley 6517 electrometer. All of the measurements were con-
ducted at room temperature.

Simulations of voltage-induced localized strains

The voltage-induced localized strains were simulated by finite ele-
ment analysis (COMSOL Multiphysics package). The piezoelectric
coefficients of the PMN-PT (011) were taken from (47). The simu-
lated substrate was 5000 x 5000 um®, which was large enough to
estimate the voltage-induced localized strains.

Micromagnetic simulations on the magnetization evolution

Micromagnetic simulation was performed using the object-oriented
micromagnetic framework (OOMMEF) software to study the mag-
netization evolution of the free layer under voltages. Similar to the
device structure, an elliptical-shaped CoFeB disk of 18 x 6 um? was
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built and discretized in the computational cells of 10 nm x 10 nm.
The saturation magnetization, Mg, was 1200 emu cm”>, and the uniform
exchange constant, A, was 2.8 X 1071 T m™ (37). To simulate the
domain structures of the free layer of the MT] under voltages, a single
domain along the [100] direction of PMN-PT (the pinning direction
of the MT]Js) was set as the initial state. The magnetic anisotropy con-
stants under different voltages were obtained from the M-H loops
that were measured by MOKE (Fig. 2) using the area method (48).

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/5/12/eaay5141/DC1

Fig. S1. The localized strain induced by a voltage of 400 V applied on shorted AA electrodes.
Fig. S2. Modulating the magnetic property of the CoFeB layer by voltage-induced localized
strain using electrode pair AA.

Fig. S3. The voltage-induced localized strain by activating the BB electrodes.

Fig. S4. Optical image of an MTJ cell with two pairs of AA and BB electrodes.
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