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Nonvolatile voltage-controlled magnetization
reversal in a spin-valve multiferroic heterostructure
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Abstract

Pure voltage-controlled magnetism, rather than a spin current or magnetic field, is the goal for next-generation
ultralow power consumption spintronic devices. To advance toward this goal, we report a voltage-controlled
nonvolatile 90° magnetization rotation and voltage-assisted 180° magnetization reversal in a spin-valve
multiferroic heterostructure. Here, a spin valve with a synthetic antiferromagnetic structure was grown on a (110)-
cut Pb(Mg,,3Nb53)07Tip 303 (PMN-PT) substrate, in which only the magnetic moment of the free layer can be
manipulated by an electric field (E-field) via the strain-mediated magnetoelectric coupling effect. As a result of
selecting a specified PMN-PT substrate with defect dipoles, nonvolatile and stable magnetization switching was
achieved by using voltage impulses. Accordingly, a giant, reversible and nonvolatile magnetoresistance
modulation was achieved without the assistance of a magnetic field. In addition, by adopting a small voltage
impulse, the critical magnetic field required for complete 180° magnetization reversal of the free layer can be
tremendously reduced. A magnetoresistance ratio as large as that obtained by a magnetic field or spin current
under normal conditions is achieved. These results indicate that E-field-assisted energy-efficient in-plane
magnetization switching is a feasible strategy. This work is significant to the development of ultralow-power

magnetoresistive memory and spintronic devices.

Introduction

Magnetoresistive random access memory (MRAM) is
regarded as the most promising advance in next-
generation information storage technologies' ™. It has
attractive advantages such as fast operation, high density,
nonvolatility, infinite endurance, and low power con-
sumption®. In typical MRAM devices, the information
writing process is carried out with a magnetic field pro-
duced by a current®’. Considerable energy consumption
overheating are drawbacks encountered during the mag-
netization switching process. This has hindered the fur-
ther development of MRAM devices. Thus, increasing
attention has been given to spin-transfer torque (STT)
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and spin-orbit torque (SOT) due to their reduced power
consumption and high storage density, in which a spin-
polarized current is utilized to control magnetization
switching® "', However, decreasing the threshold current
density by approximately one order of magnitude in
present-day MRAMs is consistently being pursued to
meet the requirements of integrated semiconductor
techniques. Recently, the integration of spintronics and
multiferroics has been studied as a leading candidate for
developing low-power spintronic devices in numerous
studies'> ™', Using the strain-mediated converse magne-
toelectric (CME) coupling effect, the magnetization
direction of the ferromagnetic (FM) layer in FM/ferro-
electric (FE) heterostructures can be controlled by a pure
electric field (E-field) instead of a magnetic field or a large
spin current. This approach offers a dramatic way to
construct energy-efficient MRAM devices.

A giant magnetoresistance (GMR) spin valve (SV) or
magnetic tunnel junction (MTJ) normally acts as a
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memory cell in magnetic storage'”~'°. They have two FM
layers separated by a thin nonmagnetic (NM) layer or a
thin tunnel layerzo_zz. The magnetoresistance (MR)
depends on the relative magnetization orientation
between the two FM layers. The magnetic moment of a
pinned layer is pinned by an antiferromagnetic (AFM)
layer. The free layer can be reversed by a magnetic field,
resulting in parallel and antiparallel configurations
between the two FM layers. These correspond to the low
and high MR states, respectively. It has been demon-
strated recently that the magnetization of the free layer in
SV or MT] multiferroic heterostructures can be regulated
by using an E-field via the strain-mediated ME effect,
which offers attractive potential for the development of
ultralow-power consumption spintronic devices** 2%, In
particular, a large, reversible and nonvolatile E-field-
modulated MR of approximately 55%, which is as large as
a quarter of the tunnel magnetoresistance (TMR) ratio, is
realized without the assistance of a magnetic field in an
MT]J/FE heterostructure®, However, according to pre-
vious reports®*~>’, an approximate half magnitude of the
MR ratio can be modulated by an E-field since the strain
only induces a 90° magnetization rotation for the free
layer. Although several schemes have been theoretically
and experimentally proposed to achieve 180° magnetiza-
tion switching, special structures®® and two strain fields*
were adopted to overcome the switching barrier in the 90°
direction. They cannot completely match the structure
applied in MRAM. Furthermore, the tunability of such an
MR is limited and volatile in SV/FE heterostructures**~>°,
which can only be achieved with a continued E-field.
These are the major challenges for the development of
low-power MRAM devices.

In the present work, we report intermediate and com-
plete magnetization reversal by an E-field with nonvolatile
manipulation in an SV memory cell. An FM material
CogsFe;s with a positive saturation magnetostriction
coefficient (1) was selected as the free layer in the SV to
achieve strong ME coupling. A specific and a normal
PMN-PT with and without defect dipoles, respectively,
were selected as the substrates. The specific PMN-PT was
adopted to produce a nonvolatile strain, as reported in our
previous work>’. Through ME coupling, a nonvolatile 90°
magnetization rotation and a complete 180° magnetiza-
tion rotation were achieved. For the 90° rotation, only a
half magnitude of the GMR ratio was achieved. This is
unfavorable for storage. A 180° magnetization reversal of
the free layer is the ultimate pursuit in designing memory
devices to achieve the largest MR. Complete magnetiza-
tion switching with the largest MR was achieved by
adopting a small voltage impulse to reduce the switching
magnetic field. This breaks the significant obstacle for
decreasing the magnetic field or the spin current in the
writing procedure of magnetic memory and opens up a
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new avenue for developing E-field-controlled low power-
consuming MRAM.

Materials and methods

In this experiment, an optimized spin-valve Ta (5)/CoFe
(12)/Cu (3)/CoFe (3)/Ru (0.8)/CoFe (3)/IrMn (15)/Ta
(5) (nm) with a synthetic antiferromagnetic (SAF) struc-
ture was selected as the memory cell. It was deposited on
(110)-cut FE single crystal Pb(Mg;/3Nby/3)07Tig303
(PMN-PT) substrates by employing magnetic sputtering at
room temperature. Throughout the deposition, the base
vacuum was pumped to 5 x 10~ Torr, and the sputtering
powers for the SV were 50 W, with an Ar pressure of
3mTorr. A constant magnetic field of 300 Oe was applied
along the [001] direction of the PMN-PT. This induced an
easy axis of the free layer and pinned the direction of the
pinning layer along the [001] direction. Magnetization was
tested by employing a vibrating sample magnetometer.
The in-plane strain-E characteristics of the PMN-PT
substrate were tested by binding a resistance strain gauge
to the PMN-PT substrate, and the detection was con-
ducted by using a strain gauge (WSMCI1-1, Sigmar Cor-
poration). The GMR measurements were performed using
a standard four-probe configuration. All the tests were
performed at room temperature.

Results and discussion

The hybrid SV/FE heterostructure structure is sche-
matically shown in Fig. 1a. The GMR ratio is approxi-
mately 5.5%, and the exchange bias field is above
1000 Oe. The SAF structure of CoFe/Ru/CoFe is chosen
to produce a large exchange bias field*', while its mag-
netization should be fixed without being affected by the
CME from the PMN-PT substrate. Figure 1b displays
the magnetic hysteresis (M—H) loops of the SV hetero-
structure with and without an E-field. In this part, a
normal PMN-PT substrate without a nonvolatile strain
was chosen. The strain shows a linear increase with the
voltage and decreases to zero when the voltage is
released. The measured magnetic field is applied along
the [001] direction. The magnetization directions of the
CoFe layers are illustrated by the arrows shown in the
inset of Fig. 1b. Two black arrows symbolize the mag-
netization directions of CoFe layers in SAF, while the
blue and red arrows are employed to distinguish mag-
netization states of the bottom CoFe free layer without
and with applying the E-field. When the magnetic field
(values above 3000 Oe) is increased to saturate the SAF
layers, the magnetization directions of all the CoFe
layers become parallel to each other. The value of
magnetization M includes contributions from all of
the CoFe layers that are close to the maximum. As the
magnetic field decreases, the two CoFe layers with the
same thickness in the SAF are antiparallel to each other,
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Fig. 1 M-H loops of the spin-valve multiferroic heterostructure.
a Schematic of the spin-valve multiferroic heterostructure. b M-H
loops of the heterostructure measured at the initial state and —6 kV/
c¢m with the applied magnetic field along the [001] direction. The
arrows symbolize the magnetization directions. The inset shows the
minor loops for the switching.

which eliminates their M. Then, the M in the low-field
region depends only on the magnetization direction of
the free layer. According to Fig. 1b, the sample, mea-
sured without applying the E-field, displays a square
loop. Conversely, upon applying an E-field of —6 kV/cm,
the loop becomes slanted, and the normalized remnant
magnetization decreases significantly to nearly zero.
This result confirms that the magnetic moment of the
free layer rotates toward the [1-10] direction via CME
coupling'®1¢3%3233 This indicates that an orthogonal
configuration between the free and pinned layers can be
accomplished by the E-field. Nonetheless, when the
E-field is released, this orthogonal configuration cannot
be retained. It reverts back to its initial parallel config-
uration. The stored information is lost. Hence, the
method of achieving the nonvolatile E-field manipula-
tion of GMR in a multiferroic heterostructure is highly
indispensable in memory devices.
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Fig. 2 M-H loops of the free layer in the spin valve. M-H loops
measured at the initial state and voltage impulses of +8 kV/cm. The

inset shows the in-plane strain-E loop along the [001] direction.
. J

To achieve nonvolatile magnetization modulation, a spe-
cified FE single-crystal PMN-PT with defect dipoles was
adopted. Its in-plane strain-E curve along the [001] direction
was implemented by cycling the E-field between +8 kV/cm.
As shown in the inset of Fig. 2, the curve displays an
asymmetric butterfly-like loop. In contrast to the typically
symmetric butterfly-like strain curve®>**, the defect dipoles
in this specific PMN-PT could induce a shift in the S-E
curve. In addition, the residual strains generated by defect
dipoles are more stable than those relying on the FE
domain’s polarization switching path®*~3%, Detailed analyses
have been reportedso. Notably, when the E-field of —8 kV/cm
is removed, the strain decreases to near zero (state o), leaving
almost no residual strain. Nonetheless, after applying a
voltage-impulse of +8kV/cm, a large residual strain of
—600 ppm is achieved (state ). This provides an effective
uniaxial magnetic anisotropy field H,; expressed as follows®*:
Hy = w”"“}v[i;‘“""), where 0 and 0;_1¢ correspond to the
in-plane piezo-stress values along the [001] and [1-10]
directions, A is the magnetostriction constant, and Mg refers
to the saturation magnetization. Since the A of CoFe is
positive and o1 — 0110 is negative, a H4 that respects an
effective field along the [1-10] direction is introduced. This
can effectively turn the magnetic moment of the free layer
toward the [1-10] direction via the strain-mediated ME effect.
In the following experiment, a residual compressive strain
was applied to obtain an E-controlled GMR.

As shown in Fig. 2, a typical square shape of the M—H
curve is obtained at the initial state. This is attributable to
the easy magnetization axis of the free layer, which is
produced along the [001] direction. When a voltage
impulse of +8kV/cm is applied, a residual compressive
strain is achieved. Then, a slanted and slim loop is
observed. This indicates that a hard axis is induced along
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the [001] direction through the residual strain. In con-
trast, when a pulse of —8kV/cm is applied, the residual
compressive strain is eliminated. The magnetization
direction of the free layer returns to its initial magnetic
state. Therefore, the orthogonal and parallel magnetic
configurations, corresponding to the relatively high and
low magnetoresistances, can be easily modulated by a
suitable voltage-pulse process. Additionally, these states
can be retained without applying the E-field. This is a
significant precondition for low-power storage.
Moreover, the E-field-controlled GMR in the SV het-
erostructure was investigated, as shown in Fig. 3. The
testing current and magnetic field were applied along
the [001] direction, as illustrated in the inset of Fig. 3. At the
initial state, we first achieved its MR effect under normal
measuring conditions in which a magnetic field was applied
from +400 Oe to —400 Oe. The magnetic moment of the
free layer is switched from a parallel to an antiparallel
configuration relative to the pinned layer. The minimum
value of MR is achieved in the parallel configuration, and
the maximum MR is achieved in the antiparallel config-
uration. Then, an MR effect of 5.5% is obtained by using the
formula (Rytax — Ruin) /Rmin x 100%. Subsequently, the MR
curves were measured under +8 kV/cm voltage impulses.
After the +8kV/cm pulse is applied, a negative residual
strain along [1-10] is produced (according to the  point in
the inset of Fig. 2). It modulates the magnetization direction
of the free layer rotating from the [001] to [1-10] direction,
yielding half the magnitude of the MR ratio at zero mag-
netic field. This is due to the nearly 90° magnetization
orientation between the free and pinned layers without any
magnetic field. If the magnetic moment needs to revert to
the initial state, only a —8 kV/cm pulse is required to release
the residual strain, according to the o point in the inset of

Fig. 2. Accordingly, the magnetic configuration is reversibly
switched between antiparallel and orthogonal at zero
magnetic field. For this condition, two stable MR values are
observed, as illustrated by the black double-headed arrow in
Fig. 3. The voltage-impulse-modulated MR effect is 2.5%
when using (Ryax — Ruiin)/Rumin x 100% (H =0 Qe). Fur-
thermore, a dynamic, large and nonvolatile voltage-
impulse-induced MR modulation is achieved without the
assistance of a magnetic field and is displayed in Fig. 4. The
pulse duration is 10 ps. By switching the voltage impulse
between +8 kV/cm, two distinct, stable, and repeatable MR
states, which correspond to a giant MR effect of 2.5%, are
achieved. This large and nonvolatile E-field-controlled MR
manipulation in the SV is noticeably more distinguished
than the small and volatile modulations observed in pre-
vious reports®*~*° regarding SV systems. This is a basic
prerequisite to produce attractive low-power-consumption
spintronic storage devices.

Even though the large and nonvolatile E-field-
controlled MR manipulation in our present experiments
is noticeably more distinguished than in previous
reports®*~%°, a complete 180° magnetization reversal of
the free layer to achieve the largest MR is a consistent
pursuit in research regarding memory devices. As men-
tioned above®’, the localized strain generated by one pair
of electrodes on the PMN-PT substrate can only rotate
the magnetization direction of the free layer within 90°.
To overcome the barrier in the 90° direction, a low
E-field-assisted magnetization reversal based on a normal
structure is proposed herein to meet the demands of low
power and large MR simultaneously. Figure 5a shows the
MR curves of the free layer measured at the initial and
voltage-impulse-assisted states. The change in the
applied magnetic field from +100 Oe to —200 Oe yields a
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Fig. 5 Voltage-impulse-assisted 180° magnetization reversal.

a The MR curves of the free layer measured at the initial and voltage-
impulse-assisted states. The applied magnetic field is decreased from
positive to negative fields. The inset shows the whole schematics of
MR curves achieved at the initial state (purple curve) and with a 10 s
pulse applied at —15 Oe (blue curve). The dotted line represents the
position of the zero field. b Repeatable MR curves of the free layer
measured at voltage-impulse-assisted states.

switch from low to high MR states. In the initial state
(purple data), a large magnetic field of —65 Oe is required
for magnetization reversal from a parallel to an anti-
parallel configuration. This is greater than the magnetic
field required for a reversal from an antiparallel to a
parallel configuration because of the coupling field
between the pinned and free layers. This issue occurs not
only in GMR but also in STT and SOT spintronic devi-
ces. The applied magnetic field or spin-polarized current
must be increased to ensure switching between the two
states of storage. This phenomenon hinders the devel-
opment of low-power-consuming MRAM devices. For-
tunately, a small voltage impulse can play a vital role if it
is introduced in this reversal process under proper con-
ditions. In the measurement process, a —4 kV/cm pulse is
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Fig. 6 Dynamic GMR modulation. a Voltage-impulse-assisted GMR
modulation under magnetic fields of —25 Oe and +30 Oe. b Dynamic
GMR modulation under magnetic fields of —75 Oe and +30 Oe.
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exerted on the PMN-PT substrate and immediately
released (the pulse duration is 10 us) when the magnetic
field is transformed to a negative field at —15 Oe. Sur-
prisingly, the MR rapidly switches from the minimum to
maximum value, as shown in Fig. 5 (the blue curve). The
magnetic field is reduced by 50 Oe (the green arrow
shown in Fig. 5) compared to the initial state.

Here, the voltage impulse induces a volatile strain that
rotates the magnetic moment from the positive mag-
netic field direction toward the [1-10] direction. As the
external magnetic field becomes negative, it combines
with the strain effective field H.; to overcome the
switching barrier. Normally, the magnitude of the cri-
tical negative magnetic field (H,,icq.) is decided by the
combined magnetic field. As long as the combined
magnetic field produced by H.y and H,ticar can over-
come the barrier in the 90° direction, switching can be
performed. When the pulse of —4 kV/cm is reduced to
zero, the strain reverts to zero, and the magnetic
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moments of the free layer orient in the negative direc-
tion of the easy axis. Consequently, an antiparallel
configuration is obtained. During the switching process,
once the magnetic moments overcome the barrier, they
do not revert back, and accordingly, a negative magnetic
field is also not required to sustain the switching.
Therefore, a low-power pulse is extremely helpful in
decreasing the switching field and accomplishes energy-
efficient storage. Figure 5b displays the repeated
experiments in measuring MR curves at voltage-
impulse-assisted states. This demonstrated that this
strategy to achieve 180° magnetization reversal is stable
and repeatable.

A completely dynamic GMR modulation upon
applying the proper voltage impulse is displayed in
Fig. 6a. For the sample, by only adopting the magnetic
field to switch, a large field of —75 Oe is required, as
shown in Fig. 6b. However, in voltage-impulse-assisted
magnetization reversal, a combined —4 kV/cm voltage
impulse is applied when a parallel to an antiparallel
configuration is required. An ultralow —25 Oe magnetic
field is sufficient to achieve these reversals. The
switching field is reduced by approximately 70%.
Voltage-impulse-assisted magnetization reversal can
tremendously reduce the reversal magnetic field. These
results represent a crucial step toward ultralow-power-
consumption MRAM devices.

Conclusions

In summary, we have achieved large (2.5%), reversible,
and nonvolatile E-field-induced MR modulations without
any magnetic field in an SV/PMN-PT heterostructure via
a strain-mediated ME effect. More significantly, E-field-
assisted 180° magnetization reversal of the free layer is
demonstrated. The threshold magnetic field was reduced
by approximately 70%, and the largest MR of 5.5% was
achieved by employing a 10 pus small voltage impulse.
These results provide definite proof that energy-efficient
MR memory devices and STT-MRAM with a low write-
current density can be realized by using an E-field.
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