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In this work, we investigate the influence of electric fields (E-fields) on the room-
temperature magnetotransport behavior of an artificial multiferroic heterostructure, a
Conetic alloy (Ni77Fe14Cu5Mo4) thin film/Pb(Mg1/3Nb2/3)0.7Ti0.3O3 (011). When the
external magnetic field is parallel to the applied current, the switching field increases
from 0.8 to 3.3 Oe at 0 and 8 kV/cm, respectively, and the corresponding
magnetoresistance (MR) ratio at 20 Oe respectively decreases from 0.14% to 0.03% at
0 and 8 kV/cm. However, when the external magnetic field is perpendicular to the current,
the switching field decreases from 10.1 to 1.7 Oe at 0 and 8 kV/cm, and the MR ratio in
such a case decreases from −0.001% to −0.10%, respectively. Consequently, under the
parallel and perpendicular modes, the tunabilities of the switching field are approximately
+313% and −83%, and the MR ratio tunabilities under E-fields are approximately −79%
and +9,900%, respectively. Such a large and anisotropic tunability of both the switching
field and MR ratio is attributed to the ultrasoft magnetic property of the Conetic alloy thin
film and anisotropic in-plane strain-mediated magnetoelectric coupling. However, the
anisotropic MR ratio is approximately 0.15% and does not vary with the applied E-fields
owing to the intrinsic property of Conetic thin films using transfer and circle transfer curve
measurements, rather than the magnetization rotation caused by E-field-induced
magnetoelastic anisotropy. This work demonstrates that multiferroic heterostructures
with electrically tunable MR show considerable potential in designing energy-efficient
electronic and spintronic devices.
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INTRODUCTION

Writing binary information into magnetic storage devices
involves switching the magnetization orientation of magnetic
storage units (Brataas et al., 2012). In information storage,
electric field (E-field)-controlled magnetism is received
widespread attention because it can effectively reduce power
consumption during information-writing processes using an
E-field strategy (Liu and Sun, 2014; Matsukura et al., 2015;
Kumar et al., 2020; Ali et al., 2022). The mechanism by which
E-fields regulate magnetism mainly involves five aspects: carrier
density (Weisheit et al., 2007), strain (Chen et al., 2019), orbital
coupling (Peng et al., 2015), exchange coupling (Wang et al.,
2018a), and ion effect (Tan et al., 2019). Among these strategies,
strain-driven magnetization switching based on magnetoelectric
coupling in composite multiferroic heterostructures is
considerably more attractive and has been studied extensively
(Motti et al., 2020; Chen et al., 2021; Yang et al., 2021). In such
heterostructures, the dynamic strain of the ferroelectric (FE) or
piezoelectric component is induced by the converse piezoelectric
effect under applied external E-fields and then transferred to the
adjacent ferromagnetic layer (Eerenstein et al., 2006).
Consequently, the magnetic and electrical properties of
composite multiferroic heterostructures, such as coercivity
(Tkach et al., 2015), magnetic anisotropy (Wang et al., 2019),
magnetization orientation (Wang et al., 2018b), and
magnetoresistance (MR), can be controlled using E-fields
through the converse magnetostriction effect (Jahjah et al.,
2020; Yamada et al., 2021). Recently, Yu et al. (2019) found
that the lattice distortion caused by residual compressive strain
can induce perpendicular magnetic anisotropy in Co2MnAl films.
Zhou et al. (2021) reported an effective in-plane magnetization
90° rotation induced by the piezo-strain effect in the Co2FeAl/
Pb(Mg1/3Nb2/3)0.7Ti0.3O3 (PMN–PT) structure. Yamada et al.
(2021) observed that the presence of the magnetoelastic effect
owing to spin–orbit interactions at the epitaxial interface between
Co2FeSi and ferroelectric BaTiO3 (001) layers. These studies show
great potential for realizing energy-efficient and compact
spintronic, and microwave devices using strain-mediated
composite multiferroic heterostructures.

In modern spintronics and microelectronics, the MR effects,
such as tunneling MR, anisotropic MR (AMR), and giant MR
(GMR), have been widely employed in the field of information
storage and sensors (Liu and Sun, 2014; Hu and Nan, 2019; Luo
et al., 2020). However, in such devices, magnetization orientation
andMRmodulation are realized under current-induced magnetic
fields using a bulky and energy-consumed electromagnet, which
will remarkably limit the development of small and ultralow-
power spintronic and electronic devices in the future (Hu and
Nan, 2019; Wang et al., 2020; Herrera Diez et al., 2021; Ma et al.,
2022). Alternatively, by exploiting composite multiferroic
heterostructures, the magnetization and subsequent MR can be
controlled using E-fields rather than magnetic fields, facilitating
the availability of energy-efficient spintronic and electronic
devices. Recently, numerous composite multiferroic
heterostructures have been proposed and their MR properties
have been studied, particularly in Ni-based multiferroic

heterostructures. Nan et al. (2015) reported that combined
charge and strain-mediated magnetoelectric coupling in an
ultrathin NiFe/PMN–PT multiferroic heterostructure, affording
the E-field control of reversible and nonvolatile magnetic
switching. Gao et al. (2014) studied the voltage-controlled
magnetism of the Ni77Fe23/PMN–PT (011) multiferroic
heterostructure through MR measurement and theoretical
analysis. Hong et al. (2016) developed an angle-dependent MR
measurement method to study the magnetization rotation in the
Ni/SiO2/Ti/(011)-PMN–PT multiferroic heterostructures.
Subsequently, Yang et al. (2017) then used this method to
quantify the rotation angle of magnetic anisotropy under the
coaction of in situ E-fields and magnetic fields in the Ni/(011)-
PMN–0.3PT multiferroic heterostructures. Xiong et al. (2018)
proved that the Ni81Fe19-based multiferroic heterostructure can
also achieve a large magnetoelectric coupling at room
temperature, yielding a tunability of magnetic anisotropy up to
332 fJ/Vm. Du et al. (2020) observed a large, nonvolatile, and
tunable magnetization switching in the Ni80Co20 alloy film/
PMN–PT multiferroic heterostructure at room temperature.
These great achievements in Ni-based magnetic films/
ferroelectrics multiferroic heterostructures would enable a
promising application in novel spintronic devices.

Motivated by aforementioned achievements in the Ni-based
magnetic alloys for multiferroic heterostructures, we explored a
well-known mu-metal series of ultrasoft magnetic material (a
typical representative Conetic alloy: Ni77Fe14Cu5Mo4) as a
ferromagnetic component to create Conetic alloy thin film/
PMN–PT multiferroic heterostructures. The Ni77Fe14Cu5Mo4
alloy exhibit relatively smaller easy-axis (e.a.) coercivity, larger
hard-axis magnetic susceptibility and higher attenuation (Choi
et al., 2010; Lei et al., 2011). Consequently, they are widely used in
many spintronic devices as sensing or composite free layers in
AMR sensors for hysteresis-free and linear field responses and
magnetic tunnel junctions for large TMR ratio (Egelhoff et al.,
2010). Therefore, aiming to develop novel spintronic materials
for technical applications, we fabricated Conetic alloy thin films
using magnetron sputter technique and studied E-field control of
MR and magnetization switching behavior using transfer curve
(TC) and circle transfer curve (CTC) measurements in the
Ni77Fe14Cu5Mo4/(011)-PMN–PT multiferroic heterostructure.
We found that switching fields and the MR ratio were
anisotropically controlled by E-fields with a giant tunability.
Such a Conetic alloy thin film/PMN–PT multiferroic
heterostructure demonstrates strong magnetoelectric coupling,
regardless of the weak magnetostriction in the Conetic alloy thin
film, showing its potential in ultralow-power spintronic devices.

EXPERIMENTAL DETAILS

We deposited Conetic alloy (Ni77Fe14Cu5Mo4) thin films on the
(011)-cut PMN–PT substrates using a custom multi-target high-
vacuum magnetron sputtering system (base pressure better than
4.5 × 10–8 Torr) (Egelhoff et al., 2010). The sputter power was set
to 15W. The growth environment comprised a constant Ar
pressure of 2.3 mTorr. The film thickness was calibrated to be
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10 nm by carefully controlling the deposition time. During the
sputtering process, the substrates were rotated at a constant speed
to ensure uniformity throughout the sample. Then the Cu pads
were deposited ex situ at room temperature using the e-beam
method by employing a four-probe shadow mask. For
magnetoresistance measurements, the magnetic field scanning
rate was 2 s per step for one recording data, while E-fields were
still maintained along the thickness direction of the PMN–PT.
The minimum resistance of the PMN–PT substrate was 2 G·Ω
during the scanning of E-fields so that the leakage current could
be ignored during magnetotransport measurements. (Zhang
et al., 2011).

RESULTS AND DISCUSSION

Device Architecture and Magnetotransport
Properties
Figure 1A presents a schematic of the Conetic alloy thin-film/
PMN–PT multiferroic heterostructure device used for the
measurement. The e.a. was set along the [100] direction of the
PMN–PT substrate using magnetic thermal annealing treatment
(Yang et al., 2021). MR was measured using a four-probe
technique with current I (black solid line) along the [01 1]
direction of the PMN–PT substrate. E-fields were applied
along the thickness direction of the substrate. External
magnetic fields were sequentially applied along the
multiferroic heterostructure plane and could be rotated at a
constant magnitude (α is the angle of rotation of the magnetic
field), as shown in the upper left corner of Figure 1. The MR
curves of the Conetic alloy thin film at α = 0o and 90o on the
unpolarized PMN-PT ferroelectric layer are a function of the
applied magnetic fields as shown in Figure 1B. Overall, when
scanning the magnetic field in the forward and reverse directions,
both MR curves show weak hysteresis characteristics, indicating
excellent soft magnetic properties of the Conetic alloy thin film.
In the MRmeasurement, when the magnetic field is rotated at 90°

(dotted line), magnetization is almost completely along the e.a.,

resulting in a small change in the resistance of the Conetic alloy
thin film. Herein, the magnetization perpendicular to I is termed
the perpendicular mode and that parallel to I is called the parallel
mode. Because magnetization was perpendicular to I, MR is
smaller than that obtained at 0° (square line) under the
concerned magnetic fields, where magnetization was parallel to
I. Consequently, a large change is observed in the resistance
owing to the AMR effect. This result is consistent with previous
reports on permalloy thin films (García et al., 2006; Krzyk et al.,
2010). Based on these two curves, the AMR ratio can be extracted
using the following formula (Rüffer et al., 2014):

AMR ratio � R‖ − R⊥

R⊥
× 100% (1)

where R‖ and R⊥ are the maximal and minimal MR values when
the magnetic fields are parallel and perpendicular to I,
respectively (Aharoni et al., 2000). Therefore, the AMR ratio
measured at the initial state (i.e., unpolarized state) is ~0.15%,
comparable to the value of ~0.85% for a 10-nm-thick Ni80Fe20
thin film on a (100) p-Si substrate (Kateb and Ingvarsson, 2017)
and ~0.48% for a 20-nm-thick Ni81Fe19/glass thin film (Wang
et al., 2013). The relatively slight decrease in the AMR ratio in the
Ni77Fe14Cu5Mo4 thin films is considerably attributed to the
vacuum pressure, temperature and time in the annealing
treatment (Zhao et al., 2013), which will be investigated in the
future.

E-Field Control of Switching Field
To study the influence of E-fields on the magnetotransport
characteristics of the Conetic alloy thin film/PMN–PT
multiferroic heterostructures, MR was measured along the
anisotropic [100] and [01 1] directions of the PMN-PT
substrate under different unipolar E-fields while performing
transfer curve measurements. In the parallel mode (inset of
Figure 2A), the parallel resistance increases sharply with an
increase in the magnetic field and reaches saturation at
~20 Oe, indicating a normal MR effect in the Conetic thin
film (Guo et al., 2018). Furthermore, the typical hard-axis

FIGURE 1 | (A) Schematic of a Conetic alloy thin film/PMN–PTmultiferroic heterostructure. The four-probe MRmeasurement and in situ E-field application are also
shown here. (B)MR as a function of the applied in-plane magnetic field H toward α = 0° and 90°. Herein, α is the angle between the in-plane magnetic field and y-axis (or
current I), as illustrated in the upper left corner of Figure 1. Magnetic field H scans back and forth between −36 and +36 Oe. Herein, the ferroelectric substrate PMN-PT
was in a unpolarized state.
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resistance curve shows only a small hysteresis under zero
magnetic fields in the absence of E-fields. Under applied
E-fields, double-peak resistance curves are detected. These
peaks are attributed to the reversal of magnetization in the
magnetic domains owing to the reversal of the magnetic fields,
corresponding to the switching field in the multiferroic
heterostructure (Zhou et al., 2017). Figure 2B presents the
variation in the switching field Hpara (the subscript is shorten
of the parallel mode) with the E-field. In this parallel mode, the
switching field increases substantially and linearly with the E-field
from ~0.8 to 3.3 Oe at 0 and 8 kV/cm, respectively.
Correspondingly, the tunability of the switching field is +313%
under the magnetic field along the [01 1] direction in the parallel
mode. The tunability is calculated using the following formula:

[Hpara(8KV/cm) −Hpara(0KV/cm)]/Hpara(0KV/cm) ×100%
(2)

where Hpara (8 kV/cm) and Hpara (0 kV/cm) are the switching
fields at 8 and 0 kV/cm, respectively. In the perpendicular mode
(inset of Figure 2C), the MR decreases, showing a negative MR
effect with increasing magnetic fields. This result is attributed to
the AMR effect (Hong et al., 2016). When increasing the E-field,
the amount of resistance change increases, yielding an obvious

bimodal hysteresis curve (Figure 2C). Accordingly, the
switching field Hperp (the subscript refers to the
perpendicular mode) as a function of the E-field is shown in
Figure 2D. The switching field decreases from ~10.1 to 1.7 Oe at
0 and 8 kV/cm, respectively. Consequently, the tunability of the
switching field induced by E-fields is up to −83% in the
perpendicular mode. These results show that the E-field can
considerably modulate the switching field of the Conetic alloy
thin film/PMN–PT multiferroic heterostructure. In particular,
the switching field shows anisotropic tunability when the
magnetic field is along the [100] and [01 1] directions of the
PMN–PT FE layer, implying that strain-mediated
magnetoelectric coupling should be the dominant mechanism
in the E-field control of the switching field in our
heterostructure (Motti et al., 2020; Chen et al., 2021; Yang
et al., 2021). The corresponding anisotropic strain along the
[100] and [01 1] directions is also shown in order to further
verify this anisotropic magnetoelectric coupling (see details in
Supplementary Figure S1 in the Supplementary Material).

E-Field Control of Magnetoresistance
We also extract the MR dependence on E-fields using Figures
2A,C. As shown in Figures 3A,B, the parallel MR ratio (i.e., in
the parallel mode) is defined as (Zhou et al., 2017)

FIGURE 2 | (A) and (C) Magnetoresistance in the Conetic alloy thin film/PMN–PT multiferroic heterostructure as a function of the applied magnetic field with
different bias E-fields. Magnetic field H (black dotted line) is parallel and perpendicular to current I (black solid line) in the inset of Panels (A,C), respectively. (B) and (D)
Dependence of the switching field on the E-fields in the Conetic alloy thin film/PMN–PT multiferroic heterostructure when the magnetic fields are along [01 1] and [100]
directions of the FE layer, respectively.
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MR ratio � ΔR/R � [R(H) − R(0)]/R(0) × 100% (3)
where R(H) and R(0) are the resistance of the Conetic alloy
thin film in magnetic field H and a zero magnetic field,
respectively. Herein, R(H) value is extract from the major
and minor TCs as magnetic field H is 20 Oe. The parallel MR
ratio in such a configuration decreases from ~0.14% to 0.03%
at 0 and 8 kV/cm, respectively (Figure 3A). This decrease in
the MR ratio is ascribed to an increase in the resistivity and a
decrease in the magnitude of the resistance change caused by
E-field modulations (Liu et al., 2011). Hence, as the magnetic
field is along the [01 1] direction of the FE layer, the tunability
of the MR ratio induced by the electric field is ~−79% as
mentioned in Eq. 2, which is also calculated according to the
tunability of the switching field. Unlike in the case of the
parallel mode, the MR ratio under the perpendicular mode
decreases from approximately −0.001% to −0.10% at 0 and
8 kV/cm, respectively, which is attributed to a large change in
the resistance, even though the resistance itself increases owing
to the E-fields. Consequently, the tunability of the
perpendicular MR ratio of up to approximately +9,900% is

achieved when the magnetic field is oriented along the [100]
direction of the FE layer. These results indicate the large and
anisotropic tunability of the MR ratio, possibly ascribed to the
magnetization orientation of the Conetic alloy thin film
induced by anisotropic in-plane strain-mediated
magnetoelectric coupling. It is mentionable that the E-field
control of switching fields and MR ratio are volatile due to
unipolar E-field cycling scheme here. Non-volatile E-field
control of them can be expected using bipolar E-field
cycling means as reported previously (Hu and Nan, 2019;
Chen et al., 2021).

As mentioned above, MR ratio under weak magnetic field
bias can be remarkably modulated by E-fields. Now we turn to
examine the AMR ratio controlled by E-fields under large and
even saturated magnetic field bias. Figure 4A shows circle
transfer curves (CTCs) under a saturated magnetic field (H =
35 Oe). According to R⊥ and R‖ value as labelled in Figure 4A,
we can calculate the AMR ratio using formula (1). The
corresponding AMR ratio is summarized in Figure 4B as
shown by black line. Additionally, we also check the AMR
ratio marked by blue line in Figure 4B using the MR data,

FIGURE 3 | (A) and (B)Magnetoresistance ratio under parallel and perpendicular modes, respectively. Herein, magnitude of the magnetic field is set to ~20 Oe to
illustrate the E-field modulation of spin-dependent transport behavior.

FIGURE 4 | (A) Circle transfer curves under different E-field bias. The saturated magnetic field ~35 Oe was chosen to perform this measurement. R⊥ and R‖ is
minimal andmaximal magnetoresistance value in the CTCs, respectively. (B)AMR ratio is as a function of the applied electric fields. The black and blue symbols represent
the AMR ratio derived by TC and CTC measurements, respectively.
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which is extracted from TC measurements at 0, 2, 4, 6, and
8 kV/cm as previously shown in Figures 2A,C. On the one
hand, these two methods are in good agreement. On the other
hand, the AMR ratio barely changes within the tolerance
range as the E-field increases. The corresponding average
value of the AMR ratio is approximately 0.15%. Currently, the
widely accepted physical mechanism is that the AMR effect is
an intrinsic material property owing to the anisotropic

scattering of the conducted electrons and local d electrons
in magnetic alloy (Potter, 1974; Chattopadhyay et al., 2002).
Therefore, the strain-mediated magnetoelectric coupling in
our multiferroic heterostructure can modulate the switching
field and MR behavior at relatively small magnetic field bias,
rather than tune the AMR ratio at large and even saturated
magnetic field bias, which is also observed in Co/PMN–PT
(011) and Ni80Co20/PZN-PT (011) multiferroic

FIGURE 5 | (A–E) CTC mappings under different E-field bias, i.e., 0, 2, 4, 6, and 8 kV/cm, respectively. The dashed lines show the angular position of applied
magnetic fields with maximum magnetoresistance values. All figures use same contour scale with unit Ω.
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heterostructures (Liu et al., 2011; Zhou et al., 2017). It is
mentionable that the ferroelectric polarization induced
interfacial charge has no effects on the E-field control of
switching fields and MR behaviors due to the short charge-
screening length of the metallic ferromagnet Conetic films
studied here (Hu and Nan, 2019).

Mechanism of E-Field Control of Switching
Field and Magnetoresistance
In order to reveal mechanism of E-field control of switching fields
and magnetoresistance behavior (Yang et al., 2021), CTC
mappings are performed by scanning magnetic fields from 5
to 35 Oe in a step 5 Oe under E-fields of 0, 2, 4, 6, and 8 kV/cm as

FIGURE 6 | (A) Schematic of the initial magnetic state of the Conetic alloy thin film/PMN–PT multiferroic heterostructure. (B) Schematic of magnetization rotation
induced by E-field-induced tensile and compressive strains without magnetic field bias. Wide, light blue and green arrows represent in-plane anisotropic compressive
and tensile strains, respectively. (C) and (D) Schematics of magnetic states at 0 and 8 kV/cm, respectively, with the magnetic field perpendicular to current (I). (E) and (F)
Schematics of magnetic states at 0 and 8 kV/cm, respectively, with the magnetic field parallel to current (I). Light blue, dark blue and dark red arrows represent
magnetic field H, magnetization M and applied current I, respectively. The thick, dark blue arrow in Panel (D) means that the magnetization is almost aligned along the
[01 1] direction of the PMN-PT under application of E-fields.
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shown in Figures 5A–E, respectively. First, considering any of the
data plots in Figure 5, the azimuthal position of the maximal
value of theMR does not change as marked by dashed lines, either
at 0o or at 180o. It is almost the same as the magnetic field rotation
direction, strongly indicating ultrasoft magnetic properties of the
Conetic thin films (Lei et al., 2011). Second, comparing the CTC
mapping results under different E-fields, the applied electric field
makes the contour darker, that is, the MR becomes larger, which
is also consistent with the TC measurements. Additionally, the
position of the maximal magnetoresistance does not move when
the electric field is applied, implying that the direction of E-field-
induced magnetoelastic anisotropy is exactly along the [01 1]
direction, so that the magnetization favors to stay in this direction
(Nan et al., 2015; Zhou et al., 2021).

According to the above experimental results, we further
phenomenologically analyze magnetization rotation through
energy competitions among the Zeeman, uniaxial magnetic
anisotropic, and magnetoelastic anisotropic energies induced
by E-fields in a single-domain mode. As shown in Figures
6A,B, when an E-field is applied to the FE layer, an
anisotropic in-plane strain is generated [compressive strain (σx
< 0) along the [100] direction and tensile strain (σy > 0) along the
[01 1] direction] by the converse piezoelectric effect (Zhang et al.,
2015). Hence the in-plane magnetoelastic anisotropic energy can
be expressed using following formula (Liu et al., 2010):

Fme � −3
2
λsσx cos

2 φ − 3
2
λsσy sin

2 φ (4)

where φ represents the angle between the magnetization and strain
direction of σx (Figure 6). λs (>0) represents the saturated
magnetostriction coefficient of the Conetic alloy thin film
(Klokholm and Aboaf, 1981; Egelhoff et al., 2006). To
accommodate the E-field-induced magnetoelastic anisotropy
energy, the magnetization seeks the lowest energy orientation on
the free energy surface (Liu et al., 2010). Qualitatively, the lowest
magnetoelastic energy can be obtained as a product of
magnetoelastic energy terms λsσx and λsσy. Assuming that the in-
plane anisotropic strain in the PMN–PT layer can be completely
transferred to the Conetic alloy thin film, the magnetoelastic energy
terms λsσx and λsσy under a nonzero unipolar E-field are negative
and positive along the [100] and [01 1] directions of the FE layer,
respectively. Thus, the E-field-induced magnetoelastic anisotropy
energy induces the rotation of themagnetic e.a. from the [100] to the
[01 1] direction of the FE layer. Subsequently, the magnetization will
rotate from the [100] direction (i.e., e.a. direction; Figure 6A) to the
[01 1] direction of the FE layer as shown in Figure 6B, increasing the
MR because of the AMR effect (Wang et al., 2019; Yamada et al.,
2021; Zhou et al., 2021). Therefore, regardless of whether the
magnetic field is along the [100] or [01 1] direction, MR
increases after applying the E-fields, which is also illustrated by
the dashed arrows in Figures 2A,B.

Furthermore, in the parallel mode, the applied magnetic field will
rotate the magnetization and distribute spatially it along the [01 1]
direction of the FE layer owing to the soft magnetic property of the
Conetic alloy thin film in the absence of the E-field as shown in
Figure 6C. After applying the E-fields, the magnetization is strictly
oriented along the [01 1] direction (Figure 6D) because of the

addition of the E-field-induced magnetoelastic anisotropy (Wang
et al., 2018a; Wang et al., 2019; Du et al., 2020). Consequently, the
switching field increases, as evidenced (Figure 2B), and the MR
increases; however, its change reduces, thereby decreasing the MR
ratio (Figure 3A). However, in the perpendicular mode, the applied
magnetic field attempts to align the magnetization along the [100]
direction (i.e., e.a.) of the FE layer as shown in Figure 6E. When
applying the E-fields, the magnetization rotates toward the [01 1]
direction as shown in Figure 6F owing to the aforementioned strain-
mediated magnetoelectric coupling. Therefore, the magnetization
along the [100] direction of the FE layer is easier to reverse with the
assistance of the E-field-inducedmagnetoelastic anisotropy than that
in the absence of E-fields (Yang et al., 2021; Zhou et al., 2021), thus
decreasing the switching field (Figure 2D). Moreover, the MR
decreases considerably, thereby increasing the MR ratio
(Figure 3B). Based on these analyses, the giant and anisotropic
tunability of the switching field and MR ratio is mainly attributed to
the in-plane anisotropic strain-mediated magnetoelectric coupling
between the Conetic alloy thin film and (011)-PMN–PT FE layer
and ultrasoft magnetic property of the Conetic film, in addition to
ultrasoft magnetic property of the Conetic thin film. However, the
in-plane strain induced by ferroelastic domain switching should be
neglected due to the unipolar E-field cycling here rather than bipolar
cycling in previous report (Zhang et al., 2012).

CONCLUSION

In conclusion, to develop novel spintronic materials for technical
applications, we fabricated a Conetic alloy thin film/PMN–PT
multiferroic heterostructure. We observed that the
magnetotransport properties are considerably modulated by
the E-fields. The tunabilities of the switching field are
approximately +313% and −83% under the parallel and
perpendicular modes, respectively. Furthermore, the tunability
of the MR ratio induced by the E-field is respectively up to
approximately −79% and +9,900% under the parallel and
perpendicular modes. These results indicate a large and
anisotropic tunability of both the switching field and MR ratio
because of the change in the magnetization orientation induced
by anisotropic in-plane strain-mediatedmagnetoelectric coupling
and ultrasoft magnetic property of the Conetic alloy thin film.
However, the AMR ratio is almost unaffected by the E-fields
because the AMR effect is an intrinsic property of the Conetic
alloy thin film. This work deepens the understanding of the
electrical manipulation of magnetic anisotropy in the multiferroic
heterostructure. Furthermore, the E-field control of the switching
field and MR offers a promising opportunity for further
optimizing the Conetic alloy-based spintronic devices in the
future.
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