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Electric field control of magnetism through nanoionics has attracted tremendous attention owing to its high efficiency
and low power consumption. In solid-state dielectrics, an electric field drives the redistribution of ions to create one-
dimensional magnetic conductive nanostructures, enabling the realization of intriguing magnetoresistance (MR) effects.
Here, we explored the electric-controlled nickel and oxygen ion migration in Pt/HfO, _,/NiOy/Ni heterojunctions for MR
modulation. By adjusting the voltage polarity and amplitude, the magnetic conductive filaments with mixed nickel and
oxygen vacancy are constructed. This results in the reduction of device resistance by ~ 10> folds, and leads to an intriguing
partial asymmetric MR effect. We show that the difference of the device resistance under positive and negative saturation
magnetic fields exhibits good linear dependence on the magnetic field angle, which can be used for magnetic field direction
detection. Our study suggests the potential of electrically controlled ion migration in creating novel magnetic nanostructures

for sensor applications.

Keywords: nanoionics, resistance random access memory, anisotropic magnetoresistance, angle detection

PACS: 73.40.Rw, 75.47.—m, 81.05. —t, 81.15.Jj

1. Introduction

Electric control of magnetism has attracted tremendous
attention in the past decades owing to its importance in the
development of various spintronic devices used in memo-
ries, logic devices, sensors, etc.!'"5 Compared with the con-
ventional methods by exploiting high-density electric cur-
rent for magnetism modulation,®8) electric-controlled ions
transportation and related electrochemical reactions at the
nanoscale in solid-state dielectric tune the magnetism with

[9-131 Tn resistive switching (RS)

much-enhanced efficiencies.
device with a structure of electrode/dielectric/electrode, the
electric field can drive the migration of ions (e.g., 0°~, Ag>T,
etc.) and construct one-dimension conductive nanostructures,
such as oxygen vacancy (Vo) and Ag filaments.!!420] Par-
ticularly, when magnetic materials are selected as electrodes
(e.g., Ni,I2!l Co, etc.?>?31) or dielectrics (e.g., Gay03,?4
NiO, etc.!?l), the magnetic nanostructure exhibiting distinct
magnetoresistance (MR) effects can be obtained. While pre-
vious studies focused on single-type ion manipulations, recent
studies showed that it was possible to drive the movement of
different types of ions (e.g., 0>~, Ag>*, etc.)!*®! in the same
heterojunctions, offering opportunities for the establishment
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of one-dimensional nanostructures with diverse compositions
and magnetism for the exploration of intriguing MR effects.
Here, we report the electric field control of oxygen and
nickel ion migration in the Pt/HfO,_,/NiO,/Ni device for MR
modulation. We show that the one-dimensional nanostructure
with mixed Vo and Ni filaments could be constructed via elec-
tric field induced ion migration. The formed nanostructure re-
duced the device resistance by ~ 10° folds and led to uncon-
ventional anisotropic magnetoresistance (AMR) effect due to
the magnetic coupling effect at the NiO,/Ni interface. We in-
vestigated the angle-dependent MR asymmetry of the nanos-
tructures, and showcased its potential application as a mag-
netic sensor for detecting the magnetic field direction. This
work contributes to a deeper insight into the electric-controlled
ion migration in magnetic heterojunctions and provides a ver-
satile approach for the exploration of novel MR effects enabled

by nanoionics.

2. Experimental details

Figure 1(a) shows the schematic diagram of the device
structure, i.e., Pt/HfO,_/NiOy/Ni. The Ni bottom electrode
and Pt top electrode were deposited by electron beam evap-
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oration at a pressure of ~ 2 x 107> Pa. The NiO, film was
formed by oxidizing the Ni film under a vertical external mag-
netic field. The HfO,_ film was deposited by magnetron sput-
tering in a mixed atmosphere of Ar and O, with a ratio of 1:4
at a pressure of 0.9-1.0 Pa, where the radio frequency power
was fixed at 60 W. The device size was 100 x 100 umz, pat-
terned by ultraviolet lithography and lift-off processes. Fig-
ure 1(b) shows the scanning electron microscope (SEM) im-
age and transmission electron microscopy (TEM) results of

the device. As can be seen, both the HfO,_, and NiO,, layers
were amorphous and had a thickness of ~ 4 nm. Additionally,
high-angle annular dark field (HAADF) and energy dispersive
spectroscopy (EDS) were taken to analyze the elementary dis-
tribution in the device. The results are shown in Figs. 1(c)
and 1(d). The atomic fractions of O/Ni/Hf atoms at the cor-
responding positions as marked in the HfO,_,/NiO, bilayers
were estimated, indicating that the stoichiometry of HfO,_,
and NiOy, layers were 1:2.23 and 1:0.9, respectively.
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Fig. 1. (a) Schematic diagram of the Pt/HfO,_,/NiO,/Ni device arranged in a crossbar structure. (b) Cross-sectional HRTEM image of the
device. Inset: Top-view SEM image. (c) Mapping of the element distributions in the device. (d) Atomic fraction of O/Ni/Hf atoms of different

positions as marked in (c).

3. Results and discussion
3.1. Electric programming of the magnetic heterojunction

According to the previous studies, applying positive volt-
ages on the Ni electrode can lead to Ni oxidization and in-
ject Ni2T ions into the oxide layers, causing the formation of
Ni filament.2’39 On the other hand, the O*~ in HfO,_, can
also be driven to form Vo filament. 3134 Therefore, by care-
fully controlling the voltage application conditions through the
above two steps, one may create filaments with mixed element
compositions in the Pt/HfO;_,/NiO,/Ni device. We monitored
the current evolution during the application of sweeping volt-
ages, and the current—voltage (I-V) characteristics is shown
in Fig. 2(a). Specifically, the as-fabricated device had an ini-
tial high resistance state (HRS) of ~ 10! Q. When a positive
sweeping voltage was applied on the Pt electrode with Ni elec-
trode grounded, the current passing through the device jumped
abruptly to the preset compliance current (I,c; = 10 pA) at
~ 0.71 V, changing the device resistance to an intermediate
resistance state (IRS) (~ 7 x 10* Q) (red curve in Fig. 2(a)).

This observation was consistent with the formation of Vo
based filaments in the HfO, film.[3!! The device resistance was
found to be larger than that of the single-atom conductive fila-
ment (~ 12 kQ), indicating that the Vo filament was partially
formed. Afterward, we applied a positive sweeping voltage to
the Ni electrode with Pt electrode grounded, the device cur-
rent jumped to a higher compliance current (/..o = 250 pA) at
~ —1.04 V, changing the device resistance to a low resistance
state (LRS) (~ 10> Q) (blue curve in Fig. 2(a)). Owing to the
lower activation energy of Ni>* ions compared with O~ ions,
Ni?* ions were expected to migrate dominantly and formed Ni

e.[3%.36] Therefore, the two-step program-

filaments in this stag
ming of the device through controlling the voltage polarity
and intensity was expected to form conductive filaments (CFs)
with mixed Vo and Ni, leading to successful construction of
the Pt/Hf-CF/NiO,/Ni-CF/Ni nanostructure in the device. Af-
ter removing the programming voltage, the device resistance
was reduced by ~ 103, and the LRS can be maintained for over

10* s, indicating the good stability of the nanostructure.
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Fig. 2. (a) The I-V curves of the Pt/HfO,_,/NiO,/Ni heterojunction. (b) The cartoons showing hypothesized ion migration processes in the
device. (c)—(d) MR behaviors with the magnetic field applied along the in-plane and out-of-plane direction for the device (c) before and (d)
after electric programming. Inset: Setup showing the applied current and magnetic field direction during MR measurements.

3.2. Magnetoresistance behavior measurements

The MR properties of the P/HfO,_,/NiO,/Ni device be-
fore and after electrical programming were studied. The
measurements were carried out using the standard four-probe
method in a physical property measurement system (PPMS)
at room temperature. A constant current of 10 pA was ap-
plied and the resistance was recorded with the following mag-
netic field sweep sequences: 10 - 0 — —10 — 0 — 10 kOe.
The MR curves were recorded with the magnetic field ap-
plied along the in-plane and out-of-plane directions, respec-
tively. The measurement configurations are shown in the inset
of Figs. 2(c) and 2(d). The MR ratio was calculated as

AR Ry—R
where Ry and R correspond to the resistance recorded at the
field strength of H and zero field, respectively. The MR curves
retraced as the field swept from positive to negative then
backward. As can be seen from Fig. 2(c), the as-fabricated
Pt/HfO,_,/NiO,/Ni device without electric programming was
insensitive to the magnetic intensity and direction. In con-
trast, an apparent MR anisotropy was clearly observed in the
Pt/HfO,_,/NiO,/Ni device after electric stimuli, as shown in
Fig. 2(d). For magnetic field applied in the out-of-plane direc-
tion, the MR value decreased under a negative (positive) mag-
netic field up to ~ —4 kOe (~ 4.8 kOe) and approached satu-
ration thereafter, showing partial MR asymmetry (blue curves
in Fig. 2(d)). On the other hand, as the magnetic field was
applied in the film plane, the MR curve possessed good sym-
metry (red curves in Fig. 2(d)).

3.2.1. Temperature dependent magnetoresistance be-
haviors

Figure 3 shows the temperature dependence of the MR
behavior with magnetic field applied in the out-of-plane and
in-plane directions, respectively. Figure 3(a) displays the MR
curves with magnetic field along the out-of-plane direction.
As can be seen, the device persisted a partial MR asymmetry
feature in the measured temperature range from 300 K to 5 K.
Prior further analysis, we decomposed the partial asymmetri-
cal MR curves into symmetric (component 1) and asymmetric
(component 2) parts as follows:

MR MRy_
Symmetric MR = — er i ) 2)
MRy, —MRy_
Asymmetric MR = % 3)

As shown in Figs. 3(b) and 3(c), the asymmetric MR exhib-
ited nearly linear dependence on the magnetic field between
roughly —4.4 kOe and 4.4 kOe at 300 K, while the symmet-
ric part showed a rapid drop of MR in the low-field region
(between —4 kOe and 4 kOe) at 300 K. In both cases, the
MR curves became saturated at higher fields. The saturation
magnetic fields corresponding to asymmetric MR and sym-
metric MR gradually decreased at reduced temperature, reach-
ing ~ 1.8 kOe and ~ 2.2 kOe at 5 K, respectively. The MR
value of the asymmetric part at the saturation magnetic field
was nearly constant (~ 0.14%), which was insensitive to tem-
perature (red dot curve in Fig. 3(d)). The MR value of the
symmetric part at saturation magnetic field was calculated to
be ~ —0.24% at 300 K and its amplitude slightly decreased
with reduced temperature (black dot curve in Fig. 3(d)). Fig-
ure 3(e) shows the MR curves obtained with magnetic field ap-
plied in the film plane between 300 K and 5 K. Similar to the
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out-of-plane case, the MR increased steeply at low magnetic
field and gradually reached saturation at higher fields, yet the
MR curves were much more symmetric. The maximum MR
value increased from ~ 0.04% at 300 K to ~ 0.3% at 5 K,
and a steeper increase of the low-field MR was evidenced at

reduced temperature, which could be caused by the enhanced
spin scattering at low temperature (Fig. 3(f)). Notably, the dif-
ference between the MR value at H = —10 kOe and 10 kOe
kept constant (~ 0.3%) in out-of-plane direction as shown in
Fig. 3(g), demonstrating its weak dependence on temperature.
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Fig. 3. (a) The MR curves measured at different temperatures with the magnetic field along the out-of-plane direction. (b)—(c) The MR curves
showing full symmetry (component 1) and asymmetry (component 2), decomposed from (a). (d) Temperature dependence of the symmetric
and asymmetric MR values. (¢) The MR curves measured at different temperatures with the magnetic field along the in-plane direction. (f)—(g)
The evolution of the MR value with temperature with the magnetic field applied along the (f) in-plane and (g) out-of-plane directions.

Based on the above results, the mechanism of the intrigu-
ing partial asymmetric MR behavior of Pt/HfO;_,/NiO,/Ni
heterojunction was analyzed. According to previous studies,
the NiO,/Ni interface*”38) and Ni nanowires!>!**4% show an
asymmetric MR and symmetric MR under magnetic field, re-
spectively, which well matches with the MR behavior of sym-
metric MR and asymmetric MR components. Therefore, the
Pt/HfO,_,/NiO,/Ni device showing a partial asymmetric MR
could be resulted from the combined magnetic coupling of
the NiO,/Ni interface and the nanofilament made of Vo and
Ni. Notably, the asymmetric MR originating from NiO,/Ni
interface was induced by the out-of-plane spin orientation pro-
duced by the external upward magnetic field applied during the
growth of the NiO, layer in fabrication processes, where the
spin moment of the ferromagnetic Ni was pinned by the anti-
ferromagnetic (AFM) moment of the NiO,. This characteris-
tic induced a magnetic field direction-dependent carrier trans-
mission efficiency at the NiO,/Ni interface and resulted in the
MR with full asymmetry. The value of saturated asymmetric

MR which was insensitive to temperature also supported this
hypothesis,*! and it was apparently different from the normal
MR which was greatly affected by the temperature. Similar re-
sults have also been reported in other AFM/FM interfaces such
as Ni-Mn—X (X = In, Ga) system.[#>%3]

3.2.2. Anisotropic magnetoresistance behaviors

The AMR measurements were conducted to further re-
veal the unsymmetric MR behavior (Fig. 4). During the AMR
measurements, the resistance was recorded by rotating the de-
vices from 6 = 0° to 0 = 360° in the y—z plane at room tem-
perature, as shown in Fig. 4(a), where 0 was defined as the
angle between the external magnetic field and current flow
direction. For instance, 8 = 0° and 90° refer to the out-of-
plane and in-plane directions, respectively. Figure 4(b) shows
the AMR curve at different temperatures. It can be clearly
seen that the device maintains the asymmetry MR behavior
from 300 K down to 5 K, rendering a relatively good stability
against temperature variation, and ensuring a wide range of
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working temperature. Figure 4(c) plots the AMR curves under
different magnetic fields (10, 1, 0.1, —0.1, —1, —10 kOe) at
300 K and 5 K. As shown in the upper panel of Fig. 4(c), the
AMR curves under 0.1 kOe and 1 kOe almost overlapped thus
showed negligible asymmetry, whereas the MR curves devi-
ated from symmetry as the magnetic field increased to 10 kOe.
In contrast, the MR asymmetry became more significant under
small magnetic fields as the temperature reduced (lower panel
of Fig. 4(c)).

Figures 4(d) and 4(e) show the MR curves by sweeping
the magnetic field from 10 - 0 — —10 — 0 — 10 kOe at
various 6 (from 0° to 360° with an interval of 15°). It was
found that when 6 increased from 0° to 90° (i.e., the magnetic
field changes from the out-of-plane direction to the in-plane
direction), the partial asymmetrical MR behavior diminished

and the MR curves became increasingly symmetric as shown
in Fig. 4(d). On the other hand, when 0 further increased from
90° to 180°, the partial asymmetrical MR behavior reappeared
gradually as 0 increased (Fig. 4(e)). These results indicate that
the difference of the device resistance under positive and nega-
tive saturation magnetic field was highly sensitive to the angle
6 with good linearity, as shown in Fig. 4(f). The magnetic
field sensors based on the AMR effect show linear response to
the external magnetic field, allowing for magnetic field direc-
tion detection and navigation purposes. The sensor also shows
great potential in scaling down and integrating multifunctional
applications. Overall, our work demonstrates the feasibility
of creating one-dimensional magnetic nanostructures through
dual-ion modulation and the generation of unique MR effects
that can find diverse applications.

(e)

B () 0.5/— ~01kOe —01kOe ——1kOe
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5
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Fig. 4. (a) Experimental setup for angle dependent MR measurements. 6 is defined as the angle between the direction of the external magnetic
field and the current flow through the device. (b) Angle dependent MR behaviors at H = 10 kOe and different temperatures. (c) Angle
dependent MR behaviors under different magnetic field intensities (10, 1, 0.1, —0.1, —1, —10 kOe) at 300 K and 5 K, respectively. (d)-(e) MR
curves measured at different angles. (f) Plot of the difference of device resistance under positive and negative saturation magnetic field with 6.

4. Conclusion

We reported the observation of the partial asymmetric
MR effect in the P/HfO,_,/NiO,/Ni heterojunction induced
by the electric-controlled migration of oxygen and nickel ions
for novel magnetic nanostructure establishment. The partial
asymmetric MR effect was proposed to originate from the
combined magnetic coupling effect of the NiO,/Ni interface
The MR behavior under
different temperatures and angles was systematically studied,

and nanofilaments of Vo and Ni.

exhibiting good temperature stability and linear response to
the magnetic field orientation. This device can find poten-
tial applications for magnetic direction detection and naviga-
tion applications. Our findings not only revealed the interest-
ing low-dimensional magnetoelectric transportation behavior

but also provided new versatile platforms for the design of
next-generation high-performance and multifunctional nano-

devices.
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