CHrinese PuysicaL Sociery | IOP Publishing

CPB

Chinese Physics B

http://cpb.iphy.ac.cn https://iopscience.iop.org/journal/1674-1056

lonic liquid gating control of planar Hall effect in NigoFe,o/HfO, heterostructures

Yang-Ping Wang(7E#£F), Fu-Fu Liu(X4#4), Cai Zhou(/1E), Chang-Jun Jiang(# K %)
Citation:Chin. Phys. B . 2020, 29(7): 077507 . doi: 10.1088/1674-1056/ab8da9
Journal homepage: http://cpb.iphy.ac.cn; http://iopscience.iop.org/cpb

What follows is a list of articles you may be interested in

Unusual tunability of multiferroicity in GdMn,Os by electric field poling far above multiferroic
ordering point

Xiang Li(Z=#), Shuhan Zheng(%8-15%8), Liman Tian(FH£Li2), Rui Shi(f1%t), Meifeng Liu(x13% %), Yunlong Xie(i#f = /%), Lun
Yang(¥1£), Nian Zhao(# ), Lin Lin(}k4k), Zhibo Yan(Fi& ), Xiuzhang Wang(+ 75 %), Junming Liu(xI{% 1)
Chin. Phys. B . 2019, 28(2): 027502 . d0i: 10.1088/1674-1056/28/2/027502

Magnetism manipulation in ferromagnetic/ferroelectric heterostructures by electric field induced
strain

Xiaobin Guo(FsHExk), Dong Li(ZEH5), Li Xi(J# /1)
Chin. Phys. B . 2018, 27(9): 097506 . doi: 10.1088/1674-1056/27/9/097506

Voltage control of ferromagnetic resonance and spin waves

Xinger Zhao(i* &% L), Zhonggiang Hu(#1:&58), Qu Yang(##), Bin Peng(iZxiX), Ziyao Zhou(JH ¥ 58), Ming Liu(x1#)
Chin. Phys. B . 2018, 27(9): 097505 . doi: 10.1088/1674-1056/27/9/097505

NMR evidence of charge fluctuations in multiferroic CuBr,

Rui-Qi Wang(E##¥), Jia-Cheng Zheng (¥ 5 %), Tao Chen([%:i%), Peng-Shuai Wang(F )i, Jin-Shan Zhang(5k &), Vi
Cui(##%), Chong Wang(E#), Yuan Li(Z=5), Sheng Xu(%: /), Feng Yuan(F1%), Wei-Qiang Yu(F i)
Chin. Phys. B . 2018, 27(3): 037502 . d0i: 10.1088/1674-1056/27/3/037502

Magnetization reversal process in Fe/Si (001) single-crystalline film investigated by planar Hall
effect

Ye Jun, He Wei, Hu Bo, Tang Jin, Zhang Yong-Sheng, Zhang Xiang-Qun, Chen Zi-Yu, Cheng Zhao-Hua
Chin. Phys. B . 2015, 24(2): 027505 . d0i: 10.1088/1674-1056/24/2/027505


http://cpb.iphy.ac.cn/EN/abstract/abstract75873.shtml
http://cpb.iphy.ac.cn/
http://iopscience.iop.org/cpb
http://cpb.iphy.ac.cn/EN/abstract/abstract73540.shtml
http://cpb.iphy.ac.cn/EN/abstract/abstract73540.shtml
http://cpb.iphy.ac.cn/EN/abstract/abstract72742.shtml
http://cpb.iphy.ac.cn/EN/abstract/abstract72742.shtml
http://cpb.iphy.ac.cn/EN/abstract/abstract72741.shtml
http://cpb.iphy.ac.cn/EN/abstract/abstract71750.shtml
http://cpb.iphy.ac.cn/EN/abstract/abstract62831.shtml
http://cpb.iphy.ac.cn/EN/abstract/abstract62831.shtml

Chin. Phys. B Vol. 29, No. 7 (2020) 077507

Ionic liquid gating control of planar Hall effect in
NigoFe2o/HfO- heterostructures”

Yang-Ping Wang(VEA£F)!2, Fu-Fu Liu(X#5##)"%, Cai Zhou(H{E)3, and Chang-Jun Jiang(# K 7)1 7

1Key Laboratory for Magnetism and Magnetic Materials, Ministry of Education, Lanzhou University, Lanzhou 730000, China

2Kcy Laboratory of Special Function Materials and Structure Design, Ministry of Education, Lanzhou University, Lanzhou 730000, China

3 Hubei Province Engineering Research Center for Intelligent Micro-nano Medical Equipment and Key Technologies,
School of Electrical and Electronics Engineering, Wuhan 430202, China

(Received 3 March 2020; revised manuscript received 23 April 2020; accepted manuscript online 28 April 2020)

We report a tunable transverse magnetoresistance of the planar Hall effect (PHE), up to 48% in the NiggFe,o/HfO;
heterostructures. This control is achieved by applying a gate voltage with an ionic liquid technique at ultra-low voltage,
which exhibits a gate-dependent PHE. Moreover, in the range of 0-V to 1-V gate voltage, transverse magnetoresistance of
PHE can be continuously regulated. Ferromagnetic resonance (FMR) also demonstrates the shift of the resonance field at
low gate voltage. This provides a new method for the design of the electric field continuous control spintronics device with

ultra-low energy consumption.

Keywords: ionic liquid gating, planar Hall effect, electric field regulation

PACS: 75.85.+t, 75.90.4+-w

1. Introduction

The planar Hall effect (PHE) in ferromagnetic materi-
als, meaning the appearance of an in-plane transverse volt-
age when the co-planar electric current and magnetic fields
are not perfectly aligned to each other, can be considered as
a promising candidate for applying in metallic magnetic de-
vices such as magnetic sensors and magnetic random access
memory, ! which is resulted from the s—d mixing generated
by spin—orbit coupling. [>*%! NiFe alloy with low-cost and avail-
ability is one of the common materials for PHE sensors,!!-?]
which is based on the planar Hall magnetoresistance, and
NiFe alloy has various magnetic properties with the change
of Ni content, therefore it has high research value.!”) Tt is well
known that the planar Hall magnetoresistance can be effec-
tively tailored by changing the magnitude of an applied mag-
netic field, the angle of applied electric current and magnetic
field, and the width of Hall bar. However, from a device ap-
plication perspective, tuning should be reversible and contin-
uous as far as possible. As metallic magnetic devices develop
rapidly, the voltage-controlling magnetoelectric coupling in
ferromagnetic/ferroelectric heterostructure can not only con-
tinuously mediate magnetic properties but also realize the non-
volatile behavior of that. For example, Laukhin et al.'®! reg-
ulate the exchange bias of the FeNi/YMnOj3 heterostructures
by an electric field at very low temperatures, which achieved
a one-way magnetization switch. Liu et al.!”! controlled the
AMR of the NiggCoy/PZN-PT film and the GMR of the
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FeMn/NiggFe,o/Cu/Co/PZN-PT film by an electric field. Nev-
ertheless, the piezo strain-mediated magnetoelectric coupling
causes large energy consumption due to high ferroelectric gat-
ing voltage.[!%!?] Recently, the ionic liquid gating with an
electric double layer (EDL) has been widely used for voltage-
driven material properties modification, which greatly reduces
energy consumption. For instance, Nakano et al.!'*! reached a
VO, first-order metal-insulator transition using an ionic liquid
at a gate voltage of around 1 V. Zhao et al.!'*! controlled the
spin reorientation transition of the Pt/(Co/Pt),/Ta multilayer
film by ionic liquid, which accomplished the magnetic mo-
ment from the out-of-plane to the in-plane. At the same time,
the magnetoresistance is easily tuned by the ionic liquid N, N-
diethyl-N-(2-methoxyethyl)-N-methylammonium bis (trifluo-
romethylsulphonyl) imide (DEME-TFSI).[!3-!7] Therefore, in
this work, the ionic liquid gating-controlling PHE is investi-
gated in NiggFe,o/HfO, at room temperature. When the gate
voltage is 1 V, the change rate of the transversal reluctance
Ryy is as high as 48%, and continuous, reversible and repeated
tuning is achieved in the voltage range of 0 V-1 V. At a gate
voltage of 4 'V, the resonance field H; drifts by 4 Oe (1 Oe =
79.5775 A-m’l), further indicating that the electric field can
result in the magnetic change of the NigoFeyg film. This pro-
vides an important idea for designing continuously adjustable

spintronic devices.

*Project supported by the National Natural Science Foundation of China (Grant Nos. 51671099 and 11974149), the Open Foundation Project of Jiangsu Key
Laboratory of Thin Films (Grant No. KJS1745), the Program for Changjiang Scholars and Innovative Research Team in University, China (Grant No. IRT-
16R35), and the Fundamental Research Funds for the Central Universities, China.

Corresponding author. E-mail: jiangchj@1zu.edu.cn
© 2020 Chinese Physical Society and IOP Publishing Ltd

http://iopscience.iop.org/cpb http://cpb.iphy.ac.cn

077507-1


http://dx.doi.org/10.1088/1674-1056/ab8da9
mailto:jiangchj@lzu.edu.cn
http://iopscience.iop.org/cpb
http://cpb.iphy.ac.cn

Chin. Phys. B Vol. 29, No. 7 (2020) 077507

2. Experimental details

NigpFeyp with 10-nm thickness was deposited on Si sub-
strate by magnetron sputtering and then was covered by a cap
layer HfO; (7 nm). The measurement of PHE was completed
by a self-built transport test platform within an external mag-
netic field of 1000 Oe. The electric field-controlled PHE de-
vice is shown in Fig. 1(a), which uses an ionic liquid DEME-
TFSI as the electrolyte. The NiggFe,o/HfO, heterostructures
thin film was fixed on a printed circuit board. A drop of ionic
liquid was dropped on the top surface of HfO,. Finally, a sup-
port structure was made to fix the top electrode. Ferromag-
netic resonance (FMR) was measured using a JEOL, JES-FA
300 spectrometer with a test power of 1 mW.

(c) (d)
p— upper electrode ",
R
= W XS [DEME]* S
wm i fe B TEXY E
SSOCEROOEOR] (rrs-
— thin film

3. Results and discussion

The measurement result of PHE is shown in Fig. 1(b).
The inset in Fig. 1(b) shows the relationship between the test
current I and H. The starting point of the test was H||I.
When the magnet was rotated, an angle ¢ was formed be-
tween H and I. The transverse electric field strength of
the ferromagnetic film is Eyy, = (p)) — p)jxsin@cos @ 1319
Therefore, the transverse magnetoresistance Ry, = 1/2(R) —
Ry )sin2¢,2%1 where p|| (p.) is a resistivity in which the cur-
rent density jy in the x direction is parallel (vertical) to the
magnetization M. R|| (R}) is parallel (vertical) magnetoresis-
tance of j, and M. Clearly, there is a functional relationship
Ry sin2¢, which results are in accordance with the theory.

Voltage/V

Fig. 1. (a) A schematic diagram of the transport test after the addition of the ionic liquid. (b) The measured planar Hall effect (PHE) curve at a magnetic
field of 1000 Oe. The inset shows the relationship between the current and external magnetic fields. (c) Schematic diagram of the directional movement
of anions and cations after application of a voltage by a voltage source Keithley 2410. (d) The /-V curve representing the amount of charge accumulation

at the interface at different gate voltages.

PHE comes from the ferromagnetic layer NiggFe;q in the
heterostructures, but HfO, also plays a pivotal role. HfO, can
separate ionic liquid and NiggFeyq thin film, preventing direct
chemical reactions between them. To achieve a large degree
of regulation at a low voltage, it is necessary to increase the
carrier density by other methods. The carrier density 7 is posi-
tively correlated with the capacitance C of the dielectric layer,
that is, n ~ CVy/ e,”11 where Vg is the gate voltage and e is
the electron charge. When V; is constant, the carrier con-
centration is increased only by increasing the capacitance C.
However, C = kg&y/d,!*!! where k is the permittivity of the
dielectric, & is the vacuum permittivity, and d is the thick-
ness of the dielectric layer. Therefore, increasing the permit-
tivity of the dielectric layer can give rise to capacitance C,
so that the carrier density is enhanced. However, HfO; has

a high permittivity x,!?>2* which can act as a role in increas-

ing the carrier density. When a positive V; is applied to the
ionic liquid using the voltage source Keithley 2410, the cations
and anions in the ionic liquid undergo directional movement.
The cation [DEME]" moving toward the negative electrode
attracted electrons and 0%~ to move toward the top surface of
the film, forming an EDL at the interface between the ionic
liquid and the thin film. As shown in Fig. 1(c). This EDL is
equivalent to a nano-gap capacitor, which creates a large elec-
tric field at the interface. The electric field generated by the
1-V gate voltage is approximately 10 MV/cm.>! To charac-
terize the extent of ion accumulation at different gate voltages,
we tested the current—voltage (I-V) curve for the ionic lig-
uid shown in Fig. 1(d). In the gate voltage range of —2.35 V
< Vg <2.21V, the curve is very flat. In the gate voltage range
of Vo < —2.35 Vor Vg > 221V, there is an obvious steep
curve. Therefore, the -V curve is divided into two parts.
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The flat portion (I) is an electrostatically doped region, and
the steep part (II) is the electrochemical reaction region.!?6-7]
The accumulation of ions at the interface of the latter is greater
than that of the former.

Figure 2 shows the dependence of PHE on the electric
field. When a 1-V gate voltage was applied to the ionic liquid,
an EDL was formed at the interface of ionic liquid and film,
defining this electric field as a positive electric field. The pos-
itive electric field causes a decrease of Ryy, as shown by the
red curve in Fig. 2(a). When the angles between j, and M are
45°, 135°, 225°, and 315°, the change rate of Ry, can reach
44%, 45%, 48%, and 44%, respectively. Under the removal of
the positive V,, the PHE curve was re-measured after at least
30 minutes, as shown by the blue curve in Fig. 2(a). The EDL
disappears after removing the positive V,, which leads to the
curve almost returns to its original form. In other words, the
electric field effect was eliminated. As shown in Fig. 2(a),
the two curves are not completely coincident, which may be
caused by a very small residual charge at the interface after
applying a positive V. Under a negative V,, the PHE curve
moves upward, as shown by the pink curve in Fig. 2(a). It is
difficult to control PHE in the negative electric field. There-
fore, we have focused on the electric field regulation PHE at
positive V. When the V,; is 0 V and 1V, the effect of the elec-

R.y/Q

270

180
©/(°)

360

tric field regulation PHE curve was very obvious. PHE was
tested under different gate voltages as shown in Fig. 2(b). The
meaning of A is to test when the gate voltage increases. At
different gate voltages of 0.2 V-A, 0.4 V-A, 0.6 V-A, 0.8 V-A,
and 1V, the change rate of the transverse resistance R,y is 7%,
9%, 20%, 32%, and 44% when the angle between j, and M is
45°. Therefore, the electric field can continuously manipulate
the PHE. The PHE curve can be restored to its original shape
after removing the 1-V gate voltage for at least 30 minutes. It
is preliminarily speculated that the effect of the electric field
on PHE is non-volatile. To further investigate the variation of
PHE when the V; is removed, the PHE curves under different
electric fields are also tested at a V;, interval of 0.2 V. The test
results are shown in Fig. 2(c). The meaning of B is the curve
when the V; is removed. In the V,; range of 1 V and 0.2 V-B,
the change of the PHE curve is relatively small. However, af-
ter waiting for 30 minutes, the PHE curve measured at +0 V
returned to its original state. This indicates that the regulation
of the electric field to the PHE is non-volatile. The PHE curve
has biaxial symmetry. Under a saturated external magnetic
field, the R,, exhibits extreme values at 45°, 135°, 225°, and
315°.1131 The R,y at these angles with different gate voltages is
plotted in Fig. 2(d), which indicated the Ry, of the PHE curve
to be regulated continuously by the electric field.

—0.10 ) ) )
0 90 180 270 360
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Fig. 2. (a) The measured PHE curve at different gate voltages. (b) At a voltage interval of 0.2 V, the gate voltage is gradually increased from 0 Vto 1 V
measured PHE curve. (c) At a voltage interval of 0.2 V, the PHE curve measured when the gate voltage is gradually reduced from 1 V to +0 V. (d) The
curve of the transverse magnetoresistance Ry, at the extremum with the gate voltage.

In order to confirm further that the electric field can not
only continuously regulate the PHE but also can achieve re-
peated regulation at the pulse gate voltage, the NigoFeyg film
was repeatedly tested for PHE curves at gate voltages of 0 V

and 1 V. When the V; was increased or reduced, the waiting

time to restart the test became different. After increasing the
gate voltage from 0 V to 1 V, a stable electric field will be
formed at the interface between ionic liquid and thin film af-
ter at least 5 min. After the gate voltage was reduced from
1 Vto +0V, it took at least 30 minutes to restart the test. As
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mentioned above, the PHE regulation of NiggFeyg thin films by
the electric field was non-volatile. The test results are shown
in Fig. 3, suggesting that the data of the 1 V and O V repeated
tests fit well, and the regulated amplitude is almost unchanged.
This indicated that the electric field repeated the regulation of
PHE. Similarly, the Ry, at the peak was extracted to further
analyze the repeatability of electric field regulation. Figure 4
reflects the fact that the electric field has repeated regulation

of the transverse magnetoresistance.
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Fig. 3. The PHE curve was measured when the 1-V gate voltage was applied
and removed repeatedly.
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Fig. 4. (a)—(d) The control diagram of the transverse magnetic resistance Ry, at the extreme point when the 1-V gate voltage was repeatedly

applied and removed.

Generally, the ionic liquid gate tuning magnetic prop-
erties is attributed to EDL. However, due to the screening
effect, the thickness of the electric field-regulated magnetic
film was limited. Especially at the gate voltage of 1V, the
R,y of the 10-nm thick NigoFeyo film changes by 48% when
the angle between j, and M is 225°. Therefore, we specu-
late that in addition to EDL, there may be other mechanisms
causing transverse magnetoresistance change. It had been re-
ported that when a magnetic film was covered with oxide as
an electrolyte gate, an inevitable oxidation process would ex-
ist in the magnetic layer.[?®°1 Therefore, it is possible that the
NigoFeao/HfO, heterostructures also have an O>~ migration
process under the action of an electric field. When the posi-
tive V, was applied, [TFSI]™ accumulated on the top surface
of HfO, would pump out 02~ in the NiggFeyo thin film. As
shown in Fig. 5(a), the red solid circle represents 02—, and the
arrow indicates its moving direction. The content of 0%~ in the
NigoFey thin film was decreased. The weak oxidation state of
the NigpFey thin film causes the transverse magnetoresistance
to decrease.!!”! This is the same as the test results.

The results of the electrical transport test have demon-
strated that the electric field can regulate the PHE of the
NiggFeyg thin film. In addition, the FMR in situ electric field
control test results also prove that the electric field can regu-

late the magnetic properties of the NiggFeyq thin film. Trans-
fer the test device shown in Fig. 1(a) to the FMR cavity, as
shown in Fig. 5(b). The positive and negative electrodes were
taken out with a 0.1-mm diameter Au wire. The DC mag-
netic field and the microwave magnetic field were in-plane of
film. The test results are shown in Fig. 5(c). At the 4-V gate
voltage, the signal of the FMR shifted to the left. After the
Ve was removed, it returned to its original state. The differ-
ential absorption curve measured by the FMR is integrated as
shown in the inset of Fig. 5(c). An asymmetric Lorentz func-
tion §(H) = A[AH cos 8 + (H — H;) sin 8] /[AH? + (H — H;)?]
was used to fit,[3%! where H is an external magnetic field, A is
the integral coefficient, AH is the half-width at half-maximum
of the linewidth, § is the phase difference between the real part
and the imaginary part of the dynamic magnetic susceptibility,
and H; is the resonance field. After fitting, the resonance field
H; changed by 4 Oe at a gate voltage of 4 V. Besides, with
applying gate voltage repeatedly, the shift of H; is repetitive,
as shown in Fig. 5(d). This illustrates further that the electric
field can manipulate the magnetic properties of the NiggFeyq
film.
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Fig. 5. (a) Schematic diagram of O?~ migration under positive gate voltage. O>~ is represented by a red solid circle, and the arrow indicates
the direction in which it moves. (b) A schematic diagram of measuring ferromagnetic resonance (FMR). (c) The FMR differential spectrum
measured by FMR at different gate voltages, the inset is the FMR integral spectrum. (d) The regulation diagram of the resonance field H, when

the 4-V gate voltage is applied and removed repeatedly.

4. Conclusions

In conclusion, the regulation of PHE of 10-nm thick
NigoFeyo thin films has been achieved through the ionic lig-
uid gate at ultra-low gate voltage, and this manipulation can
be continuous within the 0-V to 1-V gate voltage. In partic-
ular, when the angle between j, and M is 225°, the rate of
change of R,, reaches 48%. Furthermore, the results of the
FMR test also illustrate that the ionic liquid gate can manip-
ulate the magnetic properties of the NiggFeyo thin film. This
provides a new idea for the design of spintronic devices with
continuous electric field control under low energy consump-
tion.
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