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Spin generation, manipulation, and detection in low-dimensional materials have entered a dynamic new phase. The continued miniaturization of magnetic storage and the integration of magnetic devices into current IC chip present new
challenges for materials and device scientists, which require
continued innovation in material structures as well as in
device and system concepts for spin-dependent transport and
magnetism. Recent advances in this field include the magnetoresistance effect, diluted magnetic semiconductors, Hall
effect, field-free magnetization switching, improved hard
magnetic materials, and the exploration of low-dimensional
materials with controlled spin states.
The purpose of this special issue is to shed light on some of
the current works being done on novel synthesis methods and
the physical phenomena occurring in nanoscale magnetic
materials that will be used in next-generation spintronic
devices. Among the submissions, six papers were selected for
publication in this special issue. The theoretical paper by
H. B. Huang et al. reported the strain-assisted spin transfer
torque (STT) induced magnetization switching in CoFeBbased magnetic tunnel junctions by combining phase-field
method with micromagnetic simulations. This work indicates
a new aspect of free field magnetization switching and
compares it to the previously reported methods such as
spin orbital torque combined with exchange bias and broken
lateral inversion symmetry. G. Yang et al. reported the ultrasensitive anomalous Hall effect (AHE) in Ta/CoFe/oxide
(MgO and HfO2 )/Ta multilayers and discussed the effect

of the annealing process on sensitivity. AHE sensitivity as
high as 18792 Ω/T in the as-deposited Ta/CoFe/MgO/Ta was
obtained. This work gives a new insight that both the selection
of the oxide material and the postannealing treatment play
an important role in determining the sensitivity of AHE.
The microstructure and magnetic properties of NdFeB films
through Nd surface diffusion process were investigated by
W. Liu et al., showing that the microstructure and magnetic
properties of Ta/Nd/NdFeB/Nd/Ta films are strongly dependent on the NdFeB layer thickness.
The other three papers focused on the magnetoresistance
effect of the multilayers and nanowire arrays. X. Liu et
al. reported linear magnetoresistance in L10 -FePt/ZnO/Fe
multilayers, in which linear response is observed in a large
range from +5 kOe to −5 kOe. This type of linear magnetoresistance is significant for high field linear magnetic sensors.
L. Xu et al. reported the magnetoresistance properties of
black phosphorus (BP) spin-valve devices consisting of thin
BP flakes contacted by NiFe ferromagnetic electrodes. The
devices show spin-valve effect from room temperature to
low temperature with magnetoresistance of 0.57% at 4 K.
Highly ordered arrays of Co/Cu multilayered nanowires were
investigated by J. Han et al. using porous anodic alumina
(PAA) templates. They discussed the effects of repeat period
number and the thickness of the copper layer on the magnetic
and magnetoresistance. The editors are sure that this group
of papers will be a useful reference for future workers seeking
further developments of magnetic nanodevices.
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Two-dimensional (2D) layered materials such as graphene and transition metal dichalcogenides are emerging candidates for
spintronic applications. Here, we report magnetoresistance (MR) properties of a black phosphorus (BP) spin valve devices
consisting of thin BP flakes contacted by NiFe ferromagnetic (FM) electrodes. The spin valve effect has been observed from room
temperature to 4 K, with MR magnitudes of 0.57% at 4 K and 0.23% at 300 K. In addition, the spin valve resistance is found to
decrease monotonically as temperature is decreased, indicating that the BP thin film works as a conductive interlayer between the
NiFe electrodes.

1. Introduction
Two-dimensional (2D) nanomaterials such as single-layer
graphene and transition metal dichalcogenides (TMDs)
have attracted great attention as building blocks for future
(opto)electronic technologies due to their specific layered
structures and novel physical properties [1–3]. Recently, the
2D nanomaterials have also been demonstrated to have
potential for application in the field of spintronics [4–11]. The
2D materials have been largely researched as nonmagnetic
interlayer of spin valve, which is similar to traditional magnetic tunneling junctions consisting of two ferromagnetic
(FM) layers separated by a nonmagnetic insulating spacer,
usually Al2 O3 and MgO, and the resistance depends on the
magnetization orientation of two ferromagnetic electrodes
[12, 13]. The first experimental work for realization of spintransport phenomenon is reported by Tombros et al. in
graphene-based planar spin valve structure [4]. Later on,
magnetoresistance (MR) was measured at room temperature
in graphene vertical spin valve [7, 8]. Subsequent works

reported spin-dependent transport in h-BN and transition
metal dichalcogenides (TMDs), such as MoS2 and WS2 [9–
11]. These studies suggest that the 2D nanomaterials may be
promising for spintronic applications. Recently, a few-layer
black phosphorus (BP), a newly identified 2D nanomaterial,
has been demonstrated to be an appealing candidate material
owing to its exotic physical properties such as thicknessdependent tunable band gap and high carrier mobility [14–
18]. Interestingly, theoretical study predicted a relatively
large MR ratio in the BP-based spin valve structure [19–21].
However, so far, there have been no reports of MR effect in
BP-based spin valve.
In this work, we report on the fabrication and spin valve
effect in the BP-based device. 2D BP is sandwiched by two
permalloy electrodes (Py and Ni81 Fe19 ) and the BP layer
serves as nonmagnetic spacer layer as shown in Figure 1(a).
The devices show spin valve effect from room temperature to
low temperature with a MR of 0.57% at 4 K. The temperature
dependence of the device resistance reveals that the BP layer
works as a metallic layer between two FM electrodes.
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Figure 1: ((a) and (b)) Structure and measurement structure of BP-based vertical spin valve device, consisting of bottom NiFe electrode,
2D-BP spacer, and top NiFe electrode. (c) Optical macrograph of NiFe/BP/NiFe spin valve device. (d) AFM graph of device.

2. Methods
2.1. Material and Device Fabrication. The BP crystals were
synthesized from red phosphorus under high temperature
of 1000∘ C and high pressure of 2 GPa. Thin BP flake was
obtained by mechanically exfoliating BP crystal using adhesive tape (scotch tape), and then the flake was transferred onto
the prepatterned Py (bottom) electrodes on SiO2 /Si substrate.
The bottom electrodes were fabricated by e-beam lithography
(EBL) and a lift-off procedure after e-beam evaporating Py
with thickness of ∼30 nm. In the subsequent process, top
Py electrodes with thickness of ∼50 nm were fabricated by
another run of EBL, metal deposition and lift-off process.
Finally, the bottom and top FM electrodes were connected
with large electrodes by EBL and Cr (5 nm)/Au (60 nm)
deposition.
2.2. Device Characterization and Measurement Setup. The
devices were measured with a four-terminal setup, where the

bias currents flow perpendicular to the device plane of the
spin valve. The magnetic field was applied in-plane at 45∘ to
the direction of the Py ferromagnetic electrodes as shown in
Figure 1(b). The BP flake was initially identified by optical
microscopy in Figure 1(c) and then further confirmed by
atomic force microscopy (AFM). Figure 1(d) shows an atomic
force microscope (AFM) image of one device, revealing that
the thickness of BP for the device is ∼6.5 nm. The transport
measurements for the BP-based spin valve devices were
performed using Physical Properties Measurements System
(PPMS) made by Quantum Design.

3. Results and Discussion
3.1. Current-Voltage Characteristics and Spin Valve Effect.
Figure 2(a) displays the current-voltage (I-V) curves of one
typical device for various temperatures. The linear I-V curves
indicate the Ohmic contact characteristics of the BP flake
and FM electrodes. At room temperature, the resistance-area
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Figure 2: Characterizations of NiFe/BP/NiFe spin valve device. (a) The current-voltage curves of device at different temperature from 4 K to
300 K and resistance curve as a function of temperature at zero magnetic field in inset figure (a). (b) Resistance curves of device when external
magnetic field is applied at 300 K and the value of MR is 0.23% for the structure of Py/BP/Py spin valve.

(RA) product of the device is on the order of ∼10−11 Ω⋅m2 ,
which is smaller than that in the monolayer MoS2 device
(∼10−10 Ω⋅m2 [10]). This difference may be related to the
different band gaps (∼0.5 eV in our device while ∼1.87 eV
in [10]). Note that the resistance decreases with reducing
temperature, indicating that the BP behaves as a metal in
the spin valve structure as shown in inset of Figure 2(a). The
results suggest that the thin BP flake behaves as a conducting
thin film rather than a tunnel barrier between the two FM
electrodes, which is consistent with the previous works in
MoS2 and WS2 based spin valve [10, 11].
Spin valve effect is characterized by measuring the
resistance as a function of magnetic field. By sweeping the
magnetic field, the resistance can be tuned into the highresistance (𝑅AP ) state and low-resistance (𝑅P ) state since it
depends on the orientation of the magnetization of the FM
electrodes. The magnetoresistance is defined as MR = 100 ×
(𝑅AP −𝑅P )/𝑅P , where 𝑅AP and 𝑅P are the resistances when the
magnetization vectors of two Py electrodes are antiparallel
and parallel to each other, respectively. Note that the widths
of the top and bottom electrodes were designed to be 500 nm
and 2 𝜇m as shown in Figure 1(c), respectively. This yields
a large difference in coercivity between two FM electrodes.
Thus the bottom electrode is easier to magnetize than the
top one under the application of magnetic field owing to
weaker shape anisotropy. The resistance as a function of
magnetic field for a representative Py/BP/Py spin valve at
room temperature is shown in Figure 2(b). As the magnetic
field scan from −400 Oe to 400 Oe, the top and bottom
electrodes switch in sequence, resulting in the observation of
a resistance plateau. The MR value of the device is determined
to be 0.23% at RT.
3.2. Temperature Dependence of the Spin Valve Effect. Figure 3(a) shows a series of MR curves for a representative

Py/BP/Py spin valve at various temperatures ranging from
4.2 K to 300 K. The maximum MR value is 0.57% at 4 K.
A simple relation between the MR and the polarization of
the FM electrodes for a junction can be approximated as
MR = 2𝑃1 𝑃2 /(1 − 𝑃1 𝑃2 ), where 𝑃1 and 𝑃2 are the electron spin
polarization of the two FM metals, respectively [10]. Assuming that two FM electrodes have the same composition, then
the polarization (𝑃1 ≈ 𝑃2 = 𝑃) of the two Py electrode is
estimated to be ∼5%, which is comparable to the other values
reported previously [10], but smaller than that (𝑃 ∼ 0.3) in
the Py/Al2 O3 interface. A possible reason for this reduced
polarization is the exposure to air of the Py surface prior
to the application of the BP layer. Some contaminants are
inevitably adsorbed on the surface and air exposure of Py
may produce antiferromagnetic NiO, significantly decreasing
the spin polarization [22]. Future well-controlled fabrication process in situ without air exposure of the interfaces
may improve the interface quality, maximizing the MR
effect.
The magnitude of the MR monotonically decreases as
the temperature is increased, as shown in Figure 3(b). The
decrease in MR amplitude at higher temperature may be
attributed to the inelastic scattering with phonons, magnetic
impurity scattering, surface states, and thermal smearing of
electron energy distribution in the FM metals [23]. The data
are found to follow Bloch’s law, where the spin polarization
is described by 𝑃(𝑇) = 𝑃(0)(1 − 𝛼𝑇3/2 ). By fitting the data
with MR relation by considering the temperature dependence
of spin polarization, the material-dependent constant 𝛼 can
be estimated to be 5.9 × 10−5 K−3/2 . This value is comparable
to that of 3∼5 × 10−5 K−3/2 reported in the literature [24].
Temperature-dependent relation of parallel and antiparallel
resistance are showed in Figure 3(c), which further indicated
BP not as insulting barrier layer in the MTJ, but as metallic
layer in vertical spin valve.

4

Advances in Condensed Matter Physics

5.5
5.0
4.5

300 K

250 K

4.0

3.0

200 K
1.0

150 K

 = 5.9 × 10−5 ＋−3/2
0.8

2.5
100 K
Normalized MR

MR (%) + Ｉffset

3.5

2.0
1.5
1.0

50 K

0.4

20 K
0.2

0.5
0.0

0.6

4K

−400

0.0
−200
0
200
Magnetic field (Oe)

400

0

50

(a)

150
T (K)

100

200

250

300

(b)

7.5

Resistance (Ω)

7.2
6.9
6.6
6.3
6.0
0

50

100

150
T (K)

200

250

300

AP
P
(c)

Figure 3: Temperature dependence of spin valve effect in NiFe/BP/NiFe device. (b) Normalized MR ratio as a function of temperature and
the solid line is the fitting to Bloch’s law. (c) Resistance of device, corresponding to low resistance (𝑅P ) and high resistance (𝑅AP ).
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Figure 4: (a) Magnetoresistance curve at various bias currents. (b) MR ratio as a function of bias current.

3.3. Bias Current Dependence of the Spin Valve Effect. Finally,
we investigated the bias current dependence of the spin
valve effect. Figure 4(a) shows the resistance as a function of
magnetic field at various bias currents from 10 𝜇A to 50 𝜇A
at 4 K. The amplitude of MR value is found to be decreased
as the bias current increases as shown in Figure 4(b). We
attribute the decrease in MR value at larger bias current to
the spin excitations localized at the interfaces between the FM
electrodes and the BP interlayer [25] as well as the localized
trap states in the BP interlayer [26] at the BP interlayer
played a metallic property role in vertical spin valve. The
results provide a possible approach to use the emerging
BP nanomaterials for future spintronics applications such as
magnetic memory and logic devices.
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Ta/Nd/NdFeB/Nd/Ta films were deposited by magnetron sputtering on Si (100) substrates and subsequently annealed for 30 min
at 923 K in vacuum. It was found that the microstructure and magnetic properties of Ta/Nd/NdFeB/Nd/Ta films strongly depend
on the NdFeB layer thickness. With NdFeB layer thickness increasing, both the grain size and the strain firstly reduce and then
increase. When NdFeB layer thickness is 750 nm, the strain reaches the minimum value. Meanwhile, both the in-plane and
perpendicular coercivities firstly drastically increase and then slowly decrease with NdFeB layer thickness increasing. The highest
in-plane and perpendicular coercivities can be obtained at NdFeB layer thickness of 750 nm, which are 21.2 kOe and 19.5 kOe,
respectively. In addition, the high remanence ratio (remanent magnetization/saturation magnetization) of 0.87 can also be achieved
in Ta/Nd/NdFeB (750 nm)/Nd/Ta film.

1. Introduction
NdFeB permanent magnetic films have drawn extensive
attention due to their excellent hard magnetic properties
and potential applications in microelectromechanical system
(MEMS), micromagnetic devices, and magnetic recording
media [1–6]. The relatively low coercivity and poor thermal
stability are the practical obstacle for applications of NdFeB
films. One major approach to improve the properties is to
increase the coercivity at the room temperature, which can
suppress demagnetization at a higher operating temperature.
To increase the coercivity of NdFeB films, many
researches have been reported. Fukagawa et al. reported
that after sputtering Nd metal to the surface of NdFeB
magnet and subsequent annealing an fcc interfacial phase
was formed between the surface grains and the Nd layer,
resulting in the recovery of surface coercivity [7]. Kim et al.
reported that by Nd element diffusing from Nd layer into
NdFeB layer high coercivity was achieved at the thickness
ratio of Nd/NdFeB ≥ 1. However, a rather low content of
NdFeB hard magnetic phase existed in the films [8]. Li et al.
reported that the coercivity of [NdFeB/Nd]4 films was fairly
increased because that Nd element effectively diffused [9].

In this work, Ta/Nd/NdFeB/Nd/Ta films were prepared
on Si (100) substrates by magnetron sputtering. The effect of
the NdFeB layer thickness on the microstructure and magnetic properties of Ta/Nd/NdFeB/Nd/Ta films was systematically investigated. The high in-plane and perpendicular coercivities can be obtained in Ta/Nd/NdFeB (750 nm)/Nd/Ta
film, which are 21.2 kOe and 19.5 kOe, respectively. The high
remanence ratio of 0.87 can also be achieved in the film.

2. Experimental Procedure
Ta/Nd/NdFeB/Nd/Ta films were prepared by FJL560II ultrahigh vacuum magnetron sputtering system on Si (100) substrates. Here, Nd layer thickness was fixed at 250 nm. A Ta
underlayer of 60 nm and Ta coverlayer of 60 nm were used
to suppress the oxidation of NdFeB films. Pure Nd (99.9%)
and Ta (99.95%) targets were used. The target for NdFeB
layer was a commercial N33H NdFeB sintered target attached
to B-chips. The base pressure of the deposition chamber
was 2.0 × 10−4 Pa and high purity Ar gas was introduced
during sputtering. The composition of NdFeB layer was
determined to be Nd10.73 Fe84.01 B5.26 by a Thermo System
7 energy dispersive spectrometer (EDS). The as-deposited
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450; (b) 𝑥 = 600; (c) 𝑥 = 750; (d) 𝑥 = 900) films.

films were subsequently annealed for 30 min at 923 K in
vacuum.
The structure of the films was analyzed by Bruker-D8 Xray diffraction (XRD) with Cu K𝛼 radiation. The thickness
was characterized by a JSM-7001F field emission scanning
electron microscope (FE-SEM). The magnetic properties
were measured by a Quantum Design vibrating sample
magnetometer (VSM) with a maximum applied field of
30 kOe.

3. Results and Discussion
Figure 1 shows the XRD patterns of Ta/Nd/NdFeB (𝑥 nm)/
Nd/Ta (𝑥 = 450, 600, 750, 900) films. The prominent characterization peaks of (222), (114), (312), and (410) can be
obviously seen in the XRD patterns, indicating the formation
of tetragonal Nd2 Fe14 B phase. In addition to the abovementioned peaks, Nd peaks are also clearly observed in the
XRD patterns, due to the existence of Nd layer.
XRD can be utilized to evaluate peak broadening with
crystallite size and lattice strain due to dislocation [10].
Williamson-Hall (W-H) analysis [11] considers that the contributions to line broadening of the crystallite size and lattice
strain are independent of each other and both have a Cauchylike profile; the final line breadth is the sum
𝛽ℎ𝑘𝑙 = 𝛽𝑆 + 𝛽𝐷,
𝛽ℎ𝑘𝑙 = (

(1)

𝑘𝜆
) + (4𝜀 tan 𝜃) .
𝐷 cos 𝜃

(2)

𝑘𝜆
) + (4𝜀 sin 𝜃) ,
𝐷

(3)

Rearranging (2), we get
𝛽ℎ𝑘𝑙 cos 𝜃 = (

where 𝐷 is the average grain size, 𝐾 is the shape factor
(0.9), 𝜆 is the wavelength of Cuk𝛼 radiation, and 𝜀 is

the strain. The strain was assumed to be uniform in all
crystallographic directions. As shown in Figure 2, 𝛽 cos 𝜃
was plotted with respect to sin 𝜃 for the Nd2 Fe14 B peaks of
Ta/Nd/NdFeB/Nd/Ta films. The grain size and strain were
calculated from the 𝑦-intercept and slope of the fitted line,
respectively. Figure 3 shows the variation of the grain size and
strain with NdFeB layer thickness in Ta/Nd/NdFeB/Nd/Ta
films. With NdFeB layer thickness increasing from 450 nm to
900 nm, both the grain size and the strain firstly reduce and
then increase. When the NdFeB layer thickness is 750 nm, the
strain reaches the minimum value, which is equal to 0.0016.
Figure 4 shows the dependence of the coercivity on the
NdFeB layer thickness in Ta/Nd/NdFeB/Nd/Ta films. With
NdFeB layer thickness increasing from 450 nm to 750 nm,
both the in-plane and perpendicular coercivities drastically
increase. However, when NdFeB layer thickness further
increases to 900 nm, both the in-plane and perpendicular
coercivities slowly decrease. When NdFeB layer thickness
is 750 nm, both the in-plane and perpendicular coercivities reach the maximum, which are 21.2 kOe and 19.5 kOe,
respectively. It can be interpreted that the strain is minimized
at the NdFeB layer of 750 nm, which is favorable for the
crystallization of NdFeB.
Figure 5 shows the in-plane and out-of-plane hysteresis
loops of Ta/Nd/NdFeB (750 nm)/Nd/Ta film. As seen in
Figure 5, the in-plane and out-of-plane coercivities reach
21.2 kOe and 19.5 kOe, respectively. The high remanence ratio
of 0.87 can also be noticed in the in-plane hysteresis loop,
which is also important for the application of NdFeB film.
It is very interesting that the out-of-plane hysteresis loop
shows a kink near the original point, implying the existence
of uncoupled soft magnetic grains, which becomes more
significant while the external field is applied along the outof-plane direction [12]. Moreover, the out-of-plane hysteresis
loop shows two stage types of initial magnetization behavior
with the first magnetization of high susceptibility followed by
the second one of low susceptibility, which also suggests the
independent magnetization of the uncoupled soft magnetic
grains. Zhao et al. proposed that Fe is very likely to occur in
Nd2 Fe14 B so that many single-phased materials are in fact the
two-phased ones [13].
The micromagnetic model was applied to clarify the coercivity mechanisms in permanent and composite materials.
Coercivity is a linear function of 𝐻𝐴 [14]:
𝐻𝐶𝑖 (𝑇) = 𝛼𝐻𝐴 (𝑇) − 𝑁eff 𝑀𝑠 (𝑇) .

(4)

Here, 𝐻𝐴 is the anisotropy field, 𝐻𝐴 = 2𝐾1 /𝑀𝑠 , which
is the ideal coercivity for the coherent rotation of magnetically isolated single domain particles. 𝑀𝑠 is the saturation
magnetization. 𝛼 and 𝑁eff are the microstructure-dependent
parameters. The parameter 𝛼 describes the reduction in
the anisotropy field due to the presence of crystallographic
defects in the magnetically inhomogeneous region on the
grain surface and misalignment of the grains. The parameter
𝑁eff describes the local demagnetization field, which assists
nucleation of the reversed domain under the action of the
applied inverse field. The temperature dependence of 𝐾1 is
obtained from Durst and Kronmüller [15]. Figure 6 shows
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self-pinning is attributed to the change of the intrinsic
parameters associated with the phase change at the interface.
In particular, for sufficiently large soft grains/defects, the
pinning field can be expressed as 𝐻𝑃 = 𝛼𝐻𝐾 , where 𝐻𝐾 =
2𝑘/𝑀𝑠 is the anisotropy field and 𝛼 depends on the material
parameters and micromagnetic structures. The coefficient
𝛼 decreases as the volume occupation of the soft phase
increases. For an exchange-coupled Nd2 Fe14 B-𝛼Fe system
with abrupt change of parameters in the interface, 𝛼 = 0.1.
For the permanent magnets in which small amount of soft
grains exists, 𝛼 = 0.2–0.3. As is shown in Figure 6, the 𝛼
value is between 0.196 and 0.257, which is consistent with
the theoretical value of the permanent magnets, indicating
the existence of soft grains. It is accordant with the results
concluded from Figure 5.

4. Conclusions
the dependence of 𝐻𝐶𝑖 /𝑀𝑠 on 𝐻𝐴 /𝑀𝑠 for Ta/Nd/NdFeB
(𝑥 nm)/Nd/Ta (𝑥 = 450, 600, 750, 900) films. The micromagnetic parameters 𝛼 and 𝑁eff were fitted by the least squares
method and are shown in Figure 6. It can be noticed that
𝛼 for Ta/Nd/NdFeB (750 nm)/Nd/Ta film is 0.257, which
is larger than those of other Ta/Nd/NdFeB/Nd/Ta films. It
suggests a decrease in the size of the distorted region and/or
a considerable release of interfacial misfit at the NdFeB
layer of 750 nm [16]. Zhao et al. proposed a self-pinning
coercivity mechanism, incorporating elements of both initial
local nucleation process and subsequent propagation of the
domain wall to the main phase [13, 17]. Such a mechanism was
firstly proposed in hard-soft multilayers and then extended
to composite and permanent nanomagnets. The defects in
the so-called single-phased permanent magnets act as the
nucleation and pinning centers, which plays a role similar
to the soft phase in hard-soft composite systems. Such

In summary, the microstructure and magnetic properties
of Ta/Nd/NdFeB/Nd/Ta films are strongly dependent on
the NdFeB layer thickness. When NdFeB layer thickness is
750 nm, the strain reaches the minimum value. Meanwhile,
the highest in-plane and perpendicular coercivities can be
obtained at NdFeB layer thickness of 750 nm, which are,
respectively, 21.2 kOe and 19.5 kOe, because the strain is
minimized. The high remanence ratio of 0.87 can also be
achieved in Ta/Nd/NdFeB (750 nm)/Nd/Ta film. Altogether,
the results suggest that Ta/Nd/NdFeB/Nd/Ta film may have
a significant potential as a magnetic material with excellent
performance.
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One-dimensional magnetic nanowires have attracted much attention in the last decades due to their unique physical properties and
potential applications in magnetic recording and spintronics. In this work, ordered arrays of Co/Cu multilayered nanowires which
can be exploited to develop magnetoresistive sensors were successfully prepared using porous anodic alumina (PAA) templates.
The structure and morphology of the multilayered nanowire arrays were characterized by transmission electron microscopy and
scanning electron microscopy. The nanowire arrays are highly ordered and the average diameter is about 50 nm, which is controlled
by the pore diameter of the PAA templates. The influences of period number and Cu layer thickness on the magnetic and the giant
magnetoresistance (GMR) properties were investigated. The coercivity and remanence ratio increase first and then gradually tend
to be stable with the increase of period number and the Cu layer thickness, while the GMR ratio increases first and then decreases
with the increase of the period number accompanied by an oscillatory behavior of GMR as the Cu layer thickness changes, which
are ascribed to the spin dependence electron scattering in the multilayers. The optimum GMR of −13% appears at Co (50 nm)/Cu
(5 nm) with 200 deposition cycles in our experimental conditions.

1. Introduction
Giant magnetoresistance (GMR) effect is a phenomenon
where the resistivity of the material will be affected significantly with the application of an external magnetic field. Since
the discovery of the GMR effect in 1988 [1–3], GMR multilayered structures consisting of ferromagnetic layers separated
by a nonmagnetic spacer layer have been focused on due
to their unique potential in technological applications, such
as high-density data storage, GMR sensors, and magnetic
random access memory. Particularly, multilayered nanowires
consisting of alternating magnetic and nonmagnetic layers
are an ideal system to investigate GMR effect in the current
perpendicular to the plane (CPP) geometry as it has been
shown to exhibit a more significant GMR effect and high
aspect ratio (length/diameter) of the multilayered nanowires
leading to larger resistance that enables high accuracy in the
measurements [4]. One of the frequently used fabrication

methods of the high-aspect-ratio multilayered nanowires is
the electrodeposition technique due to its simplicity, convenience, and cost-effectiveness compared to the other preparation techniques that have been employed such as chemical
vapor deposition, molecular beam epitaxy, and magnetron
sputtering [5–8]. So far, great efforts have been devoted to
the research on the CPP-GMR of CoNi/Cu [9–11], NiFe/Cu
[12–14], and Co/Cu [7, 15–17] multilayered nanowires and it
has been shown that the GMR and the magnetic properties of
multilayer nanowire arrays are affected by a variety of factors,
including the structure of the materials, wire diameter, wire
total length, composition, layer thickness, and other factors.
However, only few studies have systematically investigated
the effects of the period number and copper layer thickness
on the magnetic properties and the CPP-GMR [5–7].
In this study, the Co/Cu multilayered nanowire arrays are
considered to be an attractive system for gaining insights into
the CPP-GMR and magnetic properties due to the nanowires’
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perfect band matching and lattice matching [17, 18]. Co/Cu
multilayered nanowire arrays were prepared in PAA templates via single bath by electrochemical method and the
effects of repeat period number and copper layer thickness
on magnetic properties and CPP-GMR of Co/Cu nanowire
arrays were studied. It is evident from the experiment that
the periodicity of the multilayered nanowires and the nonmagnetic layer thickness play a crucial role in deciding the
magnetic and CPP-GMR of the multilayered nanowire arrays.

2. Experimental Details
High purity aluminum foil (99.999%, 0.2 mm thickness)
was first degreased in acetone and ethanol for 10 min and
then annealed at 500∘ C under vacuum for 3 h to remove
the mechanical stress. Afterwards, the aluminum foil was
electropolished in a mixture of HClO4 and C2 H5 OH (1 : 4
volume ratio) and then rinsed carefully with distilled water.
The first anodization was carried out in 0.3 M oxalic acid
at 5∘ C for 5 h under a constant voltage of 40 V. After the
anodized layer was dissolved in a mixture of phosphoric acid
(6.0 wt%) and chromic acid (1.8 wt%) at 60∘ C for 3 h, the
second anodization was done under the same conditions as
the first one. A mixed solution of 0.1 M CuCl2 and 20% HCl
was employed to etch away the aluminum, resulting in freestanding PAA. In addition, a subsequent etching treatment
was performed in a 5 wt% H3 PO4 solution at 30∘ C for 50 min
to remove the barrier layer and slightly widen the pores of the
PAA template.
The electrodeposition of the multilayered nanowires was
performed at 25∘ C using single bath by electrochemical
method. Ag/AgCl (in 4 M KCl) served as the reference
electrode and a Pt wire served as the counter electrode. The
electrolytic solution contains 84.3 g/L CoSO4 ⋅7H2 O, 0.57 g/L
CuSO4 , and 50 g/L H3 BO3 with the pH value kept around 3.7.
The multilayered nanowires were electrodeposited using an
electrochemical workstation technique in a standard threeelectrode mode by periodically switching the deposition
potential between −1.0 V and −0.52 V for the deposition of the
Co and Cu layers, respectively, and the thickness of each layer
was controlled conveniently by the pulse duration because the
thickness is proportional to the electrodeposition time under
the same experimental condition.
The morphology and structural analysis of nanowires
were measured by scanning electron microscopy (SEM) and
transmission electron microscopy (TEM). For SEM and TEM
observation, the PAA template was dissolved in 1 M NaOH
solution and the residual NaOH solution absorbed on the
surface of the PAA template was removed by rinsing the
nanowires carefully with deionized water. The magnetic
properties were measured by vibrating sample magnetometer
(VSM) and the GMR measurements were performed by physical property measurement system (PPMS, Quantum Design
PPMS-9) at room temperature and the GMR percentage was
calculated according to the definition:
GMR =

(𝑅𝐻 − 𝑅0 )
,
𝑅0

(1)

where 𝑅𝐻 is the resistance in the applied magnetic field 𝐻
and 𝑅0 is the resistance of the sample in zero magnetic field.
Since the room temperature GMR is more appealing for
industrial applications, this current work presents only room
temperature GMR.
The model to carry out the GMR measurements is shown
in Figure 1. After the electrodeposition of the nanowires, the
sample was attached on a glass sheet by silver conductive
epoxy and the top side of the unfilled PAA is etched away
by NaOH through controlling appropriate reactive time so
that the nanowires can emerge from the template to contact
with a tiny drop of silver epoxy for GMR measurement. Using
this method, the CPP-GMR of the nanowires at the desired
position on the sample can be measured so that it is possible
to perform a number of measurements at different positions
on the same sample by dropping the silver epoxy at different
positions.

3. Results and Discussion
Figure 2(a) is the potential-time (E-t) profile during the
Co/Cu nanowires electrodeposition process. When a low
negative potential is applied, only Cu can be deposited, while
at higher negative potential Co can be deposited to form a ferromagnetic layer. The current was recorded in the process as
can be seen from Figure 2(b). The current of each cycle is basically the same and no significant increase of the recorded current was observed during the electrodeposition process, indicating that the quantity of the electric charge of each period is
equal, which is a prerequisite to ensure the bilayer thickness
constancy of each layer. As described above, the thickness of
the Co layers and the Cu layers can be conveniently controlled
by changing the time strictly in the deposition process.
The Co/Cu nanowires were liberated from the PAA template by dissolving the PAA template in 1 M NaOH solution
and washing it several times with deionized water. Figure 3(a)
shows the SEM image of the Co/Cu nanowires prepared at
𝑡Co = 21 s and 𝑡Cu = 17 s after removing the PAA template.
By removing the PAA template, the nanowires are bundled
together. The typical TEM images of Co/Cu prepared at
𝑡Co = 21 s and 𝑡Cu = 17 s are shown in Figure 3(b). It
reveals that the nanowires are smooth and uniform along
the length. The Co/Cu multilayered nanowires show a clear
bamboo-like structure. The average thickness of Co layer is
around 50 nm and the Cu layer is 5 nm, which corresponds to
2.38 nm/s for the Co rate of growth and 0.3 nm/s for Cu. The
XRD pattern corresponding to the multilayered nanowires
array is shown in Figure 3(c). The hcp (100), (110), and (200)
diffraction peaks of Co are observed at 2𝜃 = 41.73∘ , 75.93∘ , and
90.61∘ , respectively. The diffraction peak at 2𝜃 value of 43.29∘
corresponds to the face centered cubic (fcc) (111) crystalline
plane of Cu.
In order to study the effect of Cu layer thickness on
the magnetic and CPP-GMR properties, Co/Cu multilayered
nanowires with different lengths of Cu layers were fabricated
while the Co length was fixed at 50 nm in each Co/Cu unit.
The selected Cu layer lengths are 3 nm, 5 nm, 10 nm, 18 nm,
and 30 nm and the magnetic hysteresis loops were measured
with the applied magnetic field parallel to the nanowires. The
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Figure 2: (a) Typical E-t curve recorded during the Co/Cu nanowires electrodeposition process. (b) The dependence of the observed current
and time during the nanowire electrodeposition process.

dependence of magnetic properties on Cu layer thickness is
shown in Figure 4. The coercivity and remanence ratio both
increase with the increase of the length of the Cu, which can
be caused by a reduced dipole-dipole interaction between the
Co layers as the thickness of the Cu layer increased [9].
Figures 5(a)–5(e) show the GMR curves of the nanowire
arrays with different lengths of Cu under an applied magnetic
field parallel to the nanowires. As presented in Figure 5(f),
the CPP-GMR shows oscillation dependence on the thickness
of the Cu layer. The GMR oscillates according to the Cu
layer thickness, which is consistent with similar systems in
different metallic superlattice structures with a spacer layer
[13]. The thickness of the nonmagnetic Cu layer influences
the interlayer exchange coupling between the ferromagnetic
layers which will cause incoherent magnetic reversal rotation,
thus leading to oscillations in GMR [19]. With the increasing
of the Cu layer, the pinhole density reduces and the layer

thickness uniformity improves, which both lead to weakening
of the FM coupling. The reduction in FM coupling enables
a more random magnetization orientation of the adjacent
layers and thus the GMR effect increases. However, with
the Cu layer thickness increasing, there appear inevitable
disadvantages in the Cu layer. The thicker the Cu layer,
the more the defects, and significant spin flipping of the
conduction electrons takes place during the transmission
process, which will reduce the spin dependent electron
scattering, so the GMR declines partly [20]. So, under the
common action of the dual mechanisms, the GMR effect
presents an oscillation phenomenon with the increase of the
thickness of the Cu layer.
The dependence of magnetic properties on the number
of bilayers is displayed in Figure 6 and the coercivity and
remanence ratio increase first and then gradually tend to
be stable. The possible reason for this phenomenon is that
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Figure 3: SEM (a), TEM profile image (b), and XRD pattern (c) of the Co (50 nm)/Cu (5 nm) nanowires prepared at 𝑡Co = 21 s and 𝑡Cu = 17 s
after removing the PAA template.

coercivity is mainly caused by domain wall pinning effect
[21]; with the increase of the length, the domain walls will
produce pinning effect and there will be many defects and
impurities resulting in more pinning points which increase
the coercivity.
The number of bilayers is an important factor that
affects CPP-GMR since it directly relates to the material
resistance. Here, the variation of bilayers and its effect on the
CPP-GMR properties were studied. Based on the previous
measure methods, we measured the CPP-GMR hysteresis of
Co/Cu multilayered nanowires with the applied magnetic
field parallel to the nanowires. The period number was varied
between 50, 100, 150, 200, and 250. Figures 7(a)–7(e) show
the CPP-GMR curves of Co/Cu multilayered nanowires with
different Co/Cu bilayers (50, 100, 150, 200, and 250 Co/Cu
bilayers) electrodeposited into porous anodic alumina. The
200-bilayer nanowire sample shows −13% GMR, while the 50bilayer nanowire sample shows only 0.6% GMR. Figure 7(f)
shows the relationship between CPP-GMR ratio and the
number of bilayers of Co/Cu multilayered nanowires. We
can see that the CPP-GMR ratio increases first and then
decreases with the increase of the repeat period number.

The increase can be explained by the fact that an increase
in number of bilayers increases the number of interfaces,
leading to more interface electron scattering and decreasing
the shunting effect of the metallic conductive layer [10],
and thus CPP-GMR increases. The decrease is ascribed to
the gradual deterioration of the structure as the deposit
grows; the multilayer interfaces are more significant at the
beginning of the deposit than later. In other words, the
gradual inhomogeneities during the deposition process of the
bilayers could be responsible for the later reduction in CPPGMR. This result confirms the fact that the interfaces play an
important role in CPP-GMR.

4. Conclusions
In summary, highly ordered and homogeneously aligned
Co/Cu multilayered nanowire arrays were prepared by singlebath electrodeposition method. The effects of repeat period
number and copper layer thickness on magnetic and CPPGMR of Co/Cu nanowire arrays were investigated. We have
highlighted the importance of nonmagnetic layer thickness
and the number of bilayers upon the magnetic and CPP-GMR
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properties of multilayered nanowire arrays. The coercivity
and remanence ratio increase first and then gradually tend
to be stable with the increase of the length of the Cu and
the period number. The result of CPP-GMR indicates an
oscillatory behavior with the varying thickness of Cu layer.
The best multilayered nanowire array structure was obtained
in Co (50 nm)/Cu (5 nm) (𝑛 = 200) and the maximum CPPGMR value can reach −13% at room temperature. This study
is of vital importance to the potential applications in the
fields of nanodevices and is helpful to provide more in-depth
understanding of the magnetic properties of the multilayered
nanowire arrays.
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Ultrahigh anomalous Hall sensitivity has been demonstrated in Ta/CoFe/Oxide/Ta multilayers. By changing oxides (MgO and
HfO2 ) and annealing temperature, different annealing dependence of sensitivity was found in MgO-sample and HfO2 -sample. For
the MgO-sample, the anomalous Hall sensitivity reaches 18792 Ω/T in the as-deposited state and significantly reduces as annealing
temperature increases. On the contrary, the sensitivity of the as-deposited HfO2 -sample is only 765 Ω/T, while it remarkably
increases with annealing temperature increasing, finally reaching 14741 Ω/T at 240∘ C. The opposite variation of anomalous
sensitivity in two samples originates from the different change of magnetic anisotropy and anomalous Hall resistance during the
annealing process. Our study provides a new perspective that both the choice of oxide material and the optimization of annealing
treatment are important to the anomalous Hall sensitivity.

1. Introduction
Magnetic sensors are playing an increasing important role
in daily life and industrial production, with their wide
applications ranging from read heads in the hard disk [1],
to the speed and rotation angle detectors in the automotive
industry [2], and even to the detection of DNA and proteins
[3]. The current design of magnetic sensors is based on the
Hall effect in semiconductor materials or magnetoresistive
effect including anisotropy magnetoresistance (AMR), giant
magnetoresistance (GMR), and tunneling magnetoresistance
(TMR) in magnetic materials. However, the sensors based on
Hall effect and AMR effect always suffer a lower sensitivity.
On the other hand, although high sensitivity can be obtained
in GMR- and TMR-based sensors, the complex fabrication
process with higher costs is also an obstacle. Recently, the
anomalous Hall effect (AHE) of ferromagnets has attracted
enormous attention owning to the abundant physics [4, 5]
and potential applications [6, 7]. In 2007, Zhu and Cai
[8] first demonstrated an anomalous Hall sensitivity as
high as 1200 Ω/T in [CoFe/Pt]𝑛 multilayers, which is better
than the conventional semiconductor Hall sensitivity (about
1000 Ω/T). Subsequently, the strategy adapted to achieve
a higher sensitivity was by using ultrathin ferromagnetic

films/multilayers with enhanced spin-orbit scattering and tailored magnetic anisotropy that enables large anomalous Hall
resistance and low saturation field [9–13]. In particular, Lu et
al. [11] obtained a sensitivity of 12000 Ω/T in SiO2 /FePt/SiO2
sandwich structure films with optimized FePt composition
and thickness. Zhu et al. [12] demonstrated a sensitivity of
23760 Ω/T in MgO/CoFeB/Ta/MgO multilayers by tuning
the thickness of CoFeB and adjacent Ta layer. More excitingly,
a very recent study has reported the anomalous Hall sensitivity up to 106 Ω/T, which is two orders higher than the best of
semiconductors [13].
Although the achieved ultrahigh sensitivity is remarkable, the compatibility between AHE materials and CMOS
technology still needs further consideration. For example,
heavy metals such as Pt are always used in AHE materials to
enhance the spin-orbit scattering for a large anomalous Hall
resistance, while it will cause a terrible shunting effect as well
as increased costs. The CoFeB/MgO heterostructure seems a
more promising material system, while the commonly used
oxides in CMOS technology are high-𝑘 materials such as
SiO2 and HfO2 . From the application point of view, it is
better to introduce the same high-𝑘 oxides into the AHE
materials. Last but not least, AHE materials generally need
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additional annealing to exhibit a high sensitivity. Considering
the postannealing is also essential to CMOS technology, it is
necessary to further optimize the annealing process.
In this work, we demonstrate the ultrasensitive AHE in
Ta/CoFe/Oxide/Ta multilayers. By changing oxides (MgO
and HfO2 ) and annealing temperature (𝑇𝑎 ), opposite 𝑇𝑎
dependence of sensitivity was found in MgO-sample and
HfO2 -sample. For the MgO-sample, the anomalous Hall sensitivity reaches 18792 Ω/T in the as-deposited state and
significantly reduces as 𝑇𝑎 increases. On the contrary, the
sensitivity of the as-deposited HfO2 -sample is only 765 Ω/T,
while it remarkably increases with 𝑇𝑎 increasing, finally
reaching 14741 Ω/T at 240∘ C. Based on the angular dependent
ferromagnetic resonance (FMR) measurements and temperature dependent transport measurements, the different
change of sensitivity in two samples comes from the different
temperature dependence of the anomalous Hall resistance
and the magnetic anisotropy. This study gives new insights
that the choice of oxides and the optimization of 𝑇𝑎 are both
important to obtain an ultrahigh anomalous Hall sensitivity.
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Figure 1: Annealing temperature dependence of the anomalous Hall
sensitivity for the sample Ta(0.8)/Co20 Fe80 (0.8)/MgO(0.8)/Ta(1.0)
(in nm). Inset: anomalous Hall loops of the sample in the asdeposited and different annealed states.

2. Experiments

3. Results and Discussions
The anomalous Hall sensitivity is defined as 𝑆 = 𝑑𝑅𝑥𝑦 /𝑑𝐻 ≈
𝑅AH /𝐻𝑠 [12, 14], where 𝐻𝑠 is the perpendicular saturation
field and 𝑅AH is the saturated anomalous Hall resistance that
can be obtained via a linear extrapolation of 𝑅𝑥𝑦 at high field
to zero field. The inset of Figure 1 exhibits the anomalous Hall
loops of sample Ta(0.8)/Co20 Fe80 (0.8)/MgO(0.8)/Ta(1.0) (in
nm) in the as-deposited and different annealed states, from
which the corresponding value of 𝑆 is calculated. As a result,
Figure 1 shows the sensitivity 𝑆 as a function of the annealing
temperature 𝑇𝑎 . When 𝑇𝑎 is 25∘ C (as-deposited state), 𝑆 of
MgO-sample has reached 18792 Ω/T. Nevertheless, the value
of 𝑆 decreases significantly with the increase of 𝑇𝑎 . When
𝑇𝑎 reaches 140∘ C, the value of 𝑆 is 8145 Ω/T, decreasing 57%
with respect to that in the as-deposited state. As 𝑇𝑎 further
increases to 240∘ C, the value of 𝑆 is only 2572 Ω/T.
In contrast, Figure 2 shows 𝑆 as a function of 𝑇𝑎 for sample
Ta(0.8)/Co20 Fe80 (0.8)/HfO2 (0.8)/Ta(1.0) (in nm). Different
from the MgO-sample, the value of 𝑆 in the as-deposited
HfO2 sample is only 765 Ω/T. When 𝑇𝑎 increases to 180∘ C,
the value of 𝑆 appears almost unchanged. However, as 𝑇𝑎 is
above 200∘ C, the value of 𝑆 increases dramatically. When 𝑇𝑎
reaches 240∘ C, the value of 𝑆 is 14741 Ω/T, which is about 19
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All samples were deposited on Si substrates by magnetron
sputtering at room temperature. The sample structure is
Ta(0.8)/Co20 Fe80 (0.8)/Oxide(0.8)/Ta(1.0) (all in nm), where
the oxide is MgO or HfO2 . Thermal annealing was carried
out in a vacuum furnace (better than 3 × 10−7 Torr) for 15 min
without external magnetic fields. Hall bars were patterned by
optical lithography combined with Ar+ milling for transport
measurements in a physical property measurement system.
FMR measurements were performed in an electron spin resonance spectrometer (JEOL ESR FA-200) at X-band (9.0 GHz).
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220 ∘ C
240 ∘ C

Figure 2: Annealing temperature dependence of the anomalous
Hall sensitivity for the sample Ta(0.8)/Co20 Fe80 (0.8)/HfO2 (0.8)/
Ta(1.0) (in nm). Inset: anomalous Hall loops of the sample in the
as-deposited and different annealed states.

times larger than that in the as-deposited state. It is interesting
to find that the variation trend of 𝑆 with respect to 𝑇𝑎 is
opposite in the MgO-sample and HfO2 -sample. To further
illustrate the difference, four typical samples were chosen
as below: as-deposited MgO-sample, 240∘ C annealed MgOsample, as-deposited HfO2 -sample, and 240∘ C annealed
HfO2 -sample.
As shown in Figure 3, the detailed 𝑅𝑥𝑦 -H curves of the
above four samples are presented. In Figure 3(a), the curve of
the as-deposited MgO-sample (black one) shows an obvious
linear response without magnetic hysteresis. The saturated
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Figure 3: (a) 𝑅𝑥𝑦 -H curves for sample Ta(0.8)/Co20 Fe80 (0.8)/MgO(0.8)/Ta(1.0) (in nm) in the as-deposited and 240∘ C annealed states. (b)
𝑅𝑥𝑦 -H curves for sample Ta(0.8)/Co20 Fe80 (0.8)/HfO2 (0.8)/Ta(1.0) (in nm) in the as-deposited and 240∘ C annealed states.

anomalous Hall resistance 𝑅AH is 35.8 Ω and the perpendicular saturation field 𝐻𝑠 is 20 Oe. By annealing at 240∘ C,
the linear shape of the curve began to degrade, with 𝑅AH
decreasing to 14.2 Ω and 𝐻𝑠 increasing to 150 Oe. Both
the reduced 𝑅AH and the increased 𝐻𝑠 are detrimental to
the sensitivity, leading to a significant decrease of 𝑆 from
18792 Ω/T to 2572 Ω/T. Figure 3(b) shows the 𝑅𝑥𝑦 -H curves
of the as-deposited and 240∘ C annealed HfO2 -samples. The
values of 𝑅AH and 𝐻𝑠 for the as-deposited sample are 28.5 Ω
and 1000 Oe. By annealing at 240∘ C, the value of 𝑅AH reaches
36.4 Ω while the value of 𝐻𝑠 decreases to 30 Oe. Both the
increased 𝑅AH and the reduced 𝐻𝑠 are beneficial to an
ultrahigh sensitivity, leading to a significant increase of 𝑆 from
765 Ω/T to 14741 Ω/T.
𝑓=

It is well known that the perpendicular saturation field
is related to the magnetic anisotropy of the films. During
the annealing process, the volume anisotropy as well as
the interfacial anisotropy is likely to change [15, 16]. In
order to characterize the evolution of magnetic anisotropy
in the MgO- and HfO2 -samples, out-of-plane angular dependent FMR measurements were performed. The typical FMR
differential absorption spectrum is shown in the inset of
Figure 4(a), where the resonance field 𝐻res and peak-to-peak
linewidth Δ𝐻pp are defined. Figure 4(a) presents the outof-plane angular dependent 𝐻res for the as-deposited MgOsample. Here, the angle 𝜃𝐻 is defined as the direction of
applied magnetic field with respect to the film normal. The
value of 𝐻res can be fitted by Kittel’s formula:

𝛾
√𝑓 𝑓
2𝜋 1 2

𝛾
√𝐻res cos (𝜃𝐻 − 𝜃) + 𝐻1 cos2 𝜃 − 𝐻2 cos4 𝜃√𝐻res cos (𝜃𝐻 − 𝜃) + 𝐻1 cos 2𝜃 + 𝐻2 (3 cos2 𝜃 sin2 𝜃 − cos4 𝜃),
=
2𝜋
where 𝐻1 = 2𝐾1 /𝑀𝑠 + 4𝐾2 /𝑀𝑠 − 4𝜋𝑀𝑠 and 𝐻2 = 4𝐾2 /𝑀𝑠 .
𝐾1 , 𝐾2 , 𝑀𝑠 , and 𝜃 are the first-order, second-order uniaxial
anisotropy constant, the saturation magnetization, and the
equilibrium angle of the magnetization vector with respect
to film normal, respectively. 𝑓 = 9.0 GHz is the frequency
of AC magnetic fields in the machine. 𝛾 is the gyromagnetic
ratio given as 𝛾 = 𝑔𝜇𝐵 /7, where 𝑔, 𝜇𝐵 , and 7 are Landé
factor, Bohr magneton, and Planck’s constant, respectively.
As shown in Figure 4(a), the experimental value of 𝐻res as
a function of 𝜃𝐻 can be well fitted, where above parameters

(1)

can be obtained. Consequently, the fitting parameters 𝑔, 𝑀𝑠 ,
𝐾1 , 𝐾2 , the effective magnetic anisotropy constant 𝐾eff =
𝐾1 −2𝜋𝑀𝑠2 , and the effective anisotropy filed 𝐻eff = 2𝐾eff /𝑀𝑠
calculated from Figures 4(a)–4(d) are listed in Table 1.
From Table 1, it is clearly seen that the variation trend
of magnetic anisotropy is different in the MgO-sample and
HfO2 -sample. For the as-deposited MgO-sample, both values
of the effective magnetic anisotropy constant 𝐾eff and the
second-order uniaxial anisotropy constant 𝐾2 are positive,
indicating the sample has perpendicular magnetic anisotropy
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Table 1: Fitting parameters deduced from (1) in the four samples.
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Figure 4: (a)-(b) Out-of-plane angular dependent resonance fields 𝐻res for sample Ta(0.8)/Co20 Fe80 (0.8)/MgO(0.8)/Ta(1.0) (in nm) in the
as-deposited and 240∘ C annealed states. Hollow circles and solid lines represent experimental data and theoretical fitting of 𝐻res . Inset: typical
FMR differential absorption spectra where the resonance field 𝐻res and peal-to-peak linewidth Δ𝐻pp are defined. (c)-(d) Out-of-plane angular
dependent resonance fields 𝐻res for sample Ta(0.8)/Co20 Fe80 (0.8)/HfO2 (0.8)/Ta(1.0) (in nm) in the as-deposited and 240∘ C annealed states.
Hollow diamonds and solid lines represent experimental data and theoretical fitting of 𝐻res .

(PMA) [17]. For the sample with PMA, the perpendicular
direction is the easy magnetization axis; thus the perpendicular saturation filed 𝐻𝑠 is small. It is also important to
point out that since the calculated effective anisotropy field
𝐻eff is very small (only about 94 Oe), the 𝑅𝑥𝑦 -H curve will
not exhibit the obvious coercivity. For the 240∘ C annealed
MgO-sample, the calculated values of 𝐾eff and 𝐾2 are −4.09 ×
105 erg/cm3 and 1.02 × 105 erg/cm3 , respectively. Considering
the value of 𝐾eff is negative and 𝐾2 < −(1/2)𝐾eff , the annealed

MgO-sample has in-plane magnetic anisotropy (IMA) [17].
For the sample with IMA, the perpendicular direction is the
difficult magnetization axis; thus the value of 𝐻𝑠 will be very
large. On the other hand, for the as-deposited HfO2 -sample,
the value of 𝐾eff is negative and 𝐾2 < −(1/2)𝐾eff , representing
a typical IMA character. However, by annealing at 240∘ C,
both the values of 𝐾eff and 𝐾2 change to positive, indicating
the 240∘ C annealed HfO2 sample has PMA with a small
𝐻𝑠 . Therefore, the variation trend of magnetic anisotropy
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Figure 5: (a) 𝜌AH /𝜌𝑥𝑥 versus 𝜌𝑥𝑥 for sample Ta(0.8)/Co20 Fe80 (0.8)/MgO(0.8)/Ta(1.0) (in nm) in the as-deposited and 240∘ C annealed states.
(b) 𝜌AH /𝜌𝑥𝑥 versus 𝜌𝑥𝑥 for sample Ta(0.8)/Co20 Fe80 (0.8)/HfO2 (0.8)/Ta(1.0) (in nm) in the as-deposited and 240∘ C annealed states.

during annealing is opposite in the MgO-sample and HfO2 sample. For MgO-sample, the magnetic anisotropy changes
from PMA to IMA, resulting in a significant increase of 𝐻𝑠 ,
while, for HfO2 -sample, the magnetic anisotropy changes
from IMA to PMA, leading to a remarkable decrease of 𝐻𝑠 .
For the ferromagnetic metal (FM)/Oxide heterostructures, the interfacial magnetic anisotropy plays a dominated
role [16]. In theory, first-principles calculation has been
used to study the FM/Oxide interface, showing that the
interfacial magnetic anisotropy is strongly affected by the
hybridization between FM-3d and O-2p orbits [18, 19]. In
addition, previous researches have reported that the orbital
hybridization between FM and oxide is sensitive to the
annealing process [20, 21]. By annealing, the activated oxygen
atoms could migrate to the interface, producing a bonding
between FM atoms and oxygen atoms. It is necessary to point
out that the degree of bonding is important to the orbital
hybridization, where an optimized bonding is beneficial to
PMA, whereas the excessive and insufficient bonding will
lead to a degradation of PMA [22]. Here in our samples,
the enthalpy of formation (Δ𝐻𝑓 ) for MgO is −601.6 kJ/mol,
larger than that for HfO2 (−1144.7 kJ/mol). It means that the
combination between Hf and O is more stable than that
between Mg and O. Therefore, during the deposition and
annealing process, MgO is more likely to deviate the stoichiometric ratio and transfer oxygen atoms to the adjacent CoFe
layer, leading to the final difference of the FM-O bonding
degree for the two samples. According to our recent work, the
oxygen migration direction during annealing process may
be inverse at different FM/Oxide interfaces [23]. However,
since the oxygen migration could also be affected by the
film thickness and annealing temperature and so forth,
the specific differences about oxygen migration in the two
samples need further investigation.
In addition to 𝐻𝑠 , AHE sensitivity is also related to 𝑅AH ,
whose value represents the magnitude of AHE. Previous
work has reported that the annealing process will affect the

intrinsic or extrinsic mechanisms, leading to a variation of
AHE [24, 25]. To explain the change of 𝑅AH in the MgOand HfO2 -sample as shown in Figure 3, contributions to the
AHE by different mechanisms were analyzed. In general,
2
𝜌AH = 𝑎𝜌𝑥𝑥 +𝑏𝜌𝑥𝑥
, where 𝜌AH is the saturated anomalous Hall
resistivity, 𝜌𝑥𝑥 is the longitudinal resistivity, a represents the
skew scattering contribution, and 𝑏 represents the side jump
as well as the intrinsic contribution [26–30]. It is necessary
to point out that the thickness change during annealing is
eliminated; thus 𝜌AH is equivalent to 𝑅AH . The coefficients 𝑎
and 𝑏 can be obtained by plotting 𝜌AH /𝜌𝑥𝑥 as a function of 𝜌𝑥𝑥
and linear fitting to the experimental data. Figure 5(a) shows
the linear fitting for MgO-sample in the as-deposited and
240∘ C annealed states. The values of 𝑎 and 𝑏 are −0.029 and
2.12 × 10−4 𝜇Ω−1 cm−1 in the as-deposited state, respectively.
By annealing at 240∘ C, the values of 𝑎 and 𝑏 change to
0.002 and 8.74 × 10−5 𝜇Ω−1 cm−1 , respectively. Although the
sign of 𝑎 alters from negative to positive, both the values
of |𝑎| and |𝑏| decrease by one order of magnitude, finally
weakening the AHE. For the HfO2 -sample, the values of
𝑎 and 𝑏 are −0.015 and 2.57 × 10−4 𝜇Ω−1 cm−1 in the asdeposited state, respectively. By annealing at 240∘ C, both the
values of |𝑎| and |𝑏| increase by one order of magnitude,
reaching −0.437 and 3.89 × 10−3 𝜇Ω−1 cm−1 , respectively. The
competitive relation between 𝑎 and 𝑏 will affect not only
the value but also the sign of 𝜌AH . Considering the large
enhancement of |𝑏| as well as the same positive sign between
𝑏 and 𝜌AH , it suggests that the influence of 𝑏 on AHE is
improved during annealing process for the HfO2 -sample.
Above analysis gives strong evidence that the variation trend
of AHE is different during the annealing process in the
MgO- and HfO2 -sample. For the MgO-sample, both the
intrinsic and extrinsic contributions to AHE are weakened
by annealing, resulting in the significant decrease of 𝑅AH
as shown in Figure 3(a). In contrast, the side jump and the
intrinsic contributions are remarkably enhanced, leading to
the final increase of 𝑅AH as shown in Figure 3(b).
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4. Conclusions
In conclusion, the ultrasensitive AHE was demonstrated in
Ta/CoFe/Oxide/Ta multilayers. For sample Ta/CoFe/MgO/
Ta, AHE sensitivity is as high as 18792 Ω/T in the as-deposited
state, while the value decreases significantly as the annealing
temperature increases. For sample Ta/CoFe/HfO2 /Ta, the
value of sensitivity is small in the as-deposited state but
increases to 14741 Ω/T by 240∘ C annealing. The opposite
variation of AHE sensitivity in two samples originates from
the different change of magnetic anisotropy and anomalous
Hall resistance during the annealing process. This work gives
new insights that both the choice of oxide material and the
optimization of annealing treatment play an important role
in the anomalous Hall sensitivity.
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High field linear magnetoresistance is an important feature for magnetic sensors applied in magnetic levitating train and high
field positioning measurements. Here, we investigate linear magnetoresistance in Pt/FePt/ZnO/Fe/Pt multilayer magnetic sensor,
where FePt and Fe ferromagnetic layers exhibit out-of-plane and in-plane magnetic anisotropy, respectively. Perpendicular
anisotropy L10 -FePt reference layer with large coercivity and high squareness ratio was obtained by in situ substrate heating. Linear
magnetoresistance is observed in this sensor in a large range between +5 kOe and −5 kOe with the current parallel to the film plane.
This L10 -FePt based sensor is significant for the expansion of linear range and the simplification of preparation for future high field
magnetic sensors.

1. Introduction
Research on spintronics is fast developing due to its widely
practical application [1–4]. Magnetic tunnel junctions and
magnetic spin valves as the important contents in spintronics
are popularly used as magnetic sensors, such as magnetic read
heads for hard-disk drive, position, and speed detectors in
low magnetic field measurement [5, 6]. In general, the majority of the linear magnetic sensors are based on Hall effect or
anisotropic magnetoresistance (AMR) with some shortcomings of poor thermal stability and limited operation frequency
range [7]. Recently, the linear giant magnetoresistance
(GMR) and tunneling magnetoresistance (TMR) sensors, in
which a linear response can be achieved by applying a bias
field [8], using a shape anisotropy of the free layer [9], or
introducing a pinned layer [10], were proposed as promising
candidates due to their high field sensitivity and good thermal
stability [11–13]. Particularly, in some applications such as
magnetic levitating train and high field positioning measurements, the high field linear magnetoresistance (MR) sensors
are investigated due to high sensing field and fine repeatability
[14, 15]. An approach of making a high field linear magnetic
field response is to use a sandwich structure with a reference
layer having high perpendicular magnetic anisotropy and

an in-plane anisotropy free layer [16–19]. However some
problems such as narrow linear range and complicated design
are still unresolved.
In this work, we design and fabricate L10 -FePt/ZnO/Fe
multilayer films to shed light on this problem by choosing
perpendicular anisotropy L10 -FePt with a large coercive force
(𝐻𝑐 ) and a high squareness ratio as the reference layer. The
MR curve is nearly linear when the applied field is in the
range ±5 kOe measured at 300 K, which is improved greatly
compared to previously reported results [18]. Meanwhile, this
design simplifies effectively the structure of linear magnetic
sensors through applying L10 -FePt with a large 𝐻𝑐 as reference layer.

2. Experimental
Multilayer films with a structure of Pt(4)/FePt(15)/ZnO(5)/
Fe(5)/Pt(3) (thicknesses in nm) were prepared on single
crystal MgO (001) substrates by magnetron sputtering system
as shown schematically in Figure 1(a). A high field linear
MR sensor is designed using a perpendicular anisotropy L10 FePt reference layer and in-plane anisotropy Fe free layer
separated by a ZnO barrier layer in the magnetic multilayers
as shown in Figure 1(b). Here the free and reference layers
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Figure 1: (a) Schematics of the Pt(4)/FePt(15)/ZnO(5)/Fe(5)/Pt(3) multilayers on MgO substrate; (b) the core sandwich schematic diagram
of L10 -FePt/ZnO/Fe. The magnetization directions are marked by arrows, and the applied external magnetic field is perpendicular to the film
plane; (c) XRD spectra of the Pt(4)/L10 -FePt(15) bilayer films; (d) SEM image of the Pt(4)/L10 -FePt(15) bilayer film surface.

are perpendicular to each other. With the increase of external
magnetic field (𝐻ex ), the free layer’s magnetization rotates
until becoming perpendicular to the film plane. And a
reversible linear MR response in a large range of magnetic
field was expected.
The pressure of high-purity argon was 2.0 Pa during
sputtering. The Pt and FePt layers were deposited at an in situ
temperature of 450∘ C followed by annealing for 2 h at 450∘ C.
Then the ZnO, Fe, and Pt layers were successively deposited at
the room temperature after the deposition of FePt layer. The
FePt film was manufactured by cosputtering an Fe target and
a Pt target, whose deposition rates were calibrated to achieve
Fe55 Pt45 . The base vacuum was under 8.0 × 10−5 Pa. The
crystalline structures and microstructure of multilayer films
were characterized by means of X-ray diffraction (XRD) and

transmission electron microscope (TEM). The morphologies
of the samples were observed by scanning electron microscopy (SEM). The magnetic properties of films were determined using a superconduction quantum inference device
(SQUID) and a vibrating sample magnetometer (VSM). The
magnetic field dependence of MR was measured using a
four-point method with current-in-plane (CIP) and applied
field perpendicular to plane using a Keithley 2400 source
meter and Keithley 2182 nanovolt meter in a physical property
measurement system (PPMS, Quantum Design Inc.).

3. Results and Discussion
XRD pattern of the thin film with Pt/L10 -FePt bilayers is
shown in Figure 1(c). The peaks of (001) and (002) were
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Figure 2: TEM analysis of the Pt(4)/FePt(15)/ZnO(5)/Fe(5)/Pt(3) multilayers. (a) The cross section TEM image. (b) The HRTEM image.
(c) Its corresponding FFT image.

observed for FePt film, indicating formation of the L10
ordered phase with easy axis perpendicular to the substrate
surface. Thus, the transformation of FePt film from facecentered cubic (fcc) phase to face-centered tetragonal (fct)
phase was fulfilled by in situ substrate heating. The SEM
image shows that the deposited Pt/L10 -FePt bilayer surface is
continuous and smooth (see Figure 1(d)). The lattice misfit
between FePt (001) and MgO (001) is 8.8% [20]; the FePt
film received tensile stress along the in-plane direction, which
causes the film tend to form granular film [21]. Whereas the
mismatch value is 1.8% between Pt (001) and MgO (001) [22],
the Pt buffer layer deposited between MgO substrate and FePt
film effectively reduces the stress, causing the forming of a
continuous film.
In order to reflect the structure information of the multilayers more accurately, we carried out the cross section TEM
image and high-resolution TEM (HRTEM) image of the
Pt(4)/FePt(15)/ZnO(5)/Fe(5)/Pt(3) multilayer sensor. The
result present that the films are continuous as shown in
Figure 2(a). The structure of the multilayer films is consistent
with the schematic structure in Figure 1(a). From the HRTEM
image shown in Figure 2(b), the lattice fringe spacing is
measured to be 0.387 nm, corresponding to the dFePt (001)
(0.384 nm) of L10 -FePt phase [23]. Also, the FePt (001) and
FePt (002) can be found obviously from its fast Fourier transform (FFT) image in Figure 2(c), suggesting that L10 ordered
phase of FePt was obtained in our films.
Figure 3(a) shows the magnetic hysteresis loops of Pt(4)/
FePt(15) films deposited in situ substrate heating at 450∘ C.
The coercivity (𝐻𝑐 ) of out-of-plane and in-plane films is

7 kOe and 4 kOe, respectively. The remanence (𝑀𝑟 ) of outof-plane and in-plane direction is 610 emu/cm3 and 176 emu/
cm3 , respectively. The squareness ratios (𝑀𝑟 /𝑀𝑠 ) of in-plane
and out-of-plane are about 0.5 and 0.9, respectively. These
data indicate the preferred alignment of the easy magnetization axis along the out-of-plane direction, which agrees with
the result of Figure 1(c). It should be mentioned that the saturation magnetization (𝑀𝑠 ) of out-of-plane is larger than that
of in-plane as shown in Figure 3(a). This may be due to the
fact that 𝑀𝑠 of in-plane is not completely saturated under
the maximum applied field of 3 Tesla, which has been
reported in other publications about L10 -FePt films [24, 25].
The ZnO barrier layer, Fe free layer, and Pt protective layer
were deposited on the Pt/FePt film at room temperature to
prepare the L10 -FePt based sensor. The in-plane and out-ofplane magnetic hysteresis loops of Pt(4)/FePt(15)/ZnO(5)/
Fe(5)/Pt(3) multilayers are shown in Figure 3(b). There hardly
exists coupling between top Fe free layer and bottom FePt
reference layer for arising apparent kinks in it. The magnetization of multilayers reversal process (represented by arrows)
can be understood precisely in out-of-plane loop when external magnetic field is applied perpendicular to film plane. The
free layer is aligned perpendicular to reference layer when
external magnetic field hits zero (point O). When magnetic
field reached −7 kOe (or +7 kOe) (point A or B), the bottom
FePt would begin to reverse from the up (down) to down (up)
perpendicular to the films.
A typical MR curve of a nonpatterned sample is shown in
Figure 4, showing regular current-in-plane (CIP) MR effect
with an applied magnetic field out of the film plane. The
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Figure 3: In-plane and out-of-plane magnetic hysteresis loops. (a) The Pt(4)/L10 -FePt(15) bilayers. (b) The Pt(4)/L10 -FePt(15)/ZnO(5)/
Fe(5)/Pt(3) multilayers. The arrows show the magnetization reversal process of the Fe free layer (top blue) and FePt reference layer (bottom
red) in the out-of-plane loop in (b).

MR values are found to be 0.5% and 1.2% measured at room
temperature and 10 K, respectively. A double-peak feature at
the coercive fields can be observed in the curves, which is
in agreement with the magnetic hysteresis loop in Figure 3.
Here, the MR is defined as MR = [R(H) − R(max)]/R(max) ×
100%, where 𝑅(𝐻) and 𝑅(max) are the resistance at external
field 𝐻 and the maximum resistance, respectively. This value
is the typical magnitude of MR in L10 -FePt based multilayers
[14, 26, 27], because that ZnO cannot be perfectly grown on
L10 -FePt layer as shown Figure 3(a). Besides, we believe that
the MR value of the film may be higher due to the fact that the
MR curve is not saturated at 20 kOe, and the MR ratio might
obtain a higher value if a higher magnetic field was applied to
our sample.
The expected high field linear characteristic and nonhysteretic variation of the MR with highly reversibility is
obtained when the magnetic field varies between +5 kOe and
−5 kOe at room temperature as shown in Figure 4(c). The
sensitivity is 0.2%/T in the MTJ composed of Pt(4)/FePt(15)/
ZnO(5)/Fe(5)/Pt(3) multilayers. The magnetic configuration
and the resistance evolve with the field as shown in Figure 4(c). When the applied field is +5 kOe, the magnetization
direction of the L10 -FePt layer points out-of-plane and the
one of the Fe layer is not completely parallel to the magnetization of L10 -FePt layer (see point A in Figure 4(c)) due to
the fact that the magnetic loop and MR are not saturated at
5 kOe shown in Figures 3(b) and 4(a). At this point (point M),
the device has a smaller resistance. The value of resistance
increases linearly with decreasing magnetic field until the
field is reduced to zero at point O, where the magnetization
of the Fe layer is rotated to perpendicular to the one of L10 FePt layer. With the magnetic field increases in the reverse

direction, the resistance continues to increase until the magnetic field reaches −5 kOe at point N. It is important to note
that the magnetization of L10 -FePt layer is always invariant
throughout the process, which plays a key role in the MR
linear variation with the magnetic field.

4. Conclusion
In summary, linear MR in Pt/FePt/ZnO/Fe/Pt multilayer
magnetic sensor was investigated. In this design, perpendicular anisotropy L10 -FePt reference layer and in-plane
anisotropy Fe free layer separated by ZnO barrier layer are
perpendicular to each other. The L10 -FePt film with large
coercivity and high squareness ratio was obtained by in situ
substrate heating. The MR values of 0.5% and 1.2% were
obtained at room temperature and 10 K, respectively. Linear
MR response is observed in this sensor in a large range
between +5 kOe and −5 kOe at room temperature. This L10 FePt based linear MR is significant for high field linear
magnetic sensors.
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We investigated the effect of substrate misfit strain on the current-induced magnetization switching in magnetic tunnel junctions
by combining micromagnetic simulation with phase-field microelasticity theory. Our results indicate that the positive substrate
misfit strain can decrease the critical current density of magnetization switching by pushing the magnetization from out-of-plane
to in-plane directions, while the negative strain pushes the magnetization back to the out-of-plane directions. The magnetic domain
evolution is obtained to demonstrate the strain-assisted current-induced magnetization switching.

1. Introduction
Since Sun et al. [1] and Sun et al. [2] proposed the spin transfer
torque (STT) effects in the ferromagnetic materials, STT has
attracted great attention due to its potential applications of
magnetic devices in the past decades [3–8]. In STT effects,
angular momentums of the electrons may transfer to the
ferromagnetic magnetization. There are three major effects in
STT driven magnetization dynamics: (1) current-induced
magnetization switching [9–12], (2) current-driven magnetization oscillations [4, 13, 14], and (3) current-driven domain
wall motion [15–20]. The current-induced magnetization
switching is used in the application of magnetic random
access memory (MRAM), which has the advantage of large
storage density, high switching speed, low energy consumption, and avoidance of cross writing. The current-induced
magnetization switching also eliminates crosstalk between
neighboring cells during writing [21]. Furthermore, STTMRAM has practically unlimited endurance and requires
less energy and is faster than conventional magnetic field
control MRAM. However, the high critical switching current
density 𝐽𝑐 of STT-MRAM has to be reduced to achieve the
compatibility with the metal-oxide-semiconductor technology.
There are many attempts to reduce 𝐽𝑐 for magnetization
switching, for example, using CoFeB as the free layer to

reduce the saturation magnetization 𝑀𝑆 [22]; using a double
spin-filter structure [23] and an antiferromagnetic pinning
structure [24] or inserting a Ru spin scattering layer to
increase spin scattering [25]; using a composite free layer
consisting of two ferromagnetic layers with various coupling
types [26–28]; or using Heusler-based spin valve nanopillar
[29]. In magnetic thin films, the strain can be effectively
utilized to tune the magnetic domain structures [30–33]. For
example, the magnetization can be switched between an inplane and out-of-plane orientation under isotropic biaxial inplane strains [34, 35] or rotate within the film plane under
anisotropic biaxial in-plane strains [36]. Recently, Pertsev
and Kohlstedt [37] demonstrated that the critical current
density needed for 180∘ magnetization switching in the free
magnetic layer of a spin valve can be reduced drastically by
the assistance of substrate misfit strain based on the thermodynamic calculation. Thermodynamic calculation minimizes
the total free energy to obtain homogeneous magnetization distribution, but micromagnetic simulations provide
the microstructure evolution of magnetization switching.
The conventional micromagnetic simulations do not take
account of such elastic effect and thus cannot be employed
to investigate the assistance of substrate misfit strain in STT
induced magnetization switching.
In this paper, we combined the phase-field microelasticity
theory with micromagnetic simulations to illustrate misfit
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strain which causes the decrease of the critical current density
for magnetization switching. In particular, we investigated
STT induced 180∘ magnetization switching in CoFeB magnetic tunnel junctions based on the misfit strain induced 90∘
magnetization switching [38]. Firstly, we discussed our results
by using a hysteresis loop to show the decrease of critical
current density. Then, we discussed the effect of substrate
strain assistance in STT induced magnetization switching
by showing magnetization and magnetic domain evolutions.

Spin-polarized current

Fixed layer 16 nm
MgO 2 nm
z

Free layer 2 nm
y

x
FE

2. Model Description
As shown in Figure 1, we investigate the spin valve nanopillars
with the structure of CoFeB (2 nm)/MgO (2 nm)/CoFeB
(16 nm) of square cross-sectional area (80 × 80 nm2 ). A
Cartesian coordinate system is employed and the current
is along the 𝑧-axis. A thin MgO layer separates the two
CoFeB layers, and the bottom CoFeB layer is the free layer.
A spin-polarized current drives the magnetization dynamics
of free layer. The top CoFeB layer is the fixed layer with its
magnetization vector P along the positive 𝑧-axis. The initial
magnetization vector M of the layer is along the negative or
positive 𝑧-axis. The lateral length of the free layer of spin valve
is fully constrained by a stiff substrate. We generally define the
substrate strain 𝜀𝑖𝑖 (𝑖 = 1, 2). The positive current is defined
as electrons flowing from the fixed layer to the free layer. In
the bottom, a ferroelectric (FE) layer is used to adjust the
output strain. In this paper, the positive current will lead to
the parallel structure (P, “1”) while the negative current will
lead to the antiparallel structure (AP, “0”) according to STT
theory.
We use a generalized Landau-Lifshitz-Gilbert-Slonczewski (LLGS) equation to describe the magnetization dynamics
[39, 40],
𝛼𝛾
𝑑M
M × (M × Heff )
= −𝛾 M × Heff −
𝑑𝑡
𝑀𝑠
−

2𝜇𝐵 𝐽
𝑔 (M, P) M × (M × P)
(1 + 𝛼2 ) 𝑒𝑑𝑀𝑠3

+

2𝜇𝐵 𝛼𝐽
𝑔 (M, P) (M × P) ,
(1 + 𝛼2 ) 𝑒𝑑𝑀𝑠2

(1)

where the first term represents the precession torque and the
second term represents the Gilbert damping torque. Heff is
the effective field, 𝛾 = 𝛾/(1 + 𝛼2 ), 𝛾 is the electron gyromagnetic ratio, and 𝛼 is the dimensionless damping parameter. The effective field includes the anisotropy field, the
demagnetization field, the external field, the elastic field, and
the exchange field; namely, Heff = H𝑘 +H𝑑 +Hext +Helas +Hex ,
given as

V

Figure 1: Schematic structure of CoFeB (2 nm)/MgO (2 nm)/CoFeB
(16 nm) magnetic tunnel junction spin valve.

where 𝐸 is the total energy, expressed by 𝐸 = 𝐸𝑘 + 𝐸𝑑 +
𝐸ext + 𝐸elas + 𝐸ex , where 𝐸𝑘 , 𝐸𝑑 , 𝐸ext , 𝐸elas , and 𝐸ex are
anisotropy energy (including magnetocrystalline and shape
anisotropies) [41], demagnetization energy, Zeeman energy,
elastic energy, and exchange energy, respectively. The details
for obtaining 𝐸𝑘 , 𝐸𝑑 , 𝐸ext , 𝐸ex , and 𝐸elas can be found in
our previous papers [41–43]. The last two terms on the right
side of (1) describe STT that tends to drag the magnetization
away from its initial state to its final state. The scalar function
is given by [39, 40], 𝑔(M, P) = [−4 + (1 + 𝜂)3 (3 + M ⋅
P/𝑀𝑠2 )/4𝜂3/2 ]−1 , where 𝜂 is the spin polarization constant,
M and P are the magnetization of free and fixed layers in
Figure 1, and the angle between M and P is 𝜃. M ⋅ P/𝑀𝑠2 =
cos 𝜃. HSTT is the corresponding effective field given by
HSTT = 2𝜇𝐵 𝐽𝑔(M, P)M × P/(𝛾𝑒𝑑𝑀𝑠3 ), where 𝜇𝐵 , 𝐽, 𝑑, 𝑒,
and 𝑀𝑠 are the Bohr magneton, current density, thickness of
the free layer, electron charge, and saturation magnetization,
respectively.
The magnetic parameters employed in the simulations are
as follows: saturation magnetization 𝑀𝑠 = 9.549 × 105 A/m
[44, 45], Gilbert damping parameter 𝛼 = 0.00439 [46],
spin polarization factor 𝜂 = 0.5 [47], magnetic anisotropy
constants 𝐾1 = 1.2 × 104 J/m3 and 𝐾2 = 0 [37], elastic
constants 𝑐11 = 2.57 × 1011 Nm−2 , 𝑐12 = 1.62 × 1011 Nm−2 ,
and 𝑐44 = 1.05 × 1011 Nm−2 [37], and magnetostrictive
constants 𝜆 100 = 139 ppm and 𝜆 111 = 22 ppm [44, 45].
We investigated the influence of normal substrate strains
𝜀11 and 𝜀22 on the magnetization state by assuming a zero
shear strain. The dynamics of magnetization was investigated
by numerically solving the time-dependent LLGS equation
using the Gauss-Seidel projection method and the semiimplicit Fourier spectral method [48–53]. The samples were
discretized in computational cells of 2 × 2 × 2 nm3 .

3. Results and Discussions
Heff = −

1 𝛿𝐸
,
𝜇0 𝛿M

(2)

Figure 2 shows the hysteresis loops with the substrate misfit
strains (𝜀11 = 𝜀22 = 0 and 0.5%). Without the applied
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Figure 2: Hysteresis loops of magnetization versus current density
with strain and without strain.
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Figure 3: Time evolution of magnetization components ⟨𝑚𝑧 ⟩ with
different current densities and substrate misfit strains.

strain, there is a square hysteresis loop of magnetization
versus current density (𝑀-𝐽) curve. The critical current
densities are 2.1 × 1011 A/m2 from AP to P and −3.7 ×
1011 A/m2 from P to AP. At the biaxial strain 0.5%, we
observe the decrease of critical current densities for magnetization switching (red hysteresis loop). The critical current
densities are 1.3 × 1011 A/m2 from AP to P and −2.7 ×
1011 A/m2 from P to AP. The positive substrate misfit strain
reduces the critical current densities by pushing the magnetization from the out-of-plane to the in-plane directions.
Therefore, the substrate misfit strain can be used effectively in assisting the STT induced magnetization switching.
Figure 3 shows the evolution of magnetization components ⟨𝑚𝑧 ⟩ with different current densities and substrate
misfit strains. For the black line, the magnetization is along
the initial −𝑧-axis and keeps the AP structure without the
applied current and strain. The red and pink lines represent
the magnetization switching from AP to P and P to AP at the
current densities of 1.0 × 1012 A/m2 and −1.0 × 1012 A/m2 .
Since the applied current densities are large enough to
overcome the barrier, the magnetization will switch from AP
to P or P to AP at the negative or positive current densities. We
take the magnetization switching from AP to P, for example,
to show the effect of misfit strain. If the biaxial positive
strain 𝜀11 = 𝜀22 = 0.5% is applied, the magnetization
switching (cyan line) is faster than that without strain (red
line). However, the biaxial negative strain 𝜀11 = 𝜀22 =
−0.5% will prolong the time of the magnetization switching
(blue line). The mechanism of the phenomenon resulted from
the fact that the positive strain will drag the magnetization
along the in-plane direction, while the negative strain will
push the magnetization back to the out-of-plane direction.

We can use the magnetic domain evolution to elucidate
the effect of misfit strain. As shown in Figure 4, we show
the corresponding magnetization distributions at the current
density 1.0 × 1012 A/m2 under different applied strains. Three
rows correspond to the magnetization switching of red (zero
strain), cyan (0.5%), and blue (−0.5%) lines in Figure 3. The
colors represent different domain area: purple is −𝑧, red is
+𝑧, and other colors are domain wall area. We observed
that the magnetization was switched from the initial −𝑧-axis
to the final +𝑧-axis due to the large current density input.
This multidomain evolution process resulted from the large
current input energy. In the first row, the initial magnetization
was along −𝑧-axis. Without the strain, the magnetization
switching process started from the outer to the inner of
the free layer. However, the magnetization switching process
started from the inner to the outer of the free layer in the
negative strain. For the positive strain, we can observe that
the nucleation starts from the center and diffuses to the
edges.

4. Conclusions
In conclusion, we investigated the strain-assisted STT induced magnetization switching in CoFeB-based magnetic
tunnel junctions by combining phase-field method with
micromagnetic simulations. We proposed an effective method of using strain-assisted STT induced magnetization
switching instead of using an external magnetic field. Since
the tensile biaxial substrate misfit strains drag the magnetization into the in-plane directions, the critical current density
and switching time are decreased significantly.
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Figure 4: Magnetic domain evolutions with different misfit substrate strains during the magnetization switching.
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