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Flexible magnetic devices are one of the indispensable flexible devices. However, the deformation

of the magnetic devices will change the magnetic anisotropy of magnetic materials due to

magnetoelastic anisotropy, which will decrease the performance of the devices. Therefore, it is

essential to determine the stress-coefficient of magnetoelastic anisotropy in magnetic materials.

Here, the magnetic anisotropy constants of an amorphous CoFeB film on a flexible polyvinylidene

fluoride (PVDF) substrate in different stress states were quantitatively investigated by anisotropic

magnetoresistance (AMR). The enhanced magnetic anisotropy of the CoFeB film at reduced tem-

perature is due to magnetoelastic anisotropy induced by anisotropic thermal expansion of the

PVDF substrate. Through fitting the AMR curves under variant fields in different stress states,

the stress-coefficient of magnetoelastic anisotropy in the amorphous CoFeB film is obtained to be

170.7� 103 erg cm�3 GPa�1. Published by AIP Publishing. https://doi.org/10.1063/1.4999493

Recently, flexible devices on plastic substrates have

shown promise in applications including disposable electron-

ics, smart cards, light-emitting diodes, signage, wearable

electronics, and sensors.1–4 As a necessary part of flexible

equipment, flexible magnetic devices have attracted wide

attention.5 A kind of important magnetic device is based on

the giant magnetoresistance (GMR) effect or tunneling mag-

netoresistance (TMR) effect,6,7 which is dependent on the

relative magnetization direction between two neighboring

ferromagnetic (FM) layers. Co40Fe40B20 (CoFeB) films have

been used widely for the FM layers in TMR based magnetic

devices because of a higher spin polarization.8,9 However,

the magnetic anisotropy of CoFeB can be tuned by applied

stress due to magnetoelastic anisotropy, which will change

the magnetization direction of FM layers.10–12 Thus, deter-

mination of the stress-coefficient of the magnetoelastic

anisotropy constant in magnetic thin films is crucially

important not only to the fundamental magnetism but also to

designing flexible magnetic devices. Up to date, various

methods, such as torque measurement,13 ferromagnetic reso-

nance,14 transverse biased initial inverse susceptibility and

torque measurements,15 rotational magneto-optic Kerr

effect,16 and magnetotransport measurements,17,18 have

been developed to determine the magnetic anisotropy con-

stant. Among them, anisotropic magnetoresistance (AMR)

measurements have been proven to be a simple and effective

probe to determine the anisotropy energies in magnetic

films.17,19,20

In this work, we determined the stress-coefficient of

magnetoelastic anisotropy in amorphous CoFeB films by

AMR. The amorphous CoFeB films were deposited on the

flexible polyvinylidene fluoride (PVDF) substrate, which has

an anisotropic thermal expansion. The stress on CoFeB films

was applied through changing the temperature of the sub-

strates. On the basis of AMR curves, the angle between the

magnetization and magnetic field can be obtained, and

hence, the normalized magnetic torque can be derived. The

magnetic anisotropy constant was precisely obtained by fit-

ting the normalized magnetic torque curves. Then, the stress-

coefficient of magnetoelastic anisotropy in the amorphous

CoFeB film was obtained by fitting the magnetic anisotropy

constants in different stress states.

Ta(2 nm)/CoFeB(40 nm)/Ta(4 nm) were deposited on

50 lm thick PVDF and Si substrates by dc magnetron sputter-

ing at room temperature. Before the deposition, the substrates

were cleaned ultrasonically in ethanol and then dried with

nitrogen gas. The base pressure of the sputtering chamber was

below 5� 10�8 Torr. During deposition, the Ar flow was kept

at 30 sccm and the pressure was set at 3.0� 10�3 Torr. The

deposition power was kept at 100 W. The deposition rate was

3.3 nm/min. Prior to taking out from the chamber, the 2 nm Ta

layer was deposited on CoFeB films to prevent oxidation. The

angular dependence of hysteresis loops at room temperature

was measured using a vibrating sample magnetometer (VSM,

Lakeshore 7410). The transmission electron microscope
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(TEM) was used to observe the microstructure of CoFeB

films. A quantum design superconducting quantum interfer-

ence device-vibrating sample magnetometer (SQUID-VSM)

was employed to measure the magnetic hysteresis loops for

the magnetic film in the temperature range of 250 to 300 K.

AMR was carried out using standard four-probe contacts in an

Oxford Instruments system equipped with a motorized sample

rotator, in which the magnetic field is up to 12 T and the tem-

perature can be changed from 2 to 400 K.

Figure 1(a) shows the cross-sectional TEM image of the

as-deposited CoFeB film on Si. CoFeB has an amorphous

structure, which can be observed from the corresponding fast

Fourier transform (FFT) image [inset of Fig. 1(a)]. In order

to check the in-plane anisotropy, the angular dependence of

the magnetic hysteresis loops for the CoFeB film on Si was

measured at 300 K by VSM. Figure 1(b) shows the angular

dependence of normalized remanent magnetization (Mr/Ms),

which oscillates with 180� periodicity showing a uniaxial

anisotropy with the easy axis along the y direction. The film

has a weak uniaxial anisotropy because of the stray field in

the process of film growth. In order to study the temperature

dependence of magnetic anisotropy in the amorphous CoFeB

film on Si, we measured the magnetic hysteresis loops along

the hard (x direction) and easy axes (y direction) at different

temperatures [Figs. 1(c) and 1(d)]. There is no obvious

change of hysteresis loops from 300 to 250 K, indicating that

the magnetic anisotropy of the amorphous CoFeB thin film

gives a negligible change during this temperature range.

In order to induce magnetoelastic anisotropy in the amor-

phous CoFeB film, we deposit the film on the PVDF sub-

strate, which has an anisotropic thermal expansion coefficient,

a31¼�13 ppm/K, and a32¼�145 ppm/K.21,22 The uniaxial

stress will be applied on CoFeB films by changing the temper-

ature of the PVDF substrate [Fig. 2(a)], We define x and y
directions along the edge of the substrate with thermal expan-

sion coefficients of a31 and a32, respectively. Figure 2(b)

shows the angular dependence of normalized remanent

magnetization (Mr/Ms), which oscillates with 180� periodic-

ity showing a uniaxial anisotropy with the easy axis along

the y direction. Figure 2(c) shows the in plane magnetic

hysteresis loops measured with H along the x direction. The

magnetic hysteresis loop becomes slanted as the tempera-

ture is decreased. On the other hand, the easy axis magnetic

hysteresis loop along the y direction becomes squarer [Fig.

2(d)]. These results are different from that observed in

amorphous CoFeB on the Si substrate [Figs. 1(c) and 1(d)],

indicating that enhanced magnetic anisotropy is due to mag-

netoelastic anisotropy induced by anisotropic thermal

expansion of the PVDF substrate.

To obtain the magnetic anisotropy constant of the amor-

phous CoFeB film, we carried out AMR measurements. The

AMR can be expressed as17,18,23,24

FIG. 1. (a) TEM image of the as-

deposited 40 nm CoFeB film on Si.

The inset is the FFT image of CoFeB.

(b) Angular dependence of normalized

Mr/Ms at room temperature; (c) and (d)

M-H hysteresis loops at different tem-

peratures along x and y directions,

respectively.

FIG. 2. (a) Schematic view of the stress applied on the amorphous CoFeB film

through the anisotropic thermal expansion of the PVDF substrate. (b) Angular

dependence of normalized Mr/Ms at room temperature. (c) and (d) M-H hystere-

sis loops at different temperatures for H along x and y directions, respectively.
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Rxx ¼ R? þ Rk � R?
� �

cos2hM; (1)

where hM is the angle between the magnetization (M) and

the current (I), and R// and R? are the resistances at hM¼ 0�

and hM¼ 90�, respectively. Figure 3(a) shows in-plane AMR

with different applied fields at 250 K with I along the y direc-

tion. The AMR curves show an oscillated behavior between

the maximum value R// and minimum value R?. However,

owing to the magnetic anisotropy, M is no longer kept along

with the H during rotation, i.e., hM 6¼ hH, hH is the angle

between the direction of magnetic field H and the direction

along the y axis [inset of Figs. 3(b) and 3(d)]. As a result,

the AMR curves do not follow the cos2 hHð Þ relationship.

Obviously, it can be expressed as

hM ¼ ar cos

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Rxx � R?
R== � R?

s0@
1
A: (2)

Figure 3(b) shows the correlation between hM and hH, which

is calculated using Eq. (2). Figures 3(c) and 3(d) show the

AMR curves and the correlation between hM and hH with I
along the x direction, respectively. The hM versus hH curves

have 90� phase difference between I along x and y directions.

At 250 K, the easy axis of magnetic anisotropy in the CoFeB

film is along the y direction due to a tensile stress applied

along this direction [Fig. 2(a)]. The magnetic moments tend

to distribute along the direction of the easy axis, resulting in

that the hM falls behind (pulls ahead) hH for I along the y (x)

direction at hH from 0� to 90�.
On the basis of the angle difference between hM and hH,

we can further calculate the magnetic torque

L hMð Þ ¼ l0MsH sin hH � hMð Þ; (3)

where l0 is the magnetic permittivity and Ms is the saturation

magnetization. In order to compare magnetic torques at dif-

ferent fields, the normalized magnetic torque

l hMð Þ ¼ L hMð Þ=l0MsH ¼ sin hH � hMð Þ: (4)

Figures 4(a) and 4(b) show the normalized magnetic torque

curves at different external fields for I along y and x direc-

tions, respectively. The normalized magnetic torque increases

when the applied magnetic field decreases. The torque curves

at high magnetic field of 5000 Oe show a smooth behavior,

implying that hysteresis is smaller than that obtained at the

low field.

For a uniaxial in-plane anisotropy of the CoFeB/PVDF

system, the energy per unit area can be expressed as

E ¼ KU sin2hM � l0MsH cos hH � hMð Þ; (5)

FIG. 3. (a) and (b) AMR curves and

angular dependence of the correlations

between hH and hM at 250 K for I
along the y direction. (c) and (d) AMR

curves and angular dependence of the

correlations between hH and hM at

250 K for I along the x direction.

FIG. 4. (a) and (b) Normalized mag-

netic torque curves at 250 K under dif-

ferent magnetic fields for I along the

y and x directions, respectively. The

solid lines denote fitting curves using

Eq. (6).
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where Ku is the magnetic anisotropy constant. In the equilib-

rium state, the torque acting on M due to H is equal in mag-

nitude to the torque due to the magnetic anisotropies of the

sample. According to Eq. (5), the normalized magnetic tor-

que can be written as

l hMð Þ ¼ sin hH � hMð Þ ¼ ½KU= l0MHð Þ�sin 2hMð Þ: (6)

By fitting the magnetic torque curve by Eq. (6), we obtain

the Ku of the CoFeB film on PVDF at 250 K to be ð2:25

60:06Þ � 102 erg=cm3 and ð2:2260:06Þ � 102 erg=cm3 for I
along y and x directions, respectively.

In order to obtain the stress-coefficient of magnetoelas-

tic anisotropy in the CoFeB film, we measured the AMR

curves and calculate the Ku of CoFeB in different stress

states. The stress is applied on the film through an aniso-

tropic thermal expansion of the PVDF substrate. The induced

stress (r) can be written as

r ¼ eEf= 1� �2ð Þ; (7)

where Ef is the Young’s modulus of the CoFeB film

(�162 GPa),25 � is the Poisson ratio of the CoFeB film

(�0.3),26 e is the strain, and e ¼ DTða32 � a31Þ. Figures 5(a)

and 5(b) show the typical normalized magnetic torque curves

l hMð Þ with 500 Oe in different stress states for I along y and

x directions, respectively. The torque curves clearly show

that the anisotropies are uniaxial anisotropy in different

stress states. The normalized magnetic torque increases with

the increase of applied stress. Figure 6 shows the magnetic

anisotropy constants in various stress states obtained by AMR

measurements with I along y and x directions, respectively.

The stress dependence of magnetic anisotropy constant has

the same tendency for two directions and a variation of stress

has a significant effect on the values of Ku. The magnetic

anisotropy constant is only about 27:765:8 erg=cm3 in the

initial state, while it gradually increases with the increasing

stress and eventually reaches ð2:2260:06Þ � 102 erg=cm3 at

1.175 GPa for I along the y direction. The same is for I along

the x direction, where the magnetic anisotropy constant

increases from initial 20:662:5 erg=cm3 to ð2:2560:06Þ
�102 erg=cm3 at 1.175 GPa. Since the magnetic anisotropy of

the amorphous CoFeB thin film on Si shows a negligible

change with temperature [Figs. 1(c) and 1(d)], the change of

magnetic anisotropy (DKu) of the CoFeB thin film on PVDF

comes from the change of magnetoelastic anisotropy (DKr).

The stress-coefficient of magnetoelastic anisotropy (DKr/Dr)

is deduced to be 164.4� 103 erg cm�3 GPa�1 and 176.9� 103

erg cm�3 GPa�1 for I along y and x directions, respectively

[Fig. 6]. Thus, the stress-coefficient of magnetoelastic anisot-

ropy in the amorphous CoFeB film is approximately

170.7� 103 erg cm�3 GPa�1 from averaging the similar value

obtained from two direction measurements.

In summary, we fabricated amorphous CoFeB films on

the flexible PVDF substrate by dc-sputtering. The magnetoe-

lastic anisotropy in the CoFeB film can be induced by chang-

ing the temperature of the PVDF substrate. The magnetic

anisotropy constants in different stress states were deter-

mined by AMR. The stress-coefficient of magnetoelastic

anisotropy in the CoFeB amorphous film is deduced to be

170.7� 103 erg cm�3 GPa�1. This result is useful for evalu-

ating the performance of magnetic devices under flexible

conditions and designing the flexible magnetic devices with

enhanced performance.
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FIG. 5. (a) and (b) Normalized mag-

netic torque curves in different stress

states under H ¼ 500 Oe for I along the

y and x directions, respectively. The

solid lines denote fitting curves using

Eq. (6).

FIG. 6. The magnetic anisotropy constant KU as a function of the applied

stress for I along the y and x directions, respectively. The dotted lines denote

the linear fitting curves.
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