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Spin valve devices, consisting of a free magnetic layer, a spacer layer, and a pinned magnetic

layer, are widely used in magnetic sensors and nonvolatile magnetic memories. However, even a

slight bending deformation can affect the magnetization direction of the free magnetic layer, which

will change the magnetoresistance signal of the devices. Therefore, it is a challenge to develop a

flexible spin valve device with controllable performance. Here, an enhanced stress-invariance of

the magnetization direction in amorphous CoFeB magnetic films on flexible polyimide substrates is

achieved. The uniaxial anisotropy is induced by growing on the bent substrate under a magnetic

field, which aligns more magnetic domains with easy axes along the direction perpendicular to the

subsequently applied stress. Theoretical calculations indicate that pre-induced anisotropy with an

easy axis perpendicular to the applied stress effectively resists the change in the magnetization

direction during bending. These results are of importance for realizing better performance of flexi-

ble spin valve devices and the development of flexible spintronics. Published by AIP Publishing.
[http://dx.doi.org/10.1063/1.4990571]

Flexible electronics has emerged as one of the most rap-

idly developing technologies owing to the advantages in proc-

essing cost and mechanical stretchability over conventional

silicon-based counterparts.1,2 It has driven the developments

of many devices such as flexible transistors,3 capacitors,4

implantable medical devices,5 and even magnetoresistive sen-

sors.6–9 Spin valve (SV) devices, consisting of a free magnetic

layer, a spacer layer, and a pinned magnetic layer, are broadly

applied in magnetic sensors and nonvolatile magnetic memo-

ries.10 They are based on the giant magnetoresistance (GMR)

effect or the tunneling magnetoresistance (TMR) effect,11,12

which are dependent on the relative magnetization direction

between the free and pinned magnetic layers. CoFeB films

have been used widely as the sensing layers in TMR based

SV devices because of their high spin polarization.13,14

However, the magnetic anisotropy of CoFeB can be changed

by applied stress on the flexible substrates due to inverse mag-

netostrictive effects and magnetoelastic coupling effects,15,16

resulting in changes in the magnetoresistance signal of the SV

devices. For example, Fig. 1(a) shows the magnetization

directions of the free and pinned magnetic layers in the

low resistance state of a SV. The magnetization of the free

layer will rotate during bending due to the stress-induced

change in the easy axis of magnetic anisotropy15,16 [Fig. 1(b)].

Increasing the bending beyond the limit of the antiferromag-

netic pinning effect will change the magnetization direction of

the pinned layer, as shown in Fig. 1(c). Since the magnetic

anisotropy of the free layer is uniaxial, its magnetic moments

may not return to the original direction after the bending [Fig.

1(d)]. As a result, the original low resistance state will be

destroyed. It is very important to develop a method to prepare

the magnetic films, so as to make their magnetic easy axis

insensitive to the applied stress during bending.

In this work, we design a method to fabricate flexible mag-

netic films by dc magnetron sputtering as shown in Fig. 2(a). A

magnetic field is applied perpendicular to the bending direc-

tion during deposition. After deposition, the film is released

from the convex mold, flattened to a plane [Fig. 2(b)], and

subjected to a compressive strain due to the rigid clamping

at the substrate interface.17,18 Both substrate bending and

applied magnetic field are used to enhance the anisotropy of

magnetic layers in the present work.17–19 The easy axis of

prepared CoFeB films in various states is shown in Figs.

2(c)–2(e). Figure 2(f) schematically represents the magnitude

of the magnetic anisotropy from magnetic-field-induced and

stress-induced anisotropy in different states. The magnetic

anisotropy induced by stress will decrease (increase) under

tensile (compressive) strain,15 while that induced by the mag-

netic field is nearly constant. Thus, the easy axis of the film is

unchanged under various strains, that is, the magnetization

direction of films is insensitive to subsequently applied stress

and can be used for flexible SV devices. We test this promise

in what follows.

70 nm thick amorphous CoFeB films were fabricated on

Polyimide (PI) substrates at room temperature by dc magne-

tron sputtering.15,16 The base pressure of the sputtering
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chamber is better than 1.0� 10�7 Torr. Before being placed

into the sputtering chamber, the PI substrates were cleaned

ultrasonically in ethanol for 15 min and then dried with nitro-

gen gas. The substrates were fixed on molds using double-

sided tape with certain curvatures represented by the mold

radii. A couple of permanent magnets placed on both sides

of the mold provided an uniform magnetic field of 1200 Oe

during the film deposition to induce an extra magnetic

anisotropy, as schematically illustrated in Fig. 2(a). During

deposition, the Ar flow was kept at 39 sccm and the pressure

was set at 4.0� 10�3 Torr. The deposition power was kept at

50 W. The deposition rate was 1.2 nm/min. Prior to be taken

out from the chamber, a 3 nm Ta layer was deposited on the

CoFeB films to prevent oxidation. The angular dependent

hysteresis loops under different tensile and compressive

strains generated via outward and inward bending of the sim-

ple were measured using a vibrating sample magnetometer

(VSM, Lakeshore 7410) at room temperature. The film

thickness was measured using a surface profilometer (KLA

Tencor, Alpha-Step IQ).

Figure 3(a) shows the magnetic hysteresis loops of a

CoFeB film on a flexible PI substrate. The film was released

from the convex molds and flattened and measured with

magnetic fields along x and y directions, respectively. It is

clear that the film has an in-plane magnetic anisotropy.

Figure 3(b) shows the angular dependence of normalized

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

periodicity, showing a uniaxial anisotropy in the CoFeB

FIG. 1. (a) The simple diagram of the

ideal spin valve sketch. (b) and (c) The

change in magnetization directions of

the free magnetic layer and pinned

magnetic layer during bending. (d) The

magnetization directions of the free

magnetic layer and pinned magnetic

layer after releasing from bending.

FIG. 2. (a) An illustrative drawing of

the experimental setup for sample fab-

rication during the depositing process,

and both bowed growth and magnetic

field are used to induce the anisotropy

of magnetic materials. (b) Diagram of

the flatten state of the magnetic film

after deposition. A compressive stress

is produced in the film when the sub-

strate is shaped from convex to flat.

The illustrative drawing of different

bending states of the magnetic film: (c)

flatten state and (d) convex and (e) con-

cave molds. The red arrow represents an

easy axis induced by stress, and the blue

arrow represents an easy axis induced by

the applied field. (f) Schematic drawing

of the magnitude of magnetic anisotropy

contributed from two terms (magnetic-

field-induced and stress-induced anisot-

ropy) in different strain states, which

corresponds to Figs. 2(c)–2(e).
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film. It shows that the easy axis is along the x direction and

the hard axis along the y direction. In order to study the stress

dependent magnetic anisotropy, we designed several molds

with different radii to apply various tensile or compressive

strains. Figures 3(c) and 3(d) show the hysteresis loops of

the CoFeB films under various strains, in which the flexible

substrates are bent along the hard axis (y direction). For all

the magnetization measurements, the applied magnetic field

is in the plane of the film and perpendicular to the bending

direction to make sure that the measured signals are from

in-plane magnetic moments. When the sample is subjected

to tensile strain, the square hysteresis loop is changed to a

slanted one, and the Mr/Ms decreases from 0.92 to 0.43 with

the increasing tensile strain. On the contrary, the shape of the

hysteresis loop remains unchanged, and Mr/Ms is almost con-

stant when the sample is under compressive strain.

For comparative analysis, a CoFeB thin film prepared on

a flexible substrate without any external factors to induce

magnetic anisotropy was also subjected to bending tests. The

Mr/Ms values of samples prepared in different strain states are

summarized in Fig. 4. It shows that the normalized Mr/Ms of

the film prepared without pre-induced magnetic anisotropy

changes sharply from 0.77 to 0.14 under subsequent tensile

strain. In contrast, Mr/Ms along the easy axis only changes

from 0.92 to 0.43 for the film with pre-induced magnetic

anisotropy, that is, the magnetic easy axis is more resistant to

a change in the film with pre-induced magnetic anisotropy.

To gain further insights into the enhanced stress-

invariance of the magnetization direction when extra mag-

netic anisotropy is induced during deposition, theoretical

analysis is conducted. We perform simulations based on the

modified Stoner-Wohlfarth model.20 The total free energy E
of the amorphous CoFeB film we designed can be written

as E ¼ KU sin2hþ Kr sin2 u� hð Þ � HMcos hH � hð Þ, where

KU is the initial uniaxial magnetic anisotropy (the magnetic

anisotropy in the flatten state), Kr is the uniaxial magnetic

anisotropy induced by applied stress, and u is the angle

between the easy axes of the initial anisotropy and that

induced by the applied stress. h and hH are the angles

between the magnetization and the measured magnetic field

with the easy axis of the initial uniaxial anisotropy KU,

respectively. The uniaxial magnetic anisotropy induced by

stress can be calculated by Kr ¼ �3eksEf =2ð1� �2Þ, where

Ef is the Young’s modulus of the CoFeB film (�162 GPa),21

� is the Poisson ratio of the CoFeB film (�0.3),22 ks is the

magnetostriction constant of the amorphous CoFeB film

(�35 ppm),21 and e is the applied strain. The applied strain

can be calculated by e ¼ ðhþ tÞ=ð2r þ hþ tÞ, h is the thick-

ness of the film, t is the thickness of the substrate, and r is

the bending radius. For the CoFeB film deposited with sub-

strate bending and magnetic field, the Mr/Ms of the hysteresis

loop is less (more) than one (zero) along the easy (hard) axis

[Fig. 3(a)], which indicates that the easy axes of CoFeB mag-

netic domains do not strictly orient in one direction but have

a distribution along its average direction [Fig. 5(a)]. The

easy axis of each domain will be modulated by the applied

FIG. 3. (a) Hysteresis loops of 70 nm

CoFeB along x and y directions. (b)

Angular dependence of normalized Mr/

Ms of the 70 nm CoFeB film. (c) and (d)

Hysteresis loops of the 70 nm CoFeB

films in different strain states: (c) tensile

strains and (d) compressive strains.

FIG. 4. The strain dependence of normalized Mr/Ms for bending CoFeB

films with and without pre-induced magnetic anisotropy, respectively.
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stress, which can be expressed by the normalized stress

induced anisotropy k defined as k¼Kr/KU. For example,

considering a magnetic domain with its easy axis of the uni-

axial anisotropy, KU, perpendicular to the easy axis of the

stress-induced anisotropy, Kr (u ¼ 90�Þ, if a smaller stress is

applied, its energy will increase, but the magnetization orien-

tation remains the same, as shown in Fig. 5(b). A sudden

change in the magnetization direction will appear when k is

beyond a critical value, along with the change in the magne-

tization direction. If the angle between the applied stress and

the easy axis of KU is less than 90�, such as u ¼ 60�, the

easy axis will gradually shift with increasing stress, and no

critical value of k will be exhibited, i.e., the magnetization

varies continuously [Fig. 5(c)]. Based on these results, we

simulated the Mr/Ms of films prepared with and without pre-

induced magnetic anisotropy in different strain states, con-

sidering that the easy axis of the magnetic domains follow

a distribution function of f uð Þ ¼ cosnðu�WÞ.20 Here, W
stands for the average easy axes of all the magnetic domains,

and n is the factor describing the dispersion of the easy axis

distribution. In general, for a given value of W, a larger n
will give a narrower distribution of the easy axis. When

the stress is gradually increased, n will increase gradually

and W is close to 0� (i.e., the positive x axis), which means

that more and more magnetic domains rotate their easy

axes to the direction of the stress-induced anisotropy. By

adjusting the values of W and n according to the stress,

Mr/Ms can be calculated by the following formula: Mr
Ms

¼
Ð p=2

0
cosðuÞfðuÞsinudu
Ð p=2

0
fðuÞsinudu

.20 We found that the behavior of the cal-

culated Mr/Ms is basically identical to the experimental

results, as shown in Fig. 4. Therefore, magnetic films pre-

pared with substrate bending and magnetic field contain

more magnetic domains with easy axes along the direction

perpendicular to the subsequently applied tensile stress. As a

result, they can effectively resist the change in the magneti-

zation direction under applied stress subsequently.

In summary, we have designed a method to fabricate

amorphous CoFeB films on flexible substrates by magnetron

sputtering, in which the substrates are fixed on convex

molds, and a magnetic field is applied during the film

growth. Both the applied stress and magnetic field induce

magnetic anisotropy in the thin films. The Mr/Ms of the

resulting thin films changes more slowly than that of the

films without a pre-induced magnetic anisotropy under sub-

sequent bending tests. Our study suggests that the film we

designed can bear the applied stress within the bending

radius of deposition without degradation of the key proper-

ties of SV devices. These results are of importance for better

performance of flexible SV devices.
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