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The magneto-mechanical coupling effect of amorphous Co40Fe40B20 (CoFeB) films (10-200 nm)

on flexible polyethylene terephthalate substrates were investigated in detail. The normalized rema-

nent magnetization (Mr/Ms) of CoFeB films changes significantly (up to 62%) under small tensile

or compressive strain. Moreover, the thickness dependence of the magneto-mechanical coupling

effect for the flexible CoFeB films was demonstrated. These results provide important information

for the development of CoFeB-based magnetic tunnel junction used in flexible spintronic devices.
VC 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4895628]

In spintronic devices such as magnetoresistive random

access memories (MRAMs), information is stored by the

direction of magnetization, which is controlled either by

external magnetic fields or by spin polarized current.1,2

Ferromagnetic materials with high spin polarization are pre-

ferred for spin-dependent transport in these devices.

Co40Fe40B20 possesses the highest spin polarization among

the amorphous ferromagnetic Co-Fe-B alloys, and has shown

very large tunneling magnetoresistance (TMR) in magnetic

tunnel junctions (MTJ).3–7 Spin polarized current flowing

through an MTJ element will exert a spin torque to the mag-

netic moment in the free layer which can switch the magnet-

ization if the current exceeds a threshold value.8,9 The

magnitude of threshold current depends on the free layer

magnetization, film thickness, effective magnetic damping

factor, and especially, the anisotropy field.10–12

Recently, flexible devices on plastic substrates have

shown promise in applications including disposable electron-

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

tronics, and sensors.13–16 For a magnetic material grown on

flexible substrates, the substrate deformation will induce a ten-

sile or compressive strain to the magnetic layer, which may

change its anisotropy field.17–20 Therefore, it is of vital impor-

tance to investigate the anisotropy field of CoFeB films under

the influence of strain for the application of MTJ in flexible

spintronic devices. So far, only few studies have reported the

strain dependence of magnetic properties of CoFeB films.21,22

In this work, we systematically study the strain-dependent

magnetic anisotropy of amorphous CoFeB films grown on

flexible polyethylene terephthalate (PET) substrates. It is

observed that normalized remanent magnetization Mr/Ms of

CoFeB films changes significantly (up to 62%) under a small

tensile or compressive strain (less than 1%), and its magneto-

mechanical coupling strength depends on the film thickness.

These findings are of great importance for the development of

flexible spintronic devices.

CoFeB thin films ranging from 10 to 200 nm were

grown on PET (�200 lm) and Si substrates by dc magnetron

sputtering at room temperature (RT). Before the deposition,

the substrates were cleaned ultrasonically in ethanol, and

then dried with argon gas. The base pressure of the sputter-

ing chamber was below 7.5 � 10�5 Pa. During deposition,

the argon flow was kept at 10 sccm and the pressure was set

at 0.5 Pa. The deposition power and the distance between the

target and the substrate were kept at 35 W and 50 mm,

respectively. A thin Ta layer (�6 nm) was deposited to pre-

vent the oxidation of CoFeB thin films.

Crystalline phases were analyzed using X-ray diffraction

(XRD) with Cu-Ka radiation (k¼ 0.1541 nm). The film thick-

ness was measured using a surface profilometer (KLA

Tencor, Alpha-Step IQ) and cross-sectional field emission

scanning electron microscopy (SEM, Hitachi, S-4800). The

surface morphology of the films was characterized by atomic

force microscopy (AFM) using Vecoo Dimension 3100 V.

The angular dependence of hysteresis loops under different

tensile and compressive strains generated via outward and

inward bending of the samples were measured using vibrating

sample magnetometer (VSM, Lakeshore 7410) at RT. The

sample fixing processes on the molds are as following. First,

the molds with different radii of curvature were designed to

quantitative analysis of the effect of stress. The surface of

molds is kept smooth and clean to make the consistency

of stress. Second, the samples are fixed on the molds by

double-sided tape. Finally, the samples were further fixed by

nonmagnetic tape on the molds to keep the strain being fully

transferred to the CoFeB films.

Figure 1(a) shows the XRD patterns of the as-deposited

CoFeB films on PET with different thicknesses. It is clear
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that the as-deposited CoFeB films are in the amorphous state.

After being annealed at 500 �C, a distinct peak appears at

2h¼ 43.3� for CoFeB on Si substrate indicating the onset of

crystallization [inset of Fig. 1(a)].23,24 The amorphous CoFeB

films with different thicknesses also have similar morphology

characteristics. The topography of 70 nm CoFeB film shows

that the thin film has a relative smooth surface with a small

root mean square roughness (Rq� 2 nm) [Fig. 1(b)]. Figure

1(c) shows the magnetic hysteresis loops of 70 nm CoFeB

film on PET substrate with magnetic field H parallel and per-

pendicular to the plane of film at RT. It is clear that the

CoFeB film has an in-plane easy axis. In order to check the

in-plane anisotropy, angular dependence of the magnetic hys-

teresis loop was measured at RT. Figure 1(d) shows the angu-

lar dependence of Mr/Ms and coercivity (Hc), which oscillate

with 180� periodicity showing a uniaxial magnetic anisot-

ropy. In contrast, the anisotropy of the reference samples

grown on oxidized Si substrates is very weak (not shown).

Therefore, we suggest that the uniaxial anisotropy of the

CoFeB films on PET is due to the residual stress caused by

the inevitable deformation of PET substrates during sample

preparation. Due to both mechanical interlocking and chemi-

cal bonding between the CoFeB film and the PET substrate,

the strain could be effectively transferred from the flexible

substrates to the films.18,25,26

In order to study the strain-dependent magnetic anisot-

ropy of amorphous CoFeB films systematically, we designed

several molds with different radius to apply various tensile

or compressive strains by pasting the flexible samples on the

molds [Figs. 2(a) and 2(b)]. The strain on the flexible sub-

strate using the molds can be fully transferred to the CoFeB

films as the thickness of film (10–200 nm) is much smaller

than that of substrate (200 lm). The applied strain/stress on

amorphous CoFeB films is calculated as follows:18,27

eC ¼ t=ð2R� tÞ; (1)

eT ¼ t=ð2Rþ tÞ; (2)

r ¼ e� Ef =ð1� v2Þ; (3)

where eC and eT are the tensile and compressive strains, R is

the radius of the substrate, t is the thickness of the sample

including the film thickness, Ef is the Young’s modulus

(Ef ¼ 160 GPa for CoFeB), v is the Poisson ratio, and r is the

stress.27,28 Equations (1) and (2) describe the compressive

and tensile strains of the amorphous CoFeB films under

inward and outward bending, respectively. Eq. (3) is the

Hooke’s law to describe the strain-stress relationship in two-

dimensional thin films.27 Consider the CoFeB film adhering

to the substrate subjected to the tensile strain, the transverse

compressive stress (ry) of the film is determined by the dif-

ferent transverse strains between film and substrate due to the

difference of their Poisson ratio, which can be calculated by29

ry ¼ Ef � ½�vsubstratte � esubstrate
x þ vCoFeB � eCoFeB

x �: (4)

vsubstrate and vCoFeB are Poisson ratios of PET (0.4) and

CoFeB (0.3), respectively.27,30 Assuming that the strain is

fully transferred from PET to CoFeB, the strain of substrate

is equal to that of film (esubstrate
x ¼ eCoFeB

x ). The ratio between

transverse and longitudinal stress (rx) in the CoFeB film is

j ry

rx
j ¼ j Ef�½�vsubstratte�esubstrate

x þvCoFeB�eCoFeB
x �

eCoFeB
x �Ef =ð1�v2

CoFeB
Þ j ¼ 0:091, which indi-

cates that the stress in the CoFeB film is almost uniaxial and

along the direction of longitudinal tensile strain. From the

same analyses, we can also deduce the compressive stress

applied in the present case is almost uniaxial.

Figure 2(c)–2(f) show the hysteresis loops of the 70 nm

CoFeB film under various strains by slightly bending the

FIG. 1. (a) XRD patterns of the as-

deposited CoFeB films on PET with

different thicknesses. Inset: XRD pat-

terns of the as-deposited and annealed

CoFeB on Si. The characteristics for

CoFeB (70 nm)/PET: (b) topography,

(c) M-H hysteresis loops, (d) angular

dependence of normalized Mr/Ms

and Hc.
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substrates along the easy or hard axes. The strains are

applied from 0% to 1.0% with an increment of 0.2% by

changing the radius of the molds. The surface morphology of

the CoFeB film was examined using metallographic micro-

scope and AFM under various strains (not shown). There is

no crack in films for the strain applied less than 1.0%.

However, if the strain increases to 2.0%, many cracks appear

in the CoFeB film. Here, the maximum applied strain is

1.0% to assure that the tensile or compressive strains are

fully transferred to CoFeB film. For all the magnetization

measurements, the applied magnetic field is in-plane and

perpendicular to the bending direction to make sure that the

measured signals are from in-plane magnetic moments [Figs.

2(a) and 2(b)]. When the tensile (compressive) strain is

applied, the Mr/Ms in the perpendicular direction decreases

(increases) [Figure 2(c)–2(f)], which indicates that the ani-

sotropy field of CoFeB can be changed by strain.

The strain dependence of the Mr/Ms and Hc for CoFeB

on PET substrate is summarized in Fig. 3. Both of them can

be tuned continuously under strains along easy or hard axis.

For strain applied along hard (easy) axis, the Mr/Ms is

changed from 0.88 (0.82) to 0.52 (0.16) between maximum

tensile and compressive strains, which corresponds to �29%

(62%) variation. Moreover, the Hc also changes continuously

under strains. Under our measurement configurations, the

tensile strain leads to a decrease of Mr/Ms, while the com-

pressive strain increases this value. The effect of a tensile

strain applied along the easy axis is equivalent to that of a

compressive strain along the hard axis, and vice versa. Our

results suggest that easy (hard) axis of the CoFeB film can be

tuned to hard (easy) axis under a tensile (compressive) strain

applied along the hard (easy) axis or a compressive (tensile)

strain along the easy (hard) axis. That is, the anisotropy fields

of CoFeB films depend strongly on the applied strain through

a magneto-mechanical coupling effect.

In addition, the CoFeB thickness (10–200 nm) depend-

ence of magneto-mechanical coupling effect was also investi-

gated in detail. Figure 4(a) and 4(b) show the hysteresis loops

of 10 and 200 nm CoFeB films on PET at RT, respectively.

FIG. 2. The molds designed for apply-

ing strains: (a) tensile strain (b) com-

pressive strain. Hysteresis loops of

CoFeB (70 nm)/PET obtained under

various external strains: (b) tensile

strain, (c) compressive strain applied

along the hard axis; (e) tensile strain,

(f) compressive strain applied along

the easy axis.

FIG. 3. The strains dependence of normalized Mr/Ms and Hc for strains

applied along the easy and hard axes, respectively.
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The easy axes of both samples lie in the plane of film.

Moreover, the residual stress-induced uniaxial anisotropy

decreases with increasing thickness [inset of Figs 4(a) and

4(b)]. Figures 4(c)–4(f) show the strain-dependent magnetic

anisotropy of 10 and 200 nm CoFeB. Similar mechanically

tunable magnetic properties were observed in the 10 nm

CoFeB film [Figs. 4(c) and 4(e)]. However, the magneto-

mechanical coupling became very weak for the 200 nm sam-

ple. The Mr/Ms dependence of strain in amorphous CoFeB on

PET with different thickness is shown in Fig. 5. The results

show a critical thickness� 150 nm, below which anisotropy

field of CoFeB film is strongly dependent on the applied

strain. The possible reasons could be as follows: On the one

hand, the strain transmission from substrate to thicker CoFeB

film will decrease since the Young’s modulus difference

between CoFeB and PET substrate, which may contributes to

its insensitivity for stress;31 On the other hand, the formation

of columnar crystals was observed by cross-section SEM

image [inset of Fig. 4(b)]. The column of columnar crystals is

insensitive to stress under various mechanical strains, inward

or outward bending of the films, because of the reduction of

the pressed area of column by comparison with the granular

films.32,33 Furthermore, the grain boundaries of columnar

crystals may migrate under the drive of stress without

FIG. 4. Hysteresis loops for CoFeB/

PET with different thickness: (a)

10 nm, (b) 200 nm. Inset: the angular

dependence of normalized Mr/Ms and

the cross-sectional SEM image of

200 nm CoFeB on Si. Hysteresis loops

for CoFeB/PET with different thick-

ness under various external strains

along the hard axis: (c) compressive

strain for 10 nm, (c) compressive strain

for 200 nm, (e) tensile strain for 10 nm,

(f) tensile strain for 200 nm.

FIG. 5. The strain dependence of Mr/

Ms for CoFeB on PET with different

thickness.
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changes of the distribution of magnetic moment, which could

lead to the reduction of the effect of stress on magnetic

properties.33–36

In summary, we fabricated amorphous CoFeB films on

flexible PET substrates by dc-sputtering. The magneto-

mechanical coupling effect is studied under various com-

pressive or tensile strains generated by the inward or outward

bending of the films. The Mr/Ms ratio and coercivities are

tuned by strains applied along the easy or hard axis of the

CoFeB films, and the results indicate that the easy axis can

be changed to hard axis and vice versa. Furthermore, thick-

ness dependent study reveals a critical thickness of 150 nm,

above which the strain effect is much weaker. Our study sug-

gests that we can tune the anisotropy field of CoFeB film by

strain, thus controlling the threshold current in magnetic tun-

nel junctions such as CoFeB-MgO-CoFeB. The findings are

of importance for realizing better performance in MRAMs

and for development of flexible spintronics.
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