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The magneto—mechanical coupling effect and magnetic anisotropy of Fe;gCogy (FeCo) films deposited on silicon
wafer (Si), flexible polyethylene terephthalate (PET), freestanding polydimethylsiloxane (PDMS), and pre-stretched 20%
PDMS substrates were studied in detail. The loop squareness ratio M; /M and the coercive H, of the FeCo film grown on
a PET substrate can be obviously tuned by applying a small tensile-bending strain, and those of the FeCo film grown on
a freestanding PDMS substrate can only be slightly changed when applying a relatively large tensile bending strain. For
the FeCo film prepared on a 20% pre-stretched PDMS, a wrinkled morphology is obtained after removing the pre-strain.
The wrinkled FeCo film can keep the magnetic properties unchanged when applying a relatively large tensile bending
strain perpendicular to the wrinkles. This reveals that PDMS is an ideal substrate for magnetic films to realize flexible
immutability. Our results may help for developing flexible magnetic devices.

Keywords: flexible substrates, FeCo films, magnetic anisotropy, magneto—mechanical coupling effect

PACS: 75.40.Cx, 75.70.Ak, 75.30.Gw, 75.75.Cd

1. Introduction

Magnetic thin films possess essentially different magnetic
properties compared with bulk counterparts, and have been
rapidly exploited for information processing and storage appli-
cation as magnetoelectronic components, especially the mag-
netic anisotropy of magnetic thin films has attracted much at-
tention. For instance, the magnetic anisotropy of magnetic
thin films applied in microwave devices is one of the most
critical decisive factors for ferromagnetic resonance frequency
on the basis of the Kittel equation.!’*) And in magnetic sen-
sors, the magnetic field sensitivity is determined by the mag-
netic anisotropy of the magnetic sensing layer.’! Obviously,
it is extremely vital to manipulate the magnetic anisotropy
in magnetic films. Normally, there are some technical meth-
ods to effectively tune the magnetic anisotropy of magnetic
films, such as oblique deposition,*®! annealing under mag-
netic field,!”! and exchange bias.!®! Recently, the magnetic
anisotropy could be changed by modifying the surface topog-
raphy of magnetic thin films.[*-'3! For example, Chen ef al.
employed ion beam etching to produce a rippled structure on
the surface of Co films, resulting in a significant uniaxial mag-
netic anisotropy.!!'* Ki ef al. used a thermal annealing method
to obtain a triangular wrinkled morphology on m-plane Al O3
substrate, and the NiFe thin films grown on the wave-like sur-
face exhibited a rather strong magnetic anisotropy.!!3]

DOI: 10.1088/1674-1056/abb22d

Since flexible electronic devices have been widely used in
wearable intelligent devices and related fields, the deposition
of magnetic films on flexible substrates to obtain flexible elec-
tronic devices becomes one of the most critical research fields,
which opens up new potential applications of flexible dis-
play screens, '] flexible microwave absorbing devices,[!”! and
flexible magnetic memory."3! Flexible substrates possess vari-
ous advantages, such as wear resistance, high bending degree,
low-cost, etc., which play a key role in many applications. Pre-
vious investigation revealed that substrate deformations can
transfer bending strains to magnetic layers when they are de-
posited onto flexible membranes. Thus, it is extremely vital to
investigate how magnetic properties of electronic devices are
adjusted with the deformation of flexible substrates.!!8] The
magnetic anisotropy of magnetic films sputtered on different
flexible substrates including polyimide (PI),!'”! polyethylene
terephthalate (PET),?”) and mical?*?! can be tuned by ap-
plying tensile bending strains, thereby affecting the perfor-
mance of the electronic device. Although this is a signifi-
cant property for tunable magnetic anisotropy applications, it
is still desirable for maintaining inherent magnetic properties
to take effective measures. Recently, Fe;gCogg (FeCo) alloy,
showing a sizable magnetostriction (A, ~ 60 x 107 for the
typical bulk), possessing a high spin polarization, and hav-
ing a large magnetic resistance ratio, has been usually cho-
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sen as the magnetic free layer in numerous applications of
spintronic devices.[?3 So far, there is no systematical research
on the magneto-mechanical coupling effect and uniaxial mag-
netic anisotropy of FeCo films deposited on different flexible
membranes. Here, the uniaxial magnetic anisotropy of FeCo
films deposited on Si, PET, and PDMS substrates were sys-
tematically investigated. Compared with the FeCo film on Si,
FeCo films on PET and PDMS membranes have the vast ad-
vantage in maintaining lossless properties under a small tensile
bending strain. The uniaxial magnetic anisotropy of the FeCo
film on the PET substrate can be effectively tuned by applying
a small tensile bending strain, while the magnetic properties
of the FeCo film on the freestanding PDMS substrate have
a slight change by applying a relatively large tensile bend-
ing strain. In contrast, the magnetic properties of the wrin-
kled FeCo film on the pre-stretched PDMS membrane remain
nearly constant with applying a relatively large tensile bend-
ing strain perpendicular to the wrinkles. These findings are
important for the development of flexible electronic devices.

2. Experiment

Using a radio frequency magnetron sputtering system
with a base pressure lower than 5.0x 10~* Pa, FeCo films with
a thickness of 40 nm were deposited on Si, PET, freestanding
PDMS, and 20% pre-stretched PDMS substrates, respectively.
Before introducing the substrates into the sputtering chamber,
they were cleaned ultrasonically in alcohol, and then dried
with argon gas. During deposition, the argon flow was main-
tained at 25.5 sccm and the pressure was adjusted to 2.1 Pa.
The deposition rate of the FeCo films was 4 nm/min. In or-
der to prevent FeCo atoms from entering the flexible polymer

substrate, a buffer layer of 6 nm Ta was firstly deposited on
the substrates. Prior to be taken out of the chamber, a 6 nm
Ta capping layer was deposited on the FeCo films to avoid
oxidation. The surface topography was measured by utiliz-
ing atomic force microscopy (AFM) in a non-contact scanning
mode. The magnetic hysteresis loops were collected by using
vibrating sample magnetometer (VSM, Lake Shore 7410). In
order to determine the coercivity with high precision, a step of
2.5 Oe was used to sweep the magnetic field close to the co-
ercive field of the FeCo films. All the characterizations were
performed at room temperature.

3. Result and discussion

Figures 1(a)-1(c) exhibit the three-dimensional (3D) to-
pography of bare Si, PET, and freestanding PDMS sub-
strates, while figures 1(d)-1(f) show the 3D morphology of
Ta/FeCo/Ta thin films prepared on the different substrates. The
Si, PET, and PDMS substrates possess pretty diverse root-
mean-square (RMS) roughnesses around 0.63 nm, 2.79 nm,
and 2.78 nm, respectively. After depositing metallic films, the
RMS roughnesses of Ta/FeCo/Ta on Si, PET, and PDMS sub-
strates become 1.08 nm, 3.50 nm, and 5.87 nm, respectively.
It can be seen that the influence of the substrate roughness
on the metallic films is extremely dominant. A closer exami-
nation of Figs. 1(d)-1(f) evidently indicates an obvious “sags
and crests” character for the films on the PET and PDMS sub-
strates but not for the film on the Si substrate, where the metal-
lic surface reveals a mass of deep ridges not uniformly leveled.
Therefore, the RMS roughness for the sample grown on the
freestanding PDMS membrane is the largest, while it is the
smallest for the film on the Si substrate.

(c)

Fig. 1. AFM images (10 x 10 pmz) of bare substrates of (a) rigid Si, (b) flexible PET, and (c) soft PDMS. AFM images (10 x 10 umz) of the
stacks of Ta(6 nm)/FeCo(40 nm)/Ta(6 nm) deposited on (d) Si, (e) PET, and (f) PDMS substrates.

In order to check the in-plane magnetic anisotropy of the
FeCo films deposited on different substrates, the magnetic hys-
teresis loops were measured at different field orientations 6.
As depicted in Figs. 2(a) and 2(b), the loop squareness ratio

M, /Mg and the coercivity H, of all samples oscillate with a
periodicity of 180°, showing a uniaxial magnetic anisotropy.
Figures 2(c)-2(e) exhibit the typical hysteresis loops along the
easy and hard axes of the FeCo films deposited on Si, PET,
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and PDMS substrates. For the measurements along the easy
axis, the coercivities of the FeCo films on Si, PET, and PDMS
substrates are 33 Oe, 38 Oe, and 40 Oe, respectively, while
the corresponding loop squareness ratios are 0.99, 0.97, and
0.83. For the measurements along the hard axis, the corre-
sponding coercivities are 24 Oe, 13 Oe, and 31 Oe, while the
loop squareness ratios are 0.24, 0.13, and 0.55. For the mea-
surement along the easy axis, H, for the FeCo film grown on
the freestanding PDMS nearly equals, within the measurement
error, to that of the FeCo film on the PET substrate, both of
them are greater than H, of the FeCo film on Si. This indicates
that the RMS roughness of different substrates can remark-
ably influence the coercive field of the FeCo films. The uni-
axial magnetic anisotropy K, of FeCo films can be estimated
from the difference of the area enclosed between the hysteresis
loops measured along the easy and hard axes.**>>! The ob-
tained K, of the FeCo films on the Si, PET, and freestanding

PDMS substrates are 1.11 x 10° erg/cm?, 1.54 x 103 erg/cm?,
and 3.71 x 10% erg/cm?, respectively. The uniaxial mag-
netic anisotropy can be understood by considering the resid-
ual stress of the FeCo films grown on different substrates.
The inevitable micro-deformation of flexible PET and PDMS
substrates during the deposition process may transfer to the
FeCo films, inducing a uniaxial magnetic anisotropy due to
the magnetostriction effect.[*! However, the residual stress
can be effectively relaxed for the FeCo film grown on the free-
standing PDMS membrane due to the extremely small elastic
coefficient of PDMS. Thus, the FeCo film on the freestand-
ing PDMS membrane displays the smallest uniaxial magnetic
anisotropy. In addition, the FeCo film deposited on the rigid Si
substrate exhibits a significant uniaxial magnetic anisotropy,
which originates from both the residual stress and the atomic

steps existing on the surface of the Si substrate.

0
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Fig. 2. Angular dependence of (a) the loop squareness ratio M;/Ms

and (b) the coercivity H, for the FeCo films grown on Si, PET, and

freestanding PDMS substrates. The hysteresis loops measured along the easy axis (EA) and the hard axis (HA) for the FeCo films grown on

Si, PET, and freestanding PDMS substrates.
Although both PET and PDMS are flexible substrates,

due to their different elastic moduli which can induce vari-
ous strains onto metal films deposited on them, they have a
disparate impact on the magnetic properties of FeCo films. In
order to study the strain dependent magnetic anisotropy for
the FeCo films grown on PET and PDMS membranes, several
semi-cylindrical molds with various radii of curvature were
designed by using teflon materials. The samples were fixed
onto the convex surface of the molds to obtain different ten-
sile bending strains. The strain s can be evaluated by using
the relation s = d/2p, where d is the total thickness of both

the substrate and the film, and p is the curvature radius of the
convex surface of the molds. Using the convex molds, the
strains in the FeCo film on the PET substrate can be varied
from 0 to 1.2% with an increment of 0.4%. For the magnetic
measurements, the strain was applied by tensile bending the
sample along the easy or hard axis, and the in-plane magnetic
field was applied perpendicular to the tensile bending direc-
tion. Thus, the magnetic field can be restricted parallel to the
film plane. Figures 3(a) and 3(b) exhibit the hysteresis loops
measured along the easy and hard axes of the FeCo film on the

PET substrate under various tensile bending strains along the
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hard and easy axes, respectively. By applying the magnetic
field along the easy axis and increasing the tensile bending
strain along the hard axis from O to 1.2%, H, increases from
38 Oe to 50 Oe, and the M;/M; ratio slightly goes up from
0.97 to 0.98, as shown in the inset of Fig. 3(a). When the
magnetic field is applied along the hard axis of the FeCo film,

1+
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E o —=0.0% 10
E ——0.4% —e—s" :’
r 0.8% " g
0 0.8 0.9
—1F Strain/%
1 L 1 L | L 1 L | L
—300 —150 0 150 300
H/Oe
™ (o)
L —=—0%
, ——1%
=
~ 0 2% 0.9
= 3% e
F o ——4% 0y
——5% 1 0.7
1+ Strain/%
| L | L | L | L | L
—300 —150 0 150 300

H/Oe

the increase of tensile bending strain along the easy axis from
0 to 1.2% leads to increases of H. from 13 Oe to 22 Oe and
of the M;/M; ratio from 0.13 to 0.31, as shown in the inset
of Fig. 3(b). Obviously, the magnetic properties of the FeCo
films strongly depend on the applied tensile bending strain

through the magneto-mechanical coupling effect.[26-7]
1_
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Fig. 3. Hysteresis loops for FeCo films grown on the PET substrate acquired with magnetic field applied along (a) the easy axis (EA) and (b)
the hard axis (HA) with different external tensile bending strains applied along the hard axis and the easy axis, respectively. Hysteresis loops
for FeCo films grown on the freestanding PDMS substrate acquired with magnetic field applied along (c) the easy axis and (d) the hard axis
with different external tensile bending strains applied along the hard axis and the easy axis, respectively. The insets correspondingly show the

tensile bending strain dependence of the M, /M ratio and the coercivity.

Because the elastic coefficient of PDMS substrate is much
smaller than that of PET substrate. Compared with the PET
substrate, the PDMS substrate can be easily bent. Figures 3(c)
and 3(d) display the hysteresis loops measured with the mag-
netic field applied along the easy and hard axes for the FeCo
film grown on the freestanding PDMS substrate under various
tensile bending strains applied along the hard and easy axes,
respectively. The tensile bending strain increases from 0 to
5% with an increment of 1% by using the above-mentioned
semi-cylindrical molds. For the tensile bending strain applied
along the hard axis, H. measured along the easy axis slightly
increases from 38 Oe to 40 Oe and the M, /M ratio increases
from 0.76 to 0.83. For the tensile bending strain applied along
the easy axis, H. along the hard axis slightly increases from
31 Oe to 34 Oe and the M;/M; ratio increases from 0.55 to
0.62, as shown in the insets of Figs. 3(c) and 3(d). Thus, the
magnetic properties of the FeCo film grown on the freestand-
ing PDMS substrate can slightly be regulated with applying
external tensile bending strains.

Compared with the FeCo film prepared on the free-

standing PDMS substrate, the FeCo film deposited on a pre-
strained PDMS substrate exhibits an anisotropic wrinkled sur-
face structure. The wrinkled morphology may significantly
change the magnetic properties of the films. The identical
stacks of Ta(6 nm)/FeCo(40 nm)/Ta(6 nm) film were sputtered
on a 20% pre-strained PDMS substrate by using a home-made
stretching apparatus. After the pre-strain of 20% was removed
from the sample, an ordered wavy wrinkled structure with a
wavelength of 7.56 um and an amplitude of 1.30 um appeared
on the surface, as shown in Fig. 4(a). The formation of such a
wrinkled surface originates from the mismatch of elastic mod-
uli between the rigid metal layer and the elastomeric PDMS
substrate. The wavelength A and the amplitude % of the buck-

ling pattern can be described as

Tt
A ——,
SC
1/2
&
hq(EoMs ’
&
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2/3
Eppwms (1 - 1)1%4)1 /

& =0.52
) lEM (1 - V3pms)

where & is a physical quantity representing the certain thresh-
old strain for wrinkle, €ppms is the pre-strain applied on
PDMS, and ¢ is the metallic layer thickness.
the Young’s modulus and the Poisson ratio, respectively. The

E and v are

subscriptions M and PDMS mean the metallic layer and the
flexible substrate, respectively.[?3% It is obvious that the
wavelength of buckling is not only determined by the to-
tal thicknesses of the metallic layers but also influenced by
the film/substrate modulus ratio. Based on the formerly re-
ported elastic parameters for bulk alloys (Et, = 100 GPa,
Egeco = 200 GPa, and vy, = 0.31) and PDMS membranes
(Eppms = 1 MPa and vppps = 0.5),131-331 the wavelength A
and the amplitude & predicted by the theoretical equations are
7.76 pm and 1.10 pum, respectively. Considering the differ-
ence between the Young’s moduli of metal film and bulk coun-
terpart, the predicted values agree well with our experimental
results. The magnetic hysteresis loops were measured at dif-
ferent field orientations 6 with respect to the wrinkles, so as
to investigate the in-plane magnetic anisotropy of the wrin-
kled FeCo film. As shown in Fig. 4(c), the angular depen-
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dences of the M;/Mj ratio and H, oscillate with a periodicity
of 180°. They both show the maximum and minimum values
at & = 0° and 6 = 90°, respectively, demonstrating a uniaxial
magnetic anisotropy with the easy axis along the wrinkles and
the hard axis perpendicular to the wrinkles. Figure 4(c) ex-
hibits the typical magnetic hysteresis loops with the magnetic
field applied parallel and perpendicular to the wrinkles of the
film. The M;/M; ratio and H, acquired along the easy axis
show the maximum values of 0.80 and 48 Oe, respectively.
In contrast, the M; /M ratio and H, exhibit the minimum val-
ues of 0.57 and 36 Oe along the hard axis, respectively. The
uniaxial magnetic anisotropy K, of the wrinkled FeCo film is
estimated to be 4.64 x 107 erg/cm?,[?4231 which is stronger
than that of the FeCo film grown on the freestanding PDMS.
The wrinkled surface structure can be viewed as an anisotropic
surface roughness, which therefore gives rise to an enhanced
K,. When a saturation magnetic field applied perpendicular
to the wrinkles aligns the FeCo magnetization parallel to the
film plane, magnetic charges are accumulated on the wrinkled
surface. The dipolar interaction between the magnetic charges
serves as a coupling field favoring parallel alignment of the
magnetization, which could induce a surface anisotropy with
the easy axis along the wrinkles.

1 (o)
o ——HA
S
~
490 =
1k
[ T R SR
—300 —150 O 150 300
180 H/Oe
17 (o
| —=— 0%
) —— 1%
E o —a—2%
< 0.7
= I
- 0.6
4% ::/./-/"' =
——5% 0.5
-1 Strain/%
| L | L | L | L | L
—300 —150 0 150 300

H/Oe

Fig. 4. (a) AFM image (40 x 40 um?) for the wrinkled FeCo film grown on a 20% pre-stretched PDMS. (b) The corresponding angular
dependence of the loop squareness ratio M; /Ms and the coercive field H,. (c) The typical hysteresis loops for the wrinkled FeCo film measured
along the easy and hard axes. Hysteresis loops for the wrinkled FeCo film acquired along (d) the easy axis and (e) the hard axis with different
external tensile bending strains applied perpendicular and parallel to the wrinkles, respectively. The insets correspondingly show the tensile

bending strain dependence of the M, /M ratio and the coercivity.

In order to investigate the magneto—mechanical coupling
effect in the FeCo film with buckling, the hysteresis loops
were measured along the easy and hard axes with the tensile
bending strains applied perpendicular to the magnetic field,

i.e., along the hard and easy axes, respectively, as shown in
Figs. 4(d) and 4(e). The strains were varied from O to 5%
with an increment of 1%. The strain dependence of the M, /M
ratio and H, are summarized in the insets of Figs. 4(d) and
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4(e). By increasing the tensile bending strain applied along
the hard axis from O to 5%, H. obtained along the easy axis
increases from 44 Oe to 48 Oe and the M, /M ratio increases
from 0.79 to 0.81. When increasing the tensile bending strain
applied along the easy axis from 0 to 5%, H. obtained along
the hard axis increases from 37 Oe to 43 Oe and the M, /M; ra-
tio increases from 0.58 to 0.66. Obviously, the tensile bending
strain applied perpendicular to the wrinkles has less influence
on the magnetic properties of the wrinkled FeCo film mea-
sured with the magnetic field applied parallel to the wrinkles,
which is because the large tensile bending strain can be relaxed

through the wavelike wrinkled surface structure, 343!

4. Conclusion

In summary, FeCo films of 40 nm in thickness were
deposited on Si, PET, freestanding PDMS, and 20%pre-
stretched PDMS substrates by magnetron sputtering. Due to
the magneto—mechanical coupling effect, the M; /M ratio and
H. increase with the tensile bending strain increasing from 0
to 1.2% along the easy or hard axis for the FeCo film grown
on the PET substrate. In contrast, for the FeCo film deposited
on the freestanding PDMS substrate, the M; /M ratio and H,
display only a slightly change with the tensile bending strain
increasing from 0 to 5%, which indicates that the magnetoelas-
tic coupling between the metal film and the PDMS substrate
is extremely weak. For the wrinkled FeCo film grown on a
pre-stretched PDMS, with the tensile bending strain increas-
ing from 0 to 5%, both the M; /M ratio and H. measured along
the wrinkled structure almost remain stable, and the M;/M;
ratio and H, measured perpendicular to the hard axis show a
slightly change. It reveals that the wrinkled morphology can
improve the stability of the magnetic properties. Therefore,
PDMS membranes, as flexible substrates, are a good candi-
date for fabricating flexible electronic devices and realizing
the flexibility.
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