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We investigated the surface morphology and the magnetic property of wrinkled Feg,Gao (FeGa)
thin films fabricated in two different processes onto elastic polydimethylsiloxane (PDMS)
substrates. The films obtained by directly depositing Ta and FeGa layers on a pre-strained PDMS
substrate display a sinusoidally wrinkled surface and a weak magnetic anisotropy. The wavelength
and amplitude of the sinusoidal morphology linearly increase with the metallic layer thickness,
while the magnetic anisotropy decreases with increasing FeGa thickness. The other films grown by
depositing FeGa layer on a wrinkled Ta/PDMS surface show a remarkable uniaxial magnetic ani-
sotropy. The strength of magnetic anisotropy increases with increasing FeGa thickness. The mag-
netic anisotropy can be ascribed to the surface anisotropy, the magnetostrictive anisotropy, and the
shape anisotropy caused, respectively, by the magnetic charges on wavy morphology, the residual
mechanical stress, and the inhomogeneous thickness of FeGa films. © 2016 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4943943]

Magnetic thin films exhibit distinct magnetic properties
that are quantitatively and qualitatively different from those of
their parent bulk materials. For magnetic films, the magnetic
anisotropy determines their application area and the perform-
ance of devices using them. For example, the ferromagnetic
resonance frequency for magnetic thin films applied in micro-
wave devices depends on the magnetic anisotropy according to
Kittel’s equation.’* In the application on magnetic sensors, the
magnetic anisotropy of magnetic sensing layer has a re-
markable influence on the magnetic field sensitivity.®
Obviously, the control of magnetic anisotropy in magnetic
thin films is critically important in the development of mag-
netic devices. Normally, there are several experimental
methods to effectively manipulate the magnetic anisotropy
in magnetic films, including oblique deposition,*” field
annealing treatment,® and interfacial exchange coupling.’
Recently, a lot of works have modified the magnetic anisot-
ropy by changing the surface morphology of magnetic thin
films.®>'> For instance, Chen et al. produced a rippled
structure on the surface of Co films by means of ion beam
etching and obtained a rather strong uniaxial magnetic ani-
sotropy."® Ki et al. obtained a triangular wave-like mor-
phology on m-plane Al,O5 substrate by a thermal annealing
method, NiFe thin films deposited on this wavy surface dis-
play a significant magnetic anisotropy.'*

In recent years, flexible magnetic thin films and devices
have attracted numerous attentions because of their potential
applications in wearable devices and stretchable electron-
ics.">° Due to the mismatch of Young’s modulus between
polymer substrate and metallic layer, metallic films grown
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on a pre-strained elastic substrate usually display a periodi-
cally wrinkled surface.?’** Briones er al. reported that
self-assembled Co film deposited on a wrinkled elastomeric
polydimethylsiloxane (PDMS) substrate exhibits a uniaxial
magnetic anisotropy of 1.0 x 10°erg/cm®.?® So far, there is
no systematical investigation on the influence of fabrication
process on the surface morphology and the magnetic anisot-
ropy of this kind of self-assembled wrinkled films. In this
work, we selected FegGa,9 (FeGa) alloy, which exhibits
the largest magnetostriction (~350ppm for the typical
bulk) among the various alloys not containing rare earth
elements,”®?® as the magnetic layer and studied the surface
morphology and the magnetic anisotropy of wrinkled mag-
netic films deposited in different processes onto elastic
PDMS membranes. FeGa films directly deposited on a pre-
strained PDMS exhibit a topography with well-defined
wrinkles and a weak uniaxial magnetic anisotropy. In con-
trast, the growth of FeGa layers on wrinkled Ta/PDMS
surfaces leads to the irregularity of the periodical surface
structure, but gives rise to a remarkable uniaxial magnetic
anisotropy. The magnetic anisotropy of wrinkled FeGa/Ta/
PDMS films can be interpreted by the surface anisotropy,
the magnetostrictive anisotropy, and the shape anisotropy,
respectively, due to the magnetic charges on the wrinkled
surface, the residual mechanical stress, and the inhomoge-
neous thickness of FeGa films.

We fabricated patterned FeGa magnetic thin films on
elastic PDMS membranes by using two different ways. For
method A, as shown in Fig. 1(a), the PDMS substrates with a
thickness of 360 um were stretched 30% by using a home-
made stretching apparatus. Subsequently, a 3nm Ta layer
and a FeGa layer with the thickness ranging from 10nm to

© 2016 AIP Publishing LLC
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FIG. 1. (a) Schematic representation of method A used to fabricate wrinkled
FeGa films. (b) 40 um x 40 um AFM image of 10 nm thick FeGa film with
parallel wrinkles fabricated by using method A. (c) The cross-sectional view
extracted along the red line shown in AFM image (black dot: measured
results, red line: sinusoidal fitting). (d) The total thickness of FeGa and Ta
layers dependence of the wavelength (open squares) and the amplitude
(open uptriangles), the red lines are the linear fitting. (e) 40 um x 40 um
AFM image for a 20 nm FeGa film grown on a freestanding PDMS without
pre-strain.

60nm were deposited on the pre-strained PDMS by using
direct current magnetron sputtering. After the pre-strain was
removed from the sample, an ordered wrinkled nanostructure
appears on the surface. In method B, as shown in Fig. 2(a), a
wrinkled morphology was first obtained by depositing a
3nm Ta layer on 30% pre-strained PDMS. Then, FeGa films
with various thicknesses were deposited on the relaxed Ta/
PDMS patterned surface. Here, before depositing FeGa, a
bottom layer of Ta was sputtered as a buffer layer to avoid
FeGa atoms embedded into the soft substrates. Prior to be
taken out of the sputtering chamber, a 3 nm Ta capping layer
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was deposited on FeGa films to avoid oxidation. During the
deposition, we rotated the substrates to avoid directional
sputtering. The base pressure of the sputtering chamber was
smaller than 1 x 10~ Torr. During the deposition of Ta and
FeGa, the argon pressure was kept at 2.0 x 10> Torr. The
thicknesses of Ta and FeGa films were controlled by the dep-
osition time and were calibrated by X-ray reflectivity. The
surface morphology was characterized by atomic force
microscope (AFM, Veeco Dimension 3100 V). The hystere-
sis loops were measured by using a vibrating sample magne-
tometer (VSM, Lakeshore 7410) at various magnetic field
orientations 6 with respect to the wrinkles. The magnetic
field was applied in the plane of film, and all the measure-
ments were conducted at room temperature.

FeGa films obtained by using method A display a well-
defined wrinkled morphology after releasing the 30% pre-
strain, as typically shown in Fig. 1(c). The cross-sectional
view of the wrinkled FeGa films can be well fitted to a sinu-
soidal curve, as revealed in Fig. 1(d). For the 10nm thick
FeGa film, the wavelength and the amplitude of the wrinkle
pattern are characterized as 3.58 um and 1.79 um, respec-
tively. With the thickness of FeGa layer increasing to 60 nm,
the wavelength and the amplitude increase to 11.92 yum and
4.03 pum, respectively, as shown in Fig. 1(e). The formation of
such a wrinkled surface is due to the mismatch of elastic mod-
ulus between the rigid metallic surface and the compliant elas-
tomeric PDMS substrate. By means of minimizing the total
strain energy consisting of the bending strain energy and the
stretching strain energy in such a system, the wavelength A
and the amplitude / can be, respectively, described as* ="

E 1 2/3 i .
M] is a certain threshold strain

EM<1 VPDMS)
for buckling and has to be exceeded for obtaining a wrinkle

where &, = 0. 52{

410 nm

FIG. 2. (a) Schematic representation of
method B used to fabricate wrinkled
FeGa films. (b) 20 um x 20 um AFM
images of FeGa films with 10nm,
20nm, and 60nm in thickness fabri-
cated by method B. The lateral profiles
along the red line are shown below the
AFM images.
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pattern, ¢ is the metallic layer thickness, vy, and E,, are the
Poisson ratio and the Young’s modulus of metallic layers,
vppms and Eppys denote the Poisson ratio and the Young’s
modulus of the PDMS, ¢pp s is the pre-strain of PDMS sub-
strates. It can be seen that the wavelength of wrinkles
depends only on the thickness of metallic films and the film/
substrate modulus ratio, but not on the pre-strain. The ampli-
tude of wrinkles depends on both the film thickness and the
pre-strain of PDMS. Since a pre-strain of 30% is used to
grow all samples, the thickness dependent wavelength and
amplitude of the wavelike topography can be linearly fitted,
as shown in Fig. 1(d), where the film thickness includes both
FeGa and Ta layers. The slopes of the fitting lines for the
wavelength and the amplitude are about 174 and 40, respec-
tively. Based on the previously reported elastic parameters
for bulk alloys (Eg.g, = 75 GPa, E7, = 100 GPa, and v,; = 0.30)
and PDMS membranes (Eppys = 1 MPa and vppys = 0.5),*
one can predict that the average theoretical slopes are 175
and 31 for the fitting of the wavelength and amplitude,
respectively, which agree well with our experimental results
in consideration of the difference of Young’s modulus
between metallic bulks and thin films.>> It should be noted
that when depositing FeGa on a freestanding PDMS without
pre-strain, the film displays irregular wrinkles due to the ran-
dom distribution of internal stress, as shown in Fig. 1(e).
Such a FeGa film displays a magnetic isotropy.

For method B, a 3nm Ta layer deposited on 30% pre-
strained PDMS shows a wrinkled topography with a wave-
length of 0.82 um. After relaxing the pre-strain and depositing
different thick FeGa films on the wrinkled Ta/PDMS patterns,
the sinusoidal profile of the film surface gradually becomes
irregular, but the wavelength determined by the 3 nm Ta buffer
layer roughly remains unchanged, as shown in Fig. 2(b). For a
10nm FeGa layer deposited on the wrinkled Ta/PDMS sur-
face, the amplitude is 221 nm. With further increasing the
nominal thickness of FeGa layer to 20 nm, two adjacent stripes
bond together, the maximum amplitude increases to 437 nm.
When the nominal thickness of FeGa layer increases to 60 nm,
more stripes entangle together and the maximum amplitude
reaches 532 nm. Obviously, the change of FeGa morphology
is due to the deposition on the wrinkled Ta/PDMS surface,
which makes the atomic flux display different incidence
angles. Consequently, the FeGa thickness becomes locally in-
homogeneous, which produces a residual stress and breaks the
periodically wrinkled morphology. By increasing the nominal
thickness, the FeGa film becomes even inhomogeneous. The
residual stress is further enhanced and the stripes entangle to-
gether, which makes more complex structures.

The magnetic properties of the wrinkled FeGa films
were measured at different magnetic field orientations, 0,
with an increment of 10°. Figures 3(a) and 3(b) show the
hysteresis loops for different thick FeGa films deposited on
the 30% pre-strained PDMS membranes by using method A.
For the measurement with magnetic field applied parallel to
the wrinkles, i.e., 0 =0°, with increasing FeGa thickness
from 20nm to 60nm, the loop squareness M,/M; slightly
decreases from 0.92 to 0.91, and the coercive field H.
changes from 41 Oe to 87 Oe. When the magnetic field is
applied perpendicular to the wrinkles, i.e., 0 =90°, the value
of M,/M correspondingly increases from 0.83 to 0.87 and H..
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FIG. 3. Hysteresis loops for FeGa films with different thicknesses obtained
by method A when the magnetic field is applied (a) parallel and (b) perpen-
dicular to wrinkles. (c) Loop squareness M,/M and (d) coercive field H,. as a
function of the magnetic field orientation with respect to the wrinkles.

increases from 39 Oe to 74 Oe. Figures 3(c) and 3(d) summa-
rize the angular dependence of M,/M; and H,. for FeGa films
with different thicknesses, respectively. They both exhibit a
uniaxial symmetry about the directions parallel or perpendic-
ular to the wrinkles. The M,/M ratio shows the maximum
and minimum values at §=0° and 0=90°, respectively,
indicating a uniaxial magnetic anisotropy with easy axis par-
allel to wrinkles and hard axis perpendicular to wrinkles.
Figures 4(a) and 4(b) show the hysteresis loops for FeGa
films deposited on the wrinkled Ta/PDMS surface by using
method B. For 0 =0°, by increasing the FeGa film thickness
from 20 nm to 60 nm, the M,/M ratio increases from 0.89 to
0.93 and the coercive field H. changes from 75 Oe to 96 Oe.
For 0 =90°, the M,/M, ratio correspondingly decreases from
0.60 to 0.22 and H, decreases from 47 Oe to 36 Oe. The
angular dependence of M,/M, and H,, as respectively shown
in Figs. 4(c) and 4(d), exhibits a uniaxial symmetry, indicating
a uniaxial magnetic anisotropy along the wrinkles. The uniax-
ial anisotropy K, of FeGa films can be estimated from the dif-
ference of the area enclosed between the hysteresis loops
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FIG. 4. Hysteresis loops of FeGa films with different thicknesses obtained
by method B when the magnetic field is applied (a) parallel and (b) perpen-
dicular to wrinkles. (c¢) Loop squareness M,/M and (d) coercive field H,. as a
function of the magnetic field orientation with respect to the wrinkles.



102409-4 Zhang et al.

measured along the easy and hard axes.”>® The calculation
indicates that FeGa films fabricated by method A show a very
weak K, the strength decreases from 7.70 x 10 erg/cm® to
3.08 x 10°erg/cm® when the FeGa thickness increases from
20nm to 60 nm. In contrast, FeGa films fabricated by method
B display a rather strong K, which increases from 4.40
x 10%erg/em® to 1.28 x 10°erg/cm’® with FeGa thickness
increasing from 20 nm to 60 nm, as shown in Fig. 5(a).

The difference of magnetic anisotropy of the wrinkled
magnetic films is due to the different magnetic anisotropy
mechanisms caused by the different deposition processes.
For method A, FeGa films were deposited on a pre-strained
and flat PDMS substrate, so the film thickness is homogene-
ous. After relaxing the pre-strain, the wrinkles appear on the
film surface. When a saturation magnetic field applied per-
pendicular to the wrinkles aligns the FeGa magnetization
parallel to the film plane, magnetic charges are created on
the film surface, as schematically shown in Fig. 5(b). The
dipolar interaction between the magnetic charges acts as a
coupling field favoring parallel alignment of magnetiza-
tion."*'> As a result, a surface anisotropy with easy axis
along the wrinkles is induced. Chen et al. developed a theo-
retical model to estimate the surface anisotropy for a wavy
morphology with the amplitude smaller than the film thick-
ness."? However, this model cannot precisely predict the sur-
face anisotropy for our FeGa films with the amplitude by far
larger than the FeGa thickness. Since the wavelength for the
wrinkled FeGa films obtained by method A is several um; in
this length scale, the dipolar interaction between magnetic
charges becomes very weak,?’ which would produce a weak
surface anisotropy. In addition, the 1/¢., behavior of K,, for
FeGa films by method A confirms that the main contribution
comes from the surface anisotropy (see Fig. 5(a)), the effect
of residual stress on K,, can be neglected. For method B, the
sinusoidally wrinkled morphology of Ta/PDMS makes the
deposition of FeGa layer on this kind of surface displaying
different incidence angles of atomic flux.*® As a result, the
FeGa thickness becomes no longer homogeneous, thus a re-
sidual stress is produced, resulting in the irregularity of the
periodically wrinkled morphology. Therefore, for method B,

~ 8L m  method A + —
mE —e— method B 4112 g
L <—\— I/t fitting " — b
26 =
5 3)
- 8 «

= S
::4 ~.
2 4 X

- +

—

(b)

FIG. 5. (a) Black squares for method A and the blue dots for method B show
the FeGa thickness dependence of the strength of uniaxial magnetic anisot-
ropy K,. The black line indicates the 1/fr.g, fitting for K, obtained by
method A. The blue line is a guide for the eye. (b) Surface magnetic charges
are created due to the wrinkled film surface when the magnetization orienta-
tion in FeGa thin film is aligned perpendicular to the wrinkles.
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the magnetic anisotropy is mostly contributed by both the re-
sidual stress-induced anisotropy via the magnetostrictive
behaviors of FeGa and the shape anisotropy due to the inho-
mogeneous thickness of FeGa layer. The increase of K,, with
FeGa thickness indicates the insignificant contribution of
surface anisotropy by the wrinkled morphology.

In summary, we investigated the surface morphology and
the magnetic property of wrinkled FeGa films produced on
elastic PDMS by different fabrication processes. The films
obtained by directly depositing Ta and FeGa layers on a pre-
strained PDMS substrate display a sinusoidally wrinkled
surface and a very weak magnetic anisotropy caused by the
surface anisotropy due to the magnetic charges distributed on
the wavy morphology. In contrast, the films by depositing
FeGa on a wrinkled Ta/PDMS surface show a remarkable uni-
axial magnetic anisotropy, which is mostly contributed by both
the residual stress-induced anisotropy via the magnetostrictive
behaviors of FeGa and the shape anisotropy due to the inhomo-
geneous thickness of FeGa layer.
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