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Electronics over flexible substrates offer advantages of flexibility, portability and low cost, and promising applica-
tions in the areas of energy, information, defense science and medical service. In recent years, tremendous progress has
been witnessed in the development of flexible wearable devices that can be potentially massively deployed. Of particular
interest are intelligent wearable devices, such as sensors and storage cells, which can be integrated by flexible magneto-
electronic devices based on magnetic thin films. To examine this further, the magnetic properties of FeNi thin films with
different thicknesses grown on flexible graphene substrate are investigated at room temperature. The coercivity increases
with increasing thicknesses of FeNi thin film, which can be attributed to the increase of grain size and decrease of surface
roughness. Moreover, the thickness modulated magnetic property shows a magnetic anisotropy shift increase with varying
thicknesses of FeNi thin film by using measurements based on ferromagnetic resonance, which further enhances the reso-
nance frequency. In addition, the resonance peak is quite stable after bending it for ten cycles. The result is promising for

the future design of flexible magnetoelectronic devices.

Keywords: resonance frequency, FeNi thin film, flexible graphene substrate, magnetic property
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1. Introduction

Along with the rapid development and continual increase
of information data in microwave technologies, soft mag-
netic materials used as imperative functional materials for in-
formation processing and storage have become an incredi-
ble cornerstone of modern information society.!'=3] Magnetic
anisotropy,!*°! one of the important intrinsic parameters for
soft magnetic materials, determines the coercive field and
magnetic moment orientation, which can influence the oper-
ating frequency and even power consumption. Thus, the in-
vestigations of mediation methods and the mechanism of mag-
netic anisotropy are essential issues in soft magnetic materials.
Fan et al. have reported in-plane uniaxial magnetic anisotropy
mediated by an oblique sputtering angle during sputtering in
soft magnetic thin film grown on a Si substrate, which leads
to an increase of resonant frequency.!”l We have investigated
an electric-field control of magnetic anisotropy modulation
in an epitaxial magnetic thin film on a Pb(Mg;/3Nb,/3)O3—
30%PbTiO; substrate.'3! Although the magnetic anisotropy of
magnetic thin film can be modified by the methods of chang-
ing the oblique sputtering angle and the applied electric field,
the point of rigid substrate inevitably impedes the flexible

fCorresponding author. E-mail: shxwang@wtu.edu.cn
fCorresponding author. E-mail: szhou@wtu.edu.cn

CSTR: 32038.14.CPB.ad92fd

electronic device performances. Recently, flexible materials
have been exploited to implement functionalities on flexible
electronic devices, which exhibit more favorable properties
than most of the rigid substrates in terms of weight saving,
flexibility, mechanical reliability and excellent environmental

9-131 Ror example, Liu et al. have demonstrated a

toughness. |
self-assembled periodic wrinkling surface structure in CoFeB
thin films grown on polydimethylsiloxane membranes induced
by applying uniaxial tensile strains to continuously tune high

s.[14] Graphene film as another

frequency magnetic propertie
flexible substrate, compared with a polydimethylsiloxane sub-
strate, has significant advantages, including high conductivity,
mechanical strength, thermal stability, surface area, environ-
mental friendliness, processability and biocompatibility.!1>16]
He’s group has reported a flexible graphene film for radio-
frequency antennas, multi-beam radiation, highly sensitive
wearable sensors, etc.!!7~1% In fact, graphene film as a flexible
substrate is expected to spark a number of studies into flexible
magnetoelectronic devices. In addition, FeNi thin film has re-
ceived great attention due to its highly sought-after magnetic
characteristics such as high saturation magnetization, which

can be widely used in static and high-frequency for soft mag-
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netic materials. Therefore, in this work, we report on the
thickness-dependent magnetic property of FeNi thin film with
different thicknesses grown on a flexible graphene substrate
(FGS). With increasing thicknesses of the FeNi thin film, the
grain continues to grow and the corresponding size becomes
larger, which leads to the increase of coercivity. Meanwhile,
the magnetic anisotropy — using measurements based on the
ferromagnetic resonance (FMR) — increases, and the reso-
nance peak is quite stable despite bending it for ten cycles.
Moreover, different thicknesses of FeNi thin films grown on
FGS realize an increase of resonance frequency from 3.8 GHz
to 4.1 GHz and a decreasing trend of the permeability.

2. Experiments

FeNi thin films with different thicknesses of 70 nm,
140 nm, 210 nm, and 280 nm, respectively, are deposited by
radio frequency (RF) magnetron sputtering on the FGS at a
common base pressure of 8 x 10~# Pa and work processing Ar
pressure of 1 Pa and a power of 50 W, the thickness of the FGS
is 100 um. A field emission scanning electron microscope
(SEM, Hitachi SU5000) is employed to observe the cross-
section of the microstructures. The surface roughness is mea-
sured by an atomic force microscope (AFM) using an Asylum
Research © MFP-3D. The x-ray diffraction (XRD) measure-
ments are performed on an X’Pert x-ray powder diffractometer
with Cu Ko radiation (1.54056 A). The FMR measurements
are carried out with a PNA 8722ES vector network analyzer
using the coplanar waveguide method. Permeability spectra
are carried out with a PNA E8363B vector network analyzer
using the microstrip method. An upright metallurgical micro-
scope (Soptop RX50M) is employed to observe the surface
morphology microstructures.

3. Results and discussion

In the FeNi/FGS structure, the in-plane magnetic hystere-
sis loop of the sample with a thickness of 70 nm is shown
in Fig. 1(a). It exhibits a weak in-plane magnetic uniaxial
anisotropy, which can be attributed to the oblique sputtering.
The slight oblique columnar structure is observed by a SEM
cross-section image (see the inset in Fig. 1(a)), which indicates
the good quality of FeNi thin film grown on the FGS. Similar
results can also be obtained in samples with FeNi film thick-
nesses of 140 nm, 210 nm and 280 nm. The saturate magnetic
field Hg and coercivity H, are extracted from these magnetic
hysteresis loops, as shown in Fig. 1(c). With increasing thick-
nesses of FeNi thin film, H; and H, increase from 370 Oe to
1210 Oe and from 46 Oe to 78 Oe, respectively, as shown in
Fig. 1(b), which may be caused by the increase of grain size.
This can be proved by XRD results in the following section.
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Fig. 1. (a) The in-plane magnetic hysteresis loop of FeNi thin film with a
thickness of 70 nm at easy and hard axes. (b) The in-plane magnetic hys-
teresis loop of FeNi thin film with different thicknesses at the hard axis.
(c) Two curves of H. and Hy changing with thicknesses, respectively.

Figure 2(a) presents the crystal structures of FeNi/FGS
samples. The sharp diffraction peak (004) of the FGS is lo-
cated at 54.5°. The (111) peak of FeNi thin film appears at
44.2°, which indicates the polycrystalline feature of FeNi thin
film grown on the FGS. The intensity of the (111) peak in-
creases with the increasing thickness of the FeNi thin film,
which implies an enhancement of the crystallization. More-
over, the width of the peaks decreases as thicknesses increase,

revealing the increase of the grain size. According to the
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Scherrer equation, grain sizes of FeNi thin films are indeed
denoted as increasing from 8.3 nm to 11.9 nm with increas-
ing thickness of FeNi thin films from 70 nm to 280 nm, which
is consistent with the result of H. obtained from VSM mea-
surement. In addition, the surface roughness values, mea-
sured by the AFM, decrease from 15 nm to 7 nm, as shown
in Fig. 2(b). By increasing the thickness of the FeNi thin film,
the grain size increases, as shown in Fig. 2(a), which indi-
cates that less grain boundary will be produced. This result
can lower the magnetic moment’s scattering in the FeNi thin
film and make the magnetic moment align in one direction
easier, further leading to the increase of the coercivity of FeNi
thin film. Generally, the less the grain boundary, the more
the microstructural defects are reduced.?%1 Moreover, internal
stresses usually develop around the grain boundary. Consid-
ering the decrease of the grain boundary with the increasing
thickness of the FeNi thin film, the total internal stress might

(211 Tt can be beneficial to keep the magnetization di-

decrease.
rection of the magnetic moment, which leads to the large mag-
netization reversal magnetic field. According to the above re-
sults and the random anisotropy model,!?*! this result can in-
fluence the dynamic magnetic properties of the FeNi thin film

grown on FGS, which will be discussed in detail below.
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Fig. 2. (a) XRD patterns of FeNi thin film with different thicknesses. The
inset shows the change of grain size with thicknesses of FeNi thin film.
(b) The change of surface roughness with thicknesses of FeNi thin film.
The inset shows the morphology of these samples measured by the AFM.

Generally, magnetic thin film applications are based on
analyses of dynamic magnetic or magnetization processes.
Moreover, the effect of magnetic interactions is much more

salient in high-frequency magnetization dynamics due to the
nonlinear effect, particularly at magnetic resonance frequen-
cies. In order to investigate the thickness-dependent magnetic
anisotropy for these samples of FeNi/FGS, the dynamic mag-
netic property is measured by FMR using a vector network an-
alyzer with a coplanar waveguide method. Figure 3(a) shows
the schematic illustration of FMR. For 210 nm-thick FeNi
thin film, the typical FMR spectra are obtained as shown in
Fig. 3(b) (solid dots). In general, the magnetization is probed
by using a special phase correlation under the microwave ex-
citation; the FMR spectrum does not correspond to the imag-
inary part of the susceptibility alone, but in fact represents a
mixture of the imaginary and real parts. Therefore, the actual
function of the absorption curve can be fitted by an asymmet-
ric Lorentzian function (%3]

AH cos 0 + (H — H;)sin 0
AH?+(H—H;)>

¢(H) = 1)
where H is the external magnetic field, H; is the magnetic res-
onance field, AH is the half-width at half-maximum of the
linewidth, 8 is the phase that mixes the real and imaginary
parts of the dynamic susceptibility, and A is the integral co-
efficient. Figure 3(b) shows the result of fitting of the FMR
curves using Eq. (1) (silver lines). The resonant magnetic field
increases from 467 Oe to 1957 Oe as the micro frequency in-
creases from 6 GHz to 12 GHz for 210 nm-thick FeNi thin
film. Similar results can be obtained for all thin films. As a re-
sult, figure 3(c) shows the data of frequency-dependent H; un-
der different thicknesses of FeNi thin film (solid dots), which

is fitted by using Kittel’s equation>*]

f= N Bt B ami), @)

where the gyromagnetic ratio y/2m = 2.8 GHz/kOe, 4TMg
is the effective magnetization, and Hy is the in-plane magnetic
uniaxial anisotropy field. Figure 3(d) shows the corresponding
fitting curves (silver lines). Meanwhile, the values of 4T M.
and Hy can be extracted by fitting frequency-dependent H;
curves using Eq. (2). 4nM.¢ appears to remain almost con-
stant as the thickness of FeNi thin film increases from 70 nm
to 280 nm. However, Hy obviously increases from 103 Oe to
186 Oe with increasing thicknesses of FeNi thin films. These
results can be explained by the increase of the FeNi grain size
with increasing thicknesses of FeNi thin films. This result can
lead to the increase of resonance frequency.

The dependence of permeability on the frequency with
different thicknesses of FeNi thin films is measured by a vec-
tor network analyzer with the microstrip method. Figures 4(a)
and 4(b) show the dynamic real part 4’ and imaginary part
u" of the complex permeability spectra of FeNi thin film
measured at 200 Oe magnetic field ranging from 1 GHz to
9 GHz. The real part ¢’ exhibits a dispersive-type curve, while
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Fig. 3. (a) Schematic illustration of FMR using a vector network analyzer. (b) Experimental data (dots) and fitting curves (lines) of FMR for
210 nm-thick FeNi thin film. (c) The applied microwave frequency versus the resonance magnetic field with different thicknesses of FeNi thin
film. (d) The change of Hy and 4wM.¢ with different thicknesses of FeNi thin film.
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Fig. 4. (a) The dynamic real part i1’ and (b) imaginary part 4" of complex permeability spectra of FeNi thin film. The change of (c) permeability

1 and (d) resonance frequency peak with thicknesses of FeNi thin film.

a Lorentzian shape resonance curve is shown for imaginary
part u”, which reveals a typical resonance permeability spec-
trum. The permeability u; decreases with increasing thick-
nesses of FeNi thin films, as shown in Fig. 4(c). However,
the imaginary permeability spectra of FeNi thin film with in-

creasing thicknesses from 70 nm to 280 nm display clear res-
onance frequency peaks, increasing from 3.8 GHz to 4.1 GHz
(Fig. 4(d)). These results are consistent with the results of Hy-
dependent thickness of FeNi thin films, and further confirm
that the thickness of FeNi thin film grown on FGS can mediate
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the magnetic property. In flexible magnetoelectronic appara-
tus, the permeability of magnetic thin film can directly deter-
mine the performance and sensitivity of magnetic devices. In
magnetic devices such as antennas and sensors, magnetic thin
film is used to detect subtle changes in the magnetic field. The
high permeability of magnetic thin film can lessen the hystere-
sis loss and eddy current loss, further helping to improve the
sensitivity and resolution of magnetic devices. This result can
strengthen the accuracy of the detection of magnetic field in-
tensity for sensors and enhance signal transmission efficiency
for antennas. In this work, with decreasing thicknesses of FeNi
thin film, a high permeability is obtained, which can satisfy
the need for high sensitivity of magnetic devices. However,
high resonance frequency can only be gained by increasing the
thickness of the FeNi thin film; this is a persistent requirement
for the increase of work frequency in communication equip-
ment. In fact, the preferred approach to the higher resonance
frequency and/or higher permeability is dependent on the ap-
plication scene.

o
R
g
=)
e
~
K
Z
a 20 cycle
GQJ 10 cycle
E 0 cycle
-
0 500 1000 1500 2000
H (Oe)

Fig. 5. Curves produced under an unfolded state and after being folded
for ten cycles and twenty cycles. The top inset shows more cracks with
increasing folding cycles. The bottom inset shows the folding schematic
diagram.

To verify the performance of the FeNi thin film after me-
chanical bending, the sample of FeNi (210 nm)/FGS is placed
on a customized automatic counting slide rail, and tested af-
ter different bending cycles, as shown in Fig. 5. The FMR
curves begin to deform after bending for ten cycles, whereas
cracks can be observed and an obvious resonance peak is ob-
tained. With increasing bending to twenty cycles, more cracks
can be seen, while the resonance peaks disappear. Cracks in
metal films appeared inside large grains and between small
grains,*! which can influence the grain size and magnetic res-
onance property. The cracks may lead to the disappearance of
the resonance field’s peak in FeNi thin film in this work. The
above results are obtained under a bending speed of 1 s per
cycle. When the bending speed increases to 10 s per cycle, a
similar result can be observed.

4. Conclusion

In summary, we have identified the microstructure and
dynamic magnetic property of FeNi thin film with different
thicknesses grown on FGS. With increasing thicknesses of
FeNi thin film, the magnetic anisotropy is demonstrated to
increase by measurement of the FMR. This result can be at-
tributed to the crystal structure of FeNi thin film with different
thicknesses. Moreover, the resonance peak is quite stable af-
ter bending for ten cycles. In addition, a clear resonance peak
of FeNi thin film changing from 3.8 GHz to 4.1 GHz and a
decrease of permeability are obtained. These results remove
the obstacles of transmission distance and the signal quality of
communication systems.
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