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A B S T R A C T

Understanding the relationship between the structure and magnetic properties of soft magnetic thin films is
important in the development of magnetic sensors and electronic devices. This work has systematically studied
how the annealing temperature changes the morphology and hence the magnetic properties of 60 nm FeGaSiB
thin films. The as-grown and 100 °C annealed films were amorphous/nanocrystalline with soft magnetic
properties. As the annealing temperature increased, so did the coercive field of the films, which was found to be
due to the formation of polycrystalline grains, with random texture. The grain size increased with increasing
annealing temperature, while the Curie Temperature and magnetostriction constant decreased. For the satura-
tion induction, there was a large decrease between the 100 °C annealed film and the 250 °C annealed film, due to
the film morphology changing from amorphous to polycrystalline. Thus there is strong correlation between the
crystallinity and the soft magnetic behaviour of FeGaSiB films.

1. Introduction

Soft magnet thin films are used in a wide range of applications in-
cluding microelectronic mechanical system (MEMS) devices [1–3]. The
main focus is to fabricate films, which have the optimum properties for
the MEMS application they are going to be used in. For example, if the
films are going to be used as microinductors then the ideal properties
are coercive field (Hc) < 10 A/m, saturation magnetisation
(Ms) > 800 kA/m and magnetostriction constant (λs) < 5 ppm [2,4],
while if they are going to be used as strain sensors, Hc < 1 kA/m,
Ms > 800 kA/m and λs > 50 ppm [5]. This means understanding how
the films’ morphology influences the magnetic properties, such as
coercive field, saturation magnetisation, damping constant, resistivity
and magnetostriction constant is extremely important.

Previous work on soft magnetic alloys [6], has found that the
coercive field is strongly linked to the sample's grain size, such that for
grain sizes less than the magnetocrystalline exchange length, the
coercive field increase is proportional to the grain size to the power six
(D6). This means to achieve small coercive fields either nanocrystalline
grains or amorphous materials are required, due to the absence of
grains and grain boundaries. This holds true for bulk and ribbon soft
magnetic alloys, as it is associated with Bloch domain walls forming.

For thin films below a certain thickness, Neel domain walls are more
likely to form rather than Bloch walls. For Neel walls the magnetostatic
exchange length is more important than the magnetocrystalline ex-
change length [7]. Therefore, investigation into the soft magnetic
properties of thin film as a function of the morphology is important.

The majority of the research on amorphous magnetic films has fo-
cused on FeSiB. Sun et al. [8] studied how the magnetic properties and
domain structure of FeSiB films, were affected by annealing at 540 °C
for 1 h. They found that the as-grown 100 nm FeSiB films consisted of
an amorphous matrix with α-Fe crystallites, which grew during the
annealing process. The as-deposited films had a magnetostriction con-
stant of 6.5 ppm, which reduced to 0.45 ppm after annealing, while the
coercive field increased to ~ 1.4 kA/m for the annealed film. While
Neagu et al. [9] grew 300 nm FeSiB films on glass, and found that the
coercive field of the as-grown film was 350 A/m, which was reduced to
23 A/m after annealing for 1 h at 390 °C. They state this was due to
surface relaxation, no structural data of the annealed films was given.

FeGa thin films [10–12] have some of the highest magnetostriction
constants (up to 100 ppm) for thin films, but also have large coercive
fields (>20 kA/m), thus work by Abbas et al. [13,14] investigated
adding Ga into FeSiB, to fabricate films with high magnetostriction
constants and small coercive fields. They found that the magnetic

https://doi.org/10.1016/j.tsf.2020.137955
Received 5 August 2019; Received in revised form 13 March 2020; Accepted 16 March 2020

⁎ Corresponding author.
E-mail address: n.a.morley@sheffield.ac.uk (N.A. Morley).

Thin Solid Films 701 (2020) 137955

Available online 18 March 2020
0040-6090/ © 2020 Elsevier B.V. All rights reserved.

T

http://www.sciencedirect.com/science/journal/00406090
https://www.elsevier.com/locate/tsf
https://doi.org/10.1016/j.tsf.2020.137955
https://doi.org/10.1016/j.tsf.2020.137955
mailto:n.a.morley@sheffield.ac.uk
https://doi.org/10.1016/j.tsf.2020.137955
http://crossmark.crossref.org/dialog/?doi=10.1016/j.tsf.2020.137955&domain=pdf


properties of FeGaSiB films strongly depended upon the fabrication
parameters, with the highest magnetostriction constant (~ 18 ppm) and
lowest coercive field ~ 0.3 kA/m being achieved at low pressures
(<0.5 Pa) and powers (<30 W).

This paper investigates the structural and magnetic properties of a
series of 60 nm FeGaSiB thin films, which have undergone different
annealing temperatures, to determine how changing the morphology of
the films changes the magnetic properties.

2. Experimental procedure

The films were grown on Si (100) substrates with the native oxide
layer in place. The substrates’ dimensions were 10 mm × 15 mm. They
were cleaned using acetone and isopropyl alcohol (IPA) before growth.
To allow for a measurement of the film thickness, a small spot of
polymethyl methacrylate (PMMA) was placed on the corner of the si-
licon before growth. The fabrication took place in a co-sputtering-
evaporation deposition system [11]. Before growth the chamber was
pumped down to 5 × 10−5 Pa and left at base pressure overnight. To
achieve the co-sputtering-evaporation, the Ga was evaporated si-
multaneously with the FeSiB being sputtered. The Ga was purchased
from Goodfellow with a purity of 99.99%. The Fe85Si10B5 target foil was
purchased from Metglas, Inc. The initial procedure involves heating the
Ga up in a high temperature crucible and monitoring the Ga flux rate on
a quartz rate monitor. The Ga flux rate is kept constant, but due to the
low melting point of Ga, it is not possible to calibrate the rate in terms
of thickness, thus the Ga rate is given in arbitrary units (a.u). Once the
Ga rate is constant (for these films at 0.2 a.u.), Argon gas is added to the
chamber at a pressure of 0.4 Pa. A power of 20 W is applied to the FeSiB
target and a plasma is struck. Before the film growth, the FeSiB target is
“pre-sputtered” for 10 min to remove any impurities or oxide layer from
the surface. Once the target has been cleaned, the substrate shutter is
opened, and the film growth takes place. The film thickness is mon-
itored on a second calibrated thickness monitor next to the substrate
within the growth chamber. Once the required thickness has been
reached the substrate shutter is automatically closed. All the films were
grown at the room temperature within the system. Please refer to [11]
for further details on this co-sputtering-evaporation deposition system.

After growth, the films were annealed at different temperatures
(100, 250, 350 and 400 °C) under vacuum for 30 min, within the
growth chamber. From literature [15], the transition from amorphous
to crystalline films for FeSi occurred between 180 °C and 250 °C, when
annealed for 30 min under vacuum. Thus for this research, the an-
nealing time was chosen to be the same, and a range of temperatures,
which spanned this transition region was chosen. Five films were stu-
died for this work, these were: as-deposited (As-FGSB), i.e. no annealing
and heated treated at the different temperatures (100-FGSB, 250-FGSB,
350-FGSB and 400-FGSB). These growth conditions previously gave the
as-grown composition of the films to be Fe82Ga7Si5B6 [13]. After
growth and annealing, the films were cleaned using acetone, to remove
the PMMA from the surface, and leave a sharp edge between the sub-
strate and the film. Using an atomic force microscope (AFM), the
thickness of each film was determined to be 60 ± 1 nm, which was in
agreement with the calibrated thickness monitor in the deposition
chamber.

A range of different characterisation techniques were used to fully
understand the films. Small angle x-ray diffraction (XRD) was used to
investigate the morphology of the films. A Siemens D5000 (Cu, GA-
XRD) was used in glancing angle mode. Cu Kα1 radiation was used to
scan the samples with a wavelength of 1.5418 Å with the X-Ray tube
working at 40 kV, 40 mA. The 2θ value range was measured from 20 to
80o, with a step size of 0.020o, a glancing angle of 1.0o and a wait time
of 7 s. From the data, the lattice constant was determined from Bragg's
law and the minimum grain size from Scherrer equation [16]. An AFM
in tapping mode was used to determine the surface roughness of the
films, as this can be linked to the morphology, and the grain size. X-ray

photoelectron spectroscopy (XPS) was used to determine the composi-
tion of the films. It was performed on a Thermo Fisher Scientific NEXSA
spectrometer. Samples were analysed using a micro-focused mono-
chromatic Al x-ray source (19.2 W) over an area of approximately 100
microns. Data were recorded at pass energies of 150 eV for survey scans
and 40 eV for high resolution scan with 1 eV and 0.1 eV step sizes
respectively. Charge neutralisation of the sample was achieved using a
combination of both low energy electrons and argon ions. The mea-
surements were taken on the film surface only.

Magneto-optic Kerr effect (MOKE) magnetometry was used to
measure the normalised magnetisation loops in the plane of the film.
The magnetic field was applied along different in-plane directions with
respect to a designated 0o direction. From these loops, the anisotropy
could be inferred, with the magnetic parameters (anisotropy field,
coercive field and remnant magnetisation) being determined. A MPSM-
3 in VSM mode was used to determine the saturation magnetisation of
the films at 300 K. Due to the small moment of the films, the silicon
substrate magnetic moment was subtracted from the VSM data, to de-
termine the magnetic moment of each film. As the heat treatment for
these films was for a short period of time, and even this changed the
morphology of the films, measurements above 50 °C were not carried
out in case they changed the sample properties during the measure-
ment. Thus magnetisation (M) vs temperature (T) curves were taken
between −271 °C and 50 °C, and the Curie Temperature (Tc) extra-
polated from the M-T curves using the empirical Bloch law [17]:
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where M(0) is the magnetisation at 0 K, and β is a constant. The
magnetisation was also determined for the as-FGSB and 100-FGSB films
using a vector network analyser ferromagnetic resonance (VNA–FMR)
system, operating in a 1-port (reflection) mode. The saturation mag-
netisation values were extracted by fits to the Kittel equation, see [18]
for further details. It was not possible to measure the other films using
the VNA–FMR, as their coercive fields were too large for the applied
field, which meant it was not possible to fit the Kittel equation to the
data.

The magnetostriction constant was determined using the Villari
Method, which is a mechanical method involving bending the films
over known a set of known bend radii (R = 500 mm, 400 mm and
300 mm). The normalised magnetisation hysteresis loop was measured
on the MOKE magnetometer. From each loop, the anisotropy field (Hk)
was determined and plotted against the inverse bend radius [16,19].
The magnetostriction constant was then calculated from:

=
⎛

⎝
⎜

⎞

⎠
⎟

−
λ dH

d
μ M ν

τ Y
2 (1 )

3
k

R

o s s

s s
1

2

(2)

Where Ms is the saturation magnetisation of the film, Ys is the Young's
Modulus of the substrate, τs is the substrate thickness, and νs is the
Poisson ratio of the substrate. Care is taken during the experiment not
to snap the films, when applying the strain.

3. Results and discussion

The composition of each annealed films was determined using XPS,
as this is a surface technique, and therefore will not detect the Si sub-
strate, as other techniques such as energy dispersive x-ray spectroscopy
(EDS) are deeper depth probes, which will also detect the Si substrate.
Previous work found that XPS was the most reliable method for de-
termining the composition of FeGaSiB films [14]. From table 1, it is
observed that the as-FGSB film has a much higher Fe content compared
to the other films, which is also higher than those measured previously
for the same growth technique [14]. One reason could be due to the fact
that XPS is a surface technique, and there is a concentration gradient
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through the film. The Ga and B concentrations are similar to those in
the annealed films, with only the Si concentration being smaller than
expected. The Fe(2p3/2) peak (Fig. 1a) for the as-FGSB film has a

smaller Fe peak at 706.7 eV and a larger Fe2O3 peak at 710.8 eV
compared to the annealed films. Fe-based films normally have a ~ 2 nm
native oxide layer when grown [20]. The XPS data suggests that this
layer was thicker for the as-FGSB film compared to the annealed films,
this could then explain the higher Fe content compared to the other
elements. Fig. 1b shows the XPS spectra of the films for the B(1s), Ga
(3s) and Si(2s) binding energies. It is observed that the area of the B
peaks decreases with annealing temperature and the Ga peaks area is
roughly constant, while there is a large increase in the Si peak, asso-
ciated with the Si diffusion. All the films have a lower Ga concentration
compared to the expected composition [13]. Thus for the 100-FGSB,
250-FGSB and 350-FGSB films, the Ga content within the films is
roughly constant, with the Fe and B content decreasing. While the Si
concentration increases with increasing annealing temperature. The

Table 1
Composition of the FeGaSiB films determined from the XPS data

Film Fe (conc%)
(± 1)

Ga (conc%)(±1) Si (conc%)(± 1) B(conc%)(± 1)

As-FGSB 93 2 3 2
100-FGSB 85 4 6 5
250-FGSB 82 4 11 3
350-FGSB 82 4 12 2
400-FGSB 70 4 24 2

Fig. 1. XPS spectra of the (a). Fe(2p) and (b). B(1s), Ga(3s) and Si(2s) binding energies. The dashed lines give the binding energies for the different elements.
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initial increase would seem to be at the expense of the B and Fe. For the
400-FGSB film, the Si concentration is double that of the 350-FGSB film,
and is at the expense of the Fe.

Previous work on FeSi films on Si silicon substrates have studied the
diffusion of Fe and Si across the interface as a function of annealing
temperature. Isobe et al. [21] determined the diffusion coefficient of Fe
into Si substrate as a function of annealing temperature. Using their
equation for the diffusion coefficient, DFe:

= ⎛
⎝

− ⎞
⎠

−D e
kT

9.5 exp 0.65
Fe

4
(3)

Where k is the Boltzmann constant (units: eV/K) and T is the annealing
temperature, the diffusion length of Fe into silicon can be determined
for an annealing time of 30 min for different annealing temperatures. It
is found that even at low annealing temperatures, Fe will diffuse into
the silicon substrate (diffusion length ~ 45 nm), while increasing the
annealing temperature to above ~200 °C increases the diffusion

Fig. 2. (a). XRD of FeGaSiB films and AFM images of the FeGaSiB films, (b). 100-FGSB, (c). 250-FGSB, (d). 350-FGSB and (e). 400-FGSB. For the AFM images the z-
direction scale bar is the same for all the films.
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coefficient and length, i.e. at 425 °C the diffusion length is ~ 50 µm. As
the FeGaSiB films were grown on Si substrates with the native oxide in
place, this very thin oxide layer will act as a barrier to diffusion below
an activation energy. From previous literature on Fe/Si multilayers and
Fe films on silicon, at temperatures above 200 °C, Si from the substrate
can diffusion across the interface into the Fe film and vice versa [22,
23]. It would seem in the FeGaSiB films that the initial diffusion oc-
curred after 250 °C and accelerated above 350 °C. Suggesting that the
activation energy for diffusion across the oxide layer is above 200 °C.

From the XRD data in Fig. 2, it is observed that the as-FGSB film has
a broad amorphous peak at around ~44o, and as the annealing tem-
perature increases, so this peak becomes sharper, with a second peak
appearing at ~64o. These peaks are associated with the BCC (110) and
(200) directions. The signal to noise ratio (SNR) is larger for the as-
FGSB film compared to the annealed films. This probably arises from
the amorphous nature of the as-FGSB film increasing the noise, while
the annealed films were polycrystalline, such that the long range order
helped to reduce the measured noise. The change from amorphous to
crystalline structure within the films occurred between the annealing
temperatures 100 °C and 250 °C, which is in good agreement with
Aboaf et al. [15] who determined that FeSi amorphous films became
crystallised between the annealing temperatures of 180 °C and 250 °C.
From Bragg's law the lattice constants were determined and given in
Table 2. For all the annealed films, the lattice constant is the same
2.89 Å, suggesting that the annealing temperature does not change the
stress within the films. Previous work [8] on FeSiB films, found that α-
Fe crystallites formed due to annealing. The lattice constant of Fe is
2.87 Å and for FeSiB is 2.868 Å, both of which are smaller than the
lattice constant measured in these FeGaSiB films. FeSi has nine different
phases [23] depending on the Si concentration and the temperature.
The cubic stable phases at 300 K are BCC Fe3Si (a = 5.64 Å), cubic c-
FeSi (a = 2.77 Å) and cubic ε-FeSi (a = 4.48 Å). Therefore, although
there is an increase in the Si content within the films, no additional
phases such as Fe3Si (2θ = 45.53o) are observed, meaning that the
polycrystalline structure is still Fe-BCC. The FeGaSiB lattice constant
increase could be due to homogenous strain in the films due to the Ga
and Si atoms being present.

The broad peak at ~ 56o with the additional sharper peaks are from
the silicon substrate, (Si (311) peak), as these measurements were done
by glancing angle. To achieve a large enough SNR for the film peaks,
the glancing angle had to be large enough to go through the whole film,
and in some cases the top of the silicon substrate as well as.

Fig. 2b–e show the AFM images of the FeGaSiB films, it is observed
that the film annealed at 100 °C shows no grains and the surface
roughness is <1 nm (Table 2). As the annealing temperature is in-
creased, so the grain size is increased. The 400-FGSB film had a smaller
grain size than the 350-FGSB film, probably due to the additional Si
within the film.

From Fig. 3, it is observed that there are changes in the magneti-
sation hysteresis loops as the annealing temperature is increased. The
as-FGSB and 100-FGSB films both had uniaxial anisotropy, while the
350-FGSB and 400-FGSB films were both isotropic. The 250-FGSB film
hysteresis loops suggest there are two different magnetic phases within
the film. From the AFM data (Fig. 2c) the 250-FGSB film has grains,

within an amorphous matrix, which would lead to two switching fields
in the hysteresis loop along the hard axis. For the coercive field
(Fig. 3f), it is observed that Hc linearly increases as the annealing
temperature increases from 100 °C. This is expected, as the films be-
come more polycrystalline with increase in annealing temperature and
therefore the magnetocrystalline anisotropy energy will increase, plus
the grains will increase the number of domain wall pinning sites within
the film, also increasing the Hc. For the as-FGSB and 100-FGSB films,
the coercive field was taken from the hard axis loop. As the coercive
field increased, so did the saturation field with annealing temperature.

Fig. 4 shows how the different magnetic properties change as a
function of annealing temperature. The saturation induction (µoMs)
decreased as the annealing temperature increased, with a drop of ~40%
between the 100-FGSB film and the 250-FGSB film. There are two
reasons for this, the first is that the concentration of Fe in the film
decreases with increasing annealing temperature and second is that the
films become more crystalline when annealed at the higher tempera-
tures. For example, the amorphous 100-FGSB film saturation induction
was 1.27 T compared to 0.8 T for the polycrystalline 350-FGSB film,
this is a ~40 % reduction in saturation induction for a 3 conc% re-
duction in Fe concentration, with a 5 conc% increase in Si and a 2 conc
% reduction in B. The large difference will not solely be due to the small
decrease in Fe, rather it is likely to be due the morphology change from
amorphous to crystalline. Aboaf et al. [15] showed that for 300 nm FeSi
thin films, the amorphous films had a higher saturation magnetisation
compared to the crystallised films, for the same film composition.

The saturation induction of the amorphous 100-FGSB film is com-
parable to previous FeGaSiB films fabricated using the co-sputter-eva-
poration system [13,14]. The previous FGSB films’ saturation induction
were measured in the range 0.96 T–1.24 T. The composition of these
films were similar to the 100-FGSB film, with the Fe concentration be
~82%, while the ratio of Ga:Si:B were slightly different. This suggests
that for amorphous FeGaSiB films, the Fe concentration dominates the
saturation induction. It also means that annealing at 100 °C does not
strongly change the magnetic properties.

The saturation induction of the 250-FGSB film and the 350-FGSB
film were 0.77 T and 0.8 T respectively, both these films had the same
composition within error (table 1) and were polycrystalline, thus
showing consistency within the films for composition and morphology.
For the 400-FGSB film, the induction was lower than the 350-FGSB
film, which is likely to be due to additional Si within this film.

Using Eq. (1) the Curie Temperature for each of the films was de-
termined (Fig. 4). It was found that the Curie Temperatures were all
much lower than expected. For the as-FGSB film, the Tc was 354 °C,
which was nearly 150 °C higher than all the other annealed films. It
should be noted that the values determined are probably lower than the
actual values, as the model has a very sharp drop off at Tc, while in
general the change in magnetisation with temperature is more gradual.
For comparison, the Curie Temperature of FeSiB is 418 °C [24], thus the
addition of Ga has lowered the Tc by ~50 °C, with a further 150 °C
reduction due to annealing and the addition of Si from the substrate.

From Fig. 4, it is also observed that the magnetostriction constant
decreases with annealing temperature. The as-FGSB film had the largest
magnetostriction constant (29 ppm), this is due to the largest saturation
induction and the film being amorphous. Previous work on FeGaB [25]
and FeSi [15] thin films found that the magnetostriction constant of the
films increased going from polycrystalline to amorphous with the ad-
dition of either B or Si. The amorphous nature of magnetic films seem to
enhance the magnetostriction constant, compared to the polycrystalline
structure. The 100-FGSB film magnetostriction constant was 17 ppm,
which again is comparable with those studied previously [13,14], thus
backing up the suggestion that an annealing temperature of 100 °C does
not change the magnetic properties.

For the polycrystalline films (250-FGSB, 350-FGSB and 400-FGSB),
the magnetostriction constants (~10 ppm) were lower than the amor-
phous films, this could be due to the internal stresses within the films

Table 2
Structural properties of the FeGaSiB films

Film Lattice Constant (Å) Crystallite
size (XRD)
(nm)

Surface
Roughness
(nm)

Grain size
(AFM) (nm)

As-FGSB – <2 0.8 ± 0.4 –
100-FGSB 2.89 ± 0.04 6 ± 3 0.9 ± 0.7 –
250-FGSB 2.893 ± 0.008 9 ± 3 1.2 ± 0.8 110 ± 10
350-FGSB 2.893 ± 0.008 12 ± 3 3.5 ± 2.0 160 ± 10
400-FGSB 2.890 ± 0.008 14 ± 3 2.0 ± 1.0 130 ± 10
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decreasing the magnetostriction constant. From previous work, the
magnetostriction constant of a magnetic film depends upon either the
internal stresses within the film [26] or the surface/interface magne-
tostriction dominating [27]. The internal stresses arise during the fab-
rication process and the post-annealing process. The internal stresses
can be due to the lattice mismatch or the thermal expansion between
the film and the substrate. Also, it was found that for films with high
internal stresses, the magnetostriction constants were lower than ex-
pected. An estimate of the internal stress within the annealed

polycrystalline films can be determine from the XRD data. From Hoo-
ke's law the internal stress σ in the plane, is linked to the ε is the internal
strain, given by = −ε a a

a
o

o
by [28]:
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Where Yf is the Young's Modulus of the film, νf is the Poisson ratio of the
film and ψ is the tilt angle of the sample. For the films measured in this
paper, ψ = 0, thus the biaxial stress is given by = −σ ε

Y
ν2
f

f
. Taking the

Fig. 3. Magnetic normalised hysteresis loops for the easy (red) and hard axis (black) for the FeGaSiB films (a). as-FGSB, (b). 100-FGSB, (c). 250-FGSB, (d). 350-FGSB
and (e). 400-FGSB. (f). Coercive field as a function of annealing temperature. (For interpretation of the references to color in this figure legend, the reader is referred
to the web version of this article.) .
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Young's modulus of FeGaSiB films to be 120 GPa [29], the Poisson ratio
to be 0.28 and the strain determined from the lattice constant (a)
measured with respect to the FeSiB lattice constant (ao). This gives an
internal stress of ~−1.85 GPa, which is comparable to internal stresses
measured for other magnetostrictive films [16,27], where the magne-
tostriction constant was lower than expected. Although annealing is
expected to reduce the stress within the films, in these films the stress is
still large. This could be due to the short annealing time, being long
enough for crystallisation to occur, but not long enough for equilibrium
to be reached within the crystal structure.

From Herzer work [6], the behaviour of soft magnetic materials can
be predicted from their grain size. The paper predicts that the coercive
field increases as D6 up to the grain size being roughly the same as the
exchange length, and then decreases as 1/D as the grain size continues
to increase. From Fig. 5, it is observed there is a sharp increase in the
coercive field, as the grain size increases in the films. The solid line is a
D6

fit to the data. At a grain size greater than 135 nm, the coercive field
starts to decrease with grain size. A linear fit is not included, as only
two points are plotted in this region.

There are two exchange lengths quoted in the literature associated

with the Bloch Wall (bulk) and the Neel Wall (thin film) [7]. The ex-
change length associated with the magnetocrystalline anisotropy and
Bloch walls is given by:

=L A
Kex

1 (5)

Where A is the exchange stiffness, for an amorphous material this is
normally between 1 and 2 × 10−11 J/m and K1 is the anisotropy
constant of the material. As FeGaSiB is a new material, the anisotropy
constant has not be determined for it. Coisson et al. [30] determine the
in-plane anisotropy constant of FeSiB thin films to be ~ 2500 J/m3,
taking these values the exchange length for an amorphous material
based on FeSiB is ~ 63–90 nm.

While the exchange length associated with Neel walls and the
magnetostatic anisotropy is:

=l A
μ M

2
ex

o s
2
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where A is the exchange stiffness, and Ms the saturation magnetisation.
Substituting the A and Ms for the films into Eq. (6) gives lex to be 10 nm.
Whether Bloch walls or Neel walls or even cross-tie walls occur within a
thin magnetic film, depends upon the film thickness, along with the
magnetisation and anisotropy constant [31]. A rough estimate of where
this occurs is when the film thickness ~ Lex, which is the case for the
FeGaSiB films studied. Schneider et al. [32] also showed that 60 nm Fe
films contained Bloch walls using magnetic force microscopy. Thus the
FeGaSiB films studied here are on the Neel–Bloch wall borderline. As
Herzer work assumes Bloch walls, this means that the films are on the
boundary to fit D6 to the data, but from Fig. 5, the FeGaSiB films show
the expected behaviour of soft magnetic materials, with the coercive
field dependence on the grain size switching at roughly the Bloch wall
exchange length.

4. Conclusions

Annealing the FeGaSiB thin films changed the film composition,
along with both the structural and magnetic properties of the films.
Annealing above 250 °C caused the Si in the substrate to diffuse across
the interface into the films, but no additional FeSi phases were formed.
The higher annealing temperatures also caused the films to become
crystalline, with the surface roughness and grain size increasing with

Fig. 4. Saturation Induction (blue circles), Curie Temperature (red squares), and Magnetostriction constant (black triangles) as a function of annealing temperature.
(For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.).

Fig. 5. Coercive field as a function of grain size. The solid line is a fit to the
data.
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increasing annealing temperature. Similarly, the coercive field in-
creased with increasing annealing temperature, which was linked to the
increase in grain size. As the films became polycrystalline with the
higher annealing temperatures, so the saturation induction decreased,
which also led to a decrease in the Curie Temperature and magnetos-
triction constant. Thus the structural transition from amorphous to
polycrystalline strongly changes the magnetic properties of the FeGaSiB
films.
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