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Well-defined and technically relevant domain configurations are sought in patterned magnetic thin films.
We used Magnetic Force Microscopy to investigate these in square-patterned Permalloy films. The films
were prepared using dc sputter deposition by varying the Argon pressure from 1.5 x 107 to 30.0 x 1073
mbar. The Landau domain configuration was found in films prepared at 1.5 x 10~ mbar pressure. With an
increase in pressure, tulip and irregular domains were consecutively formed. Based on magnetic and structural

characterizations, an increase in coercivity and a decrease in Permalloy film density were observed at the same

time.

1. Introduction

Well-defined, stable and reproducible magnetic domain configura-
tions are required for various devices based on magnetic thin films [1-
4]. However, even for a given geometry, patterned films often show
more than one domain configuration in their zero-field states [5-9].
Some of these zero-field states show complex domain configurations
which are undesirable from the application point of view [10-14].
The Landau domain configuration [15,16] is one of the simple and
technically important [2,3,17] zero-field states, which exist in square-
patterned magnetic films above a particular film thickness [15,18].
In the Landau configuration, four triangular closure domains keep
the magnetic flux almost completely within the structure. The four-
fold magnetic symmetry results in the formation of a single vortex in
the center of the structure [17,19]. However, apart from the Landau
domain configuration, square-patterned films also show tulip [20,21],
diamond [5,22] or irregular domain configurations [10-13] in the
absence of external fields. Zero-field domain configurations are deter-
mined by various structural properties such as geometry [5,15,20],
intrinsic stress [10,14,23], grain morphology [22,24-27] as well as
direction and strength of a magnetic field possibly applied during the
fabrication processes [10,20,28]. Moreover, due to influences of the
magnetic history [29] such as trapped vortices from previous rever-
sals [30,31] and because of the changes of energy landscapes with the
variation of magnetization sweep rate [6,7,9], often some of the higher
energy states stabilize instead of the ground state. These excited states
are then metastable ones.
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Permalloy (Py) with a NigyFe,, composition is a frequently used
magnetic material for both basic research and technical applications
[32] because of its negligibly small magneto-crystalline anisotropy
and almost vanishing magnetostriction coefficient [33,34]. Due to the
soft magnetic properties of Py films, their domain configurations are
mainly defined by the shape and dimensions of a given pattern [20,35].
However, with the deviation of the structural characteristics from their
ideal bulk characteristics [34], the soft magnetic properties of the
Py films easily deteriorate due to the development of an anisotropy
resulting from the grain morphology [36,37] and/or from the stress in
conjunction with a non-zero magnetostriction of the films [14,38,39].
This results in an increase of the number of energy contributions which
determine the magnetic properties of the films [20]. This in turn leads
to an increase in complexity of the observed ground-state domain
configurations [10,14,40].

The structural characteristics of the films depend on the chosen
deposition method. Out of the various thin-film-deposition techniques,
sputter deposition allows adjustability of a number of parameters in
order to achieve the desired quality of a film for various materials [41-
43]. The composition, uniformity, adhesion strength, stress, and grain
morphology of the film can be controlled by optimizing the substrate
bias voltage [44-47], buffer layers at the film—substrate interface [48,
49], substrate heating [45,501, sputter power [44,47], substrate-to-
target distance [42,43,51], and Argon (Ar) pressure [52-54] during
the sputter deposition. Especially, by varying the Ar pressure, crucial
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deposition parameters such as the flux rate, composition, angular in-
cidence distribution of sputtered atoms [55,56], and adsorption to the
substrate can be controlled [53,54,57]. Py films become magnetically
harder [46,52,54] and their surface roughness increases upon increase
of the Ar pressure [52,54]. Both these effects lead to the increase in
domain wall pinning site strength [58-60]. One may expect that at
too high pressure the movement of domain walls and consequently
the domain configurations are affected by the granular structure of
the films. Above that pressure, we expect that the Landau domain
configuration can no longer be attained. In this report we investigate
at what pressure this happens, and what are the related values for
chemical composition, morphology, and texture to achieve Landau
domain configuration reliably.

2. Experimental and computational details

Continuous and patterned Py films were prepared by dc magnetron
sputtering. P-type Si(100) substrates of 525 + 20 pm thickness were
first cleaned in an ultrasonic bath in acetone and isopropanol solu-
tions, and later washed with de-ionized water and dried in a N, gas
flow, respectively. No oxide removal method was used during sample
preparation. To prepare patterned samples, the cleaned Si substrates
were spin-coated by PMMA (Poly(methyl methacrylate)) layers. The
PMMA-coated substrates were patterned using e-beam lithography. The
pattern consists in arrays of 5 x 5 pm? squares having 10 ym edge-to-
edge interspacing. A Py target of composition NigyFe,, and a diameter
of 5 cm was used for all depositions. The uncooled substrates of 5 mm
edge lengths were placed at a distance of 11 cm from the target. The
base pressure in the sputter chamber was 6.0 x 10-% mbar. Different
depositions were performed setting the Ar pressure to 1.5 x 1073, 5.0 X
1073, 7.0 x 1073, and 30.0 x 10~3 mbar, respectively. No magnetic field
was applied during sputtering. The dc power was kept approximately
at 104 Watt. The films were deposited with thicknesses between 50 nm
and 70 nm. No capping layer was deposited. After the deposition, a
lift-off process was performed in acetone, and the samples were finally
cleaned in de-ionized water.

Structural and magnetic investigations were carried out on both
continuous and patterned Py film samples. Grazing Incidence X-ray
Diffraction (GIXRD) analysis of the films was performed by a PANalyt-
ical X'Pert MRD diffractometer with CuKa radiation (1 = 0.15406 nm)
operating at 40 kV and 40 mA, at 0.42° incidence angle. The cross-
sectional morphology of the continuous Py films was examined with
a JEOL JEM2011 Transmission Electron Microscope (TEM) and JEOL
ARM200F Scanning Transmission Electron Microscope (STEM). The
topography was analyzed with a Veeco Multimode Atomic/Magnetic
Force Microscope (AFM/MFM). The elemental composition of the Py
films was investigated with a Genesis 2000 energy-dispersive X-ray
(EDX) spectroscope. For the magnetic measurements, the in-plane and
out-of-plane magnetic hysteresis loops of the continuous films were
measured with a DMS model 10 vector Vibrating Sample Magnetometer
(VSM). The sample size was 5x5 mm?2. The system was calibrated with a
0.3 mm thick Ni foil of an identical area and a weight of 60.1 mg, which
we assumed has a moment of 3.31 mAm? using literature value for the
saturation magnetization of Ni (55.1 Am?kg~!) [61]. The diamagnetic
contribution of the sample holder and the Si substrate was subtracted
by a linear background signal of 0.2 pAm>T~!, obtained by a fit to the
high field branches of the in-plane hysteresis loops. The component of
the magnetic moment perpendicular to the field was negligible for all
measurements and was ignored. The magnetic moment was converted
to magnetization using the film thickness obtained by the TEM, and the
area of the samples obtained by ImageJ software [62]. The magnetic
domain configurations of the patterned Py films were analyzed with the
MFM mentioned above.

The energies of the different types of domain configurations in
a Py square were micromagnetically calculated. The Object Oriented
Micro-Magnetic Framework (OOMMF) [63] with a cubic cell of 10 nm
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Fig. 1. Bright-field TEM image of the cross-sectional morphology of the Py films grown
consecutively on a Si substrate at 1.5 x 10 and 30.0 x 10~ mbar Ar pressures. A
capping layer of Pt was deposited on top to protect the Py films during the necessary
FIB treatment. The film deposited at 30.0 x 10~ mbar appears lighter, which suggests
a reduction in film density. Moreover, columnar structures with clear voids appear to
be formed.

edge length was used to perform the three-dimensional simulations. We
assumed a saturation magnetization of My = 860 x 10> Am~! [32,64],
an exchange constant of A = 13 x 10~'2 Jm™! [64,65], and Gilbert
gyromagnetic ratio yg = pore = 2.21 x 103 m(As)~1, where Ho is the
vacuum permeability constant and y, is the free electron gyromagnetic
ratio. To perform the static simulations, a damping parameter of « = 0.5
was applied [64]. The convergence criterion |[MXH |/M2 < 1 x 1073
as a torque minimization condition was employed in the calculations.

3. Experimental and simulation results

3.1. Morphology and crystal structure of Py films as a function of Ar
pressure

Granular structure of Py films prepared at 1.5x 10~ and 30.0x 1073
mbar Ar pressures was investigated in more detail by TEM and STEM.
To observe the cross-sectional morphology by TEM, a slice of both
films deposited on top of each other was prepared by Ga* Focused
Ion Beam (FIB) milling. These films were deposited on top of each
other so that the TEM image could be made under exactly the same
conditions (exposure and thickness of TEM slice) and comparison was
possible. From the TEM analysis shown in Fig. 1, it is clearly visible
that the film deposited at 1.5 x 10~ mbar Ar pressure grew with a
denser morphology, whereas the film deposited at 30.0 x 10~3 mbar
shows columnar grains separated by voids. The growth of the second
layer on top of the first did not alter the grain morphologies of the both
films. The corresponding cross-sectional images of separately grown
films are shown in the Supplementary Material (Fig. S1). An Electron
Energy-Loss Spectroscopy (EELS) line profile shows an increase of O
and decrease of Ni and Fe contents at the void as seen in Fig. 2. No
change in the crystallite size at varying Ar pressure is observed in
the TEM images. Moreover, similar to the results published by other
groups [51,54], an increase of Ni content was observed in our samples
with the increase of Ar pressure, as presented in the EDX data in
Table 1. The respective increase of O content with the increase of Ar
pressure found in the EDX data is also presented in Table 1.

Fig. 3 shows the GIXRD patterns of a bare P-type Si(100) substrate
and the Py films sputtered on top of Si substrates at different Ar
pressures. From Fig. 3 it is clear that with the increase of the Ar
pressure, the basic crystal structure of the Py films remains unchanged,
whereas almost all GIXRD peaks decrease. All Py films show a fcc phase
with a preponderance of (111) crystallographic planes oriented parallel
to the film surface. The crystallite size calculated by the Williamson—
Hall method [66] remains in the 9-12 nm range. In our result, GIXRD
analysis of a bare Si(100) substrate show peaks in 50-60° range as also
reported by Refs. [67-69]. There are two sharp peaks at 51° and 53.6°
and a broader peak at approximately 55.5°. For a Si(100) substrate
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Table 1
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Sputter parameters, structural and magnetic properties of deposited Py films. With increasing sputter pressure we observe a strong reduction
in the deposition rate and magnetization, and a strong increase in the oxygen content and coercivity. The Ni concentration increases slightly.

Ar Press. Dep. rate Thickness Ni (Ni:Fe)* O (Ni:Fe:0) o H, P M, fim /g bulk
(x1073 mbar) (nm/min) (nm) (at%) (at%) (mT)
1.5 18.6 65 80.3 10.2 0.12 0.92
5.0 13.2 50 82.2 16.2 0.40 0.77
7.0 10.7 51 83.8 25.3 5.73 0.63
30.0 4.0 67 83.7 38.5 4.30 0.53

aNi at%, considering Ni and Fe as components.

Y0 at%, considering Ni, Fe and O as components.

o
) 3
(111) - (200)

ectrum Image

(b) [o] [Fe [N

Rel. Composition (%)

0 5 10 15 20 25 30 35 40 45

Fig. 2. (a) A cross-section of the Py film deposited at 30.0 x 10> mbar Argon pressure
taken with a Scanning Transmission Electron Microscope in dark-field contrast. (b) A
spectrum image from a 45 nm EELS line profile of a gap between columnar grains
formed inside the film. This is the same sample shown in Fig. 1.

(wafer), the (311) planes are oriented at approximately 25.2° from the
substrate surface [70]. For a grazing incidence angle (omega = 0.42°)
these planes fulfill the Bragg condition and therefore are observed.
The (311) peak shifts towards lower angle in the 50-60° range with
decrease of grazing incidence angle [67]. The peak observed at 51°
is from (311) plane [67]. The other sharp peak at 53.6° is possibly
from native SiO, layer on the Si substrate or from silicon hydrides [68,
71]. The weak broader peak at 55.5° is formed by Bremsstrahlung
radiation [67]. The missing Si(400) peak is only observed in normal
Bragg-Brentano geometry at 69.1° [72]. In the inset image in Fig. 3,
the one of the substrate peak at 53.6° (marked with a broken line) is
also observed in the Py GIXRD patterns except for the film prepared at
1.5% 1073 mbar. This further supports the observed increase in porosity
with Ar pressure in the TEM result shown in Fig. 1. In the inset image
in Fig. 3, a slight shift of the Py(200) peak is observed at 5.0 x 1073
mbar Ar pressure. This could be due to change of stress (which results
in variation of lattice constant) in the sample or an instrumental error.

3.2. Magnetic hystereses of Py films as a function of Ar pressure

In Fig. 4(a) and (b), the in-plane and out-of-plane magnetic hystere-
sis loops of the continuous Py films prepared at varying Ar pressure
are shown, respectively. From these VSM results, it is obvious that

5000 6000

Intensity (arb. units)
3000 4000
500 1000

(200)

o T T
50 52 54 56

1.5 x 103 mbar (220)

5.0 x 103 mbar .
7.0 x 103 mbar -

2000

1000

30.0 x 103 mbar
Si

40 45 50 55 60 65 70 75 80
0 (deg.)

et ]

0

Fig. 3. GIXRD patterns of a bare Si(100) substrate and Py films deposited at different
Ar pressures. The inset shows in detail the influence of the substrate on the GIXRD
patterns. There is no significant change in crystal structure. At high pressure we see
the influence of the substrate suggesting that the film becomes less dense.

the saturation magnetization of the Py films decreases with the in-
crease of Ar pressure. Relative values in comparison to the bulk Py
saturation magnetization (860 kAm~!) are shown in Table 1. The in-
plane saturation field seen in Fig. 4(a) increases from 15 mT to more
than 1200 mT with increasing Ar pressure. The out-of-plane saturation
field decreases according to Fig. 4(b) from 1300 mT to 600 mT with
increasing Ar pressure. The in-plane coercivity rapidly increases with
increasing pressure from 0.12 mT at 1.5 x 10~ mbar to 5.73 mT at
7.0 x 1073 mbar, after which we observe a slight decrease to 4.30 mT
at 30.0 x 10~ mbar. This is specified in Table 1. Close-up views of the
in-plane hysteresis loops showing change in coercivity and saturation
field are provided in the Supplementary Material (Fig. S2).

3.3. Experimentally observed domain configurations as a function of Ar
pressure

Fig. 5 shows MFM images of remanent domain configurations,
i.e., zero-field states of the patterned Py films prepared at different
Ar pressures. Nine out of two hundred squares patterned in an array
are respectively shown. Magnetic domain images of a larger number
of square patterned arrays are shown in the Supplementary Material
(Fig. S3 to S5). Landau domains in Fig. 5(a), tulip domains in Fig. 5(b),
irregular domains in Fig. 5(c) and no domain configurations in Fig. 5(d)
are visible. The number of squares showing the Landau, tulip, diamond
and irregular structures as remanent states were counted after each
magnetization cycle. For the squares prepared at 1.5 x 10~ mbar Ar
pressure, approximately 90% of the squares show the Landau structure.
The remaining squares show tulip or diamond configurations. For the
squares prepared at 5.0 X 1073 mbar Ar pressure, no square shows the
Landau structure as the remanent state. However, approximately 60%
of the squares show multiple tulip configurations at the corners as
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Fig. 4. In-plane (a) and out-of-plane (b) magnetic hysteresis loops of Py films prepared
at different Ar pressures. The inset in (a) shows an in-plane hysteresis loop of the film
prepared at 30.0 x 103 mbar Ar pressure. (a) With increasing sputter pressure, the
field needed for in-plane saturation increases. (b) In contrast to the in-plane loop, with
increasing sputter pressure the field needed for an out-of plane saturation decreases.

remanent states. For repeated cycles of magnetic field applied during
MFM measurements, the positions of the tulip configurations with
respect to the corners of the squares change. The remaining squares
show irregular domains with complex arrangements of vortices and an-
tivortices in their remanent state. For the squares prepared at 7.0x 10~3
mbar Ar pressure, again no Landau domain configuration is observed,
but more than 80% of the squares show irregular domains and the
remaining squares show multiple tulip configurations at the corners.
For the squares prepared at 30.0 x 103 mbar Ar pressure, initially
no apparent domain configuration was observed at any applied field.
However, a high resolution scan showed the formation of weak stripe
domains [14,20,73] inside the samples as shown in Fig. 6. The half
period of these weak stripe domains is approximately 75 nm which is
roughly equal to the thickness (67 nm) of the film [20,73].

In order to understand the formation of the remanent domain con-
figurations in squares prepared at different Ar pressures, their domain
evolution in applied field was studied in more detail. For this purpose
MFM images were taken in external fields between saturation and
remanent states as shown in Figs. 7-9, respectively. Two squares from
each array were respectively selected for the observations.

Journal of Magnetism and Magnetic Materials 586 (2023) 171138

(a) 1.5 x 103 mbar

(b) 5.0 x 10-3 mbar

Fig. 5. MFM images in the remanent states of Py squares of 5 um edge lengths and
10 pm edge-to-edge interdistance prepared at different Ar pressures. (a) At low sputter
pressure, Landau patterns are reproducibly formed. (b) to (d) With increasing sputter
pressure the domain structures become more irregular culminating into small irregular
domains at high pressure.

Fig. 6. A MFM image in the remanent state of a Py square of 5 pm edge length
prepared at 30.0 x 10 mbar Ar pressure. A weak stripe domain pattern confirms the
presence of a weak perpendicular anisotropy inside the film.

For the squares prepared at 1.5 x 10~ mbar Ar pressure, upon
reduction of the applied field from the saturation state in Fig. 7(a),
well-defined S-state end domains [5,22] form at the edges as seen in
Fig. 7(b). The S- and C-state are the domain configurations formed
close to saturation where magnetization forms an ‘S’ and a ‘C’ shape
configurations, respectively [5,22]. By further decreasing the field, the
S-state end domains expand inside the squares as shown in Fig. 7(c)
and (d). At 2.4 mT in Fig. 7(e), the S-state end domains in the right
square evolve into a four-domain configuration with a vortex formed
close to the upper edge of the square. In the left square, the S-state
end domains evolve to form a domain wall close to the left edge of the
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(b) 9.0 mT

(a) 16.0mT

(d) 3.6 mT

(e)2.4mT

(f) zero field

Fig. 7. MFM images of Py squares of 5 pm edge length and 65 nm thickness prepared
at 1.5x 1073 mbar Ar pressure at different applied fields. The left-right arrow in (a)
represents the direction of applied magnetic field. When the field is reduced, an S-state
end domains start to form. These end domains expand into the element until at 2.4 mT
a vortex is formed. At remanence the vortex moves to center of the square, resulting
in a Landau pattern.

(a) 16.0 mT (b) 8.4 mT

Fig. 8. MFM images of Py squares of 5 pm edge length and 50 nm thickness prepared
at 5.0 x 103 mbar Ar pressure at different applied fields. The left-right arrow in (a)
represents the direction of applied magnetic field. In contrast to the low Ar pressure
sample of Fig. 7, the S-state end-domains do not appear when lowering the field. Instead
multiple domains with vortices and antivortices are formed and the final state domain
state is ill-defined.

square and a vortex close to the upper edge of the square. At vanishing
external field, the domain wall formed close to the left edge of the left
square is pushed out of the square, and the vortices formed close to
the upper edges of both squares move towards the centers to form four
domains inside the squares, as shown in Fig. 7(f). At zero field, the
Landau domain configuration is established in both squares.

For the squares deposited at 5.0 x 10”3 mbar of Ar pressure and
shown in Fig. 8, the well-defined S- or C-state end domains [5,22] are
not formed. Upon reduction of the applied field from the saturation
state in Fig. 8(a), multiple domain walls are nucleated starting at the
edges as seen in Fig. 8(b) and (c). Upon further reduction of the field,
multiple vortices and antivortices are nucleated within multiple tulip
configurations at the corners of the squares, as shown in Fig. 8(d) to (f).
The remanent configurations close to the corners of the squares differ
from square to square.

For the squares deposited at 7.0 x 10~3 mbar of Ar pressure, the
reduction of the applied field from saturation does again not result in
the well-defined S- or C-state end domains, as seen in Fig. 9(a) to (c).
Domain walls being primarily perpendicular to the applied field are
nucleated as shown in Fig. 9(d) to (f). This explains the increase of
remanent magnetization with increasing sputter pressure. The detailed

Journal of Magnetism and Magnetic Materials 586 (2023) 171138

(d)3.1mT

(f) zero field

Fig. 9. MFM images of Py squares of 5 pm edge length and 51 nm thickness prepared
at 7.0 x 107> mbar Ar pressure at different applied fields. The left-right arrow in (a)
represents the direction of applied magnetic field. As in Fig. 8, many domains are
nucleated, but they are aligned clearly perpendicular to the field direction.

magnetization configurations in the remanent states of the squares
differ from each other.

3.4. Energies of zero-field domain configurations

In Fig. 10, out of many possible zero-field domain configurations,
four experimentally relevant domain configurations calculated for a
60 nm thick 5 x 5 um? Py film are shown. No grain morphology was
assumed in the simulations. The Landau, tulip and irregular domain
configurations were obtained by selecting a random magnetization con-
figuration as an initial state. The diamond configuration was obtained
from a seven-domains configuration initial state. For Landau and dia-
mond configurations, the magnetization was allowed to relax according
to the convergence criterion mentioned in Section 2. Whereas, for tulip
and irregular configurations, simulations were terminated prior to con-
vergence. Corresponding magnetic energies are also shown in Fig. 10.
The Landau domain configuration has the lowest energy. The energy
of the tulip configuration is higher because of the formation of an
extra vortex and domain walls at the corner of the patterned film. The
diamond domain configuration with multiple vortices and antivortices
has an even higher energy. An irregular domain configuration as shown
in Fig. 10(d) has the highest energy.

4. Discussion

From the TEM and GIXRD measurements shown in Figs. 1 and 3,
respectively, and as well from the reduction of saturation magnetization
in Table 1, it is clear that the morphology of the films changes from
denser to more porous with possible oxidation with the increase of
the Ar pressure. With decreasing film density, the exchange interac-
tions between the grains of the polycrystalline films is expected to
become weaker [27]. This in turn explains why the average size of
the magnetic domains inside the squares decreases with increasing
Ar pressure, as observed in Figs. 5 to 9. Moreover, the EDX data
presented in Table 1 proves that the stoichiometry of films prepared
at 1.5 x 1073 mbar Ar pressure is closest to the target composition
(NiggFeqo). Thus, the magnetostriction coefficient of those films is
the lowest [33,39]. Because of the relatively high density and low
magnetostriction coefficient the lowest in-plane coercivity and in-plane
saturation field are observed, as shown in Fig. 4(a). In this case, the
magnetic domains inside the squares are solely defined by the shape
of the squares rather than by the film morphology. This leads to the
formation of well-defined end domains and the magnetization always
evolves to the Landau domain configuration in the ground state, which
is the lowest energy state for an ideal dense film having no granular
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(a) Landau (2727.7 eV) (b) Tulip (3302.0 eV)

R T P e & 1

S P 21

P 2 4

v 4} +
L& A 14
A2 el t 1 TSN > >+ > > > g
IR A4 A PAp oy
IaR: 4h [ e R I IR 1
IR LN IEEEEES. ad ARER]
IR Pat IEERERERES R R REE R
IR 1 44 IEEREREE T REREER]
IR R 111 IEEREES X e AR
Yy 4544 IEREE RN AR PSRN
Yy o i IR Sl PR
ABRRT bbb dedades RN MM A NS e r ¥ X X N
IR et 1 A A r'es
IR ) 4 ¥
i 4 ¥
y
¥’

ek e DD

> s s o

i

(d) Irregular (9606.4 eV)

.

D

A AA

AP AP PP,

Fig. 10. OOMMF-simulated domain configurations of a 5 x 5 pm? and 60 nm thick
Py square along with their calculated total magnetic energies. Locations of a vortex
(V) and an antivortex (AV) are indicated in (d). Each arrow represents an averaged
magnetization vector inside 20 x 20 adjacent cells on the sample surface. Black
arrows represent in-plane magnetization, whereas blue and red arrows are the in-plane
projections of magnetization vectors tilted upwards and downwards, respectively. Green
and orange areas represent positive and negative charge densities, respectively. Only
the lowest energy state of the Landau domain shown in (a) was observed in the sample
prepared at 1.5x10~> mbar. The non-equilibrium domains shown in (b) and (d) resemble
the MFM images samples prepared at 5.0 x 10~ and 7.0 X 10~ mbar, respectively.

texture and internal stress, as seen in Section 3.4. For increasing Ar
pressure, the film growth involves more and more columnar grains
separated by voids. This inevitably results in an increase of pinning sites
for the vortices, antivortices and domain walls [58-60]. Consequently,
the in-plane coercivity and in-plane saturation field increase, as seen
in Fig. 4(a). Moreover, the Ni content was found to increase when the
Ar pressure increases. This is due to the reduced relative mean free
path of the sputtered Fe atoms with respect to the Ni atoms [54,74].
The increase of Ni content and hence the magnetostriction coefficient
of the film make magnetization sensitive to stress inside the film. As a
result, irregular and smaller domains, especially at the sample edges,
are formed because of the local variation of stress at the edges [10].
Therefore an increase of the complexity of the end domains is observed
in Figs. 8 and 9. The increased number of pinning sites and the increase
of magnetostriction coefficient of the film lead to a stabilization of
multiple tulip configurations and irregular domains in remanent states,
which are energetically less favorable for an ideal dense and stress-free
film as seen in Section 3.4. The stress and inter-granular interactions
inside the films prepared at higher Ar pressure induce energy barriers
in the magnetic energy landscape and in consequence stabilize these
local-minimum energy states. Moreover, local variations in the tulip
and irregular domains configurations from one square to another one
indicate that the remanent states in these cases are not well-defined.
Films prepared at 30.0 X 10~3 mbar Ar pressure show an increase in
O content at the voids in Fig. 2. This could be due to oxidation of
the porous film exposed to the atmospheric oxygen as also reported
by Refs. [75,76]. The EDX analysis in Table 1 confirms the increase of
oxygen content with increasing Ar pressure.
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An increase of perpendicular anisotropy with Ar pressure was found
with the formation of weak stripe domains in the films prepared at
30.0 x 10~3 mbar, as shown in Fig. 6. The granular shape anisotropy in-
duces perpendicular anisotropy inside those films prepared at relatively
high Ar pressures [36,37]. The shape anisotropy calculated by assuming
perfect non-interacting columnar grains [77] of 10 nm diameter for
the film prepared at 30.0 x 10~ mbar Ar pressure is 52 kJ m~3. In
contrast, the perpendicular anisotropy calculated from the out-of-plane
hysteresis loop for this film is 6.4 kJ m~3. The large difference between
the anisotropy constants indicates a non-zero interaction between the
grains. In addition, the stress-induced anisotropy also contributes to
the perpendicular anisotropy of the film. However, the calculation of
the strength and orientation of the stress-induced anisotropy is beyond
the scope of the present investigations. Thus, a final conclusion about
the interaction between columnar grains and contributions of stress-
induced anisotropy to the total perpendicular anisotropy of the film is
not yet advisable.

5. Conclusion

We investigated the relationship between the Ar sputter pressure
and structural and magnetic properties of Py thin film elements with
size of 5 x 5 ym? and a thickness of 60 + 10 nm. Increasing the sputter
pressure from 1.5x 1073 to 30.0x 10~ mbar does not significantly affect
the crystal structure of Py thin films. However, the O content increased
strongly from 10 to 38%, accompanied by a small increase in Ni content
from 80 to 84%. From cross section TEM observations, we conclude that
the increase in sputter pressure resulted in a reduction of film density.
At 30.0 x 103 mbar, columnar grains separated by voids were formed.
These changes in film composition and texture are accompanied by
a reduction in saturation magnetization from 92 down to 53% of the
bulk value and a strong increase in in-plane coercivity from 0.12 to 4.3
mT. The hysteresis loops of films prepared at higher sputter pressure
show a higher saturation field for fields applied parallel to the film,
and lower saturation field perpendicular to the film, suggesting that an
intrinsic perpendicular anisotropy develops in the films. The hysteresis
loops showed that with increasing sputter pressure the films became
magnetically hard.

At a low Ar pressure of 1.5x 10~3 mbar, the films were soft and the
square shape of the element determined the remanent domain struc-
ture. When the field was reduced from saturation, S-state end domains
formed until at 2.4 mT a vortex entered the element. At zero field that
configuration relaxed to a Landau domain configuration which was
consistently obtained amongst 90% of the observed elements. When
the Ar pressure was increased above 5.0 x 10~ mbar, the S-state end
domain was no longer obtained. Instead many domains nucleated and
tulip structures were formed as remanent domain structure. At 7.0x1073
mbar the domains aligned perpendicular to the field and no tulip do-
mains were found. At zero field irregular domain structures with sizes
~1 pm were formed. Since the micromagnetic simulations showed that
the tulip and irregular domain structures are non-equilibrium states for
an ideally dense film, this indicates that the domain configurations be-
come increasingly dependent on grain structure at higher Ar pressures.
The magnetically hard films prepared at 30.0 x 10~ mbar showed weak
stripe domains confirming the presence of perpendicular anisotropy in
the films. These relationships between the deposition parameters, film
grain structure, and magnetic properties offer guidelines for the real-
ization of thin Py elements with well-defined and reproducible domain
structures for use in magnetic sensors and spin-logic applications.
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