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 A B S T R A C T

Amorphous sputtered Co-based thin films are widely used as soft magnetic materials in applications such as 
sensors, inductors and magnetic flux concentrators. The magnetic properties of these films can be controlled 
by deposition parameters like film thickness, argon pressure, deposition rate and others. In this study, we 
present a detailed investigation of the magnetic properties of RF-sputtered Co90Nb8Zr2 films with thicknesses 
ranging from 52 nm to 1040 nm. These amorphous films exhibit an average saturation magnetisation of 
(1.01 ± 0.04)MA∕m. As the film thickness increases, there is a significant decrease in coercivity, remanent-
to-saturation magnetisation ratio 𝑀r∕𝑀s, and maximum permeability. The change in macroscopic magnetic 
properties is also reflected by the domain structure. At a thickness of 52 nm, the remanent domain state shows 
irregular domains, while films thicknesses above 208 nm exhibit flux-closure domain structures instead. The 
thickness-dependent modifications are attributed to the transition between Néel and Bloch type domain walls, 
which is expected to occur at approximately 84 nm.
1. Introduction

Amorphous alloys have gained substantial prominence as soft mag-
netic materials [1–4]. Their lack of long-range atomic order leads to 
low coercivity and high permeability [1], making them ideally suited 
for a wide range of applications, including magnetic sensors [5–7], 
integrated inductors [8–11], and electric motors [12–14]. A deeper 
understanding of the magnetisation processes and domain structures 
in such materials is provided by the seminal work of Hubert and 
Schäfer, which offers both theoretical and experimental perspectives 
on magnetic domains [15].

Among the various amorphous Co-based alloys, CoNbZr has at-
tracted particular attention due to its high susceptibility, large satu-
ration magnetisation, and low coercive field [16,17]. These properties 
make it a promising candidate for integrated magnetic flux concen-
trators and planar thin-film sensors, establishing it as a material of 
central importance in this field [18–20]. Several studies by Japanese 
research groups have further investigated the potential of CoNbZr for 
high-frequency sensor applications and microwave absorption struc-
tures [21]. They show that the characteristic impedance increases 
with increasing film thickness [22], and demonstrated high sensitivity 
allowing for unshielded magnetocardiogram measurements [23].

CoNbZr films are typically fabricated by sputter deposition. Their 
magnetic properties are highly sensitive to the Argon sputter pressure. 

∗ Corresponding author.
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Peng et al. showed that an increase in sputter pressure can cause colum-
nar growth, thereby inducing perpendicular magnetic anisotropy [24]. 
Similarly, Takahashi et al. showed that an increase in sputter pressure 
leads to an increase in coercivity [25].

Film thickness plays a pivotal role in determining the magnetic 
performance of CoNbZr films. Experimental studies have reported an 
inverse relationship between thickness and coercive field [25–27], 
as well as an increase in the anisotropy field with increasing thick-
ness [28]. Thick CoNbZr films also tend to develop in-plane uniaxial 
magnetic anisotropy [27].

Such thickness-dependent effects are not unique to CoNbZr but are 
also characteristic of other soft magnetic thin films such as CoFeB and 
NiFe (Permalloy). For example, García et al. [29] reported changes 
in coercivity, remanence, and domain structure in CoFeB films as a 
function of induced anisotropy. Similarly, studies on Permalloy films 
revealed stripe domain formation and a transition into a ‘‘transcritical’’ 
state near a critical thickness, accompanied by marked changes in coer-
civity and permeability [30–32]. These parallels underline the general 
role of deposition conditions, stress, morphology, and dimensionality in 
shaping the magnetic behaviour of sputtered soft magnetic thin films.

While the fundamental transition from Néel to Bloch domain walls 
with increasing film thickness is well established in micromagnetic 
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theory [15], quantitative studies linking this transition to macroscopic 
magnetic parameters such as permeability and coercivity in amorphous 
Co-based films remain scarce.

This study addresses this gap by systematically analysing the
thickness-dependent magnetic properties of sputtered CoNbZr thin 
films. Special emphasis is placed on correlating the evolution of domain 
structures with macroscopic magnetic behaviour, thereby providing in-
sights directly relevant for the optimisation of CoNbZr-based magnetic 
sensors.

2. Materials and methods

This section describes the fabrication of CoNbZr thin films and the 
methods used for their structural and magnetic characterisation.

2.1. Sample preparation

CoNbZr films were deposited on Si–SiO2 substrates of 8mm× 8mm, 
mounted on a rotating holder using magnetron sputtering with a radio 
frequency (RF) power supply. The target composition of Co85Nb12Zr3
(at. %) was chosen due to the nearly zero magnetostriction (𝜆s <
10−6) [33]. The target-to-substrate distance was set to 12 cm. After 
reaching a base pressure below 1⋅10−8 mbar, the films were deposited at 
an argon pressure of 1.7 ⋅10−3 mbar using an RF power of 100W applied 
to the magnetron target. The deposition was deliberately carried out at 
the lowest stable sputtering pressure of the system in order to avoid the 
columnar growth and coercivity increase observed at elevated argon 
pressures [24,25]. The deposition rate of (4.9 ± 0.2) nm∕min was deter-
mined by cross-sectional TEM analysis of a reference film sputtered for 
60min. By adjusting the sputtering time, films with thicknesses between 
52 nm and 1040 nm were fabricated. This thickness range was chosen in 
accordance with previous studies [34–36].

For magnetic domain structure analysis via magnetic force mi-
croscopy (MFM), CoNbZr films were patterned into 20 μm × 20 μm
squares using a FEI Helios NanoLab 600 focused ion beam (FIB) at an 
acceleration voltage of 30 kV. Initially, an outer frame was patterned 
to coarsely remove material at a beam current of 21 nA, followed by 
patterning of the final structures at a current of 6.5 nA. No ion beam 
imaging was performed of the patterned area to prevent detrimental 
effects of Ga ions on the magnetic properties of the structures [37].

2.2. Microstructural characterisation

X-ray diffraction (XRD) patterns of the investigated samples were 
recorded at room temperature using a Bruker D8-A25-Advance diffrac-
tometer in Bragg–Brentano 𝜃−𝜃 geometry, with a goniometer radius of 
280 nm and Cu K𝛼 radiation (𝜆 = 154.0596 pm). A 12 μm Ni foil served 
as a K𝛽 filter and a variable divergence slit was positioned at the 
primary beam side. A Bruker LYNXEYE detector with 192 channels was 
employed on the secondary beam side. Experiments were conducted in 
a 2𝜃 range of 30◦ to 60◦ with a step size of 0.013◦ and a total scan period 
of 4 h.

Electron diffraction patterns were acquired using a JEOL 2011 trans-
mission electron microscope (TEM), equipped with a LaB6 cathode and 
operated at 200 kV. TEM slices were prepared by milling a 15 μm×5 μm
area from the continuous film using FIB followed by in situ lift-out with 
a micromanipulator [38]. The elemental composition of the TEM slices 
was determined using an energy-dispersive X-ray spectroscopy (EDX) 
system.
2 
Table 1
Peak centre positions and FWHM of CoNbZr extracted from the XRD pattern.

𝑡 Peak centre FWHM
nm ◦ ◦

1040 ± 40 44.47 ± 0.02 4.30 ± 0.04
520 ± 20 44.40 ± 0.01 4.17 ± 0.03
208 ± 8 44.38 ± 0.02 4.01 ± 0.05
104 ± 4 44.44 ± 0.05 3.75 ± 0.10
52 ± 2 44.32 ± 0.08 2.96 ± 0.05

Average 44.40 ± 0.06 3.84 ± 0.53

Table 2
Peak centre positions and FWHM of Si extracted from the XRD pattern.

𝑡 Peak centre FWHM Peak centre FWHM
nm ◦ ◦ ◦ ◦

208±8 47.72±0.01 0.07±0.01 54.55±0.01 0.09±0.01
104±4 47.73±0.01 0.09±0.01 54.57±0.01 0.09±0.01
52±2 47.56±0.01 0.07±0.01 54.40±0.01 0.10±0.01

Average 47.67±0.09 0.08±0.01 54.50±0.09 0.09±0.01

2.3. Magnetic characterisation

Magnetic measurements were performed on the as deposited films 
using a DMS Model 10 Vector Vibrating Sample Magnetometer (VSM) 
to measure both in-plane and out-of-plane magnetic hysteresis loops. 
The lateral sample size was 8mm × 8mm. The system was calibrated 
using a 0.3mm thick Ni foil with the same area and a mass of 156mg, 
assuming a magnetic moment of 8.61mAm2 based on the mass mag-
netisation of Ni (55.1Am2∕kg) [39]. The diamagnetic contributions 
from the sample holder and Si substrate were subtracted as a linear 
background signal of 0.5 μAm2∕T, obtained by fitting the high-field 
branches of the in-plane hysteresis loops.

For MFM analysis, a Bruker Multimode 8 atomic force microscope 
(AFM) was used. The AFM head was positioned between two electro-
magnetic coils capable of applying a field 𝐵 of up to 80mT. Olympus 
OMCL-AC240TS cantilevers coated with 40 nm Co85Cr15 were used to 
detect the stray magnetic fields of the samples [40].

3. Results and discussion

This section presents the structural and magnetic properties of the 
CoNbZr thin films, followed by a discussion of key hypotheses based 
on the observed trends.

3.1. Microstructural properties

Fig.  1 shows the XRD patterns of CoNbZr films with varying thick-
nesses. Broad, low-intensity peaks centred at an average angle of 
(44.40 ± 0.06)◦ were observed, with an average full-width at half-
maximum (FWHM) of (3.84 ± 0.53)◦, as summarised in Table  1. The 
broadening of these peaks is due to the scattering of X-rays in mul-
tiple directions, caused by the lack of a regular atomic lattice and a 
statistically dominating specific range of interatomic distances [41]. 
This broad peak is characteristic for an amorphous state, indicating the 
absence of long-range crystalline order in the CoNbZr films.

In addition to the broad peak, two distinct Bragg reflections were 
observed at (47.67 ± 0.09)◦ and (54.50 ± 0.09)◦ (see Table  2). These 
reflections are attributed to the crystalline structure of the underlying 
(100) Si substrate, likely induced by incident W L𝛽 radiation originating 
from the X-ray source, which is equipped with a tungsten filament. 
These Si-related reflections are distinct from the broad peak associated 
with the amorphous CoNbZr films.

While the XRD data suggest an amorphous structure, they do not 
allow to differentiate between nanocrystalline and amorphous states. 
To address this, electron diffraction measurements were conducted. Fig. 
2 displays the electron diffraction pattern of a CoNbZr film with a 
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Fig. 1. XRD patterns of sputtered CoNbZr films with varying thicknesses 𝑡. The 𝑦-axis represents intensity 𝐼 and the 𝑥-axis represents the diffraction angle 2𝜃. 
The broad peaks around (44.40±0.06)◦ (red line) indicate the presence of an amorphous phase, confirming that the CoNbZr films retain their amorphous structure 
as thickness increases. Two distinct Bragg reflections at (47.67 ± 0.09)◦ and (54.50 ± 0.09)◦ are attributed to the crystalline structure of the underlying (100) Si 
substrate.
Table 3
EDX-derived elemental composition of sputtered CoNbZr films for different 
thicknesses.

𝑡 Co Nb Zr
nm at. % at. % at. %

1040 ± 40 89.5 ± 0.5 8.5 ± 0.5 1.9 ± 0.5
520 ± 20 90.5 ± 0.5 7.8 ± 0.5 1.8 ± 0.5
208 ± 8 89.3 ± 0.5 9.0 ± 0.5 1.8 ± 0.5
104 ± 4 90.3 ± 0.5 7.9 ± 0.5 1.8 ± 0.5
52 ± 2 90.2 ± 0.5 8.0 ± 0.5 1.8 ± 0.5

Average 90.0 ± 0.5 8.2 ± 0.5 1.8 ± 0.1

Fig. 2. Electron diffraction pattern of a sputtered CoNbZr film with a thickness 
of 208 nm. The presence of diffuse rings is indicative of an amorphous state.

thickness of 208 nm. The presence of diffuse rings, rather than discrete 
diffraction spots, is consistent with an amorphous structure, corrobo-
rating the XRD findings.

EDX analysis confirmed that all sputtered films consistently exhibit 
an average nominal composition of Co90Nb8Zr2, as listed in Table 
3, clearly deviating from the target composition (Co85Nb12Zr3). This 
discrepancy is likely attributable to differences in the sputtering yields 
and angular distributions of the target elements, which are influenced 
3 
by their respective atomic masses, binding energies, and the overall 
sputtering geometry [42]. In particular, the sputtering yield of Co is 
known to be approximately twice as high as that of Nb under compa-
rable conditions, which can lead to an enhanced Co concentration in 
the resulting film [43].

These results confirm that the microstructure of the CoNbZr films 
remains fully amorphous across all thicknesses studied, with no evi-
dence of crystalline growth. This structural consistency ensures that 
any changes in magnetic behaviour with increasing thickness can be at-
tributed primarily to magnetic and morphological mechanisms, rather 
than to structural phase transitions or crystallinity effects.

3.2. Magnetic properties

Fig.  3 presents the out-of-plane hysteresis loops of amorphous CoN-
bZr films with varying thicknesses, measured using VSM at a maximum 
field sweep of 𝐵 = ±2T. Due to a slight inevitable misalignment 
of approximately 2◦ between the film plane normal and the external 
field direction, a small in-plane magnetisation component is observed. 
Between −1.4T and −20mT, the magnetisation decreases proportionally 
with the external field as it rotates toward the plane of the film. At 
−20mT, the in-plane component reaches approximately −0.7mT, nearly 
sufficient to saturate the films in-plane. At 20mT, the films are saturated 
in-plane, and further increases in the magnetic field cause the magneti-
sation to rotate out-of-plane, saturating at 1.4T. The inset magnifies 
the low–field region (𝐵 = ±20mT) of the out-of-plane hysteresis loops, 
showing the systematic decrease of the coercive field with increasing 
film thickness.

The saturation magnetisation 𝑀s was estimated from the saturation 
magnetic moments obtained from both the in-plane and out-of-plane 
loops, considering a total film area of 64mm2 and the thicknesses 
measured by TEM. The uncertainties in 𝑀s arise from alignment errors, 
and the precision of the film dimensions. Additionally, the slopes of 
the out-of-plane loops can be used to estimate 𝑀s by calculating their 
intersections with the horizontal lines extrapolated from the saturation 
region (as indicated by the pink lines in Fig.  3). The latter assumes that 
in an ideal thin film, the out-of-plane hysteresis curve is a straight line 
where the saturation field equals the saturation magnetisation.

Both methods yield consistent estimates for 𝑀s, as shown in Fig. 
4. The analysis demonstrates that the saturation magnetisation is inde-
pendent of film thickness, with an average value of (1.01±0.04)MA∕m.
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Fig. 3. Out-of-plane hysteresis loops of the magnetisation 𝑀 for amorphous CoNbZr films of varying thicknesses, measured using VSM. The pink lines indicate 
how the saturation field was estimated. The inset magnifies the low-field region shows the systematic decrease of the coercive field with increasing film thickness.
Fig. 4. Derived saturation magnetisations for various film thicknesses from the out-of-plane (black and red) and in-plane (blue) loops. The analysis shows that 
the saturation magnetisation is independent of film thickness (indicated by the pink line), with a mean value of (1.01 ± 0.04)MA∕m.
When comparing the derived saturation magnetisation with pre-
vious studies (see Table  4), the present values are generally higher 
than those reported for similar CoNbZr compositions. Maximum ap-
plied fields (𝐵max) were reconstructed and, where available, film thick-
nesses extracted and included in Table  4. Measurements with a max-
imum in-plane field of 2T ensured full magnetic saturation. As 𝑀s is 
largely independent of thickness within the investigated range (see Ta-
ble  4), the comparison highlights meaningful differences in saturation 
magnetisation while remaining primarily qualitative.

For instance, prior studies have reported 𝑀s values of around 
0.80MA∕m for Co87.3Nb8.8Zr3.9 [16], 0.86MA∕m for Co90Nb5Zr5 [17], 
and 0.88MA∕m for Co85Nb10Zr5 [3], while values as high as 1.11MA∕m
have been reported for Co88Nb8Zr4 [25] and Co90Zr10 [2].

It is generally observed that a higher cobalt content results in a 
higher 𝑀 , as exemplified by 𝑀 ≈ 1.19MA∕m for Co Zr  [2]. In 
s s 96 4

4 
contrast, increasing the Zr content tends to lower 𝑀s [45], as does the 
addition of Nb [46].

To investigate how the inclusion of Nb and Zr reduces the alloy’s 
magnetism, the saturation magnetic moment per Co atom, 𝑚B, can 
be estimated using the equation 𝑚B = 𝑝Co𝑀s∕(𝜇B𝑁Co), where 𝑁Co =
𝜌Co𝑁A∕𝑀Co ≈ 9.09 ⋅ 10−22 cm−3 is the Co atom density, derived from 
the mass density 𝜌Co, molar mass 𝑀Co, and Avogadro’s constant 𝑁A. 
The results are summarised in Table  4. For all samples, except pure 
Co, the estimated magnetic moment per Co atom is significantly lower 
than expected. This is based on the assumption that the saturation 
magnetic moment per Co atom increases linearly with the Co content 
in the alloy, reaching a value of 𝑚B = 1.71 𝜇B∕Co at 100% Co content, 
with a saturation magnetisation 𝑀s = 1.44MA∕m [44]. The observed 
reduction in 𝑚  is primarily attributed to the lack of long-range order, 
B
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Fig. 5. In-plane hysteresis loops of the magnetisation 𝑀 for amorphous CoNbZr films measured by VSM at different thicknesses. With increasing film thickness, 
the loop changes from a square to a smoother shape.
Table 4
Comparison of saturation magnetisations 𝑀s with reported values, the max-
imum applied field 𝐵max, and estimated magnetic moment per Co atom 𝑚B. 
The latter is much lower than for bulk cobalt.
 Composition 𝑡 𝑀s 𝑚B 𝐵max Reference  
 (at.%) (nm) (MA/m) (𝜇B∕Co atom) (T)  
 Pure Co Nanowire 1.44 1.71 >0.2 [44]  
 Co96Zr4 150–2000a 1.19 1.36 – [2]  
 Co91Nb7Zr2 52–1040 1.01 1.09 2.0 This work 
 Co90Zr10 150–2000a 0.88 0.94 – [2]  
 Co90Nb5Zr5 100–300a 0.86 0.92 >1.0 [17]  
 Co88Nb8Zr4 1000 1.11 1.16 1.0 [25]  
 Co87.3Nb8.8Zr3.9 1000 0.80 0.83 1.0 [16]  
 Co85Nb10Zr5 2000 0.88 0.89 0.5 [3]  
a Exact thickness 𝑡 at which measurements were performed is not reported.

which weakens the exchange interactions between Co atoms, thereby 
reducing the overall magnetisation [46].

Fig.  5 shows the in-plane hysteresis loops of the magnetisation 𝑀
recorded during a field sweep of 𝐵 = ±1mT for amorphous CoNbZr 
films of varying thickness. With increasing thickness, the loops evolve 
from a square to a more rounded shape, indicating changes in magnetic 
behaviour. Barkhausen jumps are observed in the thinnest film.

From these loops, the coercive field 𝐻c = 𝐵c∕𝜇0, the remanent-to-
saturation magnetisation ratio 𝑀r∕𝑀s (with 𝑀r denoting the magneti-
sation at zero applied field), and the maximum slope of the magnetisa-
tion curve (maximum permeability 𝜇max) were extracted, as shown in 
Fig.  6. All parameters decrease with increasing film thickness: 𝐻c from 
110A∕m to 10A∕m, 𝑀r∕𝑀s from 0.82 to 0.05, and 𝜇max from 2 ⋅ 105 to 
4 ⋅ 104. The error bars for 𝐻c and 𝑀r∕𝑀s result from the inaccuracies 
in the interpolation of the magnetisation between field steps.

A notable observation in Fig.  6(a) and (b) is that the uncertainty of 
𝐻c and 𝑀r∕𝑀s decrease with increasing thickness. The increase in film 
thickness leads to a larger magnetic volume and consequently a higher 
total magnetic moment. This results in a stronger induced voltage signal 
in the pickup coils of the VSM, thereby improving the signal-to-noise 
ratio (SNR) of the measurement. Enhanced SNR reduces the relative 
measurement uncertainty and allows for more accurate and precise 
determination of 𝐻  and 𝑀 . Larger error bars at 52 nm thickness are 
c r

5 
attributed to Barkhausen jumps causing additional measurement uncer-
tainties. The uncertainty in film thickness shown in Fig.  6 increases for 
thicker films due to the direct proportionality between thickness and 
deposition time. Since the deposition rate has a fixed uncertainty of 
±0.2 nm∕min, longer sputtering times for thicker films accumulate this 
uncertainty, resulting in larger absolute errors.

These findings corroborate previous studies that have also observed 
a decrease in coercive field with increasing film thickness [25–27]. 
Additionally, the coercive field at a thickness of 1040 nm is in good 
agreement with values reported by Shimada et al. (4A∕m [2]) and Li 
et al. (16A∕m [26]).

To investigate local magnetic domain structures, MFM imaging was 
performed on patterned 20 μm×20 μm squares with thicknesses of 52 nm
and 208 nm (Fig.  7). This contrasts with the VSM measurements, which 
were conducted on the full 8mm × 8mm films to capture macroscopic 
magnetic properties. The thinner film exhibits an irregular domain 
pattern, indicating the presence of cross-tie walls (Fig.  7(a)), whereas 
the thicker film displays a more regular flux-closure diamond state (Fig. 
7(c)). The remanent states, achieved by saturating the samples at 80mT
in-plane, show persistent irregular domains at 52 nm (Fig.  7(b)) and less 
regular patterns with tulip-like features at the edges at 208 nm (Fig. 
7(d)).

These findings agree with the established understanding that do-
main wall type depends on film thickness: thinner films favour in-plane 
magnetisation resulting in Néel walls, while thicker films develop out-
of-plane magnetisation rotation at the wall centre, leading to Bloch 
walls [15]. The transition thickness between Néel and Bloch walls 
can be approximated by 𝐷 = 20

√

𝐴∕𝐾d, where 𝐴 is the exchange 
stiffness and 𝐾d the anisotropy constant [15]. Using literature values 
for the exchange stiffness 𝐴 = 11 pJ∕m [47] of Co and the experimen-
tally measured saturation magnetisation, this transition is estimated to 
occur around 84 nm, in good agreement with the contrasting domain 
structures observed for the two thicknesses.

Although thickness-dependent domain wall transitions are well doc-
umented, for example in amorphous CoNbZr films by Wimmers and 
Johnson [48] and comprehensively discussed by Hubert and Schäfer
[15], microstructural factors such as interface roughness, internal stres-
ses, and multilayer architecture also play an important role in shaping 
domain configurations and magnetic anisotropy. Structural influences 
on magnetic properties have been reported in FeNi and FeNi/Ti-based 
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Fig. 6. Coercive field 𝐻c, remanent-to-saturation magnetisation ratio 𝑀r∕𝑀s and maximum permeability number 𝜇max extracted from the in-plane hysteresis 
loops of amorphous CoNbZr thin films as a function of film thickness. As the film thickness increases, all the following quantities decrease: (a) 𝐻c from 110A∕m
to 10A∕m, (b) 𝑀r∕𝑀s from 0.82 to 0.05, and (c) 𝜇max from 2 ⋅ 105 to 4 ⋅ 104.
Fig. 7. MFM images of 20 μm × 20 μm patterned CoNbZr films for 52 nm (a, b) and 208 nm thickness (c, d). Hereby show (a, c) their as-prepared state and (b, d) 
their remanent state. The images reveal an irregular domain pattern with cross-tie walls at a thickness of 52 nm, while a regular flux-closure diamond state is 
observed at 208 nm in both the as-prepared and remanent states.
thin films [49], highlighting the broader relevance of combined thick-
ness and microstructural effects for optimising CoNbZr films in sensor 
applications. Our results provide a direct experimental correlation be-
tween domain structures and macroscopic magnetic properties such as 
coercivity and permeability, which is particularly relevant for sensor 
performance.
6 
3.3. Hypotheses

As evident from the hysteresis loops in Fig.  5, the remanent mag-
netisation state and the magnetisation reversal mechanisms vary sig-
nificantly with film thickness. At an applied field of 1mT, thinner films 
reach saturation more rapidly than thicker ones. This behaviour can be 



I. Sivanesarajah et al. Journal of Magnetism and Magnetic Materials 634 (2025) 173555 
attributed to the increase of the in-plane demagnetisation factors (𝑁𝑥 =
𝑁𝑦 = 𝑁) with film thickness, reflecting the film’s shape anisotropy.

The demagnetisation factors were calculated according to the an-
alytical expressions for rectangular prisms provided by Aharoni [50], 
assuming uniform magnetisation (see Appendix for the full formula). 
These expressions neglect the material’s susceptibility, which can op-
tionally be incorporated using the correction scheme proposed by Chen 
et al. [51].

Using this method, the in-plane demagnetisation factors for the 
investigated films were determined as 𝑁 ≈ 3⋅10−5 for 52 nm, 𝑁 ≈ 9⋅10−5

for 208 nm, and 𝑁 ≈ 40 ⋅ 10−5 for 1040 nm. Consequently, the internal 
demagnetising field 𝜇0𝑁𝑀s increases from approximately 0.04mT to 
0.51mT, opposing the external field. As a result, thicker films require a 
stronger external field to reach the same level of magnetisation.

This variation in demagnetisation field also influences the rema-
nent magnetisation 𝑀r , as it promotes the reorientation of magnetic 
domains into energetically more favourable states once the external 
field is removed. Similar effects have been observed in rectangular-
shaped amorphous ribbons and thin films with varying geometries 
and anisotropies [52,53], confirming that changes in demagnetisation 
factors can significantly affect coercivity and permeability, which are 
critical parameters for sensor performance. In particular, García-Arribas 
et al. [54] demonstrated how tailored anisotropies in permalloy mi-
crostrips, influenced by both shape and induced effects, lead to marked 
variations in magnetic response.

Additionally, the observed MFM contrast in Fig.  7(b) suggests a 
weak perpendicular component in the magnetisation of the remanent 
state. This interpretation is based on the ripple-like domain pattern 
exhibiting alternating bright and dark contrast, which typically indi-
cates stray fields arising from out-of-plane magnetisation components. 
To assess whether surface roughness contributes to this effect, the 
root-mean-square (RMS) roughness was evaluated from five 2 μm ×
2 μm regions on each 20 μm × 20 μm MFM topography image using 
Gwyddion. The average RMS roughness values were (0.20±0.01) nm for 
the 52 nm film and (0.68 ± 0.01) nm for the 208 nm film, confirming an 
increase of surface roughness with film thickness [55]. These low values 
suggest that surface morphology is unlikely to be the primary origin 
of the observed perpendicular anisotropy. XRD analysis further con-
firms that all films remain fully amorphous across the entire thickness 
range, excluding columnar growth or crystalline texture effects that are 
commonly linked to perpendicular anisotropy in sputtered films [32]. 
Furthermore, columnar growth, when present, is typically enhanced at 
greater film thicknesses, and would therefore be expected to result in 
a stronger out-of-plane component in thicker films. However, the MFM 
contrast becomes notably less pronounced in the 208 nm film compared 
to the 52 nm film, contradicting this expectation. Therefore, while the 
observed contrast may reflect a weak perpendicular anisotropy con-
tribution, its precise microscopic origin remains unclear and requires 
further investigation.

4. Conclusion

As-prepared amorphous CoNbZr thin films deposited on Si-SiO2
wafers were systematically investigated, varying in thickness from 
52 nm to 1040 nm.

XRD spectra and TEM diffraction patterns confirmed that the CoN-
bZr films maintain their amorphous structure across all thicknesses. 
EDX analyses indicated consistent stoichiometry in the sputtered films, 
with compositions of Co90±1Nb8±1Zr2±1. The saturation magnetisation 
was found to be constant, with a mean value of (1.01 ± 0.04)MA∕m. 
Based on this saturation magnetisation and the film composition, the 
magnetic moment per Co atom was estimated to be approximately 60% 
lower than that of pure cobalt.

In contrast to the saturation magnetisation, the coercive field ex-
hibits a significant reduction with increasing film thickness, decreasing 
7 
by a factor of 10 to a value of 10A∕m. Similarly, the ratio of remanent-
to-saturation magnetisation decreases by a factor of 16, reaching a min-
imum value of 0.05. The maximum permeability number also decreases 
by a factor of 5 down to 4 ⋅ 104.

MFM measurements revealed an irregular domain pattern with 
cross-tie walls at a thickness of 52 nm, while 208 nm thickness has shown 
a regular flux-closure diamond state in both, as-deposited and saturated 
films. This behaviour is attributed to the transition between Néel and 
Bloch type domain walls, which is expected to occur at approximately 
84 nm.

Although the transition from Néel to Bloch domain walls with 
increasing film thickness is a well-established micromagnetic phe-
nomenon, this work extends the understanding by quantitatively link-
ing domain wall evolution to changes in permeability, coercivity, 
and hysteresis behaviour in amorphous CoNbZr films produced by RF 
magnetron sputtering. These correlations are directly relevant for the 
optimisation of CoNbZr-based magnetic sensors, as high permeability 
and low coercivity are essential for optimal magnetic performance. 
The results further demonstrate that optimised CoNbZr thin films can 
achieve superior magnetic behaviour compared with thicker films of 
equivalent total thickness, offering practical guidance for the design 
and fabrication of high-performance thin-film magnetic sensors.
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Appendix. Demagnetisation factors for rectangular prisms

This appendix provides the full analytical expression for the in-
plane demagnetisation factors of rectangular prisms, which was used to 
calculate the numerical values reported in the main text. For the studied 
films, the lateral dimensions are equal (2𝑎 = 2𝑐) and the thickness is 2𝑏. 
The full expression reads [50]: 

𝜋𝑁 = 𝑏2 − 𝑐2

2𝑏𝑐
ln

(
√

𝑎2 + 𝑏2 + 𝑐2 − 𝑎
√

𝑎2 + 𝑏2 + 𝑐2 + 𝑎

)

+ 𝑎2 − 𝑐2

2𝑎𝑐
ln

(
√

𝑎2 + 𝑏2 + 𝑐2 − 𝑏
√

𝑎2 + 𝑏2 + 𝑐2 + 𝑏

)

+ 𝑏
2𝑐

ln

(
√

𝑎2 + 𝑏2 + 𝑎
√

𝑎2 + 𝑏2 − 𝑎

)

+ 𝑎
2𝑐

ln

(
√

𝑎2 + 𝑏2 + 𝑏
√

𝑎2 + 𝑏2 − 𝑏

)

+ 𝑐
2𝑎

ln

(
√

𝑏2 + 𝑐2 − 𝑏
√
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√
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𝑎2 + 𝑐2 +
√
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3𝑎𝑏𝑐
. (A.1)

These expressions assume uniform magnetisation and neglect the 
material’s susceptibility. A susceptibility correction following Chen 
et al. [51] can optionally be applied.

Data availability

Data will be made available on request.
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