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Abstract

This study explores the effects of sputtering pressure and power on FeCoNi high-entropy
alloy films prepared by DC magnetron sputtering, focusing on microstructure, surface
morphology, and static/high-frequency magnetic properties. In situ Lorentz TEM (LZ-
TEM) was used to directly observe magnetic domain evolution. Results show that low
sputtering pressure (1 mTorr) promotes strong FCC (111) crystallization, and smooth
and dense surfaces. Increasing pressure leads to amorphization, higher roughness, and
degraded magnetic performance. Under optimized pressure, 100 W sputtering power
yields the best crystallinity, the smoothest surface, and optimal soft magnetic properties,
including high remanence ratio, low coercivity, and clear ferromagnetic resonance in the
2-7.5 GHz range. The optimal parameters are confirmed as 1 mTorr and 100 W, producing
uniform nanocrystalline FeCoNi films. In situ LZ-TEM reveals river-like domain walls,
vortex—antivortex structures, and uniform magnetic moment precession, indicating weak
domain pinning and excellent high-frequency magnetization consistency. This study
provides experimental and theoretical support for the controllable fabrication of high-
performance FeCoNi soft magnetic films for high-frequency devices.

Keywords: medium-entropy alloys; magnetic structure; magnetron sputtering; high-
frequency property

1. Introduction

Driven by the rapid development of fifth-generation mobile communications (5G) [1,2],
millimeter-wave radar [3], and high-density magnetic storage [4], modern electronic devices
are rapidly evolving toward miniaturization, integration, and high-frequency operation [5].
As key functional layers in microwave passive devices, including microsensors, filters, and
circulators, magnetic thin films directly determine signal transmission efficiency and en-
ergy conversion quality [6] through their high-frequency magnetodynamic characteristics.
For GHz-band applications, ideal soft magnetic thin films must satisfy multiple stringent
requirements: high saturation magnetization (Ms) to overcome the limitations imposed by
the Snoek-type trade-off in high-frequency performance [7], high resistivity (p) to suppress
eddy-current loss, and low coercivity (Hc) with narrow ferromagnetic resonance linewidth
(AH) for fast magnetic response and low signal attenuation [8]. However, conventional soft
magnetic materials are increasingly facing performance bottlenecks [9]. Ferrites show high
resistivity but low saturation magnetization (below 0.5 T), failing to meet high magnetic
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flux density demands. Permalloy (Ni80Fe20) exhibits favorable soft magnetic properties but
is limited by moderate saturation magnetization (1.0 T) [10,11], restricting further device
miniaturization. Fe-Co binary alloys achieve high Ms up to 2.4 T yet suffer from high coer-
civity and large magnetostriction [12,13]. To address these drawbacks, ternary Fe—-Co-Ni
alloys have attracted extensive attention [14]. As a representative medium-entropy alloy
(MEA) [15,16], the FeCoNi system [17-19] integrates the high saturation magnetization
of Fe—Co alloys and the low coercivity and superior corrosion resistance of Ni-based al-
loys via compositional tuning [20,21]. Recent studies demonstrate that this system can
effectively reduce magnetic anisotropy via nanocrystalline [22] or amorphous structure
design [15] while retaining excellent magnetic properties, making it a promising candidate
for next-generation high-performance high-frequency soft magnetic films [23-25].
Electrodeposition is a common method for FeCoNi films due to its low cost, yet
the organic additives it uses inevitably introduce non-magnetic impurities [26-28] (S, C,
H, O) at grain boundaries. These impurities act as magnetic pinning centers, increas-
ing coercivity and degrading film density. In contrast, magnetron sputtering (a physical
vapor deposition, PVD, technique) enables high-purity film growth in a vacuum and is
fully CMOS-compatible, making it ideal for the on-chip integration [29] of magnetic de-
vices with semiconductor circuits. Despite existing research on sputtered FeCoNi films,
most studies focus only on deposition rate or annealing effects on static magnetic prop-
erties. A systematic understanding of how key kinetic parameters—sputtering pressure
and power—modulate the high-frequency magnetic response and microscopic domain
evolution remains elusive [30-32]. Recently, sputtered FeCoNi and structurally related
high-entropy alloy (HEA) or medium-entropy alloy (MEA) films have emerged as highly
promising candidates for advanced soft magnetic applications. For instance, Kunwar et al.
comprehensively investigated the structural and magnetic properties of sputtered ternary
FeCoNi thin films [14]. Similarly, recent explorations into HEA /MEA magnetic films, such
as the FeCoNiZrx system by Li et al. [17] and the FeCoNiAlSi system by Tan et al. [23],
have shown that severe lattice distortion and complex compositional design can yield ex-
cellent static soft magnetic properties. Furthermore, to optimize high-frequency properties,
Song et al. achieved a ferromagnetic resonance frequency of approximately 4.5 GHz by
constructing amorphous FeCoZr composition gradient films via Zr doping [33,34].
However, a critical comparison reveals the limitations of these state-of-the-art ap-
proaches: They often rely on intricate doping processes or high-temperature post-annealing.
Moreover, they predominantly focus on static magnetic properties or lower-frequency
responses, struggling to simultaneously balance ultra-low coercivity with broadband high-
frequency responses (e.g., >5 GHz) in an as-deposited single-layer film. Furthermore, direct
experimental evidence elucidating the high-frequency domain wall pinning mechanisms
via in situ microscopy [35] is significantly lacking in the current literature. To fill this critical
gap, this study fabricated pure-phase FeCoNi medium-entropy alloy (MEA) films via DC
magnetron sputtering without introducing any complex doping or post-annealing, system-
atically investigating the effects of sputtering pressure and power on the microstructure,
morphology, and high-frequency performance. By precisely optimizing these fundamental
kinetic parameters (1 mTorr and 100 W), we successfully achieved a significantly broad
and clear ferromagnetic resonance in the 2-7.5 GHz range with an extremely low coercivity
directly in the as-deposited state. Compared to the aforementioned state-of-the-art films,
our work achieves highly competitive high-frequency dynamic responses through a much
simpler fabrication process. Uniquely, by employing in situ Lorentz TEM, we directly
visualized the dynamic domain evolution under an external field. The observation of river-
like domain walls and vortex—antivortex structures explicitly revealed the weak domain
pinning effect, establishing a direct link between the dense nanocrystalline structure and the
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highly coherent magnetic moment precession. This work provides a critical experimental
and theoretical basis for the controllable fabrication of superior FeCoNi soft magnetic films
for high-frequency devices.

2. Experimental Procedure

Sample preparation: The substrate was pretreated via reactive ion etching (RIE, Samco
Inc., Kyoto, Japan, model RIE-10NR) under the following parameters: oxygen pressure
of 20 Pa, power of 70 W, and etching duration of 25 s. Two types of substrates were used
depending on the subsequent characterization requirements: single-crystalline Si (100)
wafers with a 300 nm thermally grown SiO; layer (p-type, resistivity 1-10 (}-cm, polished
surface, Fangdao Semiconductor, Hangzhou, China) for general film deposition and mag-
netic property tests, and 100 nm thick low-stress SiNy (Ai Experiment, Shanghai, China)
membranes with a square window of 50 x 50 um? for in situ Lorentz TEM (LZ-TEM)
characterization. After pretreatment, a 30 nm thick FeCoNi film was deposited using
direct current magnetron sputtering with a Fe33Co33Nia4 (at.%) alloy target (99.99% purity,
Zhongnuo Advanced Materials, Beijing, China) at room temperature without intentional
heating or post-deposition annealing. To ensure the experimental reproducibility, three
independent samples were prepared for each sputtering condition (each combination of
sputtering pressure and power). High-frequency magnetic performance was consistently
characterized for the three parallel samples, and excellent repeatability was observed with
negligible deviations in key parameters. In situ Lorentz TEM (Talos F200S, Thermo Fisher
Scientific, Brno, Czech Republic) characterization was only performed on the samples pre-
pared under the optimal sputtering conditions (1 mTorr, 100 W), while the reproducibility
of magnetic properties was verified for all other conditions. All parameters of the samples
can be found in Table 1.

LZ-TEM characterization: To observe magnetic structure evolution, FeCoNi films
were deposited onto 100 nm thick SiNy layers using identical procedures. All samples
were characterized by LZ-TEM characterization. The magnetic field was applied along
the Z-axis, with the in-plane field introduced by tilting the sample 10°. The perpendicular
magnetic field component exerted negligible influence on magnetic structure evolution.

FMR characterization: To obtain ferromagnetic resonance profiles, 5 x 5 mm? samples
were fabricated on silicon substrates using the same deposition method. FMR spectra were
obtained using the short-circuited microstrip line method. Samples were placed within
a constructed cavity, with microwave signals recorded using a vector network analyzer.
The in-plane magnetic field was generated by externally applied Helmholtz coils, whose
magnetic field direction was parallel to the microwave propagation direction.

3. Results
3.1. Sputtering Pressure Analysis

FeCoNi films with a fixed thickness of 30 nm were deposited by precisely control-
ling the sputtering time. Figure 1 presents XRD patterns and atomic force microscopy
(AFM) topography images of the films fabricated at sputtering pressures ranging from 1 to
15 mTorr. XRD analysis (Figure 1a) reveals a distinct (111) diffraction peak near 20 ~ 44°
under low-pressure conditions, corresponding to the FCC structural characteristic and
indicating a polycrystalline film. To further characterize the crystal structure, the crystallite
size of the polycrystalline FeCoNi films under low-pressure conditions was estimated using
the Scherrer equation, and the average crystallite size was determined to be 17.3 nm. This
value provides a quantitative reference for understanding the grain growth behavior of
the films under low sputtering pressure. As sputtering pressure increases, peak intensity
progressively diminishes and peak width broadens; at high pressures, the diffraction peak
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essentially vanishes. This demonstrates a significant reduction in long-range order and a
gradual transition towards an amorphous state. The underlying mechanism is as follows:
At high pressures, the molecular number density of the working gas increases. Sputtered
particles undergo frequent collisions during transport, significantly shortening their mean
free path. Consequently, the kinetic energy upon reaching the substrate is substantially
reduced. Atoms struggle to diffuse and rearrange adequately on the surface, leading to
random stacking and ultimately forming a structure with low crystallinity or even near-
amorphous characteristics. AFM results (Figure 1b) show that the film surface is relatively
flat and dense at low pressure, with uniform grain distribution. As sputtering pressure
increases, surface flatness gradually deteriorates and surface roughness increases signifi-
cantly. The root-mean-square (RMS) roughness increases from 3.7 nm at 1 mTorr to 11.91 nm
at 15 mTorr, indicating a clear pressure-dependent evolution of surface morphology. At
low pressures, sputtered atoms have a longer mean free path and higher kinetic energy
for surface migration, favoring uniform nucleation and ordered grain growth. Therefore,
the film exhibits a dense structure and smooth surface. Conversely, at high pressures,
particle collision and scattering effects are significantly enhanced. Insufficient deposition
energy and limited atomic diffusion lead to more random nucleation and growth processes,
ultimately resulting in lower film density and deteriorated surface morphology.

(@)

=1 mTorr 111)
=5 mTorr

=== 10 mTorr

=== 15 mTorr

« W
2 Theta (deg.)

35 40 45 50 55
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Figure 1. (a) XRD patterns of Fe-Co-Ni films grown at different sputtering pressures; (b—e) AFM
images of Fe-Co-Ni films grown at different sputtering pressures (with the 3D image corresponding
to the respective pressure displayed in the top right corner).

Table 1. Deposition parameters of the thin films prepared under different conditions.

Working Pressure  Sputtering Power Deposition Time Thickness
1 mTorr 100 W 15 min 30 nm
5 mTorr 100 W 13 min 30 nm
10 mTorr 100 W 16 min 30 nm
15 mTorr 100 W 20 min 30 nm
1 mTorr 50 W 25 min 30 nm
1 mTorr 100 W 15 min 30 nm
1 mTorr 150 W 10 min 30 nm

To investigate the effect of sputtering pressure on the static magnetic properties of
thin films, room-temperature hysteresis loops were measured using SQUID. All samples
exhibited similar, narrow and elongated, and approximately rectangular hysteresis loops
(Figure 2a), displaying pronounced isotropic characteristics consistent with the typical
behavior of soft magnetic materials. As sputtering pressure increased, the remanence of the
films gradually decreased. This phenomenon is closely associated with the microstructural
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and morphological evolution induced by sputtering pressure, which is well-confirmed by
our XRD and AFM results for pressure-dependent samples (Figure 1a,b). Specifically, with
increasing pressure, the kinetic energy of sputtered Fe/Co/Ni atoms decreases significantly,
which further leads to increased structural disorder, reduced crystallinity (XRD results in
Figure 1a), lower film density, and higher surface roughness (AFM results in Figure 1b).
These microstructural and morphological inhomogeneities, including lattice distortions,
grain boundary irregularities, and surface defects, act as enhanced pinning centers for
magnetic domain walls, thereby restricting domain wall motion and hindering the coherent
rotation of magnetic moments during demagnetization. To further verify this domain pin-
ning mechanism, we performed in situ Lorentz transmission electron microscopy (LZ-TEM)
characterization on the film prepared under the optimal sputtering pressure (1 mTorr),
which directly revealed weak domain wall pinning and ordered magnetic moment motion
in this sample. When combined with the pressure-dependent trends of increasing structural
disorder, defects, and surface roughness from Figure 1, this TEM observation indirectly
confirms that high-pressure films, with more microstructural and morphological inhomo-
geneities, exhibit stronger domain wall pinning. Consequently, magnetic moments struggle
to maintain their oriented alignment after the removal of the external field, which manifests
macroscopically as reduced remanence. Based on this, the high-frequency magnetic proper-
ties of films under varying pressures were characterized using a short-circuited microstrip
line method coupled with a vector network analyzer. Within the 1-5 mTorr range, the film
exhibited pronounced ferromagnetic resonance behavior (Figure 2b), with the resonance
frequency progressively increasing from 2 GHz to 7.8 GHz as the applied magnetic field
strengthened [36]. Conversely, no distinct resonance peaks were observed within the tested
frequency range for samples at 10 mTorr and 15 mTorr high pressure. This behavior closely
aligns with the structural evolution of the films: At elevated pressures, insufficient kinetic
energy during particle deposition leads to an amorphous structure. Weakened exchange
coupling reduces the effective magnetization and enhances magnetic relaxation processes,
ultimately weakening the high-frequency magnetic response.
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Figure 2. (a) Hysteresis loops of Fe-Co-Ni films grown under different sputtering gas pressures;
(b) ferromagnetic resonance spectra of Fe-Co-Ni films grown under different sputtering gas pressures.

3.2. Sputtering Power Analysis

Building upon optimized sputtering conditions, the influence of sputtering power
(50 W-150 W) on the structure, morphology, and magnetic properties of FeCoNi thin films
was further investigated. Figure 3 presents the XRD patterns and AFM topography images
of continuous FeCoNi films deposited at different powers levels. All samples exhibited a
broadened diffraction peak near 20 ~ 44° (Figure 3a), indicating a nanocrystalline structure.
Ata sputtering power of 100 W, the (111) diffraction peak intensity was highest, significantly
exceeding that of the 50 W and 150 W samples. The diffraction peak intensity directly
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reflects the crystallinity and grain-preferential grain orientation of the film, indicating that
100 W is more conducive to the crystallization and ordered grain growth of FeCoNi films. At
low power (50 W), the lower energy of sputtered particles results in insufficient migration
and diffusion capabilities of atoms on the substrate surface, hindering the formation of
well-ordered grains and leading to lower crystallinity. Conversely, excessively high power
(150 W) results in overly energetic particles, readily inducing strong bombardment and
secondary sputtering effects on the substrate and film surface. This introduces additional
defects and internal stresses, which in turn reduce crystallinity and weaken the diffraction
peak intensity. Based on the earlier analysis of the influence of sputtering gas pressure
on film surface morphology, we further examined the role of sputtering power. AFM
results for films deposited at different power levels (Figure 3b) show that surface roughness
decreases initially and then increases with rising power, reaching a minimum at 100 W.
The corresponding RMS roughness values show a trend of initial decrease and subsequent
increase, ranging from 4.2 nm to 3.7 nm and then rising to 5.72 nm. At low power (50 W),
insufficient particle kinetic energy limits atomic surface diffusion, resulting in lower film
density and relatively pronounced micro-undulations. When power increases to 100 W,
moderate particle energy facilitates more complete atomic migration and arrangement,
yielding a dense, uniform film with minimal roughness. However, when power is further
increased to 150 W, excessively high particle energy intensifies bombardment effects and
secondary sputtering. This disrupts surface uniformity, leading to uneven grain growth
and increased roughness. Therefore, an optimal power range exists for sputtering; both
excessively high and low power levels degrade the surface morphology and structural
uniformity of the film.

(@) (b)

(111)

46.5 nhfum

0 nlifum

45 50 55 60

2 Theta (deg.)

35 40

(d)

62.5 nN/um 47 nhfpm
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Figure 3. (a) XRD patterns of Fe-Co-Ni films grown at different sputtering powers. (b-d) AFM images
of Fe-Co-Ni films grown at different sputtering powers (with corresponding 3D images at the top
right corner).

Figure 4 displays the normalized in-plane hysteresis loops of FeCoNi films measured
at different angles under various sputtering powers. All samples exhibit typical charac-
teristics of soft magnetic materials, featuring narrow hysteresis loops and low coercivity.
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With increasing sputtering power, the film’s remanence and remanence ratio initially rise
before decreasing, reaching maximum values at 100 W and significantly outperforming
samples processed at 50 W and 150 W. This trend agrees well with the XRD and AFM
findings: At 100 W, the films exhibit higher crystallinity and a smoother, denser surface, fa-
cilitating uniform domain alignment and efficient magnetic moment reversal, thus yielding
superior soft magnetic properties. Building upon the static magnetic characterization, the
high-frequency magnetic properties of samples fabricated at different power levels were
evaluated under identical testing conditions. Figure 4b depicts the variation in the imagi-
nary part of the film’s magnetic permeability as a function of the applied magnetic field.
The ferromagnetic resonance frequency of all samples shifted towards higher frequencies
with increasing applied magnetic field, progressively rising from approximately 2 GHz to
7.5 GHz [37]. Notably, the 100 W sample exhibited the strongest permeability signal and
the most pronounced resonance peak, directly attributable to its higher crystallinity, lower
defect density, and superior microstructure.
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Figure 4. (a—c) Hysteresis loops of Fe-Co-Ni films grown at different sputtering powers; (d—f) ferro-
magnetic resonance spectra of Fe-Co-Ni films grown at different sputtering powers.

3.3. Magnetic Domain Analysis

Integrating structural, morphological and magnetic property results, this study ulti-
mately selected 1 mTorr and 100 W as the optimal sputtering parameters for subsequent
magnetic structure characterization. Under vacuum conditions, a 30 nm thick FeCoNi film
was deposited onto a 100 nm SiNy buffer layer via direct current magnetron sputtering.
EDS elemental mapping (Figure 5a) and Table 2 confirm the film’s composition is consistent
with the FeCoNi target (Fe:Co:Ni ~ 1:1:1) with uniform element distribution. To elucidate
the intrinsic mechanism by which sputtering parameters (pressure and power) regulate the
structural, morphological, and magnetic properties discussed above, this section provides a
deeper fundamental understanding of co-alloying effects on the microstructural evolution
of FeCoNi medium-entropy alloy (MEA) films during DC magnetron sputtering. Fe, Co,
and Ni are all face-centered cubic (FCC) metals with small atomic size mismatches (<4.5%)
and complete solid solubility. Their co-alloying forms a single-phase FCC solid solution ma-
trix (confirmed by XRD in Figures 1a and 3a) characterized by high configurational entropy.
This high-entropy stabilization effect plays a critical role in suppressing the formation
of intermetallic compounds or phase segregation during the non-equilibrium sputtering
deposition process, thereby ensuring the formation of a homogeneous nanocrystalline
structure rather than multi-phase mixtures.
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Figure 5. (a) EDS elemental mapping. (b) River-like domain walls in the as-deposited state
(Hex =0mT). (c) Random fine-domain state in the demagnetization state. (d) The evolution of
magnetic domain structures under external in-plane magnetic fields of 0.6 mT, 4.2 mT and 17.5 mT.
The scale bar is 10 um. The defocuses are —6.8 mm for all images.

Table 2. Chemical stoichiometry of the FeCoNi ternary alloy determined by EDS analysis.

Element Line Mass% Atom%
Fe K 3290 +0.14 32.90 + 0.11
Co K 34.25 +0.38 34.13 £ 0.26
Ni K 32.85 4+ 0.21 32.97 £ 0.08

Total 100.00 100.00

Notably, this work deepens the fundamental understanding of co-alloying effects by
clarifying that the high-configurational-entropy FCC solid solution matrix is not merely
a structural basis, but also actively mediates the microstructural evolution induced by
sputtering parameters. Specifically, we reveal how co-alloying modulates the competition
between crystallization and amorphization under varying pressure and power, filling the
gap in understanding the intrinsic correlation between co-alloying, sputtering conditions,
and microstructural formation in FeCoNi MEA films.

The microstructural evolution of the co-alloyed FeCoNi films is further regulated by
sputtering pressure and power, with the co-alloying effect serving as the structural basis for
such controllable evolution. When modulated by sputtering pressure, the FeCoNi system
exhibits a distinct structural transition from crystalline FCC to amorphous: At low pressure
(1 mTorr), the high kinetic energy of sputtered Fe/Co/Ni atoms enables sufficient surface
diffusion and ordered stacking, and the FCC solid solution matrix promotes the prefer-
ential growth of the (111) orientation—the lowest-energy plane for close-packed metals.
With increasing pressure, the reduced atomic kinetic energy limits diffusion, and random
atomic stacking (driven by high configurational entropy) accelerates the transition to an
amorphous state without phase separation. This pressure-induced structural disorder and
increased defect density (including lattice distortions and grain boundary irregularities)
directly act as enhanced pinning centers for magnetic domain walls, which restricts domain
wall motion and hinders the coherent rotation of magnetic moments during demagneti-
zation, thereby leading to the observed decrease in remanence with increasing pressure.
For sputtering power modulation, the co-alloying effect further optimizes crystallinity:
At moderate power (100 W), the balanced atomic kinetic energy facilitates the ordered
arrangement of Fe/Co/Ni atoms within the FCC lattice, yielding the highest (111) peak
intensity; at low (50 W) or excessively high (150 W) power, the insufficient diffusion or

https://doi.org/10.3390/ coatings16040400


https://doi.org/10.3390/coatings16040400

Coatings 2026, 16, 400

9of 12

bombardment-induced defects are uniformly distributed within the co-alloyed matrix
(rather than localized at phase boundaries), avoiding severe crystallinity degradation or
phase transformation.

The microstructural evolution governed by Fe-Co-Ni co-alloying and sputtering pa-
rameters directly determines the magnetic domain structure of the FeCoNi films, which in
turn underpins their soft magnetic properties. Therefore, based on the optimal sputtering
parameters (1 mTorr, 100 W) identified above, we employed in situ Lorentz transmission
electron microscopy (LZ-TEM) to directly visualize the magnetic domain structure and
magnetization dynamics of the continuous FeCoNi film, further clarifying the correlation
between co-alloying-induced microstructural evolution and magnetic domain behavior.
Results indicate that, in the as-deposited continuous film, magnetic domain walls nucleate
in a river-like domain wall configuration (Figure 5b). During demagnetization, these river-
like domain walls gradually disappear; as an in-plane magnetic field was progressively
applied, vortex—antivortex pairs began to emerge within the system, forming meandering
domain wall structures between them. Upon further strengthening of the external in-plane
magnetic field to Hex > 17.5 mT, the network structure formed by the meandering domain
walls gradually disappeared. The magnetic moment orientation progressively aligned
with the external field direction, ultimately reaching a saturated magnetization state. The
evolution patterns of magnetic domains reveal that, within the FeCoNi continuous film
fabricated under optimal conditions, the pinning forces acting on domain walls are rela-
tively weak. Consequently, the magnetic moments can achieve coherent precession under
the influence of an external magnetic field. It is precisely this low-pinning, high-coherence
magnetic moment dynamics that enables the continuous film to maintain a distinct ferro-
magnetic resonance response under high-frequency conditions. Moreover, the resonance
frequency exhibits a significant increase with rising external field strength, providing strong
corroboration for the high-frequency magnetic property test results presented earlier.

The weak domain pinning effect, coherent and uniform magnetic moment precession,
and reversible evolution of river-like domain walls and vortex—antivortex pairs observed
in the optimized FeCoNi films are not only the microphysical origins of their excellent
high-frequency magnetic properties but also the core structural and dynamic characteristics
that determine the device-level application value of the films in high-frequency electronic
systems. First, weak domain pinning eliminates the magnetic energy loss caused by domain
wall pinning /depinning during high-frequency magnetization reversal, directly reducing
signal attenuation and improving energy conversion efficiency—two critical performance
metrics for microwave passive devices. Second, coherent magnetic moment precession
ensures a rapid and consistent magnetic response to the external alternating magnetic field
in the 2-7.5 GHz band, which is essential for maintaining signal stability and bandwidth
consistency of high-frequency devices and avoiding signal distortion caused by disordered
magnetic moment motion. Third, reversible magnetic domain evolution under low external
magnetic field (vortex—antivortex nucleation at Hex as low as 0.6 mT) endows the films
with low-power magnetic tunability, laying a microstructural foundation for the design
of miniaturized, low-power-consumption magnetic functional devices that align with the
development trend of modern electronic integration and energy saving. In contrast, the
amorphous FeCoNi films prepared at high sputtering pressure exhibit severe domain
pinning and disordered magnetic moment motion, leading to the disappearance of FMR
peaks and thus completely losing practical application value in GHz-band high-frequency
devices. This contrast further confirms that the microscale magnetic domain dynamic
characteristics achieved by the optimized process parameters in this study are the key
premise for the FeCoNi films to possess device-level application potential.
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4. Conclusions

This study employed direct current magnetron sputtering to fabricate FeCoNi medium-
entropy alloy films. The effects of sputtering pressure and power on microstructure, surface
morphology, and static/high-frequency magnetic properties were systematically investi-
gated. In situ Lorentz transmission electron microscopy revealed the evolution patterns of
magnetic domains. Findings indicate that low sputtering pressure (1 mTorr) promotes the
formation of well-crystallized face-centered cubic (FCC) structures with dense, flat surfaces
and superior soft magnetic properties. Conversely, high pressure induces amorphization, in-
creased surface roughness, and resulted in significant degradation of magnetic performance.
Under optimized pressure conditions, a sputtering power of 100 W yielded the highest
crystallinity and smoothest surface, demonstrating optimal static and high-frequency soft
magnetic properties: high remanence ratio, low coercivity, and distinct ferroresonance
behavior across 2-7.5 GHz. FeCoNi films prepared under the optimal conditions (1 mTorr,
100 W) exhibited a nanocrystalline structure with uniform elemental distribution. In situ
magnetic domain observations revealed weak domain pinning effects, enabling consistent
precession of magnetic moments during magnetization—a phenomenon highly consistent
with the high-frequency performance. This study establishes intrinsic correlations between
process parameters, microstructure, magnetic properties, and domain dynamics, providing
experimental evidence and theoretical guidance for the controlled fabrication of FeCoNi
soft magnetic films and their application in high-frequency devices.
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