
Article Not peer-reviewed version

Preparation of High‑Performance

FeCoNi Thin Films by Magnetron

Sputtering

Xiufang Zhong , YuZe Ge , Zelei Feng , Ke Chen , Guohui Jin , Lianze Ji *

Posted Date: 2 March 2026

doi: 10.20944/preprints202603.0032.v1

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

Preprints.org is a free multidisciplinary platform providing preprint service

that is dedicated to making early versions of research outputs permanently

available and citable. Preprints posted at Preprints.org appear in Web of

Science, Crossref, Google Scholar, Scilit, Europe PMC.

Copyright: This open access article is published under a Creative Commons CC BY 4.0

license, which permit the free download, distribution, and reuse, provided that the author

and preprint are cited in any reuse.

https://sciprofiles.com/profile/5134594
https://sciprofiles.com/profile/5134548
https://sciprofiles.com/profile/5134544
https://sciprofiles.com/profile/4911007
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/


 

 

Article 

Preparation of High-Performance FeCoNi Thin Films 

by Magnetron Spu�ering 

Xiufang Zhong, YuZe Ge, Zelei Feng, Ke Chen, Guohui Jin and Lianze Ji * 

Zhejiang Key Laboratory of Energy Conversion Materials for Advanced Motor, The College of Materials and 

Environmental Engineering, Hangzhou Dianzi University, Hangzhou 310018, China 

* Correspondence: jlz@hdu.edu.cn 

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, 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, 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 spu�ering; 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 energy 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 break through the Snoek limit [7], high resistivity (ρ) to suppress eddy-current loss, and low 

coercivity (Hc) with narrow ferromagnetic resonance linewidth (ΔH) for fast magnetic response and 

low signal a�enuation [8]. However, conventional soft magnetic materials are increasingly facing 

performance bo�lenecks [9]. Ferrites show high resistivity but low saturation magnetization (below 

0.5 T), failing to meet high magnetic 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 coercivity and large magnetostriction [12,13]. To address these drawbacks, ternary Fe–Co–

Ni alloys have a�racted extensive a�ention [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 alloys via compositional tuning 

[20,21]. Recent studies demonstrate that this system can effectively reduce magnetic anisotropy via 
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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 [26,27] (S, C, H, O) at grain 

boundaries. These impurities act as magnetic pinning centers, increasing coercivity and degrading 

film density. In contrast, magnetron spu�ering (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 [28] of magnetic devices with semiconductor circuits. Despite existing research on 

spu�ered FeCoNi films, most studies focus only on deposition rate or annealing effects on static 

magnetic properties. A systematic understanding of how key kinetic parameters—spu�ering 

pressure and power—modulate the high-frequency magnetic response and microscopic domain 

evolution remains elusive [29–31]. These parameters directly dictate the energy and mean free path 

of deposited particles, governing crystallinity, grain size, and stress, which are critical to high-

frequency loss mechanisms [32,33]. Furthermore, direct experimental evidence of high-frequency 

domain wall pinning/depinning, via in-situ microscopy [34], is lacking. To fill this gap, this study 

fabricated FeCoNi medium-entropy alloy (MEA) films via DC magnetron spu�ering, systematically 

investigating the effects of pressure and power on microstructure, morphology, and high-frequency 

performance. Using in-situ Loren� TEM, we visualized the dynamic domain evolution under an 

external field, establishing a direct link between microstructural pinning effects and macroscopic 

ferromagnetic resonance (FMR) behavior [35]. This work optimizes the fabrication process for 

superior high-frequency soft magnetic properties, providing a critical experimental basis for FeCoNi 

films in microwave integrated devices. 

2. Experimental Procedure 

Sample Preparation: The substrate was pretreated via reactive ion etching (RIE) under the 

following parameters: oxygen pressure of 20 Pa, power of 70 W, and etching duration of 25 seconds. 

After pretreatment, a 30 nm thick FeCoNi film was deposited using direct current magnetron 

spu�ering. 

LZ-TEM Characterisation: To observe magnetic structure evolution, FeCoNi films were 

deposited onto 100 nm thick SiNx layers using identical procedures. All samples were characterized 

by LZ-TEM characterisation. 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 characterisation: To obtain ferromagnetic resonance profiles, 5×5 mm2 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 were recorded using a vector network analyser. The in-plane magnetic field was 

generated by externally applied Helmhol� coils, whose magnetic field direction was parallel to the 

microwave propagation direction. 

3. Results 

3.1. Spu�ering Pressure Analysis 

FeCoNi films with a fixed thickness of 30 nm were deposited by precisely controlling the 

spu�ering time. Figure 1 presents XRD pa�erns and atomic force microscopy (AFM) topography 

images of the films fabricated at spu�ering pressures ranging from 1 to 15 mTorr. XRD analysis 

(Figure 1a) reveals a distinct (111) diffraction peak near 2θ≈44° under low-pressure conditions, 

corresponding to the FCC structural characteristic and indicating a polycrystalline film. As spu�ering 

pressure increases, peak intensity progressively diminishes and peak width broadens; at high 

pressures, the diffraction peak essentially vanishes. This demonstrates a significant reduction in long-
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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. Spu�ered 

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 at low pressure, the film surface exhibits high flatness and density with 

relatively uniform grain distribution. As spu�ering pressure increases, however, film density and 

surface flatness gradually decrease, while surface roughness shows an upward trend. At low 

pressures, spu�ered atoms have a longer mean free path and higher 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 sca�ering 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. 

 

Figure 1. (a) XRD pa�erns of Fe-Co-Ni films grown at different spu�ering pressures; (b) AFM images of Fe-Co-

Ni films grown at different spu�ering pressures (with the 3D image corresponding to the respective pressure 

displayed in the top right corner). 

To investigate the effect of spu�ering 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 typical behaviour of soft magnetic materials. As 

spu�ering pressure increased, the remanence of the films gradually decreased. This may stem from 

reduced film density and increased internal defects at elevated pressures, leading to diminished 

magnetic domain ordering and enhanced domain pinning effects. Consequently, magnetic moments 

struggle to maintain their oriented alignment removal of the external field, manifesting 

macroscopically as reduced remanence. Based on this, the high-frequency magnetic properties of 

films under varying pressures were characterised using a short-circuited microstrip line method 

coupled with a vector network analyser. Within the 1–5 mTorr range, the film exhibited pronounced 

ferromagnetic resonance behaviour (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 closely 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 magnetisation and 
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enhances magnetic relaxation processes, ultimately weakening the high-frequency magnetic 

response. 

 

Figure 2. (a) Hysteresis loops of Fe-Co-Ni films grown under different spu�ering gas pressures; (b) 

Ferromagnetic resonance spectra of Fe-Co-Ni films grown under different spu�ering gas pressures. 

3.2. Spu�ering Power Analysis 

Building upon optimised spu�ering conditions, the influence of spu�ering power (50 W–150 W) 

on the structure, morphology, and magnetic properties of FeCoNi thin films was further investigated. 

Figure 3 presents the XRD pa�erns and AFM topography images of continuous FeCoNi films 

deposited at different powers levels. All samples exhibited a broadened diffraction peak near 2θ≈44° 

(Figure 3a), indicating a nanocrystalline structure. At a spu�ering power of 100 W, the (111) 

diffraction peak intensity was highest, significantly exceeding that of the 50 W and 150 W samples. 

Sincethe diffraction peaks intensity directly reflects the crystallinity and grain preferential grain 

orientation of the film, indicating that 100 W is more conducive to the crystallisation and ordered 

grain growth of FeCoNi films. At low power (50 W), the lower energy of spu�ered 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 spu�ering 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 spu�ering gas pressure on film surface morphology, we 

further examined the role of spu�ering power. AFM results for films deposited at different power 

levels (Figure 3b) show that surface roughness first decreases and then increases with rising power, 

reaching a minimum at 100 W. 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 spu�ering. This disrupts surface uniformity, leading to uneven grain growth and 

increased roughness. Therefore, an optimal power range exists for spu�ering; both excessively high 

and low power levels degrade the surface morphology and structural uniformity of the film. 
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Figure 3. (a) XRD pa�erns of Fe-Co-Ni films grown at different spu�ering powers. (b–d) AFM images of Fe-Co-

Ni films grown at different spu�ering powers (with corresponding 3D images at the top right corner). 

Figure 4 displays the in-plane easy-axis and hard-axis normalised hysteresis loops of FeCoNi 

films at different power levels. All samples exhibit typical characteristics of soft magnetic materials, 

featuring narrow hysteresis loops and low coercivity. With increasing spu�ering 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, facilitating uniform domain alignment and efficient magnetic moment reversal, thus yielding 

superior soft magnetic properties. Building upon the static magnetic characterisation, the high-

frequency magnetic properties of samples fabricated at different power levels were evaluated under 

identical testing conditions. Figure 4b depicts the variation of the imaginary 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 a�ributable 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 spu�ering powers; (d–f) Ferromagnetic 

resonance spectra of Fe-Co-Ni films grown at different spu�ering powers. 

3.3. Magnetic Domain Analysis 

Integrating structural, morphological and magnetic property results, this study ultimately 

selected 1 mTorr and 100 W as the optimal spu�ering parameters for subsequent magnetic structure 

characterisation. Under vacuum conditions, a 30 nm thick FeCoNi film was deposited onto a 100 nm 

SiNx buffer layer via direct current magnetron spu�ering. Building upon this, in situ Loren� 

transmission electron microscopy (LZ-TEM) was employed to visually characterise the magnetic 

domain structure and magnetisation dynamics of the continuous FeCoNi film. Results indicate that 

in the as-deposited continuous film, magnetic domain walls nucleate in a river-like domain wall 

configuration (Figure 5). During demagnetisation, 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 magnetic field, 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 magnetisation state.The evolution 

pa�erns of magnetic domains reveal that within the FeCoNi continuous film fabricated under 

optimal conditions, the pinning forces acting on domain walls are relatively 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 ferromagnetic 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. 
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Figure 5. (a-c) Magnetic structure image of continuous film, scale bar: 10 µm, defocus amount: -6.8 mm. 

4. Conclusions 

This study employed direct current magnetron spu�ering to fabricate FeCoNi medium-entropy 

alloy films. The effects of spu�ering gas pressure and power on microstructure, surface morphology, 

and static/high-frequency magnetic properties were systematically investigated. In situ Loren� 

transmission electron microscopy revealed the evolution pa�erns of magnetic domains. Findings 

indicate that low spu�ering pressure (1 mTorr) promotes the formation of well-crystallised face-

centred cubic (FCC) structures with dense, flat surfaces and superior soft magnetic properties. 

Conversely, high pressure induces amorphisation, increased surface roughness, and significant 

degradation of magnetic performance. Under optimised pressure conditions, a spu�ering 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 

behaviour 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 magnetisation—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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