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A B S T R A C T

High-frequency soft magnetic applications impose strict requirements on permeability stability, core loss, and 
coercivity in Fe-based nanocrystalline alloys. In this study, Fe69.5Co3Nb2Mo1.5Si14B9Cu1 alloys were processed 
using a stepwise transverse magnetic field annealing route consisting of conventional nanocrystallization fol
lowed by low-temperature transverse-field treatment. The stepwise process enables independent control of 
nanocrystalline structure and magnetic anisotropy, preserving a refined grain size of ~12 nm while significantly 
enhancing the crystalline volume fraction. Compared with conventional annealing and single-step transverse 
magnetic field annealing, the optimized alloy exhibits an effective permeability of about 46,000 at 1 kHz and 
29,300 at 100 kHz, together with low coercivity (0.45 A/m) and reduced core loss (398 kW/m³ at 100 kHz and 
0.2 T). Magnetic domain observations indicate that the improved performance is associated with optimized 
anisotropy and a mixed magnetization process involving domain-wall motion and rotation. The results 
demonstrate the effectiveness of stepwise anisotropy regulation for improving the high-frequency soft magnetic 
properties of Fe-based nanocrystalline alloys.

1. Introduction

The rapid deployment of third-generation wide bandgap (WBG) 
semiconductors is driving modern power-electronic systems toward 
higher switching frequencies, increased power density, miniaturization, 
and improved energy efficiency [1,2]. In high-frequency power con
version systems, WBG semiconductors are typically integrated with soft 
magnetic materials that play essential roles in energy storage and elec
tromagnetic regulation [3–5]. Their performance is governed primarily 
by magnetic permeability, which reflects the responsiveness of soft 
magnetic materials to external magnetic fields [6] and directly in
fluences the sensitivity of electronic devices [7]. Consequently, appli
cations operating in the medium-to-high frequency range (1–100 kHz) 
impose strict requirements on soft magnetic materials. Therefore, it is a 
critical demand for materials that exhibit both high permeability and 
superior frequency stability.

Fe-based nanocrystalline alloys have emerged as leading candidates 
due to their excellent comprehensive soft magnetic properties [8]. 
Nevertheless, except for nanocrystalline ultrathin ribbons geometries 

(below 16 μm), the permeability of Fe-based nanocrystalline alloys at 
100 kHz typically below 25,000, falling short of the stringent applica
tion requirements of WBG devices under high-frequency [28]. More 
broadly, the rapid degradation of permeability with increasing fre
quency remains a pervasive limitation across most soft magnetic mate
rials, posing a fundamental challenge for high-frequency operation. 
Strategies such as micro-alloying [6,9–11] and ribbons thinning [12]
have delivered partial improvements, yet they often involve unavoid
able trade-offs among effective permeability (μe), core loss (Pcv) and 
coercivity (Hc) under high frequency conditions [13]. In the pursuit of 
higher saturation magnetic flux density (Bs), it is essential to reduce 
high-frequency Pcv and mitigate the rapid decay of μe, as these factors 
constitute bottlenecks in the development of soft magnetic materials 
[14–16]. Achieving a synergistic balance among these parameters at 
elevated frequencies therefore remains an unresolved challenge [17].

Magnetic anisotropy engineering offers an effective pathway to 
overcoming this limitation [18]. Field-induced magnetic anisotropy 
(Ku), engineered through magnetic field annealing, is pivotal in regu
lating the hysteresis behavior and governing magnetization dynamics in 

* Corresponding authors.
E-mail addresses: q.luo@seu.edu.cn (Q. Luo), zj-guo@seu.edu.cn (Z. Guo). 

1 These authors contribute equally to this work as co-first authors.

Contents lists available at ScienceDirect

Journal of Alloys and Compounds

journal homepage: www.elsevier.com/locate/jalcom

https://doi.org/10.1016/j.jallcom.2026.188535
Received 5 February 2026; Received in revised form 6 April 2026; Accepted 8 May 2026  

Journal of Alloys and Compounds 1068 (2026) 188535 

Available online 8 May 2026 
0925-8388/© 2026 Published by Elsevier B.V. 

https://orcid.org/0000-0001-9200-8904
https://orcid.org/0000-0001-9200-8904
mailto:q.luo@seu.edu.cn
mailto:zj-guo@seu.edu.cn
www.sciencedirect.com/science/journal/09258388
https://www.elsevier.com/locate/jalcom
https://doi.org/10.1016/j.jallcom.2026.188535
https://doi.org/10.1016/j.jallcom.2026.188535


nanocrystalline alloys. According to previous study, longitudinal mag
netic field annealing (LFA) imparts a significant longitudinal magnetic 
anisotropy (Ku ≈ 404–867 J/m3) to Fe75Co8(B10Si3C3P1)1-x/17Cux alloys. 
This anisotropy serves as a driving force for the alignment of regular 
longitudinal domains, which in turn significantly enhances magnetic 
softness, evidenced by a minimum coercivity of 1.6 A/m [19]. Wang 
et al. reported that rotating magnetic field annealing (RFA) significantly 
suppresses the Ku of (Fe0.9Co0.1)73.5Cu1Nb3Si13.5B9 alloy with a mini
mum of 72 J/m³ [20]. This suppression effectively inhibits the estab
lishment of a uniaxial easy axis, thereby facilitating the averaging of 
local magnetocrystalline anisotropy, which facilitated the averaging of 
local magneto-crystalline anisotropy and produced an optimized soft 
magnetic performance with simultaneously improved Bs (1.42 T) and 
ultra-low Hc (1.5 A/m). Specifically, transverse field annealing (TFA) 
has proven particularly effective for directional control of Ku in 
high-frequency applications. Madugundo et al. reported that TFA 
applied to Fe74.1Si15.7Nb3.1B6.1Cu1 produced a flattened B-H loop with a 
Ku of 41 J/m3 and a markedly increased cut-off frequency [21]. To 
enable finer regulation of Ku, Herzer subsequently proposed a stepwise 
transverse magnetic field annealing strategy, consisting of 
high-temperature nanocrystallization without a magnetic field followed 
by low-temperature transverse-field annealing (573–813 K) [22,23]. In 
contrast to direct high-temperature field annealing—which induces a 
saturated, maximum Ku insensitive to processing time—this stepwise 
route allows Ku to be effectively reduced and continuously tuned. 
Crucially, this method allows for the effective reduction and tuning of 
Ku, which directly dictates the underlying magnetization mechanism. 
Flohrer et al. demonstrated that strong Ku favors coherent magnetization 
rotation, whereas a controlled weak Ku (achieved via stepwise anneal
ing) shifts the mechanism toward inhomogeneous rotation and domain 
nucleation [24–26]. Such domain refinement is particularly beneficial 
for suppressing dynamic residual losses at elevated frequencies. Despite 
these advances, establishing a clear and quantitative correlation among 
stepwise annealing parameters, the precise magnitude of induced Ku, 
and the associated evolution of magnetic domain structures remains 
challenging.

Previous studies have established that the conventionally annealed 
Fe69.5Co3Nb2Mo1.5Si14B9Cu1 nanocrystalline alloy exhibits superior 
static soft magnetic properties: high μe (50,900 at 1 kHz) coupled with 
low Hc (0.54 A/m) [27]. This combination of characteristics is attractive 
and significant for high-frequency applications. However, its μe deteri
orated rapidly during the medium-to-high frequency regime, dropping 
to a low value of 19,200 at 100 kHz, severely limiting its practical 
applicability. In this work, a stepwise transverse magnetic field 
annealing strategy is employed to address this bottleneck. A critical 
microstructural distinction is revealed of which the grain size remains 
invariant at ~12 nm, whilst the crystalline volume fraction (Vcry to 
~70.6%) is significantly enhanced by stepwise strategy. The evolution 
of domain structure demonstrates that the controlled reduction of Ku 
fosters a highly uniform strip-shaped domain configuration, facilitating 
a transition from pinning-reduced domain wall displacement at low 
fields to a rotation-assisted process accompanied by domain splitting at 
intermediate fields. By precisely tailoring Ku and refining the domain 
structure, high and stable permeability (μe ≈ 46,000 at 1 kHz and 29,300 
at 100 kHz) is achieved alongside reduced Pcv and Hc, demonstrating the 
alloy’s strong potential for high-frequency WBG-based power-electronic 
applications.

2. Experimental procedure

Alloy ingot with compositions of Fe69.5Co3Nb2Mo1.5Si14B9Cu1 was 
prepared by induction melting the mixtures of Fe, Co, Nb, Mo, Si, B and 
Cu with 99.99 wt% under an argon atmosphere. The as-spun ribbon was 
fabricated using a single-roller melt spinning process, with a thickness of 
20 ± 2 μm. The annealing of the samples was carried out using a vacuum 
rotating magnetic field heat treatment furnace (NMS-CCRCLI, Chengdu 

Zhongke New Materials Technology and Engineering Co., Ltd). For all 
annealing treatments, a constant heating rate of 10 K/min was main
tained to achieve the target temperatures. The thermal profile was 
regulated by a high-precision Proportional-Integral-Derivative (PID) 
controller. Ribbon segments with a length of 4–5 cm were sealed in 
quartz tubes and subjected to three annealing routes as depicted in Fig. 1
(a). Fig. S1 demonstrates that 818 K is the optimal annealing tempera
ture for achieving enhanced soft magnetic properties. Normal annealing 
(NA) processed at 818 K for 30 min without a magnetic field (H = 0 Oe). 
Single-step transverse magnetic-field annealing (TFA1) processed at 
818 K for 30 min under a magnetic field of 1000 Oe, and stepwise 
transverse magnetic-field annealing (NA+TFA2) processed at 818 K for 
30 min (H = 0 Oe) followed by a second stage at 573 K for 120 min under 
a 1000 Oe field. Fig. 1(b) displays the prepared ribbon specimens and 
corresponding annular samples, and Fig. 1(c) illustrates the application 
module of Fe-based nanocrystalline alloys in new energy vehicles.

Thermal properties were analyzed by a differential scanning calo
rimeter (DSC, Netzsch 404 F3). Initial magnetization curves and hys
teresis loops were measured using a vibrating sample magnetometer 
(VSM, Lake Shore 7407), and Bs was determined under an applied field 
of 800 kA/m. μe, Hc, and Pcv were measured by impedance analyzer 
(Keysight, E4990A), DC B-H loop tracer (Riken BHS-40) under a 
maximum field of 1 kA/m, and AC B-H loop tracer (Riken AC BH-100), 
respectively. The microstructure was characterized using X-ray diffrac
tion (XRD, Bruker D8-Discover) with Cu-Kα radiation, and high- 
resolution transmission electron microscopy (HRTEM, Talos F200X) 
equipped with energy-dispersive X-ray spectroscopy (EDS). The average 
grain size (Dav) of the precipitated α-Fe(Co) phase was determined via 
TEM by analyzing at least five independent regions for each sample 
state. The number density of the nanocrystals (Nd) was calculated using 
the formula Nd = N/ (A × Dav), where N denotes the number of nano
crystals within the area A of TEM image. The overall Vcry was estimated 
using the equation Vcry = NdπDav

3 /6 [28]. The resulting values are re
ported as arithmetic means with experimental errors quantified by 
standard deviations and 95% confidence intervals. The magnetic 
domain was analyzed employing a magneto-optical Kerr microscope 
(Evico Magnetics GmbH, em-Kerr-highres).

3. Results and discussion

Fig. 2(a) exhibits a broad diffuse halo peak characteristic of an 
amorphous structure, confirming that the as-spun Fe69.5Co3Nb2Mo1.5

Si14B9Cu1 alloy is fully amorphous. The DSC curve in Fig. 2(b) reveals 
two exothermic peaks. The first corresponds to the precipitation of the 
α-Fe phase, while the second is associated with the precipitation of (Fe, 
Co)-B phase. The primary (Tx1 = 816 K) and secondary (Tx2 = 918 K) 
crystallization temperatures yield a large separation (ΔT = Tx2 - Tx1 =

152 K), providing a broad processing window that facilitates the 
controllable nucleation of the α-Fe (Co) phase while effectively sup
pressing the early formation of secondary phases. This controlled 
nanocrystallization behavior is a prerequisite for achieving optimal soft 
magnetic performance. Additionally, a subtle endothermic peak at 
588 K marks the Curie temperature (TC), reflecting the transition from 
long-range ferromagnetic order to the paramagnetic state. These ther
mal insights guided the precise selection of annealing temperatures for 
the subsequent heat treatments to promote the optimal development of 
the nanocrystalline phase.

Fig. 3 compares the magnetic properties of Fe69.5Co3Nb2Mo1.5

Si14B9Cu1 alloy after NA, TFA1 and NA+TFA2. The specific performance 
values are listed in Table 1. The frequency dependence of μe is plotted in 
Fig. 3(a). While μe naturally decreases with frequency for all samples, 
the NA treated sample exhibits a relatively rapid decay, serving as a 
baseline with a μe of 19,200 at 100 kHz. In contrast, the application of a 
transverse field consistently enhances high-frequency performance by 
facilitating a more ordered domain configuration and easing magneti
zation rotation [29,30], with the stepwise NA + TFA2 strategy achieving 
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the highest stability across the entire 1–100 kHz range. Notably, at 
100 kHz, μe rises significantly to 27,000 (TFA1) and peaks at 29,300 (NA 
+ TFA2), corresponding to substantial improvements of ~40% and 

~52% than NA, respectively. This underscores the superior effectiveness 
of the stepwise route in mitigating frequency-dependent deterioration. 
This exceptional performance validates the proposed mechanism; this is 

Fig. 1. (a) Optimal process parameters for different heat treatment processes, (b) alloy ribbons and corresponding annular samples, (c) application module of Fe- 
based nanocrystalline alloys in new energy vehicles.

Fig. 2. Structural and thermal characterization of the as-spun Fe69.5Co3Nb2Mo1.5Si14B9 alloy. (a) XRD pattern, (b) DSC curve.
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likely because the strategy can independently control the nanocrystal
line structure and magnetic anisotropy. By applying the magnetic field 
only at a low temperature after crystallization, the process overcomes 
the anisotropy regulation limitations inherent to single-step annealing 
(TFA1), thereby realizing superior domain refinement and magnetic 
stability [30,31]. NA+TFA2 treated sample exhibits markedly the lowest 
Hc (0.49 A/m) compared to both the NA (0.54 A/m) and TFA1 coun
terparts (0.45 A/m). From the hysteresis loops, the specific annealing 
protocols have no effect on the Bs amongst samples with a consistent 
value of ~1.25 T. Fig. 3(d) displays the Pcv at Bm = 0.2 T with respect to 
frequency for the NA, TFA1, and NA+TFA2 treated samples. While Pcv 
naturally increases with increasing frequency across all samples, it de
creases significantly following the specific stepwise annealing strategy. 
Specifically, at 100 kHz, the Pcv drops from 530 kW/m³ for the NA 
sample and 460 kW/m³ for the TFA1 sample to a minimum of 
398 kW/m³ for the NA+TFA2 sample.

To demonstrate the superior high-frequency response of the present 
alloy, Fig. 4(a) benchmarks its μe against representative Fe-based 
nanocrystalline systems reported in the literature [3,6,8,10,13,32–39]. 

It can be clearly seen that the μe at 100 kHz has been significantly 
improved in this work. While conventional alloys such as FeZrB and 
FeSiBPCuC show relatively limited permeability, the alloy developed 
herein achieves an unprecedented performance level. As highlighted by 
the arrow, the μe in this work represents a substantial increase of 17.2% 
compared to the best-performing counterpart (FeSiBNbCuP) currently 
available. This result indicates that the bottleneck for enhancing 
high-frequency permeability in Fe-based nanocrystalline alloys has been 
successfully broken. In addition to high permeability, minimizing en
ergy dissipation is critical for application. Fig. 4(b) compares the Pcv 
measured at 100 kHz and Bm = 0.2 T. The plotted data reveals that the 
present alloy occupies a distinct region characterized by low Pcv, 
significantly outperforming other systems like FeZrB and FeZrBNb. This 
advantageous combination, simultaneously achieving record-breaking 
μe and suppressed Pcv, not only underscores the effectiveness of the 
NA + TFA2 strategy but also positions this alloy as an outstanding 
candidate for next-generation industrial applications, such as 
energy-efficient transformers and high-frequency motors.

Fig. 5 illustrates the microstructural evolution of the Fe69.5Co3Nb2

Mo1.5Si14B9Cu1 alloy following NA, TFA1, and NA+TFA2 treatments. 
All samples display sharp fundamental peaks indexed to the bcc α-Fe 
(Co) phase, confirming the complete crystallization of the amorphous 
precursor under each annealing condition (Fig. 5(a)). To quantify the 
microstructural parameters, the main (110) diffraction peak was 
analyzed using Voigt profile fitting (Fig. 5(b)), which allows for the 
deconvolution of grain-size broadening from lattice strain contributions 
[40]. As illustrated in Fig. 5(c), this analysis reveals average grain sizes 
of 12.3 nm, 11.9 nm, and 12.2 nm for the NA, TFA1, and NA+TFA2 
states, respectively. The extracted microstrain values, summarized in 
Fig. 5(d), reveal a pronounced dependence on the annealing protocol. 

Fig. 3. Magnetic properties of Fe69.5Co3Nb2Mo1.5Si14B9Cu1 alloy under NA, TFA1, NA+TFA2 treatment. (a) μe as a function of frequency, (b) Hc and Bs, (c) hysteresis 
loops with an inset showing the saturation region, (d) Pcv as a function of f at a maximum magnetic flux density (Bm) of 0.2 T.

Table 1 
The soft magnetic properties of Fe69.5Co3Nb2Mo1.5Si14B9Cu1 alloy at optimal 
annealing treatments for NA, TFA1 and NA+TFA2 samples.

Sample μe Hc Bs Pcv 

0.2 T/100 kHz

1 kHz 10 kHz 100 kHz (A/m) (T) (kW/m3)

NA 50,900 41,300 19,200 0.49 1.25 530
TFA1 41,300 39,700 27,000 0.54 1.25 460
NA+TFA2 46,000 44,100 29,300 0.45 1.25 398
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The NA sample exhibits the lowest microstrain (~0.30%), consistent 
with a well-relaxed nanocrystalline structure formed during 

conventional annealing. In contrast, the TFA1 treatment induces a sig
nificant increase in microstrain to ~0.45%, suggesting enhanced lattice 

Fig. 4. Comparison of (a) μe and (b) Pcv among various Fe-based nanocrystalline alloys in the reported literature, measured at Bm = 0.2 T and f = 100 kHz [3,6,8,10, 
13,32–39].

Fig. 5. Structural analysis of Fe69.5Co3Nb2Mo1.5Si14B9Cu1 alloy under different treatment conditions. (a) XRD patterns for NA, TFA1, and NA+TFA2 samples, (b) 
Voigt fitting of the main diffraction peak, (c) grain size and (d) microstrain calculated from XRD broadening.
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distortion or interfacial stress introduced when crystallization occurs 
under an applied transverse magnetic field. Notably, the NA+TFA2 
strategy yields an intermediate microstrain level of ~0.38%. This in
dicates that by independent control of nanocrystalline structure and 
magnetic anisotropy the excessive stress accumulation inherent to the 
TFA1 process is effectively mitigated. These distinctions in microstrain 
are critical, as local strain fields strongly influence magneto-elastic 
coupling and domain-wall dynamics, thereby governing the macro
scopic soft magnetic performance [41].

To elucidate the structural origins of the superior soft magnetic 
performance observed in the NA+TFA2 sample, a detailed 

microstructural analysis was conducted using TEM. Fig. 6 presents the 
bright-field images and corresponding SAED patterns for the annealed 
alloys. As visualized in Fig. 6(a, d, g), all samples exhibit a uniform 
nanocrystalline architecture consisting of ultrafine equiaxed α-Fe(Co) 
grains embedded within a residual amorphous matrix. The sharp 
diffraction rings in the SAED patterns (Fig. 6(b, e, h)) confirm the 
random orientation of these bcc crystallites. Quantitative analysis of the 
grain size distributions reveals a critical insight: while the grain size is 
invariant, the crystalline density evolves significantly. As shown in the 
Log-Normal fitting (Fig. 6(c, f, i)), the Dav remains constant at ~12 nm 
across all treatments. This finding is consistent with the crystallite sizes 

Fig. 6. Bright-field TEM images, SAED patterns, grain size distribution of Fe69.5Co3Nb2Mo1.5Si14B9Cu1 nanocrystalline alloys subjected to (a)-(c) NA, (d)-(f) TFA1, 
and (g)-(i) NA+TFA2 treatment, (j) variations of Vcry, with error bars representing the 95% confidence intervals.
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obtained from the XRD Voigt fitting presented in Fig. 5(c), which vali
dates the reliability of the microstructural analysis. However, a distinct 
upward trend is observed in the Vcry, which rises from 67.6% (NA) and 
68.1% (TFA1) to a peak of 70.6% for the NA+TFA2 sample. This 
elevated Vcry plays a pivotal role in optimizing magnetic softness. A 
higher fraction of ferromagnetic nanocrystals reduces the intergranular 
spacing, thereby strengthening the ferromagnetic exchange coupling 
between adjacent grains. Since the grain size is well below the ferro
magnetic exchange length, this enhanced coupling effectively averages 
out the magnetocrystalline anisotropy. Consequently, the coexistence of 
this high crystalline volume fraction with the tailored uniaxial anisot
ropy induced by the stepwise field annealing synergistically minimizes 
Hc and maximizes μe, as evidenced in Fig. 3. The consistent grain size 
across samples suggests that the variations in soft magnetic properties 
do not originate from geometrical confinement. Instead, the perfor
mance enhancement is driven by the precise regulation of induced 
anisotropy, underpinned by the evolution of the crystalline volume 
fraction. Although the increase in Vcry is subtle, it is sufficient to enhance 
the intergranular exchange coupling, thereby facilitating the efficient 
averaging of magnetocrystalline anisotropy in the NA+TFA2 sample 
[20,42].

To visually elucidate the elemental distribution and phase stability, 
mapping was performed as Fig. 7. The maps reveal a consistent 
elemental partitioning behavior across the NA, TFA1, and NA+TFA2 
samples, indicating that the magnetic field treatments do not disrupt the 
fundamental chemical order. The distribution follows a clear core-shell- 
like logic: Fe and Co are homogeneously enriched within the nano
crystalline grains, while Cu appears as distinct, dispersed clusters. This 
clustering is driven by the large positive mixing enthalpy between Fe 
and Cu (+13 kJ/mol), enabling Cu to serve as heterogeneous nucleation 
sites for the α-Fe (Co) phase. Crucially, Nb and Mo are rejected from the 
crystalline lattice, forming a reticular enrichment in the intergranular 
amorphous matrix. This explains the invariant grain size (~12 nm) 
observed in Fig. 6. The role of the magnetic field can be further under
stood through classical nucleation theory. Applying a magnetic field 
below TC introduces a magnetic volume free energy (ΔGV

mag), thereby 
reducing the free energy barrier (ΔG*) for nucleation [43]. During the 
TFA1 process, 818 K is above the TC of the amorphous precursor, which 
renders the magnetic driving force ineffective and the high temperature 
triggers a competition between nucleation and grain growth. 
Conversely, magnetic annealing at 573 K in the NA+TFA2 process can 
maximize the ΔGV

mag and drive the abundant formation of ultrafine 
secondary nuclei. This theoretical mechanism aligns perfectly with our 
experimental observation: the magnetic field promotes the formation of 

more nuclei (increasing the crystalline volume fraction to 70.6%) [44], 
while the diffusion-slow Nb/Mo barrier strictly limits their growth, 
resulting in a high-density, ultrastable microstructure [11,35].

The field-driven evolution of magnetic domains in NA, TFA1 and 
NA+TFA2 samples are illustrated in Fig. 8. The NA sample displays 
curved and irregular domain walls at zero field, reflecting the domi
nance of random magnetic anisotropy. Numerous pinning sites impede 
domain-wall motion, and magnetization occurs primarily through 
domain-wall displacement. As the static field increases, the walls pro
gressively straighten and shift, reaching full alignment at ~0.48 kA/m, 
consistent with its low-frequency permeability. In the TFA1 sample, the 
transverse magnetic field introduces a pronounced uniaxial anisotropy, 
resulting in broader, more regularly spaced stripe domains. Even at low 
fields (0.16 kA/m), localized magnetization rotation is visible, accom
panied by modest wall displacement. The coexistence of domain-wall 
motion and non-uniform rotation indicates a hybrid magnetization 
mechanism derived from field-induced anisotropy and residual micro
strain [22]. The NA + TFA2 sample shows the most uniform 
strip-shaped configuration. With increasing field, domain walls shift 
smoothly and widen, indicating reduced pinning and lower energy 
barriers for domain motion. This sample reaches saturation at a lower 
static field compared with TFA1, consistent with its higher μe at high 
frequency (1 kHz). At intermediate fields (~0.32 kA/m), domain split
ting and non-uniform rotation begin to emerge, marking a transition 
from wall-dominated to rotation-assisted magnetization. This behavior 
aligns with literature showing that materials with reduced magnetic 
anisotropy minimize total magnetic energy through domain nucleation 
and splitting, leading to improved high-frequency performance [45]. 
Together, the domain observations demonstrate that the NA + TFA2 
treatment achieves an optimal balance of anisotropy: low enough to 
facilitate efficient domain-wall motion at low frequencies, yet suffi
ciently uniform to promote stable rotation mechanisms at higher fre
quencies. This synergy explains its superior permeability and reduced 
Pcv across the medium–high frequency range.

Demagnetization-corrected initial magnetization curves were 
measured for the NA, TFA1 and NA + TFA2 samples with the field 
applied transverse to the ribbon axis. The correction was carried out 
using the reciprocal susceptibility method [42], in which the lower limit 
value of 1/χ* was evaluated to determine the demagnetization factor 
(ND). Based on this analysis, ND was found to be 9 × 10− 3 [46]. The 
effective magnetic field (Heff) was then calculated using: 

Heff = Happ − NDM (1) 

The induced anisotropic property Ku can be calculated according to 

Fig. 7. Element mapping of Fe69.5Co3Nb2Mo1.5Si14B9Cu1 nanocrystalline alloys subjected to (a) NA, (b) TFA1 and (c) NA+TFA2 treatment.
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the following formula: 

Ku =
HkBs

2
(2) 

To visually elucidate the impact of anisotropy on magnetic softness, 
the Ku and anisotropy field (Hk) were quantified in Fig. 9. A clear hi
erarchy is observed: TFA1 (Ku ≈ 28 J/m³) > NA (25 J/m³) > NA+TFA2 
(19.4 J/m³). The origin of these variations lies in the competition be
tween atomic ordering and stress relaxation. For the TFA1 sample, the 
high Ku originates from the strong directional ordering of Fe-Co atom 
pairs along the field direction. The NA sample retains a moderate 
effective anisotropy due to residual random stresses despite the absence 
of an external field. The NA+TFA2 strategy uniquely enables the inde
pendent control of these factors: the low-temperature field annealing 
relaxes the internal stresses inherent to the NA state without inducing 
the excessive atomic locking seen in TFA1. This minimization of Ku is the 
direct structural origin of the record-breaking permeability. According 
to the coherent rotation model for transverse-field annealed alloys, µe is 
inversely proportional to the induced anisotropy [30]: 

μe =
J2

s
2μ0Kμ

(3) 

The distinct reduction of Ku in the NA+TFA2 sample significantly 
lowers the energy barrier for magnetization rotation. This allows the 
magnetic moments to respond more sensitively to weak external fields, 
thereby explaining why this alloy achieves the highest µe (≈ 29,300 at 
100 kHz) value and stability spanning wide medium-high frequency.

4. Conclusions

In this study, the high-frequency magnetic behavior of 
Fe69.5Co3Nb2Mo1.5Si14B9Cu1 nanocrystalline alloys was systematically 
tailored through a stepwise transverse magnetic field annealing (NA +
TFA2) strategy. By independently regulating the crystallization process 
and anisotropy induction, our findings demonstrate that the superior 
magnetic softness is not driven by grain size reduction, which remains 
invariant at ~12 nm across all treatments, but largely by the precise 
engineering of lattice strain and phase fraction. Specifically, the NA 
+ TFA2 strategy mitigates the lattice microstrain of 0.38% inherent to 

Fig. 8. Magnetic domain evolution of Fe69.5Co3Nb2Mo1.5Si14B9Cu1 alloys under dynamic magnetic fields following optimal annealing treatments: (a) NA, (b) TFA1 
and (c) NA+TFA2.
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direct field annealing while simultaneously maximizing the crystalline 
volume fraction of 70.6%, resulting in a minimized Ku of 19.4 J/m³ . The 
optimized alloy exhibits an exceptional combination of frequency-stable 
µe of 29,300 at 100 kHz, ultra-low Hc of 0.45 A/m, and significantly 
suppressed Pcv of 398 kW/m³ at 100 kHz, 0.2 T. These results confirm 
that optimizing the interplay between lattice relaxation and induced 
anisotropy is key to breaking the permeability-loss trade-off, providing a 
scalable pathway for developing next-generation low-loss alloys for 
energy-efficient high-frequency applications.
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