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Ultra-low core loss in Fe-enriched soft
magnetic ribbons enabled by nanostructure
and high-frequency domain engineering
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SatoshiOkamoto1,2,NobuhisaOno2, TakeshiOgasawara3, TadakatsuOhkubo 1&
Hossein Sepehri-Amin 1

The next generation of power electronics necessitates materials capable of
rapid response at tens of kilohertz frequencies while ensuring minimal core
losses. Accelerating the advancement of power electronics hinges on addres-
sing the current shortage of ultra-low core loss softmagnets, thereby enabling
sustainable energy utilization and paving the way toward achieving zero car-
bon footprints. Here we demonstrate an approach that integrates nanos-
tructure engineering with high-frequency domain structure control,
significantly enhancing the performance of Fe-enriched amorphous ribbons.
Our strategy reduces core loss by 55%, achieving an ultra-low loss of ~ 75 ± 1.3
W/kg at 10 kHz, 1 T.We attribute this improvement tooptimizedperpendicular
magnetic anisotropy, which is induced by positive magnetostriction and
compressive stress generated from partial nanocrystallization of α-Fe in a
residual amorphous matrix. These configurations lead to the formation of a
narrow stripe-shaped magnetic domain (~ 4.8 ± 0.6 μm wide), resulting in
minimal excess loss. These findings highlight a pivotal advancement in soft
magnet design, facilitating energy-efficient, miniaturized power electronics
for modern applications.

Demand for next-generation power electronic devices is surging due
to their essential roles in AI-driven automation, robotics, electric
vehicles, renewable energy systems, and smart grids. Recent
advancements in wide-bandgap semiconductors, such as SiC and GaN,
have significantly boosted the efficiency and miniaturization of mod-
ern power electronic devices1. However, the increased switching fre-
quencies enabled by these semiconductors are placing new demands
on soft magnetic materials for compact and efficient transformers,
inductors, and other electromagnetic devices. Magnetic passive devi-
ces are estimated to account for over 50% of losses in the power
electronic systems2. Therefore, the advancement of these devices
would be accelerated by the development of softmagnets that possess
high saturation magnetization µ0Ms, low coercivity Hc, high electrical
resistivity ρ, and minimal core loss PT at high switching frequencies3–6.

The main challenge in developing soft magnetic materials lies in
resolving the trade-offs among achieving high µ0Ms, lowHc, and low PT.
Applications such as transformers and magnetic actuators prioritize
high µ0Ms to enable compact, high-flux designs, whereas high-
frequency devices like EV inverters and power supplies demand
materials with low PT to improve efficiency and thermal stability7.
Efforts to reduce PT in widely used Si-steel alloys through increased Si
content8, alloying strategies9, and microstructural refinements10–13

have led to marginal improvements, reaching a performance plateau
with high PT at elevated frequencies, rendering them unsuitable for
cutting-edge applications. Other conventional alloys also encounter
similar issues with substantially high losses9,14–16, while soft ferrites,
despite attaining minimal PT, are constrained by inadequate power
density, increasing copper loss, and limiting their applicability17. Fe-
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based amorphous and nanocrystalline materials, such as FINEMET18,
NANOPERM19,20, and VITROPERM21,22, offer lower PT due to the
exchange-averaging effect of local anisotropy. However, these typi-
cally exhibit low µ0Ms (1.2–1.5 T) and contain expensive elements.
Recent advancements have increased µ0Ms to 1.8–2 T by raising the Fe
content in nanocrystalline soft magnets23–29. Nevertheless, achieving
an optimal balance of magnetic properties, particularly reducing PT at
high frequencies, remains a bottleneck. Core loss comprises hysteresis
loss Ph, classical eddy current loss Pe, and excess loss Pa30. Addressing
these losses becomes more significant as the frequency increases31,32.
At low frequencies, the dominant component is typically Ph, which
originates from the irreversible motion of domain walls and is influ-
enced by magnetic properties such as Hc and domain wall movement.
As the frequency increases, Pe, which arises from Joule heating caused
by eddy currents, becomesmore significant and scales with the square
of the frequency. This can be mitigated by enhancing ρ and reducing
specimen thickness. At even higher frequencies, Pa, associated with
domain wall dynamics, becomes increasingly important and can be
reduced by narrowing magnetic domains and increasing domain wall
density to decelerate domain wall motion during AC magnetization.
However, understanding the intrinsic and extrinsic contributions to
core losses, especially Pa, for high-frequency regimes, is still limited.
Theoretically, it has been proposed that inducing weak perpendicular
magnetic anisotropy (PMA) through internal stresses in amorphous
material with positive magnetostriction λs may minimize losses33–37.
However, approaches such as surface oxidization are technically dif-
ficult to apply to real magnetic devices. Therefore, the practical
implementation of this theory would require precise nanostructure
engineering to fine-tune the magnetic domain structure. This method
can serve as a strategic framework for designing advanced soft mag-
netic materials.

In this study, we propose and demonstrate a new approach to
significantly reducing PT in softmagneticmaterials at high frequencies
through controlled nanostructure and magnetic domain engineering.
Our versatile strategy broadly applies to various Fe-based amorphous
systems, highlighting its universal applicability. We developed Fe-rich
amorphous ribbons with a high µ0Ms of 1.6 T by incorporating over
84 at.% Fe with cost-effective elements, ensuring economic viability.
The Fe84.8Si0.5B9.4P3.4Cu0.8C1.1 (at.%) alloy was systematically designed
to achieve high µ0Ms while ensuring amorphous phase stability and
thermal processability23–26. High Fe content enhances µ0Ms, whereas B,
P, and C stabilize the amorphous structure. Si and P broaden the
supercooled liquid region, facilitating controlled nanocrystallization.
Cupromotes the heterogeneous nucleation ofα-Fe nanocrystals, while
P and C inhibit grain growth and improve casting stability. These fea-
tures collectively enable the control of the nanocrystallization of α-Fe

in residual amorphous matrix to obtain a high-performance material
for high switching frequencies. By reducing domain wall pinning sites
and leveraging nanoscale grains within the exchange length21,38, we
achieved lowHc andminimalPh losses. Additionally, Pe was suppressed
by employing thin ribbons with an amorphous or partially nanocrys-
talline structure, inherently limiting eddy current pathways. Impor-
tantly, we demonstrate that Pa, a dominant loss component at high
frequencies, can be effectively controlled by nanostructure engineer-
ing through short-duration annealing near the crystallization tem-
perature, as schematically illustrated in Fig. 1. Our advanced soft
magnet design concept comprises three distinct stages (Fig. 1): (a)
fabrication of Fe-enriched amorphous ribbons, which exhibit wide,
curvilinear magnetic domains originating from random internal
stresses, resulting in high core losses. (b) Partial nanocrystallization of
α-Fe in the residual amorphous matrix induces compressive stresses
that generate weak PMA. This leads to the formation of stripe-shaped
magnetic domains, significantly suppressing domain wall motion and
drastically reducing core loss. (c) As the crystalline volume fraction
increases further, finer stripe domains with higher anisotropy energy
develop, which increases core loss but provides insight into the tun-
ability of magnetic properties. The trade-off between µ0Ms and PT
observed across the annealing stages presents opportunities for
application-specific material design. High-crystallinity structures with
enhanced µ0Ms are promising for pulsed power, distribution trans-
formers, and surge absorbers, while partially crystalline states with
minimal losses are better suited for high-frequency transformers, EMI
filters, and shielding applications. By facilitating the formation of PMA
with a stripe-domain structure through nanostructure engineering,
our integrated approach achieves a remarkable 55% reduction in core
loss. This study not only advances the frontier of soft magnetic
material design but also sets a new performance benchmark for
modern applications. Comprehensive core loss analysis using con-
ventional empirical models15,30,39,40 and magnetization process
decomposition model32,41 has elucidated the dominant excess loss
component and revealed a transition in the magnetization reversal
mechanism from domain wall motion to magnetization rotation. This
strategy paves the way for developing next-generation soft magnetic
materials with high efficiency for high-frequency applications, with
potential applicability to awide range of Fe-based amorphous systems.

Results
Fe-enriched amorphous ribbons were fabricated using an industrial-
scale rapid solidification process, demonstrating excellent quality and
flexibility (Methods and Supplementary Fig. 1), which were originally
designed as well-nanocrystalline material26. These ribbons are 60mm
wide, 25 ± 1 µm thin and several hundred meters long, showcasing the

Fig. 1 | Schematic representation of performance enhancement in Fe-enriched
amorphous ribbons through nanostructure and magnetic domain engineer-
ing.The schematic illustrates our strategic approach in designing ultra-low core loss
soft magnetic material. This highlights the correlation between the performance of
Fe-enriched amorphous ribbon and changes in microstructure and magnetic
domain configurations. The phenomena are depicted in three distinct scenarios:

a as-spun Fe-enriched amorphous ribbons exhibit broad, curvy magnetic domains,
resulting in high heat dissipation;bwith the emergence of partial nanocrystallization
of α-Fe in the residual amorphous matrix, a transformation to striped magnetic
domain occurs, significantly reducing heat dissipation; and c a high volume fraction
of nano-scale α-Fe crystals forms in a residual amorphous matrix, accompanied with
compact, narrow striped magnetic domains, leading to increased heat dissipation.
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industrial scalability at low manufacturing and raw material costs.
Differential scanning calorimetry (DSC) of the as-spun (As-Q) ribbons
revealed crystallization of α-Fe and Fe-compound phases at onset
temperatures of Tx1 = 667K and Tx2 = 795 K, respectively (Supplemen-
tary Fig. 2). A large ΔT (=Tx1–Tx2 = 128K) provides a broad annealing
window to control the crystallinity of theα-Fe phasewithin the residual
amorphousmatrix, inhibiting the complexphases that candegrade the
properties21. Consequently, the as-spun ribbons were annealed at
temperatures ranging from 573 to 748K (Methods and Supplementary
Table 1), producing samples with different crystalline volume fractions
Vf (Supplementary Fig. 3) while maintaining crystallite size below the
exchange length (~30–40nm)28,42,43 to avoid cubicmagneto-crystalline
anisotropy that would impair soft magnetic properties21. X-ray dif-
fraction (XRD) analysis (Supplementary Fig. 4) confirmed a clear
transition from amorphous to crystalline structures, with sharper and
more intense peaks in highly crystalline samples and broader peaks in
more amorphous ones. The as-spun ribbons exhibited a broad halo
peak, indicating a fully amorphous phase, while α-Fe phases were
consistently present with increasing Vf as the annealing temperature
rose (Supplementary Table 1). A comprehensive investigation of the
soft magnetic properties as a function of Vf revealed significant cor-
relations with nanocrystallization (Fig. 2). It can be observed from
Fig. 2a that the µ0Ms increase from 1.59 to 1.76 T as Vf rises, explained
through the relationship, µ0Ms = µ0Mamo(1–Vf) + µ0McryVf, where
µ0Mamo and µ0Mcry are the saturationmagnetization of the amorphous
and crystalline phases, respectively. Since α-Fe has a higher magneti-
zation than the residual amorphous matrix15, overall magnetization
increases with crystallinity. Figure 2b indicates no significant change in
Hc with increasing Vf, with slight variations attributed to structural
relaxation and crystalline phase emergence during annealing. Fur-
thermore, Fig. 2c, d demonstrates that the λs and ρ of the samples
remain relatively stable with Vf up to 10 %, after which both decreased,
likely due to the diminishing amorphous regions as per the rule of
mixtures. Figure 2e highlights that the size of the nanocrystals formed
in the amorphous matrix remains below 20 nm across all samples,
which is significantly smaller than the domain wall width21, effectively
preventing the pining effect and exhibiting low coercivity.

The investigation of core lossPT at 10 kHz and apeak inductionBm
of 1 Tprovided significant insights into hownanostructureengineering
can minimize losses and improve the material’s suitability for high-
frequency applications. Notably, partial nanocrystallization of the α-Fe
phase drastically reduces PT, as shown in Fig. 2f. The as-spun ribbons
exhibited a PT value of 165.8 ± 0.84W/kg, which decreased remarkably
to 75 ± 1.3W/kg, representing ~55% reduction in PT within a Vf range of
0.5–6%. Beyond this range, PT increased, emphasizing the importance
ofmaintaining partial nanocrystallization forminimal PT. Typically, the
Vf value for conventional soft magnetic nanocrystalline materials is
around 50%, and the very low Vf region has been paid little attention.
This significant reduction in PT underscores the potential for nanos-
tructure engineering to develop ultra-low core loss soft magnets,
enhancing their usability for high-frequency applications. A detailed
analysis of core loss components was performed to understand the
influence of physical parameters and to devise a nanostructure engi-
neering strategy to minimize each component. It was found that
component Pa is the dominant contributor to total loss (Fig. 2f),
accounting for over 80%, while Ph and Pe together contributed less
than 20% (Fig. 2b, d). Ph is minimal due to low Hc value, while Pe
remains low because of the current material’s advantageous combi-
nation of high ρ and low thickness. Notably, both loss components
were over an order of magnitude smaller than the PT at 10 kHz. It is
widely accepted that Pa arises from non-uniform localized micro-eddy
current induced by dynamic domain wall displacements,
which depend on microstructural and domain features. Recent simu-
lations suggest that λs can lead to core losses by dissipating magnetic
energy into elastic energy44,45. Despite maintaining a relatively large

λs ~30 ppm across a Vf below 6% (Fig. 2c), PT significantly drops, indi-
cating a fundamentally different loss mechanism compared to con-
ventional softmagneticmaterials.Pa decreaseswith increasingVf up to
6%, then increases beyond this range, aligning with the optimal Vf for
minimal core loss. To understand the core loss behavior across the
varying operating conditions, we extended the core loss analysis to a
broad frequency range of 0.1–20 kHz at a fixed induction of 1 T. As
shown in Supplementary Fig. 5, the core loss remains minimal for the
partially nanocrystalline region (0.5–6%) across all operating fre-
quencies, consistent with the trend observed at 10 kHz. The relative
contributions of the individual loss components also evolve system-
atically with frequency: Ph dominates at lower frequencies, while Pa
becomes the primary contributor beyond ~1 kHz. Pe remains relatively
small and nearly constant due to the high resistivity and thin geometry
of the ribbons. These observations further confirm the proposed
method of magnetic domain engineering via PMA in samples with
partial nanocrystallization of α-Fe (Vf ≈ 1–6%), which yields minimal
core loss at elevated frequencies. This analysis reinforces the robust-
ness of this nanostructure-engineered approach in minimizing Pa.
Further, the magnetization process decomposition model was
employed to analyze both the as-spun and a low core loss sample
annealed at 697K (L-CL), to gain a better understanding of the core
loss mechanism32,41. Broadband complex permeability (µ′ and µ′′) and
core loss per cycle Pc were measured at various Bm and frequencies f
(“Methods” and Supplementary Fig. 6). Pc was found to increase
steadily with f, showing a significant rise for frequencies higher than
10 kHz. Notably, the L-CL sample exhibited lower core loss compared
to the as-spun sample, consistent with conventional core loss mea-
surements. The decomposition analysis revealed that irreversible
magnetization processes dominate at lower frequencies, while rever-
sible processes become more prominent at higher frequencies. These
findings suggest that the substantial increase in core loss at high fre-
quencies (> several tens of kHz) is interpreted asPa in our conventional
empiricalmodels, and the low core loss at frequencies ≤ 20 kHz can be
due to a significant reduction of the loss component of the irreversible
magnetization process corresponding to Pa.

Figure 3 provides an in-depth nanostructural analysis and com-
positional characteristics of Fe-rich softmagnetic ribbons, focusing on
the correlation of nanostructural features and core loss variation. We
focus on three distinct samples representing different regions on the
core loss spectrum: as-spun, low core loss (L-CL), and a high core loss
sample annealed at 746 K (H-CL). Low-magnification bright-field TEM
(BF-TEM) images of the as-spun ribbons (Fig. 3a.i.) display homo-
geneous contrast, indicative of a uniform supersaturated solid solu-
tion. This structural homogeneity is further confirmed by high-
resolution BF scanning TEM (STEM) images (Fig. 3a.ii). The corre-
sponding selected area electron diffraction and nanobeam diffraction
patterns displayed in the insets show characteristic halo rings, con-
firming the amorphous structure. In contrast, TEM images of the L-CL
samples (Fig. 3b.i., b.ii.) reveal the emergence of nanoscale α-Fe crys-
tals with an average size of 15.9 ± 3.9 nm dispersed within the amor-
phous matrix. H-CL ribbons (Fig. 3c.i., c.ii.) exhibit a higher volume
fraction of crystalline phases, with a crystallite size of 18.1 ± 5.4 nm.
High-resolutionBF-STEMof both L-CL andH-CL samples highlights the
distinct separation of α-Fe crystals by the residual amorphous matrix.
Additional TEM images and α-Fe crystallite size distribution for selec-
ted samples are provided in Supplementary Figs. 7 and 8. Notably, the
crystallite sizes remainbelow20nmacross all samples, consistentwith
XRD analysis. As core loss escalates from L-CL to H-CL, the volume
fraction of crystalline phases within the amorphous matrix also rises,
contrasting with conventional nanocrystalline materials like
FINEMET18, NANOPERM19,20, VITROPERM21,22, and recent Fe-enriched
nanocrystals24,25,27–29,46.

Further nano-scale compositional information was obtained
throughAPT. Figure 3d–f displaysAPTelementalmaps for B,Cu, P, and
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Si with the corresponding concentration frequency distributions
shown in Supplementary Fig. 9. A binomial (random) distribution is
plotted to compare with the experimental concentration distribu-
tions of Cu, C, P, B, and Fe. The APT maps display ~10 nm thin slices,
and compositional line profiles (Fig. 3g–i) indicate a homogeneous
and random elemental distribution in as-spun ribbons, consistent
with their amorphous structure. Notably, the experimental distribu-
tion of L-CL and H-CL samples deviates significantly from the

binomial distribution, indicating non-uniform element arrangement
and underlying ordering. 3D elemental maps (Fig. 3e, f) reveal α-Fe
crystal nucleation within the amorphous matrix and a large number
density of Cu clusters, acting as heterogeneous nucleation sites47. B
and P lean regions correspond to α-Fe nanocrystals. The tendency of
the size distribution of α-Fe nanocrystals in the APT maps is con-
sistent with the XRD and TEM estimates. Further compositional
analysis indicates that the nanocrystals are Fe-enriched with minor

Fig. 2 | Evaluation of magnetic properties with varying crystalline volume
fraction in Fe-enriched amorphous ribbon. a Saturation magnetization µ0Ms

b coercivity Hc and hysteresis loss Ph, c magnetostriction λs, d resistivity ρ and

corresponding eddy current loss Pe, e Crystallite size, and f Total core loss PT along
with excess loss Pa are plotted against the crystalline volume fraction in Fe-enriched
amorphous ribbons.
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traces of other elements. Detailed compositions of the crystals and
residual amorphous matrix for all three samples, calculated from
compositional line profiles, are provided in Supplementary Table 2.
The data shows a significant increase in the volume fraction of α-Fe
nanocrystals, Vf, from 3.2% in L-CL to 26.3% in H-CL. This increase in
Vf and Fe concentration in the crystalline phase accounts for the rise
in µ0Ms values with increased crystallinity. Additionally, APT suggests

potential intrinsic property changes due to localized compositional
variation.

To elucidate the mechanism behind core loss reduction in the
very low Vf range of 0.5–6% compared to conventional nanocrystalline
materials, while maintaining high λs, it is essential to analyze the shape
and response of magnetic domains under a high-frequency AC-mag-
netic field. Therefore, we employed an advanced high-frequency
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magneto-optic Kerr effect (MOKE)48,49 microscopy, which enables the
simultaneous visualization of vector magnetization components with
high spatial resolution. Detailed observations of the magnetic domain
structures in both static (Fig. 4a–c and Supplementary Fig. 10) and
dynamic modes under high AC magnetization fields (Supplementary
Movies 1 and 2) revealed an intricate evolution of domain configura-
tions across samples with varying Vf values. In the as-spun amorphous
sample, two distinct domain configurations were identified (Fig. 4a):
wide and wavy domains with 180° walls aligned along an in-plane
direction; and narrow, fingerprint-like domains surrounded by wide
lamellar domains. These irregular domain patterns originate from
heterogeneous internal stress tensor components33 generated during
rapid quenching. This combination of magnetic domain structure
results in high excess losses due to dynamic domain wall displacement
under alternating fields. Upon partial nanocrystallization, as seen in
the L-CL sample (~5.1% Vf, Fig. 4b), the domainmorphology transforms
significantly into narrower stripe-shaped domains (4.8 ± 0.6μmwide),
oriented perpendicular to the applied magnetic field. This transfor-
mation is attributed to the onset of stress-induced PMA, facilitated by
the nucleation of nanoscale α-Fe crystalswithin the amorphousmatrix.
PMA stabilizes the domain configuration, suppresses domain wall
displacement, and promotes magnetization rotation as the dominant
mechanism for magnetization reversal, leading to a remarkable
reduction in core loss. The PMA induced in partially nanocrystallized
samples likely arises from a synergy of high positive λs and compres-
sive internal stresses33, as quantified using classical domain theory
(Supplementary Table 3). The anisotropy energy K, domain wall
thickness, and compressive stress were calculated using classical
domain theory34,50 and outlined in Supplementary Table 3. This quan-
titative analysis reveals that decreasing domainwidth corresponds to a
substantial increase in anisotropy energy, enhancing PMA. With fur-
ther nanocrystallization (Fig. 4c), the stripe domain width continues to
shrink to 2.8 ± 0.2μm and below 1μm in samples with 8% and 18% Vf,
respectively, corresponding to regions with higher core loss. This
refinement of the magnetic domain structure results from an increase
in the estimated anisotropy energy due to the increase in internal
stress. While strong PMA continues to promote domain refinement,
the resulting narrow domains constrain the ease of magnetization
rotation and increase total magnetic anisotropy energy, ultimately
raising core loss. This highlights a non-monotonic relationship
between domain refinement and core loss, while moderate PMA
reduces loss, excessive PMA impairs dynamic magnetization pro-
cesses. Since MOKE observations provide only surface information
about the magnetic domain configuration, micromagnetic simulation
was employed to gain insight into the 3D magnetization configura-
tions. Given the unknown intrinsic properties values, simulations were
conducted with PMA energies ranging from 1 to 20 kJ/m3. The simu-
lation results qualitatively reproduced the experimentally observed
surface domain patterns and revealed the volume distribution within
the ribbon (Fig. 4d–f). For the as-spun sample, simulations indicate
large, curvilinear magnetic domains (Fig. 4d). Introducing a small
stress-induced PMA of 5 kJ/m3 transforms the domain structure into
alternating stripes perpendicular to the appliedmagneticfield (Ha) and
internal closure domains (Fig. 4e), oriented perpendicular to the
applied field. This pattern emerges after relaxing the system from an

initial configuration of twodomains along theOY axis,mimickingHa in
the experiment. An increaseof thePMAto20 kJ/m3 further narrows the
stripe pattern (Fig. 4f), as domain width is inversely proportional to
ðKÞ1=4, as detailed elsewhere50 and qualitatively reproducing the
experimentally observed trend of domain refinement with increasing
crystallinity.

Under AC magnetic fields, the as-spun sample exhibits magne-
tization changes primarily driven by domain wall displacement,
whereas nanocrystalline samples show limited domain wall motion.
This suggests that magnetization changes predominantly occur
through magnetization rotation within stripe domains rather than
domain wall movement. Due to the narrower stripe magnetic
domains, any potential magnetic domain wall motion is significantly
slower, as observed in high-frequency dynamic magnetic domain
observations (Supplementary Movies 1 and 2), effectively suppres-
sing excess losses. Additionally, the reduction in domain width sig-
nifies increased anisotropy energy (Supplementary Table 3),
resulting in strong PMA, limiting magnetization rotation and, con-
sequently, increased core loss. Microscopically, as the crystalline
volume fraction increases, nanocrystallites form interconnected α-Fe
networks separated by an iron-lean amorphous matrix. This mor-
phology is known to enhance coercivity through mechanisms as
described in simulations of random magnetic anisotropy51 and
magnetostriction in randomly oriented nanocrystallites45. However,
the coercivity remains nearly constant in the present case, likely due
to the nanoscale size of the crystallites below the domain wall width
and their homogeneous distribution, which effectively suppresses
domain wall pinning. As the domain width shrinks due to stronger
PMA, the dominant magnetization reversal mechanism changes from
domain wall motion to coherent rotation. However, beyond an
optimal Vf range, the associated increases in anisotropy energy
outweigh the benefits, leading to higher core loss despite reduced
domain wall mobility. While this study outlines the essential physics
linking nanocrystallization, domain configuration, and dynamic
magnetization behavior, the detailed mechanisms underlying these
phenomena require further theoretical exploration. Future work
integrating micromagnetic and phase-field simulations could pro-
vide deeper insights into the coupling between structural evolution
and magnetic dynamics. Overall, this study establishes a clear design
strategy for reducing the high-frequency core loss and highlights the
potential for optimizing existing soft magnetic materials through
nanostructure and domain engineering, aiming to fully harness their
capabilities by refining domain structure and controlling the mag-
netization process.

The study examines the soft magnetic behavior of Fe-enriched
ribbons tailored by nanostructure-domain engineering, demon-
strating excellent ultra-low core loss at high-frequency regions. The
proposed and demonstrated concept of magnetic domain engi-
neering for high-frequency application toward the reduction of core
loss can be extended to all amorphous magnetic ribbons having
high λs values28,30,44, as shown in Fig. 5a. Interestingly, partially
nanocrystallized ribbons consistently showed lower core loss, vali-
dating the effectiveness and universality of our approach. While
conventional design strategies favor very low or near-zero λs to
suppress magnetoelastic energy and minimize loss, our results

Fig. 3 | Microstructural and nano-scale compositional analysis of Fe-enriched
soft magnetic ribbons. TEM images of a as-spun, b L-CL (annealed at 698K),
c H-CL (annealed at 746 K) samples. Each sample features a low-resolution bright-
field image with an inset of corresponding SAED patterns shown in respective (i)
and a high-resolution bright-field STEM image with an inset of corresponding
nanobeam electron diffraction shown in respective (ii). The TEM images reveal an
amorphous structure in the as-spun sample and the formation of nano-scale α-Fe
crystals within a residual amorphous matrix in the annealed samples. APT ele-
mentalmaps highlight B (green), Cu (orange), P (pink), and Si (blue) for the distinct

samples: d as-spun, e L-CL, f H-CL. These maps show a uniform elemental dis-
tribution in the as-spun sample (d), the formationofCu-clusters, and thenucleation
of nano-scale α-Fe crystals embedded in an amorphous matrix (e, f), with an
increased volume fraction of these crystals in the H-CL sample (f). Line composi-
tional profiles, computed along the sky-blue cylindrical region marked in the
respectiveAPTmapsof the samples:g as-spun,hL-CL, iH-CL, demonstrate uniform
composition in the as-spun sample, with Fe-enriched regions forming in the
annealed samples. Error bars indicate the standard deviations of the counting
statistics in each bin of the profiles.
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reveal a maintaining a relatively high λs is instrumental in tailoring
the magnetic domain structure and magnetization process for ultra-
low core loss. This concept opens new avenues and expands the
material space by developing ultra-low core loss soft magnetic
materials while maintaining a large λs. The developed ultra-low core
loss ribbons exhibit a remarkable combination of low Hc (~4 A/m),
moderately high µ0Ms (~1.61 T), high ρ (~1.56 µΩm), and an extremely
low PT ( ~75 ± 1.3W/kg at 10 kHz, 1 T) with a substantial λs value of
31 ppm. Although high core loss ribbons show a higher PT value of
140 ± 0.4W/kg, still achieve a notably high µ0Ms value of 1.76 T,
demonstrating the trade-off between magnetization and loss per-
formance. The observed ~13% lower µ0Ms and ~200% higher λs
(Fig. 2a–c) for the partially nanocrystallized sample arise from its
limited volume fraction of high-magnetization α-Fe nanocrystals
and the dominant amorphous matrix contribution, which intrinsi-
cally possesses a high positive λs. The increased λs, in conjunction
with internal compressive stresses, promote the establishment of
weak PMA, facilitating the formation of narrow stripe-shaped mag-
netic domains. This domain configuration effectively suppresses
dynamic domain wall motion and significantly reduces excess loss at
high frequencies. The elevated λs can also amplify magnetoelastic
energy, potentially leading to mechanical fatigue or increased noise
under dynamic conditions. However, in our study, the crystalline
volume fraction is carefully controlled (Vf = 1–6%), which likely
mitigates these detrimental effects. Furthermore, the amorphous
matrix provides mechanical damping and flexibility, reducing the

probability of structural degradation under cyclic loading. From an
application perspective, the slight reduction in µ0Ms (~1.61 T) mod-
erately lowers the maximum achievable energy density but remains
sufficiently high to meet the demands of compact and high-power-
density magnetic devices. This underscores the strategic advantage
of partial nanocrystallization in balancing magnetic softness, energy
density and frequency performance. Furthermore, to evaluate the
robustness and sensitivity of our process, we conducted additional
control experiments using a lower heating rate of 20 K/min and
extended annealing durations. The effects of these conditions on
microstructure and magnetic properties are illustrated in Supple-
mentary Fig. 11. These slower thermal cycles produced nanocrys-
talline structures with ultra-low core loss (~72W/kg at 1 T, 10 kHz),
demonstrating the tunability and versatility of our approach. To
assess industrial applicability, we evaluated the µ0Ms and PT of
commercial Fe-based soft magnetic materials under identical con-
ditions and compared them with our materials (Fig. 5b). This reveals
a significant breakthrough, as the developed materials in this study
outperform existing materials by demonstrating the lowest PT
alongside a high µ0Ms value. Additionally, the partial crystallization
of α-Fe within the amorphous matrix retains moderate flexibility,
highlighting the effectiveness and superior performance of
our approach. This advancement holds significant potential for
energy-efficient technologies and advanced magnetic systems,
positioning these materials as leading contenders in the soft mag-
netic industry.

Ha

e

Ha

f

mxd

Ha

mx

mx

a

b

c

Ku = 20 kJ/m3

Ku = 5 kJ/m3

Fig. 4 | Magnetic domain structure of Fe-enriched soft magnetic ribbons. The
magnetic domain structure at remanence for samples in different conditions: a as-
spun ribbon, and with varying crystalline volume fraction Vf of b 5.1% (L-CL), and
c 8%. The magnetic domain images are displayed in pseudo-colors, with the x, y,
and z components of the magnetization vector assigned to red, green, and blue,

respectively. Simulated domain patterns with d wavy and curled domains, e stripe
domains perpendicular to the Ha field indicating weak stress-induced PMA with
Ku ~ 5 kJ/m

3, and f closure stripe domains with a higher Ku ~ 20 kJ/m3 value, with a
noticeable reduction in stripe width.
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This study proposes and demonstrates a novel strategy to achieve
ultra-low core loss at elevated frequencies in Fe-based soft magnetic
ribbons by integrating nanostructures and magnetic domain engi-
neering. Partial nanocrystallization of α-Fe with Vf ranging up to 6%
within a residual amorphous matrix enabled us to establish PMA,
forming a narrow stripe-pattern domain structure that remarkably
reduced core losses by 55%, predominantly the excess loss. We have
demonstrated that the ultra-low core loss is realized by controlling the
rotation of magnetization at high frequencies, realized in an optimum
PMA range in the materials. Additionally, the proposed alloy design
holds broad potential for various systems through the development of
nanocomposite materials with tailored domain structures. Further-
more, the ability to engineer stripe-shapedmagnetic domains through
controlled partial nanocrystallization, despite a moderate increase in
magnetostriction, positions these materials as promising candidates
for high-frequency applicationswhereminimizing dynamic core losses
outweighs concerns related tomagnetoelastic effects. This opens new
avenues for the developmentof advanced softmagneticmaterialswith
ultra-low core losses, enabling energy-efficient and miniaturized
power electronics for modern applications. Future research can focus
on developing materials with high saturation magnetization and
minimal core loss using this novel approach, alongside comprehensive
computational analysis of core loss mechanisms to enhance material
performance.

Methods
A master alloy ingot was prepared using vacuum induction melting
under an Ar atmosphere, with the addition of high-purity elements
of Fe (99.99 %), Si (99.99%), Cu (99.9%), B (99.5%), and Fe3P (99%).
The as-cast ingot was subsequently employed to fabricate Fe-
enriched amorphous ribbons with a chemical composition
of Fe84.8Si0.5B9.4P3.4Cu0.8C1.1 (in at.%). These ribbons were produced
on an industrial scale by M/s Tohoku Magnet Institute Co. Ltd using
the melt-spinning technique, yielding high-quality amorphous rib-
bons with lengths extending to several hundred meters, widths of
60mm, and consistent thicknesses of 25 ± 1 μm (Supplementary
Fig. 1). For thermal processing, the ribbons were cut to the desired
dimensions required for measurements, then wrapped in Ta foil and

sandwiched between two stainless steel (SUS) sheets for
uniform heat distribution. The samples were annealed in
direct contact with the heater at high heating rates of 5.83 K/s,
with a short soak time of around 4 s at various temperatures (Sup-
plementary Table 1). The accuracy of temperature measur-
ements was confirmed using K-type thermocouples. This thermal
treatment was carefully designed to generate diverse micro-
structural features.

The chemical composition of the ribbons was analyzed using
inductively coupled plasma optical emission spectrometry (ICP-
OES). DSC (Perkin Elmer DSC8500) was performed at a heating rate
of 40 K/min under an Ar flow to study the thermal properties of the
as-spun ribbon. XRD (Rigaku MiniFlex600), using Cu-Kα radiation,
was employed to examine the structure characteristics, with crys-
tallite sizes estimated from the XRD peak broadening using the
Scherrer equation52. Samples with crystallite sizes below 20 nmwere
selected for the present study. The XRD data were analyzed
employing a pseudo-Voigt peak profile fitting function to distin-
guish between amorphous and crystalline phases. The volume
fraction of the crystalline phase was determined by comparing the
integral intensity of the crystalline peaks to the total intensity.
Additionally, the strain associated with the formation of the crys-
talline phase was estimated using the Williamson–Hall method, with
a particular focus on the α-Fe crystalline peaks. Microstructural
analysis was performed using a transmission electron microscope
(TEM, FEI Titan G2 80–200) equipped with a probe corrector. The
three-dimensional elemental distributions were obtained through
atom probe tomography (APT) utilizing the CAMECA LEAP 5000 XS
instrument operated in the pulsed laser mode at a repetition rate of
250 kHz. The laser pulse energy was set at 30 pJ, and the experi-
ments were carried out at a specimen temperature of 30 K, main-
taining a constant detection rate of 1.5%. The obtained APT data
were subsequently analyzed using CAMECA AP Suite 6.3 software.
The TEM specimens and APT tips were prepared from the center of
the ribbons by lift-out and annular milling techniques using a dual
beam-focused ion beam (FEI Helios 5UX) techniques, with final ion
milling performed at low-energy (5 keV) Ga beam to prevent
damage.

Fig. 5 | Validation of the proof-of-concept and comparisons of core loss and
saturation magnetization in Fe-based soft magnetic materials. a Validation of
the proposed approach through nanostructure engineering applied to other Fe-
based amorphous ribbons containing high magnetostriction values. Notably, core
loss reduction is observed for the partially nanocrystallized ribbons. bComparison

of the core loss PT and saturationmagnetization µ0Ms among various Fe-based soft
magnetic materials measured under identical conditions. The newly developed Fe-
enriched ribbons with partial nanocrystallization demonstrate the lowest PT and
moderately high µ0Ms, outperforming commercially available Fe-based soft mag-
netic materials.
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The magnetic domain structure was analyzed in static and
dynamic mode by a self-made stroboscopic time-resolved MOKE
microscope using pulsed semiconductor lasers as a light source48,49.
This systemenables the acquisition of high-resolution vectormagnetic
domain images by combiningmultiplemagnetic domain images taken
at different illumination directions. The use of a pulsed semiconductor
laser as an illumination source enables stroboscopic time-resolved
observation in the kHz–MHz frequency range. The air-side surface of
the melt-spun ribbons is optically smooth, permitting direct exam-
ination of the domains without polishing the ribbons. Dynamic
observations were conducted on a ribbon sample shaped into a ring
with an outer diameter of 30mm and an inner diameter of 20mm,
which was wound with a 10-turn excitation coil. The striped magnetic
domains observed are produced when the applied magnetic field is
reduced after saturating the magnetization with a field aligned along
the Ha direction (indicated in Fig. 4). Dynamic magnetic domain ima-
ges are capturedusing anACmagneticfield applied in theHa direction,
while static magnetic domain images are obtained in a remanent state.
Micromagnetic simulations were performed to analyze the three-
dimensional magnetic domain configurations. The simulated geo-
metry measured 648 × 648 × 162 nm3, with a simulation cell size of
2 × 2 × 2 nm3, and periodic boundary conditions were applied within
the ribbon plane. Due to the small model size, we reduced exchange
stiffness A from 5pJ/m to 1 pJ/m, which allowed us to obtain qualita-
tively similar magnetic domain patterns. The total energy considered
in the simulations included magnetostatic, exchange, and stress-
induced out-of-plane uniaxial anisotropy terms. The micromagnetic
software MuMax3 was utilized to solve the Landau–Lifshitz–Gilbert
equation and determine the equilibrium magnetic state53.

The saturationmagnetization and coercivityweremeasuredusing
a vibrating sample magnetometer (LakeShore VSM 740) with a max-
imum applied magnetic field of 1 T on a circular specimen with a dia-
meter of 6mm. Multiple samples were taken to improve the statistical
reliability of the data. Coercivity was further validated with a DC B-H
loop tracer (Riken Denshi BHS-40) using a solenoidal coil at a max-
imumappliedmagneticfieldof 2 kA/m.Hysteresismeasurementswere
conducted in an Epstein frame to eliminate demagnetization effects.
Magnetostriction measurements were carried out using a custom-
mademagnetostrictionmeasurement device for ribbons (Toei Science
Industry Co. Ltd.). Strain gauges were attached to both sides of the
ribbon, and the saturation magnetostriction was measured with an
external magnetic field applied via a Helmholtz coil, with a maximum
field of 30mT.

Total core losses PT were estimated using rectangular samples
with 10mm width and 70mm length. An AC BH analyzer (Iwatsu
SY-8219 and SY-956) was employed at a magnetic flux density of 1 T
and a frequency of 10 kHz. The losses were categorized into sub-
components, i.e., hysteresis loss Ph, classical eddy current loss Pe, and
excess loss, Pa, using a conventional empirical model. The Ph was cal-
culated using the Steinmetz hysteresis loss model15,30 and represented
as

Ph = khB
n
m f

The hysteresis loss coefficient, kh, and the exponent n related to
the Bmwere evaluated through least square fitting of the loss per cycle
(Pcyc) curve measured at different Bm values in a DC magnetic field.
The Ph values were estimated by multiplying the frequency f by the
area of theDChysteresis loop (khB

n
m),measuredusing the BHS-40. The

Pe was derived from Maxwell’s equation as given below15,30,39

Pe =
π2t2B2

m f 2

6ρσ

where t represents the thickness of the ribbons and σ denotes the
density (=7.45 g/cm3).Pa wasdetermined by subtracting Ph and Pe from
the measured total core loss (PT).

Broadband complex permeability and core loss per circle Pc of both
as-spun and low core loss samples annealed at 698K (L-CL) were mea-
sured across a range of Bm from 1mT to 500mT. These measurements
were performed for the frequency range from 10Hz to 5MHz using a
B-H analyzer (IWATSU SY-8218). Accurate data for Pc and permeability
are critical for applying the magnetization process decomposition
model. The accuracy of Pc measurement for each technique was thor-
oughly verified using the R0 plot method53, where R0 represents the low
Bm limit of equivalent resistance of core loss, defined as R=Pc f/Im2, and
Im is the input current amplitude. The broadband relative initial complex
permeability spectra (μ′ and μ″) of the samples were obtained using an
impedance analyzer (KEYSIGHT E4990).

Data availability
The data that support the findings of this study are available from the
corresponding author upon reasonable request.
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