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ABSTRACT
Ubiquitous electromagnetic signals enable modern information exchange but also cause radia-
tion, interference, and data security risks. Shielding low-frequency magnetic fields (f < 100 kHz) 
remains challenging because conventional materials exhibit high residual magnetization that weak-
ens shielding performance. Here, ultra-low residual magnetization in Co-based amorphous alloys is 
achieved through atomic ordering induced by multi-step rotating magnetic field (MS-RMF) anneal-
ing. The alloys show ultra-low coercivity (0.147 A/m), residual magnetic field of ∼ 50 nT, and a maxi-
mum permeability of ∼ 400,000, resulting in a 70% improvement in magnetic shielding effectiveness 
by reducing magnetic anisotropy and enhancing domain wall mobility.
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1. Introduction

The proliferation of electronic devices and the rapid 
advancement of artificial intelligence have ushered in an 
era of ubiquitous electromagnetic signals, which form the 
backbone of modern information exchange. However, 
this electromagnetic convenience comes with significant 
challenges [1], including pervasive electromagnetic radi-
ation, signal interference, and critical data security risks 
[2–7]. Effectively managing the electromagnetic environ-
ment has thus become a paramount concern for ensuring 
the reliable operation of electronic systems and pro-
tecting sensitive information [8,9]. Among the various 
electromagnetic threats, shielding against low-frequency 
magnetic fields (particularly below 100 kHz) presents 
a formidable technical hurdle [10,11]. These fields can 
easily penetrate conventional shielding barriers, causing 
severe malfunctions in precision electronic instruments 
and disrupting the detection of weak signals.
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The development of current shielding materials is 
shifting from single-component systems towards com-
posite and structurally-engineered designs. Examples 
include the stacking of multiple materials, the creation 
of foam-like multi-layer porous architectures [10], and 
the incorporation of emerging low-dimensional mate-
rials such as MXenes [12]. These approaches primar-
ily aim to achieve lightweight and flexible characteris-
tics. However, the shielding capability against extremely 
low-frequency to static magnetic fields, coupled with 
long-term, field-validated performance in precision sci-
entific and industrial applications, demonstrates that tra-
ditional magnetic shielding materials remain the indis-
pensable, foundational solution in domains where shield-
ing effectiveness and stability are of paramount, non-
negotiable importance. Traditional magnetic shielding 
materials [13], such as silicon steels and permalloys, 
are fundamental limited by high residual magnetization, 
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which leads to magnetic hysteresis that significantly 
degrades shielding efficiency (SE) by consuming energy 
and reducing magnetic permeability [14]. Further-
more, conventional annealing methods have become 
inadequate to meet the performance requirements 
demanded by advanced magnetic shielding applications. 
Consequently, the development of new materials with 
ultra-low residual magnetization and ultra-high per-
meability is critically needed to achieve effective low-
frequency magnetic shielding.

In this work, we address this long-standing challenge 
through a novel material-design and processing strat-
egy. We report on a Co-based amorphous alloy engi-
neered to possess exceptional magnetic softness. This is 
achieved via a tailored multi-step rotating magnetic field 
(MS-RMF) annealing technique, which induces a highly 
ordered atomic structure. The resulting material exhibits 
ultra-low coercivity (0.147 A/m) and residual magnetic 
field (∼50 nT) — an order of magnitude lower than those 
of conventional materials — coupled with an extraordi-
narily high maximum permeability of ∼  400,000. These 
superior properties collectively yield a remarkable mag-
netic shielding effectiveness of up to 70%. Mechaistic 
studies confirm that the superior performance originates 
from the extremely low effective magnetic anisotropy and 
enhanced domain-wall mobility induced by the MS-RMF 
treatment. Our work provide a transformative pathway 
for designing next-generation electromagnetic shielding 
materials tailored for high-performance applications in 
sensitive low-frequency environments.

2. Results and discussion

Figure S1a presents a schematic of the multi-step vac-
uum rotating magnetic field (RMF) annealing system. 
To avoid oxidation, the chamber was first evacuated and 
then purged with argon before heating. The optimized 
annealing protocol, shown in Figure 1b, consists of three 
sequential steps. First, the ribbons undergo stress-relief 
annealing at 673K for 60min, followed by rapid water 
quenching to room temperature. Second, RMF-assisted 
annealing is performed at 478K for 60min to enhance 
magnetic domain alignment. Finally, the samples are 
quenched again to retain the microstructure established 
during the treatment.

As shown in Figure S1c, the ribbon-shaped samples 
were cut to precise dimensions and wound into toroidal 
cores for magnetic property characterization. Each rib-
bon was 5mm wide, yielding cores with an inner diam-
eter of 17.3mm and an outer diameter of 19.3mm. This 
geometry minimizes magnetic flux leakage during testing 
and ensures consistency across samples. Elemental map-
ping performed by energy-dispersive X-ray spectroscopy 

(EDX) coupled with high-resolution TEM confirms the 
uniform distribution of Co, Fe, Si, B, and Ni in the alloy.

Magnetic shielding materials demand not only high 
magnetic permeability but also extremely low residual 
magnetic field to prevent interference with internal com-
ponents after demagnetization [11,15–20]. To meet these 
performance requirements, we systematically examined 
the influence of annealing treatments on the soft mag-
netic properties of the amorphous ribbons. Schematic 
diagrams of different annealing methods and their 
corresponding soft magnetic properties are shown in
Figure S2.

Freshly prepared amorphous materials inherently 
contain residual stresses from rapid quenching or pro-
cessing, these stresses are commonly relieved by struc-
tural relaxation through thermal annealing at or just 
below the glass transition temperature Tg, which reduces 
free volume and lowers residual stress levels [21–24]. 
Heat treatments were performed between 653 and 773K 
at 20K intervals around Tg 823K. The resulting soft 
magnetic properties were evaluated, as shown in Figures 
1b and c, and the XRD results are shown in Figure S3. 
When the temperature exceeds 773K, the sample begins 
to crystallize.

The optimal magnetic performance at 673K is likely 
attributable to an effective balance between stress relax-
ation and structural stability. At this temperature, the 
annealing treatment provides sufficient thermal activa-
tion to relieve the residual internal stress introduced 
during rapid quenching, thereby reducing local magne-
toelastic anisotropy and facilitating domain-wall motion. 
In contrast, lower annealing temperatures may not fully 
relax the internal stress, while higher temperatures, par-
ticularly near 773K, induce the onset of crystallization. 
The increased remanence at 773K is likely associated 
with the onset of crystallization revealed by XRD. Partial 
crystallization can disrupt the structural homogeneity of 
the amorphous matrix, introduce additional magnetic 
anisotropy, and hinder reversible domain-wall motion, 
thereby deteriorating the soft-magnetic behavior and 
increasing the residual magnetization. This interpreta-
tion is consistent with previous reports on Co-based and 
other soft-magnetic amorphous alloys [25]. Therefore, 
673K is considered the optimum stress-relief condition 
in the present system.

Our systematic annealing experiments demonstrate 
that magnetic field heat treatment below the Curie tem-
perature effectively suppresses residual magnetic field 
to unprecedented levels. Samples were annealed at 20K 
intervals between 438 and 498K, just below the 500K 
Curie point. As shown in Figures 1e–f, both coercivity 
and remanence reached distinct minima at 478K, with 
optimal values of 0.51 A/m and 0.0113 T, respectively. 
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Figure 1. (a) DSC test plots of ribbon. (b) M-H curves of core around Tg. Insert (bottom right) is the amplified M-H loops. (c) Coercivity 
and remanence statistics around Tg. (d) Curie temperature test curve. (e) M-H curves of core around curie temperature. (f ) Coercivity 
and remanence statistics around curie temperature. (g) Rotation processing of core. (h) M-H curves of core at different heat treatment 
methods. (i) Coercivity and remanence statistics at different heat treatment methods.

Moreover, the XRD results in Figure S4 demonstrate that 
all annealed samples are in an amorphous state. This 
pronounced reduction in magnetic hysteresis indicates 
that annealing near this critical temperature markedly 
enhances magnetic softness, making it a promising con-
dition for further optimization.

Building on these results, we investigated magnetic 
field-assisted annealing at 478K, comparing fixed and 
rotating magnetic field configurations (Figure 1g). Mag-
netic characterization (Figures 1(h–i)) revealed that 
rotating-field annealing substantially outperforms static-
field annealing. Specifically, coercivity decreased from 
2.33 A/m to 0.65 A/m, while remanence dropped from 
0.296 to 0.01 T. This significant improvement suggests 
that dynamic field alignment during annealing facilitates 
more effective domain relaxation [26,27], providing a 
promising strategy for optimizing soft magnetic perfor-
mance.

Based on our experimental findings, stress-relief 
annealing at 673K significantly reduced sample coer-
civity, while rotating magnetic field-assisted annealing 

below the Curie temperature effectively suppressed rema-
nence. A logical next step was to investigate whether 
combining these treatments could synergistically achieve 
both low coercivity and low remanence. To this end, 
we designed a two-step annealing process that integrates 
both strategies. The results presented in Figure 2a con-
firm that this combined approach yields samples with 
optimized soft magnetic properties, which is further sup-
ported by the amorphous state of the annealed samples at 
all stages, as evidenced in Figure S5.

As shown in Figure 2b, multi-step rotating magnetic 
field annealing significantly improved the magnetic soft-
ness of the alloy, reducing the coercivity from 2.335 A/m 
in the as-cast state to 0.147 A/m and the remanence 
from 0.29 to 0.030 T. In contrast, although single-step 
annealing lowered the coercivity, it also increased the 
remanence, indicating only limited improvement in the 
overall magnetic softness.

As shown in Figure 2c, annealed samples exhibit a 
pronounced increase in permeability at low frequen-
cies. The maximum and initial permeability values are 
summarized in Figure 2d. At low external field strengths, 
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Figure 2. (a) M-H curves of core at different heat treatment stages. (b) Coercivity and remanence statistics of different heat treatment 
stages. (c) Effective permeability curves at different heat treatment stages. (d) Statistics on the initial permeability and maximum perme-
ability at different heat treatment stages. (e) Performance statistics of coercivity and maximum permeability. (f ) Performance statistics of 
remanence and coercivity.

shielding effectiveness depends primarily on the initial 
permeability — higher values correspond to better pro-
tection against weak magnetic fields. Under stronger 
fields, the operating point shifts toward the steepest 
portion of the magnetization curve, where maximum 
permeability governs the material’s capacity to redi-
rect magnetic flux. Thus, higher maximum permeability 
enables more efficient absorption and guidance of field 
lines, enhancing overall shielding performance. After 
annealing, the initial permeability of the as-cast sam-
ples increased from 1.4k to 74k, while the maximum 
permeability rose from 70k to 400k.

Figures 2e–f compared the coercivity, remanence, and 
maximum permeability of the RMF core with those of 
other FeNi and Co-based amorphous alloys [28–39]. The 
RMF core achieves an exceptional balance of proper-
ties, combining an ultra-low coercivity with an extraordi-
narily high maximum permeability (µmax = 400k). This 

unique combination represents a significant advance-
ment over existing amorphous alloys, offering both mini-
mal magnetic hysteresis and superior magnetic flux guid-
ance.

Figure 3a illustrates the magnetic shielding test, con-
ducted entirely within a shielding barrel to eliminate 
interference from external fields. A Helmholtz coil inside 
the barrel generates a magnetic field controlled by a cur-
rent source, with 1mA corresponding to 132.005 nT. A 
magnetic field probe, enclosed in a cylindrical container 
wrapped with an RMF core and connected to an external 
monitoring device, is used to measure the field. The sam-
ple used for magnetic shielding testing is cylindrical, as 
shown in the enlarged section of Figure 3a. Its cylindri-
cal surface and one end face are uniformly coated with a 
continuous layer of heat-treated ribbons. This layer has a 
consistent thickness of approximately 18 µm and exhibits 
no gaps between the individual ribbons. Prior to testing, 
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Figure 3. (a) Schematic diagram of residual magnetic field performance test. (b) Statistics on residual magnetic field inside after 
demagnetization. (c) Magnetic field shielding performance.

the probe is zero-calibrated. The material’s shielding per-
formance is then evaluated under varying magnetic field 
strengths, including measurements of residual fields after 
demagnetization.

Figure 3b shows the residual field strength as a func-
tion of applied current. As the current increases from 
0 to 500mA, cast and RMF samples exhibit distinct 
behaviors: the cast samples maintain high residual mag-
netic field (∼1600 nT), while RMF samples stabilize 
near 80 nT. At low field levels, RMF samples perform 
even better, with residual magnetic field approaching 50 
nT, whereas the cast samples show notable fluctuations. 
Figure 3c presents the dynamic-field shielding perfor-
mance of RMF samples, with current increasing from 10 
to 100mA. In weak fields, the RMF samples achieve a 
shielding efficiency of up to 70%. As the field strength 
rises, the efficiency stabilizes around 60%. The perfor-
mance of this magnetic shielding highlights the promis-
ing application potential of RMF samples, which combine 

high magnetic permeability with low residual magnetic 
field.

The atomic-scale topological order could also affect 
the magnetic properties of amorphous alloy. Figure 4b 
shows the reduced pair distribution function (PDF), 
G(r), for the As-cast and RMF sample, respectively, 
obtained by the fast Fourier transform of Q(S(Q)−1). 
The PDF reveals the structural information in real 
space, for typical regions of the As-cast sample and 
the deformed sample. An exponential decay function 
f (r) = A•exp(-r/ξ ) [40] was applied to estimate the 
decrease of peak height in the PDFs, which refers to the 
ordering degree [41]. A larger ξ  value means a more cor-
related/ordered structure. The obtained ξ  for the As-cast 
and RMF sample are 2.63 and 2.7 respectively, which 
may indicate that the ordering in RMF sample is more 
correlated than that of the As-cast sample.

The amorphous matrix is also influenced by mag-
netic field-assisted annealing. Figures 4c–e present TEM 
images of the as-cast and RMF cores. FFT analyses 
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Figure 4. (a) The neutron and synchrotron structure factor S(Q) patterns of the As-cast and RMF sample. The inset shows the shift in 
position Q1 before and after the RMF. (b) The exponential function fitting of reduced PDF G(r) profiles for the cylinder sample before and 
after the RMF. The dotted lines are fitting results based on the exponential function. (c-e) Typical HRTEM images of the As-cast and RMF 
sample with the region highlighted by the red dashed square underwent FFT as the insets, and enlarged via auto-correlation analysis. (f ) 
Total area fraction of MRO in the As-cast and RMF samples.

of regions in the amorphous matrix, indicated by red 
dashed squares, show ring patterns without spot features, 
confirming the amorphous state. These regions were 
enlarged and divided into 100 cells (1.80× 1.80 nm⊃2), 
approximately corresponding to the size of medium-
range order (MRO) [42,43]. Auto-correlation analysis 
using Digital Micrograph software revealed three dis-
tinct patterns: micro-stripes (highlighted in blue) and 

full stripes (highlighted in red), the remainder exhibits a 
fully amorphous structure. The corresponding uniform 
fast Fourier transform (FFT) image is shown in Figure 
S6. Micro-striped structures possess higher order than 
fully amorphous structures, while fully striped structures 
demonstrate the highest degree of order. Compares the 
average area percentage of crystal-like ordering between 
the As-cast and RMF cores shown in Figure 4f. Magnetic 
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Figure 5. Evolution of the magnetic domain structures of the As-cast, VA and RMF. (a1–a5) Evolution of domain structure with different 
magnitudes of external magnetic fields of the As-cast sample using magneto-optical Kerr microscopy. (b1–b5) Evolution of domain struc-
ture with different magnitudes of external magnetic fields of the VA sample using magneto-optical Kerr microscopy. (c1–c5) Evolution of 
domain structure with different magnitudes of external magnetic fields of the RMF sample using magneto-optical Kerr microscopy. (d) 
The schematic drawing of the domain wall movement mechanism on the surface of alloy samples from front view.

field-assisted annealing increases the fraction of MRO, 
with the RMF core exhibiting the highest percentage 
(20%) compared to the As-cast core (12%).

After optimal heat treatment, internal stresses are 
completely relieved. With the increase in MRO, the RMF 
sample exhibits highly flexible magnetization vectors 
under such low effective anisotropy, showing little ten-
dency to lock into a specific orientation. Once the exter-
nal field is removed, domain walls move freely, allowing 
the magnetization vectors to rapidly relax to the lowest-
energy configuration — the demagnetized state [44–47], 
where the magnetization vectors of individual domains 
cancel each other — resulting in extremely low rema-
nence.

In contrast, although the As-cast material with low 
structural order does not exhibit pronounced magneto 
crystal line anisotropy, it contains significant internal 
stresses and compositional heterogeneities. These factors 
induce magnetoelastic anisotropy, which creates pinning 
sites for magnetic domain walls. Upon removal of an 
external magnetic field, these pinning sites hinder the 
full restoration of magnetic domains to the demagne-
tized state [47]. As a result, a fraction of the magnetiza-
tion vectors remains ‘frozen’ along the direction of the 
previously applied field, leading to a higher remanent 
magnetization.

With the enhancement of medium-range order 
(MRO), a more correlated and structurally relaxed amor-
phous matrix reduces local structural heterogeneity, sup-
presses effective magnetic anisotropy and magnetoelastic 
anisotropy, and decreases the density of pinning sites for 
domain-wall motion. As a result, domain walls can move 
more freely under an external field, leading to higher per-
meability and lower coercivity. At the same time, once 
the field is removed, the magnetization can more read-
ily return to a low-energy demagnetized configuration, 
which explains the greatly reduced remanence.

In addition to static magnetic domain structures, the 
RMF core exhibits a distinct dynamic response under 
alternating magnetic fields, which plays a decisive role 
in its low-frequency soft magnetic performance. Figure 
5 presents Kerr images showing the dynamic evolution 
of domain structures in As-cast, VA and RMF samples 
with the magnetic field applied parallel to the ribbon axis. 
The domain-wall motion mechanisms differ markedly 
between the three samples (As-cast, VA and RMF), 
resulting in significant differences in low-frequency per-
meability and remanence.

As shown in Figure 5, magnetic domains undergo 
significant changes during annealing. In the As-cast sam-
ple, the domains appear fragmented. Vacuum anneal-
ing reduces this fragmentation, although some pin-
ning effects remain. Only after RMF annealing do the 
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domain walls form large, well-defined regions with reg-
ular, orderly shapes. The schematic diagram in Figure 
5d more clearly illustrates the evolution of magnetic 
domains. Starting from randomly oriented fragmented 
domains, they gradually develop a certain degree of align-
ment. With increasing annealing, they ultimately trans-
form into large, uniformly oriented domains.

High magnetic permeability and low remanence are 
two sides of the same coin, both reflecting the ease 
with which magnetization vectors rotate within a mate-
rial. Microscopically, this corresponds to a highly ‘soft’ 
and responsive magnetic domain structure, where defects 
that could pin domain walls are virtually absent [48–50]. 
As a result, domain walls move almost frictionlessly, 
allowing substantial reversible displacement under min-
imal changes in the applied magnetic field — this is 
the core reason for high permeability. Simultaneously, 
when the external field is removed, this near-frictionless 
mobility prevents magnetization vectors from remaining 
‘frozen’ in their prior orientations. Driven by demagne-
tization energy, they rapidly rearrange into low-energy 
closed-flux configurations, causing the magnetization 
within each domain to largely cancel out. Therefore, high 
permeability and low remanence originate from the same 
microscopic mechanism: extremely low effective mag-
netic anisotropy and highly free domain wall motion. 
Thus, the RMF samples demonstrate excellent mag-
netic properties, combining high permeability with low
remanence.

3. Conclusion

In summary, this work presents an effective material-
processing strategy that overcomes a long-standing chal-
lenge in low-frequency magnetic shielding. By multi-
applying a multi-step rotating magnetic field (MS-RMF) 
annealing process to a Co-based amorphous alloy, we 
simultaneously achieve an ultra-low residual magnetic 
field (∼50 nT) and ultra-high permeability (∼400000), 
along with an extremely low coercivity of 0.147 A/m. 
These properties collectively enable a magnetic shielding 
effectiveness of up to 70% in the sub-100 kHz regime. The 
exceptional performance is attributed to the MS-RMF-
induced formation of a structurally relaxed and ordered 
atomic arrangement, which strongly suppresses effec-
tive magnetic anisotropy and thus facilitates nearly free 
domain-wall motion and rapid magnetization response. 
This study establishes a powerful material-design and 
processing route for next-generation soft-magnetic mate-
rials, offering a promising solution for high-sensitivity, 
low-frequency electromagnetic protection.
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