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    All-optical magnetization switching (AOS) in magneto-optical materials is promising phenomena for applications 
such as high-speed optical modulation technology, as it allows for magnetization reversal using only ultrashort laser 
pulses. We report on AOS induced by circularly polarized light in Bi,Ga-substituted magnetic garnet, Bi2.5R0.5Fe4GaO12 
(R = Eu, Nd and Y), thin films prepared by the metal-organic decomposition method, which possess both large Faraday 
effect and perpendicular magnetic anisotropy. The experiments for circularly polarized light-induced magnetization 
reversal were performed using laser pulses with a wavelength of 514 nm and a pulse width of 230 fs. Helicity-
dependent ring-shaped magnetic domains were formed around demagnetized domains for all samples, when 
approximately 200 pulses were cumulatively irradiated onto a single spot on the samples. 
 
KKeeyywwoorrddss:: magnetic garnet, ferrimagnetic materials, perpendicular magnetization, magneto-optical effect, circularly 
polarized light-induced magnetization reversal 

  
 

11..  IInnttrroodduuccttiioonn  
    

The advent of femtosecond pulsed lasers enabled the 
investigation of magnetization dynamics on timescales 
below 1 ps1). Subsequently, the phenomenon of All-
optical magnetization switching (AOS) was discovered in 
Gd-Fe-Co thin films, where the magnetization reverses 
solely by the irradiation of a single laser pulse2). AOS is 
classified into helicity-independent AOS (HI-AOS) and 
helicity-dependent AOS (HD-AOS). Switching that is 
achieved with a single pulse is termed deterministic (or 
single-shot), while that which requires multiple pulses is 
referred to as cumulative (or multi-shot). 

To date, deterministic HI-AOS has been reported in 
Gd-Fe-Co thin films3) and Co-substituted Yttrium Iron 
Garnet (Co:YIG)4). Additionally, cumulative HI-AOS has 
been reported in materials such as NiCo2O45). HI-AOS is 
a thermally driven process that has been reported to 
arise from differences in the demagnetization times of 
the spin sublattices of antiparallel aligned magnetic 
moments6). Consequently, HI-AOS has been considered a 
phenomenon unique to ferrimagnetic materials. 

In contrast, deterministic HD-AOS has only been 
reported in Gd-Fe-Co thin films to date2),3). Other 
ferrimagnetic materials7) and ferromagnetic materials, 
such as Co/Pt multilayer films8), exhibited cumulative 
HD-AOS. The mechanism of HD-AOS was initially 
attributed to the inverse Faraday effect (IFE)9). However, 
subsequent studies suggested that the magnetic circular 
dichroism (MCD) effect during light absorption10),11) in 
magnetic materials played a more dominant role. 

Bi-substituted magnetic garnets examined in this 
study are ferrimagnetic materials that exhibit large 
magneto-optical (MO) effects. Given these features, it is 
highly plausible that HD-AOS could be observed in Bi-
substituted magnetic garnets, which possess large MO 
effects. However, no AOS reports concerning Bi-
substituted magnetic garnets have been published to 
date. Therefore, in this study, we investigated circularly 
polarized light-induced magnetization reversal using Bi- 
and Ga-substituted magnetic garnet films, 
Bi2.5R0.5Fe4GaO12 (Bi2.5Ga1:RIG) where R is rare-earth 
element, which possess excellent MO properties and 
perpendicular magnetic anisotropy (PMA). In this paper, 
we report on circularly polarized light-induced 
magnetization reversal in Bi2.5Ga1: RIG (R= Eu, Nd and 
Y) upon cumulative irradiation with laser pulses of 
varying polarization states. 

  
22..  BBii,,GGaa--ssuubbssttiittuutteedd  rraarree--eeaarrtthh  iirroonn  ggaarrnneett   

  
Rare-earth iron garnets, R3Fe5O12 (RIG) have a garnet 

crystal structure, in which iron ions, Fe3+, occupy the 
tetrahedral and octahedral lattice sites, and rare-earth 
ions, R3+, occupy the dodecahedral sites12). Within the 
molecular formula unit RIG, Fe3+ occupies three 
tetrahedral sites and two octahedral sites. Due to the 
antiferromagnetic coupling between these sites, the net 
magnetic moment per molecule ∣ 3 × 5 µB – 2 × 5 µB ∣ = 5 
µB 12). On the other hand, the magnetic moments of the 
rare-earth ions vary depending on the specific rare-earth 
element. 

It is well known that substituting Bi3+ for R3+ 
significantly enhances the MO effect12). Furthermore, 
Ga3+ substitution enables to reduce the saturation 
magnetization, since it has no magnetic moment and 90% 
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of the substituting Ga3+ replaces Fe3+ in the tetrahedral 
sites, resulting in a reduction of the demagnetization 
field (4πMs )13),14). In this study, Bi substitution amount 
was set to 2.5 to achieve a large Faraday rotation angle. 
In addition, to achieve PMA, the Ga substitution amount 
was set to 1.0 to decrease demagnetization filed14), and 
Gd3Ga5O12 (GGG) single-crystal substrate with a (111) 
orientation was chosen to utilize that RIGs have the 
easy-axis of magnetization along the ⟨111⟩. Furthermore, 
to investigate the rare-earth ion dependence of the AOS 
induced by circularly polarized light, Eu, Nd and Y were 
selected as the rare-earth elements, where magnetic 
moments of Eu3+, Nd3+ and Y3+ are oriented antiparallel, 
parallel, and exhibit no moment, respectively, with 
respect to the net magnetic moment of Fe3+ in the garnet 
structure12)-16).  

Bi2.5Ga1:RIG (R = Eu, Nd and Y), i.e. Bi2.5Ga1:EIG, 
Bi2.5Ga1:NIG and Bi2.5Ga1:YIG, thin films were prepared 
on GGG (111) substrates using the MOD method12). The 
MOD solutions, produced by Kojundo Chemical 
Laboratory Co., Ltd. were used. Bi2.5Ga1:EIG thin film 
was prepared using MOD solution prepared by mixing 
the MOD solutions, BiEuFe-04(2.5/0.5/5) and BiEuFeGa-
04(2.5/0.5/3/2), in a 1:1 ratio. Bi2.5Ga1:NIG and 
Bi2.5Ga1:YIG thin films were prepared using BiNdFeGa-
04 (2.5/0.5/4/1) and BiYFeGa-04 (2.5/0.5/4/1), 
respectively. For the MOD method, the GGG (111) 
substrate was placed in a spin coater, coated with the 
MOD solution, and spun at 3000 rpm for 30 s. This was 
followed by a drying process on a hot plate at 100℃ for 
10 min, and then a pre-annealing at 450℃ for 10 min. In 
this study, the coating to pre-annealing process was 
repeated five times, followed by a final annealing at 
700℃ for 3 h in an electric furnace. The total film 
thickness fabricated by this process is estimated to be 
approximately 150 nm. 

The crystallinity of prepared Bi2.5Ga1:RIG thin films 
was characterized by the X-ray diffractometer (XRD) 
(Rigaku, SmartLab) using CuKa1 radiation (l = 0.154059 
nm) for out-of-plane measurements monochromized with 
a double Ge (220) monochromator. Faraday rotation and 
ellipticity spectra and Faraday rotation hysteresis were 
measured using MO spectrometer, and magnetic domain 

structures were measured using MO imaging technique.  
Figure 1 shows XRD patterns (2q /w scan) of  

Bi2.5Ga1:EIG, Bi2.5Ga1:NIG and Bi2.5Ga1:YIG thin films, 
where an inset shows f scan for (422) of Bi2.5Ga1:NIG. 
Diffraction peaks were clearly observed in the lower 
angle side of GGG 444 peak for all samples, which can be 
estimated as 444 diffraction peaks of Bi2.5Ga1:EIG, 
Bi2.5Ga1:NIG and Bi2.5Ga1:YIG thin films, respectively. 
The f scan of the Bi2.5Ga1:NIG showed 6-fold symmetry, 

 
 
FFiigg..  11 X-ray diffraction patterns of Bi2.5Ga1:EIG, 
Bi2.5Ga1:NIG and Bi2.5Ga1:YIG thin films. 
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FFiigg..  22 Faraday rotation (solid line) and Ellipticity 
(dotted line) spectra of Bi2.5Ga1:EIG, Bi2.5Ga1:NIG and 
Bi2.5Ga1:YIG thin films.  
 

 
 

FFiigg..  33 Faraday rotation hysteresis of Bi2.5Ga1:EIG, 
Bi2.5Ga1:NIG and Bi2.5Ga1:YIG thin films. 
 

 
 
FFiigg..  44 MO images measured for demagnetized states 
of (a) Bi2.5Ga1:EIG, (b) Bi2.5Ga1:NIG and (c) 
Bi2.5Ga1:YIG thin films. 
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and similar results were obtained for the other two 
samples, not shown here. These results suggested that 
all samples were epitaxially grown with (111) orientation 
on GGG substrates. The out-of-plane lattice constants for 
the Bi2.5Ga1:EIG, Bi2.5Ga1:NIG and Bi2.5Ga1:YIG thin 
films were obtained to be 1.258, 1.260 and 1.255 nm, 
respectively.  

Figure 2 shows Faraday rotation and ellipticity spectra 
of all samples, exhibiting the characteristic spectral 
shape of Bi-substituted rare-earth iron garnets. Faraday 
rotation and ellipticity angles at a wavelength of 514 nm 
were approximately -2º and 2º, respectively. Figure 3 
shows Faraday rotation hysteresis of Bi2.5Ga1:EIG (at l = 
519 nm), Bi2.5Ga1:NIG (at l = 514 nm) and Bi2.5Ga1:YIG 
(at l = 514 nm) thin films. The magnetic hysteresis loops 
showed a square shape, although the coercivity field (HC ) 
varied among the samples. These results suggested that 
the magnetic and MO characteristics in Bi2.5Ga1:RIG do 
not significantly depend on the rare-earth element.  

Figure 4 shows MO images of Bi2.5Ga1:EIG, 
Bi2.5Ga1:NIG and Bi2.5Ga1:YIG measured at 
demagnetization states. Magnetic domain patterns 
indicating perpendicular magnetization are clearly 
observed. Many magnetic domains measuring several 
tens of microns were observed in the Bi2.5Ga1:EIG thin 
film, and it was found that their size was larger than that 
of Bi2.5Ga1:NIG or Bi2.5Ga1:YIG. 
 

33..  AAOOSS  eexxppeerriimmeennttss  
    

Figure 5 illustrates the optical setup used in this 
experiment, which integrates the laser excitation and 
magneto-optical Kerr microscopy systems. The 
irradiation was performed using a Yb: KGW laser 
operating at a wavelength of 514 nm, a pulse duration of 
230 fs, and a repetition rate of 10 kHz. A polarizer and a 
quarter-wave plate (QWP) were used to control the 
polarization state of the laser beam. The polarization-
controlled laser pulses were focused onto the sample 
using a 20× objective lens with a numerical aperture 
(NA) of 0.45. The sample was fixed onto a sample stage 
capable of movement along the x and y axes. Observation 
of the formed magnetic domains was performed using a 
green LED with a wavelength of 520 nm as the light 
source and a polarization camera17). 

Laser pulses were delivered using both cumulative and 

scanning irradiation methods. In cumulative irradiation, 
the number of pulses directed onto the same spot was 
controlled by a shutter. In scanning irradiation, the 
sample stage was moved at a constant speed of 
approximately 50 µm/s during laser exposure. These 
experiments were conducted at room temperature (RT) 
and in ambient air. Prior to laser irradiation, an external 
magnetic field was applied to the sample to achieve 
magnetic saturation (i.e., aligning the magnetization 
uniformly in one direction). 

Figure 6 shows the magnetic domain images of the 
Bi2.5Ga1:EIG, Bi2.5Ga1:NIG and Bi2.5Ga1:YIG film after 
cumulative irradiation with left-circularly polarized 
(LCP), linearly polarized (LP), and right-circularly 
polarized (RCP) light (from left to right) for both initial 
magnetization states, up (M+) and down (M-). The laser 
fluence for irradiation was set to 76 mJ/cm2, and the 
number of accumulated pulses was 200. 

As shown in Fig.6(a), when the initial magnetization 
was upward, cumulative irradiation with LCP and LP 
resulted in a demagnetized state, characterized by 
magnetic domains randomly oriented both upward and 
downward. Cumulative irradiation with RCP revealed 
the formation of an annular magnetization reversal 
domain (AOS ring), which is characteristic of cumulative 
HD-AOS, with a demagnetized state inside the ring. 
Conversely, when the initial magnetization was 
downward, LCP irradiation resulted in the formation of 
AOS ring with a central demagnetized state, while LP 

 
 
FFiigg..  55 Optical setup for AOS experiments. 

 
 

FFiigg..  66 MO images of (a) Bi2.5Ga1:EIG, (b) 
Bi2.5Ga1:NIG and (c) Bi2.5Ga1:YIG thin films. Initial 
magnetization direction: Black represents upward 
(M+), and white represents downward (M-). 
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and RCP resulted only in a demagnetized state. 
Cumulative irradiation experiments were also conducted 
on Bi2.5Ga1:NIG and Bi2.5Ga1:YIG as shown in Figs. 6(b) 
and 6(c), respectively. In both samples, helicity-dependent AOS 
rings formed during the cumulative irradiation process as 
observed for the Bi2.5Ga1:EIG thin film.  

Figure 7 shows MO images of the Bi2.5Ga1:EIG, 
Bi2.5Ga1:NIG and Bi2.5Ga1:YIG films measured after the 
scanning irradiation with LCP, LP and RCP with a laser 
fluence of 58 mJ/cm2.  Before the scanning with the three 
polarization states, the samples were magnetized in a 
downward magnetization state M-, and 5 or 6 vertical 
line-shaped magnetic domains with opposite 
magnetization state M+ were written by the scanning 
irradiation with LCP light at the same power.  As shown 
in Fig. 7, regardless of the type of rare earth element in 
the samples, line-shaped magnetic domains with M+ and 
M- were obtained for LCP and RCP, respectively, and 
demagnetized domains were obtained for LP. These 
results clearly demonstrate HD-AOS in Bi-substituted 
rare-earth iron garnets, which is consistent with the results 
of other studies on HD-AOS2,3,5,7,8). The details of the rare 
earth dependence of HD-AOS will be reported in the near 
future. 

Focusing on the MCD effect, which is considered 
crucial for the manifestation of HD-AOS, the 
Bi2.5Ga1:RIG film exhibits a large ellipticity angle. The 
ellipticity angle remains nearly constant even when the 
rare-earth ion is altered. Consequently, it is suggested 
that HD-AOS manifested similarly across the three 
Bi2.5Ga1: RIG samples. In other words, this high MCD 
effect is considered to play a major role in the 
manifestation of HD-AOS in Bi-substituted rare-earth 
iron garnets.  

  
 

44..  CCoonncclluussiioonn 
  

In conclusion, we demonstrated that the 
magnetization of Bi2.5Ga1:EIG, Bi2.5Ga1:NIG and 
Bi2.5Ga1:YIG thin films can be reversed by circularly 
polarized laser pulses without an external magnetic field, 
using a pulsed laser operating at a wavelength of 514 nm, 
a pulse duration of 230 fs, and a repetition rate of 10 kHz. 
This magnetization reversal is determined by the helicity 
of the circularly polarized light. We considered that high 
MCD effect of Bi,Ga-substituted magnetic garnets plays 
a major role in the manifestation of HD-AOS. 
  
AAcckknnoowwlleeddggeemmeennttss    This work was supported by NIMS Joint 
Research Hub Program, the Iketani Science and Technology 
Foundation, and joint research of the Institute of Materials and 
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    The superconducting diode effect (SDE), where zero resistivity is realized in one current flow direction whereas 
non-zero resistivity in the opposite direction, is gathering tremendous fascination in both fundamental and applied 
physics because the SDE is a novel phenomenon resulting from symmetry breaking and enables the creation of low-
power and low-noise electric circuit. Recently, a field-free SDE originating from a thermoelectric effect was reported 
in iron-based superconductors with nonmagnetic electrodes1). Since amount of the research of the field-free SDE is 
very limited despite its importance in the perspective of symmetry breaking and possible realization of compact 
superconducting circuit without magnetic field, further understandings of the physical properties about the 
thermoelectric SDE are desired. Here, we investigate the SDE where ferromagnetic electrodes are equipped with iron-
based superconductors to study the response of the SDE in the combination of an external magnetic field and 
ferromagnetic electrodes. Whereas the field-free thermoelectric SDE is dominant in the devices, the field-dependent 
and non-linear rectification effect are superimposed. The possible origin of the rectification is superposition of the two 
types of effects originating from Rashba type spin-orbit interaction. 
 
KKeeyywwoorrddss:: superconductor, superconducting diode effect, thermoelectric effect, rectification effect, Rashba type spin-
orbit interaction, layered materials 

  
 

11..  IInnttrroodduuccttiioonn  
    

  Iron-based superconductors possess abundant physical 
properties. FeSe is a representative and mother 
material2). Its upper critical magnetic field is very large3), 
and recent studies revealed that FeSe is an extended s-
wave superconductor4). Its superconducting state is in 
the cross-over regime between weakly coupled Bardeen-
Cooper-Schrieffer (BCS) and strongly coupled Bose-
Einstein-condensate (BEC)5). FeTexSe1-x (FTS) is a 
material, in which a part of selenium in FeSe is 
substituted with tellurium (Te), and exhibits 
superconductivity as well. Since FTS has Dirac cone and 
spin degeneracy is lifted at the surface due to the large 
spin orbit interaction of Te, it is a promising candidate 
for a topological superconductor6), 7).  

Recently, such iron-based superconductors are also 
gathering great attention as material platforms of 
superconducting diode effect (SDE)1), 8), 9), which is a 
phenomenon that the critical current differs depending 
on the current flow direction10). Many studies are actively 
implemented to clarify background physics of SDE 
theoretically11)-16) and experimentally17)-23), and now 
general understanding is that SDEs can be observed 
when time-reversal symmetry is broken under a 
magnetic field or the magnetization of materials in 
systems with spatial inversion symmetry breaking.  

However, more recently, a SDE originating from 
thermoelectric effect is observed in FeSe without 
magnetic fields that break the time reversal symmetry1). 
In a superconducting system with temperature gradient, 
thermoelectric effect generates thermal supercurrent, 
which changes the net electric supercurrents flowing to 
opposite directions each other, resulting in the SDE. 
Since this type of the SDE is novel and has limited 
amount of research, it is significant to investigate the 
effect from multiple angles to gain further 
understandings of its nature.  

The previous research1) unveiled that the 
thermoelectric SDE in an iron-based superconductor, 
FeSe, with nonmagnetic electrodes is fundamentally 
immune to an external magnetic field. Meanwhile, 
response of the SDE to the combination of an external 
magnetic field and ferromagnetic electrodes has not been 
surveyed yet, whereas the heterointerface of a 
ferromagnet/superconductor can create novel interface 
properties because the spin-orbit interaction (SOI) of 
ferromagnet cannot be neglected. 

In this study, we investigate the response of the 
thermoelectric SDE in iron-based superconductors when 
ferromagnetic electrodes were equipped. The 
thermoelectric SDE, which is a field-free effect, remains 
dominant even in this case. Furthermore, we found that 
a magnetic-field-dependent and non-linear rectification 
effect is superimposed on the SDE. This rectification 
effect can be the consequence of the simultaneous 
occurrence of two phenomena at the interface of 
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superconductor and ferromagnetic electrodes, i.e., the 
vortex-induced rectification effect and nonreciprocal 
transport induced by magnetic field, which are due to the 
Rashba type spin-orbit interaction. 

 
22..  DDeetteeccttiioonn  ooff  ffiieelldd--ffrreeee  SSDDEE  iinn  FFeeSSee  wwiitthh  

ffeerrrroommaaggnneettiicc  eelleeccttrrooddeess  
    

 Figure 1(a) shows an optical image and measurement 
setup of a FeSe device with ferromagnetic Co electrodes. 
The FeSe was exfoliated and transferred onto a 
thermally oxidized Si substrate. The thickness of the 
FeSe flake was approximately 73 nm. Co (30 nm) / Au (80 
nm) electrodes and pads were fabricated on the FeSe 
flake by using electron-beam (EB) lithography and EB 
deposition following to Ar+ ion milling in a loadlock 
chamber. Mid-point-temperature of superconducting 
transition of the FeSe was measured to be 12 K. All of 
subsequent measurements were conducted in a physical 
property measurement system (PPMS; Quantum Design). 
  Figure 1(b) shows the I-V characteristics of the FeSe 
device as a function of temperature without an external 
magnetic field. Shifts in the critical current ΔIc = Ic+ − Ic− 
were clearly observed below 10 K, i.e., the field-free SDE 
was successfully observed in the FeSe device with 

ferromagnetic electrodes. ΔIc increased as the 
temperature decreased and the diode efficiency η = ΔIc / 
(Ic+ + Ic−) reached 11 % at 5 K, which are the same 
tendency and comparable to the thermoelectric SDE 
observed in FeSe with nonmagnetic electrodes in the 
previous study1). This finding signifies that the SDE 
attributed to the thermoelectric effect is still dominant 
when ferromagnetic electrodes are attached. 

To support the existence of the field-free SDE, the 
measurement using an AC electric current, IAC, is 
conducted. The frequency of IAC is set to be 17 Hz and its 
0-peak amplitude (not the root mean square value) was 
swept from 0 mA to 3 mA without an external magnetic 
field. Then, the AC voltages were measured by lock-in 
amplifiers as a root-mean-square value. Figure 1(c) 
shows the IAC dependence of the first harmonic voltages 
(Vω). The value of Vω is finite due to the transition from 
the superconducting to the normal state when the 
amplitude of the AC current becomes larger than the 
critical current. Figure 1(d) shows the IAC dependence of 
the second harmonic voltages (V2ω). Salient peaks in V2ω 
are observed at an IAC of the critical current at 5 and 6 K, 
where the sharp increase in Vω occurs. Given that the 
V2ω is attributed to the rectification effect, the 
amplification of V2ω at the critical current buttresses the 

FFiigg..  11.. (a) Measurement setup and the fabricated FeSe device image. A blue arrow shows the direction of the 
applied external magnetic field. A red and blue gradation arrow shows temperature gradient in the FeSe device. 
(b) I-V characteristics of the device at from 5 to 10 K under positive (the solid lines) and negative (the dashed 
lines) electric currents. The black, red, blue, and green lines show the I-V curves at 5, 6, 7, and 10 K, respectively. 
An external magnetic field was not applied. (c) AC current dependence of first-harmonic voltage at from 5 to 15 
K. (d) AC current dependence of second-harmonic voltage at from 5 to 15 K. The black, red, and blue lines show 
the IAC-Vω curves at 5, 6, and 15 K, respectively. The frequency of the applied current was set to be 17 Hz. An 
external magnetic field was not applied in the measurements shown in this figure, but it was applied in the 
measurement shown in Section 4. 
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successful observation of the difference in Ic+ and Ic−. In 
addition, the magnitude of the peak of the V2ω gradually 
and monotonically decreased as the temperature 
increased up to Tc and approached to zero at 15 K, where 
the FeSe transitioned to the normal conducting state. 
This finding is consistent with the monotonic decrease in 
ΔIc with increasing temperature, as shown in Fig. 1(b). 
Moreover, this temperature dependence of V2ω is also 
consistent with the feature of thermoelectric SDE with 
nonmagnetic electrodes1). This result supports the 
validity of our assertion of the successful detection of the 
field-free SDE originated from thermoelectric effect in 
FeSe with ferromagnetic electrodes.  
 

33..  SSDDEE  iinn  FFeeTTee00..66SSee00..44  wwiitthh  ffeerrrroommaaggnneettiicc  eelleeccttrrooddeess  
    

  We also investigated the response of the field-free SDE 
in FeTe0.6Se0.4 (FTS) device with ferromagnetic Co 
electrodes. To note is that since the Seebeck coefficient of 
FTS is comparable to that of FeSe24, 25), FTS is also 
suitable for the investigation of properties of 
thermoelectric SDE despite the fact that representative 
material platform of the thermoelectric SDE is FeSe1). 
Furthermore, Te incorporation may tune intrinsic SOI in 
FTS compared to FeSe, which can provide a material to 
discuss the role of SOI in the following section.  

Figure 2(a) shows an optical image and measurement 
setup of the FTS device with Co electrodes. FTS was 
exfoliated and transferred onto a thermally oxidized Si 
substrate. The thickness of the FTS flake was 
approximately 94 nm. Co (30 nm) / Au (70 nm) electrodes 
and pads were fabricated on the FTS flake by using EB 
lithography and EB deposition following to Ar+ ion 
milling in a loadlock chamber. Mid-point-temperature of 
superconducting transition of the FTS was measured to 
be 14 K.  
  Figure 2(b) shows the I-V characteristics of the FTS 
device as a function of temperature without external 
magnetic field. The non-zero ΔIc were clearly observed 
below 13 K, i.e., the field-free SDE was also successfully 
observed in the FTS device with ferromagnetic electrodes. 
ΔIc increased as the temperature decreased and the diode 
efficiency η = ΔIc / (Ic+ + Ic−) reached 0.93 %, which are the 
same tendency to the thermoelectric SDE observed in 
FeSe with nonmagnetic electrodes in the previous study1).  

To confirm a response to an external magnetic field, 
Bext, the Bext was applied to the device in-plane and 
perpendicular to the current flow direction. Figures 2(c)-
(f) show the Bext dependence of ΔIc at 4 K, 7 K, 10 K and 
13 K, respectively. ΔIc is immune to Bext at 4 K, 7 K, and 
10 K like the thermoelectric SDE in FeSe1). The decrease 
of ΔIc as Bext increases at 13 K is due to that the 
superconductivity of FTS is almost broken by 
temperature and a high magnetic field. These results 
ensure that the SDE attributed to the thermoelectric 
effect is also dominantly observed in the FTS device with 
ferromagnetic electrodes. 

 

 

 
 

 

Fig. 2. (a) Measurement setup and the fabricated FTS 
device image. A blue arrow shows the direction of the 
applied external magnetic field. A red and blue 
gradation arrow shows temperature gradient in the 
FTS device. (b) I-V characteristics of the device at from 
4 to 13 K under positive (the solid lines) and negative 
(the dashed lines) electric currents. The black, red, 
blue, and green lines show the I-V curves at 4, 7, 10, 
and 13 K, respectively. An external magnetic field was 
not applied. (c)-(f) External magnetic field dependence 
of ΔIc at temperatures ranging from 4 to 13 K. 
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44..  FFiieelldd--ddeeppeennddeenntt  rreeccttiiffiiccaattiioonn  eeffffeecctt  iinn  iirroonn--bbaasseedd  
ssuuppeerrccoonndduuccttoorrss  wwiitthh  ffeerrrroommaaggnneettiicc  eelleeccttrrooddeess 

  
  Although thermoelectric effect is dominant at around 
the critical current of the FTS, a rectification effect 
originated from the interface between FTS and 
ferromagnetic electrodes is superimposed when the zero 
resistivity starts to break at around the critical current. 
To characterize the rectification effect quantitatively, we 
define a difference of a four-terminal voltage V as ΔV = 
V (+I) – V (−I), where I is an electric current. Figure 3(a) 
shows current dependence of the ΔV of the device shown 
in Fig. 2(a) when the magnetic field of ±9 T is applied at 
10 K. The direction of the magnetic field is the same as 
shown by the blue arrow in Fig. 2(a). Absolute value of 
ΔV gradually increases as absolute value of current 
increases below 1.7 mA, which indicates resistance of 
FTS differs depending on current flow direction when the 
current amplitude increases, i.e., a rectification effect is 
observed. More importantly, the polarity of ΔV below I = 
1.7 mA is reversed when the magnetic field direction is 
reversed. Thus, this rectification effect is field-dependent. 
Large fluctuation in ΔV above 1.7 mA is most likely due 
to the difference of critical current originated from 
thermoelectric effect because polarity of the fluctuation 
is independent of the magnetic field. Figure 3(b) shows 
the magnetic field Bext dependence of ΔV normalized by 
the applied current density JFTS/Co (= 1.3×109 A/m2), 
where the absolute value of applied current is 1.5 mA at 
10 K. We note that to discuss the role of interfacial spin-
orbit interaction (SOI), ΔV is normalized by the applied 
current density. The normalized ΔV exhibits odd-function 
behavior to the magnetic field. The noteworthy is that 
ΔV/JFTS/Co reaches the minimum/maximum value when 
Bext = +3 and −3 T, and its sign changes when |Bext| > 5 
T.  

    The underlying physics of the field-dependent 
rectification effect is as follows: This effect can be 
ascribed to the superposition of two types of interface 
nature due to the Rashba type SOI between the Co and 
the FTS.  

While FTS is a candidate material for a topological 
superconductor (TSC)6), 7) and TSC can host 
nonreciprocal transport26), this is not the origin of the 
rectification effect. Nonreciprocal transport in TSC 
should merely behave linearly to the magnetic field26), 
whereas the finding of the rectification effect in FTS is 
not. The existence of the rectification effect with the same 
Bext dependence in the FeSe shown in fig. 1(a), which is 
not TSC but an extended s-wave superconductor4), also 
supports our assertion (see also Fig. 3(c)). The direction 
of the magnetic field in the FeSe device is shown by the 
blue arrow in Fig. 1(a). 

The Rashba type SOI can generate vortex-induced 
rectification effect at an interface of a superconductor8), 
and the Rashba type SOI also allows nonreciprocal 
charge transport expressed as,  

R = R0 [1 + γ(B × P)・I], (1) 

where R is resistance, P is a direction of inversion 
symmetry breaking and γ is the coefficient of 
magnetochiral anisotropy10), 27).  

As for the former effect, the Rashba type SOI forms 
asymmetric pinning potential in the superconductor 
parallel to the potential gradient ∇V of the Rashba type 
SOI, resulting in the rachet motion of vortices when an 
external magnetic field B is applied, which induces 
rectification effect of supercurrent perpendicular to both 
∇V and B8). This rectification effect is enhanced as B 
increases, maximized at around 5 T and suppressed over 
5 T in FTS/FeTe heterostructure while the reason of the 
suppression is still unclear8). The asymmetric pinning 
potential can be emerged wherever a potential gradient 
exists. In our FTS device, a potential gradient exists 
along the out-of-plane direction to the device at the 
interface between FTS and Co electrodes, external 
magnetic field is applied along the in-plane direction to 
the device, and the current is applied perpendicular to 

Fig. 3. (a) Applied current dependence of ΔV at 10 K. 
The black and red lines show ΔV when external 
magnetic field is +9 T and −9 T, respectively. The device 
is the same as that shown in Fig. 2 (a). (b) External 
magnetic field dependence of ΔV normalized by applied 
current density JFTS/Co (= 1.3×109 A/m2) at 10 K in the 
FTS/Co device. Applied current value was 1.5 mA. (c) 
External magnetic field dependence of ΔV normalized 
by applied current density JFeSe/Co at 7 K, when 
absolute value of JFeSe/Co = 7.6×108 A/m2 in the FeSe 
device with Co electrodes. The device is the same as 
that shown in Fig. 1 (a). The orientation of magnetic 
field is shown by a blue arrow in Fig. 1 (a). (d) External 
magnetic field dependence of ΔV normalized by applied 
current density JFeSe/Au at 6 K, when absolute value of 
JFeSe/Au = 9.8×108 A/m2 in the FeSe device with Au 
electrodes. 
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both the potential gradient and the magnetic field. 
Therefore, the vortex-induced rectification effect can 
appear in our device as in the case of ref. 8). The notable 
is that the influence of the potential gradient at the 
interface between the FTS top surface and the air can be 
canceled out by that of the potential gradient at the 
interface between the FTS bottom surface and the 
thermally oxidized silicon substrate, which is an 
insulator, because the direction of the potential gradient 
is opposite. Hence, it is signified that the phenomenon 
due to the net potential gradient can simply resulted 
from the interface between FTS and Co.  

The nonreciprocity due to the latter effect is enhanced 
linearly as B increases as understood from Eq. (1). In our 
device, P is along the potential gradient of the interface 
between FTS and Co, i.e., along the out-of-plane direction 
to the device. The direction of the applied magnetic field, 
the electric current and the potential gradient are 
orthogonal to each other. Therefore, the B-linear 
nonreciprocal transport can appear in our device as well.  

When the two effects can coexist simultaneously in the 
FTS device, the vortex-induced rectification effect is 
dominant in the low-magnetic-field region and 
suppressed at high-magnetic-field region above 5 T. 
Instead, the B-linear nonreciprocal transport becomes 
dominant at the high-magnetic-field region, which 
cancels out the vortex-induced effect and changes the 
sign of ΔV. Therefore, by postulating that the two effects 
originating from the interface of the FTS/Co can manifest 
themselves simultaneously, the sign reversal behavior of 
the rectification effect can be well explained.  

A control experiment using an FeSe device with Au 
electrodes also supports the contribution of interfacial 
SOI to the non-linear rectification. As shown in Figure 
3(d), the non-linear rectification is also observed in the 
FeSe/Au device, whereas the origin of negative offset is 
elusive. The amplitude of normalized ΔV in the FeSe/Au 
is smaller than the FeSe/Co devices although JFeSe/Au is 
larger than JFeSe/Co. This result implies that the non-
linear rectification effect is determined by interface of 
devices, i.e., the interfacial SOI can govern the ΔV. 

The polarity reversal of ΔV between FTS and FeSe (see 
Figs. 3(b) and 3(c)) can be holistically understood by 
assuming the potential gradient of FTS/Co and FeSe/Co 
are in the opposite direction. This assertion is plausible 
because the large atomic number of Te in FTS can 
reverse the potential gradient compared with FeSe/Co. 
For further exploration of this rectification phenomenon, 
it is necessary to investigate the magnitude relationship 

of potential gradient between superconductors and 
materials of ferromagnetic or nonmagnetic electrodes 
systematically. 

  
55..  CCoonncclluussiioonn 

 
  In summary, we investigated the thermoelectric 

SDE of iron-based superconductors with ferromagnetic 
electrodes, where the field-dependent and non-linear 
rectification effects are superimposed. The finding can be 
attributed to the combination of the vortex-induced 
rectification effect and the nonreciprocal transport by the 
Rashba type SOI at the interface between iron-based 
superconductors and ferromagnetic electrodes.  
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AA  ccoonncceepptt  aanndd  pprreeppaarraattiioonn  ooff  ddiissiilliicciiddee  sslluurrrryy  ffoorr  aa  ppoossssiibbllee  ddeetteeccttiioonn  ooff  
cchhiirraalliittyy––iinndduucceedd  ssppiinn  ttrraannssppoorrtt  
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   A concept of chiral slurry for a possible detection of spin-charge interconversion phenomena is presented. Here 
slurry was made by mixing niobium disilicide NbSi2 powders with additive conductive paste in an organic solvent. A 
systematic study has been performed to examine how the increase in the weight percentage of silver paste in the 
NbSi2 slurry influences the electrical transport properties. It was found that the samples coated with the NbSi2 
slurry exhibited longitudinal and transverse voltage responses. Importantly, the transverse signal decreases 
monotonically as the silver weight percentage increases in the slurry. The obtained data support that the silver 
paste is useful as a conductive auxiliary for controlling the slurry resistivity and transverse voltage signals in 
printable devices. This work provides a preliminary and essential foundation for investigating the intrinsic 
chirality-induced spin selectivity effect in chirality-controlled powders in the future experiments. 
 

KKeeyywwoorrddss:: spin–charge interconversion, chirality, niobium disilicide, slurry, printed film 
 

 
 

11..  IInnttrroodduuccttiioonn  
    

   Spintronics plays a vital role in utilizing the spin 
degree of electrons in various applications, such as 
storage devices and computing1)-3). Spintronic devices 
offer several advantages over conventional devices, 
involving efficiency in data processing, non-volatile 
functionality, device integrity, and reduced power 
consumption. The primary challenge in spintronic 
devices is to generate and detect efficient spin currents1). 
Generally speaking, spin–orbit coupling (SOC) is 
essential for the spin-charge interconversion. The SOC 
results in the emergence of various physical phenomena, 
including the spin hall effect (SHE)4),5) and the 
Rashba-Edelstein effect (REE)6). In the SHE, the spin 
current diffuses perpendicularly to the orientations of 
spin and electric current due to the SOC, while in the 
REE, the electric current induces spin polarization in 
materials with broken inversion symmetry. In this 
connection, a lack of inversion symmetry in chiral 
materials makes them encouraging, where 
unconventional spin responses appear. Indeed, the 
spin-filtering effect, analogous to the REE, has been 
reported in chiral molecules solely composed of light 
elements with weak SOC7)-10).  
   Chiral inorganic crystals offer a promising platform 
for exploring the spin–charge interconversion as well. 
Their intrinsic structural asymmetry, when combined 
with the SOC, can enable spin-dependent transport 
phenomena without magnetic field11)-13). In addition, the 
understanding of the spin-charge conversion process in 
polycrystalline powders remains a subject worthy of 
detailed investigation14),15). The motivation to use 
polycrystalline powders remains limited because they 

are perceived as having structural disorder due to 
multiple grain boundaries, which may affect electronic 
uniformity. However, some inorganic polycrystalline 
powders could be available on a commercial scale and 
utilizing such powders may be advantageous for device 
applications. In a different point of view, slurry-based 
inorganic materials have become promising candidates 
for flexible electronics because they are easy to process, 
compatible with printing techniques and suitable for 
uniform coating on various substrates16)-20). Their ability 
to be shaped and deposited into flexible forms makes 
them ideal for integration into stretchable, bendable, 
and wearable devices. To date, several flexible 
spintronics devices have been reported21)-25).  
   Here we come up with the idea of making a slurry of 
polycrystalline powders of the chiral material. It can 
help us investigate preliminary properties associated 
with the conventional spin-charge interconversion 
process and promote the development of cost-effective 
slurry-based devices. Typically, such devices are made 
using organic molecules, including chiral polymers26),27). 
However, there are several advantages of inorganic 
chiral slurry over chiral polymers, such as mechanical 
adaptability, temperature stability and controllable 
electrical resistivity by varying the conductive content. 
These features may make an inorganic chiral slurry 
preferable for flexible platforms.  
   In this Letter, we present the slurry made from 
polycrystalline powders of NbSi2, which is one of the 
representative chiral inorganic materials. In the 
fabricated devices, which are made of the powders with 
their chirality uncontrolled, our aim is not to detect 
chirality directly but to investigate a possible detection 
of the spin–charge interconversion by correlating the 
longitudinal voltage Vxx and transverse voltage Vxy and 
Vyx in NbSi2 slurry samples at room temperature 
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without a magnetic field. The emergence of transverse 
voltage signals in the local configuration would be a key 
element in determining the intrinsic chirality-induced 
spin selectivity (CISS) effect when chirality-controlled 
powders are used in future experiments.   
   

22..  MMaatteerriiaall  aanndd  ddeevviiccee  pprreeppaarraattiioonnss    
  

   The NbSi2 compound exhibits a C40-type crystal 
structure and belongs to a space group P6222 or P6422, 
which respectively provides right-handed or left-handed 
chirality domains in polycrystalline powders and makes 
them scalemic or racemic in terms of chirality. The size 
of unit cell is 0.4798 nm along the a-axis and 0.6592 nm 
along the c-axis and no magnetic order appears 28),29). 

NbSi2 powders were prepared by a solid-state reaction 
method. Niobium (-325 mesh, 99.9% purity, rare 
metallic Co. Ltd) and silicon (-100 mesh, 99.9% purity, 
rare metallic Co. Ltd.) commercial powders were used 
as the starting materials. A stoichiometric mixture of 
Nb and Si was heated at 1100◦C in a vacuumed quartz 
tube for two days. X-ray diffraction (XRD) analysis 
revealed a single-phase pattern without any detectable 
impurities, indicating the high purity of the synthesized 
material, as shown in Fig. 1. 
  NbSi2 powders used for fabricating the slurry were 
synthesized without a chiral seed. Thus, the prepared 
slurry consists of right and left chirality domains and 
exhibits an asymmetric crystal structure with a 
polycrystalline nature. In polycrystalline materials, it is 
not possible to determine the percentage of handedness 
(i.e., the ratio of left-handed and right-handed chiral 
domains) using conventional X-ray diffraction analysis. 
  For electrical transport measurements, the 
polycrystalline powders were utilized in a slurry form. 
The powders were first grinded into fine particles by a 
mortar and pestle for homogeneous slurry formation. 
Morphological analysis of the NbSi2 powders was 
performed using scanning electron microscopy (SEM). 
Figure 2(a) shows the SEM image taken at a 
magnification of ten thousand with an operating voltage 
of 5.0 kV. The average particle size of the 
polycrystalline powders is around 1 µm. Then, the 
slurry was synthesized by mixing the milled NbSi2 as an 

active material, silver paste as an additive conductive 
element, and xylene as a dilute solution, as shown in 
Fig. 2(b). Five samples of NbSi2 slurry were synthesized 
by varying the silver weight percentages at 5%, 8%, 10%, 
20% and 30%.  

The device was fabricated on a 20 × 20 mm2 silicon 
substrate with four copper strips that are used as the 
electrodes for the current injection and Vxx detection. 
These copper strips were cut using a milling machine 
and bonded to the silicon substrate. For a possible 
detection of the inverse SHE response, a platinum (Pt) 
electrode of 2 mm in width and 14 nm in thickness was 
deposited at the center of the substrate through a metal 
mask via a magnetron sputter (MSP-1S, Vacuum Device, 
Inc.). The prepared slurry was then cast in a 
rectangular shape of 16 mm in length, 4 mm in width 
and 1 mm in thickness directly onto the silicon 
substrate using the printing technique, as illustrated in 
Fig. 2(c). Finally, the printed slurry samples were dried 
at room temperature. 

All the electrical transport measurements were 
conducted at room temperature without magnetic field. 
The device structure is illustrated schematically in Fig. 
2(d). If the CISS signal appears in the NbSi2 slurry, the 
device will work as follows, as demonstrated in chiral 
single crystals11),12): A longitudinal electric current 
applied to the disilicide slurry induces spin polarization 
due to the CISS effect. The Pt electrode absorbs 
spin-polarized electrons due to the difference in the 
spin-dependent chemical potential between the NbSi2 
slurry and the Pt electrode. The spin current is 
converted into a transverse electrical current in the Pt 
electrode due to the inverse SHE, which eventually 
induces the transverse voltage Vxy . 
  The inverse CISS (ICISS) signal would be also 

FFiigg..  11  X-ray diffraction pattern of NbSi2 powders.   

FFiigg..  22  A preparation of NbSi2 slurry and printed 
device for a possible detection of the CISS response. 
A SEM micrograph of polycrystalline NbSi2 powder 
(a), optical photographs of synthesized NbSi2 slurry 
(b) and of the printed device made of NbSi2 slurry (c) 
with a schematic drawing of the device structure (d).  
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detectable in the same device by the following steps: 
The transverse electric current is applied to the Pt 
electrode. Due to the SHE, the spin current is produced 
in an orthogonal direction to the charge current and 
then diffuses into the NbSi2 slurry. The spin-polarized 
charge current flows through the slurry via the ICISS 
and is detected as a longitudinal voltage Vyx.    

  
33..  EElleeccttrriiccaall  ttrraannssppoorrtt  mmeeaassuurreemmeennttss 

 
  Figure 3(a) illustrates the I-V characteristics of the 
NbSi2 slurry samples with the silver weight percentages 
of 5%, 8%, 10%, 20%, and 30% at room temperature in 
zero magnetic field. The longitudinal voltage Vxx shows 
a linear dependence within a current range of ± 10 µA, 
giving the Ohmic electrical resistivity for all the 
samples investigated. As the silver weight percentage in 
the NbSi2 slurry increases from 5% to 20%, the 
electrical resistivity gradually decreases from 16 to 0.75 

Ωcm. These resistivity values are much higher than 35 
µΩcm reported for bulk single crystals12). At 30% silver 
weight, the obtained electrical resistivity is 3 Ωcm, 
which is slightly larger than those at lower silver weight 
percentages. This sudden increase in the longitudinal 
resistivity at 30% may be attributed to an enhanced 
influence of the grain boundary between NbSi2 particles 
in the slurry, which hampers a smooth control of the 
resistivity value. 
  The Vxy and Vyx data are illustrated in Figs. 3(b) and 
3(c), respectively. Both measurements were conducted 
within a current range of ±100 µA with the NbSi2 slurry 
samples at 5%, 8%, 10%, 20%, and 30%. All the data 
show negative-slope dependences when the signals 
appear. Vxy and Vyx have the same polarity and nearly 
identical signal amplitudes. These results obtained with 
the NbSi2 slurry samples are likely to be qualitatively 
consistent with those for the single crystals12). This 
feature is also consistent that grown single crystals of 
NbSi2 have a preferred handedness29) even though they 
give some chirality domains in the crystals12). Moreover, 
to evaluate whether the observed transverse voltage 
originates from geometric misalignment of the platinum 
electrode or from intrinsic effects in various NbSi2 
slurry samples, the misalignment angle required for 
generating the observed electrical signal intensities is 
compared with the actual misalignment estimated from 
the optical photographs of the fabricated device. The 
former values range from 1.39 to 3.83 degrees, while the 
latter value is less than 0.72 degrees. Thus, the 
geometric misalignment alone cannot fully account for 
the observed transverse voltage. This supports the 
existence of an additional contribution to the transverse 
voltage generation. 
  Interestingly, as the silver weight percentage in the 
NbSi2 slurry samples increases, both the longitudinal 
and transverse signals decrease monotonically, as 
shown in Fig. 4. More precisely, Vxy and Vyx  signals 
keep decreasing while the Vxx signal increases in the 
NbSi2 slurry samples with the silver weight percentages 
from 20% to 30%. This discrepancy of the behavior 
between the longitudinal and transverse signals 
supports the interpretation that the Vxy and Vyx signals 
are not simply a result of Pt electrode misalignment, 

FFiigg..  44  Vxx, Vxy and Vyx as a function of the silver 
weight percentage in the NbSi2 slurry. 

FFiigg..  33  A dataset of the I-V characteristics for the 
NbSi2 slurry measured at room temperature without 
magnetic field. The longitudinal voltage Vxx (a), 
transverse voltage Vxy (b) and Vyx (c) are taken in 
the NbSi2 slurry samples with different silver 
weight percentages. The measurement setups are 
illustrated in the insets. 



42 Journal of the Magnetics Society of Japan Vol.50, No.2, 2026

INDEXINDEX

which would be expected to correlate with the 
longitudinal voltage Vxx, but instead may arise from 
chirality-driven spin polarization in the NbSi2 particles 
within the NbSi2 slurry. The present data may indicate 
that the NbSi2 polycrystalline powders exhibit both 
direct and inverse CISS effects, as discussed in the 
previous literature14),15).    
  

44..  CCoonncclluussiioonn  
  
  In summary, we studied the electrical transport 
behavior in chirality-uncontrolled NbSi2 slurry samples 
prepared by varying silver weight percentages. The 
local configuration exhibited the longitudinal resistance 
and transverse voltage at room temperature without 
magnetic field. The transverse voltage responses exhibit 
a silver percentage dependence. Interestingly, the 
observed transverse signals in the local configuration 
gradually decrease as the percentage of silver weight 
increases in all the disilicide slurry samples. This 
decreasing behavior of transverse signals may be 
attributed to achiral impurity in the disilicide slurry 
samples. Moreover, despite the uncontrollable 
handedness in our disilicide slurry samples, the present 
result may indicate the occurrence of chirality-driven 
spin polarization response in disilicide powders in the 
slurry. These findings lay a foundation and provide a 
methodology for future research, suggesting that the 
use of chirality-controlled powders could ultimately 
facilitate the CISS detection. Such work will pave the 
way for the direct pasting of chiral powders onto solid 
substrates, which could be replaced by flexible ones and 
may lead to the promotion of cost-effective 
chirality-based flexible devices in the future. 
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SSttrruuccttuurraall  ssyymmmmeettrryy  aanndd  mmaaggnneettoorreessiissttaannccee  
iinn  eeppiittaaxxiiaall  FFee//RRuu//CCoo  mmuullttiillaayyeerrss  
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    Magnetic and electrical properties are associated with the structural symmetry of the system. Recent spintronics 
finds various intriguing physics, such as spin orbit torque, skyrmions, and altermagnetism, rooted in structures with 
broken or low symmetry. In this work, we investigate epitaxial Fe/Ru/Co multilayers in which the crystalline 
orientations of the Fe and the Co layers are deliberately made different while they are antiferromagnetically coupled. 
These synthetic antiferromagnets exhibit resistance variations with the external field which are incomprehensible 
with conventional magnetoresistances. The results open a possible avenue for creating synthetic magnetism with 
controlled structural symmetries. 
 
KKeeyywwoorrddss:: spintronics, magnetic multilayers, synthetic antiferromagnet, magnetoresistance, thin film 

  
 

11..  IInnttrroodduuccttiioonn  
    

  Structural symmetry is one of the important factors in 
modern spintronics. Non-equilibrium spintronic 
phenomena such as the spin Hall effect (SHE)1,2 and the 
spin orbit torque (SOT)3~6 often manifest more 
significantly in structures having broken inversions. 
Ferromagnet (FM)/heavy metal (HM) thin film bilayers, 
in which the structural inversion is considered broken at 
the FM/HM interface, are an essential platform for the 
SHE and SOT where the HM can be Pt, Pd, W, Ta, and 
so on having a large spin orbit interaction. 
 On the other hand, structural symmetry also impacts 
the equilibrium magnetic orders in the magnetic system. 
Dzyaloshinskii-Moriya interaction (DMI)7,8 is one of the 
consequences of the broken structural symmetry which 
is described by the energy of the spin interaction as 
𝐸𝐸DM = −𝐃𝐃 ∙ (𝐒𝐒𝑖𝑖 × 𝐒𝐒𝑗𝑗)  where 𝐒𝐒𝑖𝑖  and 𝐒𝐒𝑗𝑗  are the 
neighboring local spins and 𝐃𝐃   is the Dzyaloshinskii-
Moriya (DM) vector. DM interaction was first argued for 
the canted spins in a hematite (α-Fe2O3) where the 
crystalline symmetry allows the antisymmetric exchange 
interaction on top of the symmetric exchange interaction, 
or Heisenberg interaction 𝐸𝐸Heis = −𝐽𝐽(𝐒𝐒𝑖𝑖 ∙ 𝐒𝐒𝑗𝑗) where 𝐽𝐽 is 
the exchange constant. The DMI can be observed not only 
in the bulk crystal with a specific symmetry but also in 
the thin film multilayer structures having broken 
inversion symmetry such as ferromagnet/heavy metal 
bilayers9. This so-called interfacial DM interaction acts 
between the local spins within the ferromagnetic layer 
via a non-magnetic atom with a strong spin orbit coupling 
in the heavy metal layer. When the interaction is 
sufficiently strong, it creates chiral spin textures such as 
skyrmions and chiral domain walls which are of intense 
interest in spintronic devices7,10,11. DMI in combination 
with SOT indeed can raise the spintronic device that 

moves and modifies those chiral spin textures by electric 
currents. 
 Recent research extends to magnetic systems with more 
explicit breaking of the structural symmetry in more 
scalable manner compared to those relying on the 
symmetry breaking at a single interface discussed above. 
Pt/Co/Ta multilayer systems are one of the examples12. 
Since polarity of the SHE angle of Pt is opposite to that 
of Ta, and the DM vector polarity is opposite between the 
Pt/Co interface and the Co/Ta interface, both DMI and 
SHE are therefore scalable with the total thickness of the 
superlattice. While this way of breaking the structural 
symmetry could give more control of DMI strength as 
well as the SHE by trying different material 
combinations, structural symmetry breaking is always 
given in the direction parallel to the film normal and it is, 
in principle, never possible to vary the structural 
symmetry in the directions in the film plane. 
 Structural symmetry is also a main focus of the recently 
emerged altermagnetism. Altermagnetic crystals have a 
combined feature of both ferromagnets and 
antiferromagnets. The local spins are 
antiferromagnetically coupled, but due to the peculiar 
crystalline symmetry surrounding the local spins the 
electrons running in the material exhibit a spin 
polarization unlike the conventional antiferromagnets13. 
Like the synthetic ferromagnets7,14 and synthetic 
antiferromagnets15, how to realize the artificial 
altermagnets is another interesting question. It is 
therefore of great importance to seek ways to artificially 
break structural symmetries in more controllable and 
scalable manner. 
 In this work, artificial controlling of structural 
symmetries is sought in magnetic multilayers, which 
could potentially lead to an idea of synthetic 
altermagnets. We carefully design the crystalline 
orientations of Fe/Ru/Co multilayers by epitaxial film 
growth and characterize the structural symmetry, 
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magnetic properties, and electrical properties. 
 

22..  MMeetthhooddss 
  

Fe 1.5 nm/Ru tRu = 0.8 ~ 1.7 nm/Co 1.8 nm/Ta 3.0 nm 
multilayers were deposited on MgO(110) substrate by 
magnetron sputtering with the base pressure of 10-6 Pa. 
The layer structure of the sample is shown in Fig. 1(a). 
The thickness of each ferromagnetic layer was designed 
so that they have the same total magnetic moment 
assuming the saturation magnetization of Fe and Co to 
be 1751 and 1440 emu/cm3, respectively. The substrate 
temperature was kept at 500℃ during the deposition of 
the Fe layer to promote epitaxial growth. All the other 
layers were deposited at room temperature. tRu was 
varied to realize an antiferromagnetic coupling between 
the ferromagnetic layers. Crystallinity of each layer 
surface was characterized by the reflection high-energy 
electron diffraction (RHEED). Magnetization 
measurements were performed by magneto-optical Kerr 
effect (MOKE) and superconducting quantum 
interference device (SQUID). Electrical measurements 
were performed with the samples patterned into a Hall 
cross structure as shown in Fig. 1(b). The measurements 
were performed with various directions and strengths of 
the magnetic field as well as the direction of current flow 
with respect to the crystalline axis. The definition of the 
RHEED beam azimuth angle θRH, the angle of current 
flow θ with respect to the MgO[001] direction, and the 
field angle φ is also in Fig. 1(b). A single layer of Fe and 
Co deposited on the MgO substrate were also 

characterized as a control sample. In addition, macro-
spin simulations based on the Landau-Lifshitz-Gilbert 
(LLG) equation were employed to analyze the 
experimental results.  
 

33..  RReessuullttss  &&  DDiissccuussssiioonn  
    

  Fig. 2 shows RHEED patterns after growing the Fe and 
Co layers. Fig. 2(a) indicates that the Fe layer is 
epitaxially grown on the MgO(110) substrate. The 
patterns show a twofold symmetry with respect to the 
azimuth angle θRH. Instead of our initial expectation that 
Fe(110) would grow on MgO(110), the detailed pattern 
analysis suggests that the Fe(211) surface is exposed to 
the surface. This is indeed consistent with previous 
studies reporting the Fe(211) twin growth on MgO(110) 
in the similar condition with ours16. In any case, it is 
confirmed that the Fe layer has a twofold crystalline 
symmetry in the film plane. Although the RHEED spot 
pattern indicates the presence of atomic-scale roughness, 
a relatively large interlayer antiferromagnetic coupling 
is obtained, as discussed in the experimental results 
presented later. The coupling may be enhanced by 
reducing the roughness17. However, the observed 
roughness is considered to have no significant effect on 
the discussion of this study. The Ru layer was then 
deposited on the Fe surface and subsequently the Co 
layer. RHEED on the Co surface (Fig. 2(b)) still show an 
ordered pattern but vaguer than those on the Fe layer, 
suggesting the single crystallinity is degraded. The 
patterns lost a twofold symmetry that the Fe layer 
showed but more sixfold with respect to θRH, indicating 
the Co is facing (111). Variation of tRu = 0.8 ~ 1.7 nm do 
not change much the RHEED patterns. These 
observations clearly suggest that upper and bottom 

      

        

        

 

      

         

FFiigg..  11 (a) Schematic illustration of the layer structure. 
(b) Image of the Hall cross patterned sample for spin 
transport measurements and definition of the RHEED 
beam azimuth angle θRH, the angle of current flow θ 
with respect to the MgO[001] direction, and the field 
angle φ with respect to the current direction θ. 

FFiigg..  22  RHEED patterns for the Fe and Co surfaces. 

                      

   
             

   
                     

                                          

FFiigg..  33 (a) (b) (c) Magnetization results by SQUID: Results for samples with 𝑡𝑡Ru= 0.8, 1.2, and 1.7 nm. The inset of 
Fig. 3(a) presents the magnetization result by MOKE. 
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ferromagnetic layers have a global crystal symmetry that 
is different from each other. 
 Fig. 3 shows the magnetization measurements 
performed by using SQUID for tRu = 0.8, 1.2, and 1.7 nm. 
The magnetic field was swept along MgO[1 1̅ 0] and 
MgO[001]. First, among different tRu, the sample with tRu 
= 0.8 nm shows the plateau in the low field in the field 
along MgO[001], indicating achievement of the 
antiferromagnetic coupling between the Fe and Co layers.  
The tRu dependence of the antiferromagnetic coupling 
strength agrees well with the previous study18. The 
MOKE measurements (the inset of Fig. 3 (a)) more 
clearly show a stable antiferromagnetic coupling in the 
field range ± 500 Oe. Note that, due to the MOKE 
sensitivity for the Fe and Co layers, it shows the 
hysteresis loop in the low field. The magnetization curves 
along MgO[11̅0], on the other hand, do not show any 
plateau, suggesting a relatively strong in-plane magnetic 
anisotropy probably originating from the twofold 
symmetry in the Fe layer. These results, together with 
the RHEED patterns, suggests that the Fe 1.5 nm/Ru 0.8 
nm/Co 1.8 nm we grew has a different crystalline 
symmetry in upper (Co) and bottom (Fe) ferromagnetic 
layers and they are antiferromagnetically coupled at the 
same time, which is analogous to the altermagnets. 
 Fig. 4 shows the resistance as a function of the magnetic 
field at φ = 0° and 90° with the direction of the current 
flow θ = 0° and 90°. The resistance change is monotonous 
with the field along MgO[1 1̅ 0] reflecting the 
corresponding magnetization curves with the giant 
magnetoresistance (GMR) contribution19 while it shows 
some details with the field along MgO[001] around which 
the plateau is observed in the magnetization curves. The 
hysteresis observed in the range ± 500 Oe seems to be 
corresponding to the hysteresis observed in the MOKE 

measurement, indicating the simultaneous switching of 
the Fe and Co magnetization (while maintaining the 
antiferromagnetic coupling) gives rise to additional 
resistance change. When Hex is applied along MgO[001], 
a small bowtie shaped hysteresis is observed at low fields 
(|Hex|< 1 kOe) where the MOKE data (inset of Fig. 3(a)) 
also shows a small hysteresis. We assume that this could 
be associated with a switching of the Fe (Co) moment 
while they maintain the antiferromagnetic coupling. 
 Fig. 5 shows the resistance as a function of the field 
angle φ at Hex = 2.5 kOe with θ = 0° and 60° for the Fe 1.5 
nm/Ru 0.8 nm/Co 1.8 nm as well as the control samples: 
MgO(110)/Fe 1.5 nm /Ru 3.0 nm and MgO(110)/Ru 0.8 
nm/Co 1.8 nm/Ta 3.0 nm. We note that Hex = 2.5 kOe 
applied in these measurements is out of the range. 
 The control samples show the resistance change 
following a sin2φ function and the φ dependence is 
invariant regardless of the current direction θ with 
respect to MgO[001], which is well expected by the 
anisotropic magnetoresistance (AMR). It should be noted 
that the Co layer shows the negative AMR20~22 where the 
resistance is minimum when the magnetic field is 
parallel to the current (φ = 0°). On the other hand, the 
resistance change in Fe 1.5 nm/Ru 0.8 nm/Co 1.8 nm 
sample shows completely different φ dependence with 
different θ (compare red and blue line in Fig. 5(a)), which 
cannot solely be explained by the combination of the Fe 
and Co AMRs. Since there is a sizable GMR, it is possible 
that relative angle between the Fe and Co 
magnetizations varies with φ and it varies the resistance 
with φ. 
 To scrutinize the possibility, we conduct an LLG-
equation based macro-spin simulation by incorporating 
the magnetic parameters, such as magnetic anisotropy 
field of Fe layer : 200 Oe, antiferromagnetic coupling 
field : 5000 Oe, the saturation magnetization, the AMR 
ratios for the Fe and Co layers (0.05 % and 0.01 %), the 
GMR ratio (0.54 %) and the resistivity of each layer 
estimated from the magnetization curves and the 
resistance curves. Fig. 6 shows the experimental results 
with various θ compared to the simulated results. The 
resistance change for the simulated results is normalized 
by the maximum resistance variations given by the AMR 
and GMR ratios. Overall trend of the φ dependence with 
respect to θ reproduced by the simulations is found to be 

FFiigg..  55  Magnetoresistance of the multilayer sample and reference samples: The upper figure presents the results 
for the sample with θ = 0° shown in Fig. 1(b), whereas the lower figure corresponds to the sample with θ = 60°. 

                                    

FFiigg..  44 (a) (b) Magnetoresistance under magnetic field 
sweep: Measurements were carried out with θ set to 0° 
and 90°, as defined in Fig. 1(b). 
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very different from the experimental data. Besides the 
magnitude of the resistance oscillation, the oscillation 
phase is very inconsistent with each θ. It should be noted 
that there could be errors in the simulation parameters 
estimated by the experimental data which gives errors in 
the simulation results. Moreover, we do not take into 
account possible interfacial/interlayer DM interactions in 
the simulations. Those might influence the magnitude of 
the resistance oscillation and the subtle shape of the 
curves, but hardly do the oscillation phase. Since the 
AMR ratio is very small compared to the GMR’s, the 
simulation results and the experimental results are 
essentially dominated by the GMR variation due to the 
relative angle change of the Fe and Co magnetizations 
with the twofold magnetic anisotropy in the Fe. This 
comparison reveals that the experimentally obtained 
resistance change could contain other contributions than 
those conventional magnetoresistances. Whether or not 
this is associated with the different crystalline 
symmetries deliberately created in this sample should 
need more extensive investigations. Moreover, it could be 
more interesting to see if there are non-trivial spin 
transport properties due to the structural symmetries. 
 

44..  SSuummmmaarryy  
 

We sought to artificially control structural symmetries 
in magnetic multilayers, which could potentially lead to 
an idea of synthetic altermagnets. We fabricated 
epitaxial Fe/Ru/Co multilayers on MgO(110) substrate. It 
was found that, in a certain deposition condition, the 
multilayers are epitaxially grown in such a way that the 
bottom Fe layer has twofold-symmetric Fe(211) 
orientation and the top Co layer has sixfold-symmetric 
Co(111). The appropriate Ru thickness simultaneously 
realizes the antiferromagnetic coupling between the Fe 
and the Co. These synthetic antiferromagnets show 
resistance variations with the external field which are 
incomprehensible with conventional magnetoresistances. 
While the physical origins of the spin transport 

properties including the magnetoresistance are still 
obscure, our demonstrations of the multilayer fabrication 
open a possible avenue for fabricating synthetic 
magnetism with controlled structural symmetries. 
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FFiigg..  66  Comparison between experimental and 
simulated magnetoresistance results: The resistance 
of the simulations is normalized.  Note that 
simulated curves for θ =150° and 135° are invisible 
in the plot because they are completely overlapped 
with ones for θ =30° and 45°, respectively. 
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PPeerrffoorrmmaannccee  CCoommppaarriissoonn  ooff  IInntteerriioorr  PPeerrmmaanneenntt  MMaaggnneett  SSyynncchhrroonnoouuss  
MMoottoorrss  wwiitthh  AAmmoorrpphhoouuss  AAllllooyy  aanndd  SSiilliiccoonn  SStteeeell  SSttaattoorr  CCoorree  
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   The global push towards electrification, particularly in the automotive and aerospace sectors, necessitates the 
development of electric motors with higher efficiency and power density. A primary limiting factor in high-speed 
permanent magnet synchronous motors (PMSMs) is the core loss in the stator. This study presents an experimental 
performance comparison of an interior permanent magnet synchronous motor (IPMSM) using stator cores made from 
an advanced amorphous alloy and a conventional silicon steel core. To conduct this evaluation, two motors of identical 
design were constructed: one with an amorphous alloy core (AMO), and one with a non-oriented silicon steel core 
(NGO). The motors were tested under various load conditions at 12,600 rpm using maximum torque per ampere 
(MTPA) control. The results demonstrate that the IPMSM with the AMO stator core achieved a significant reduction 
in iron loss of up to 72% compared to the one with the NGO stator core, while maintaining nearly identical torque 
density. This substantial loss reduction led to an overall efficiency improvement of approximately 3.1%. These findings 
confirm that amorphous alloys are a highly effective core material for improving the efficiency of high-speed IPMSMs 
by drastically reducing the iron loss. 
 
KKeeyy  wwoorrddss:: Interior permanent magnet synchronous motor (IPMSM), amorphous alloy, high-speed 
 

11.. IInnttrroodduuccttiioonn 
 

The global transition towards electrification is rapidly 
accelerating, driven by a collective push for greater energy 
efficiency and reduced carbon emissions in key sectors such as 
electric vehicles (EVs), aerospace, and advanced industrial 
automation. This paradigm shift has created an unprecedented 
demand for electric motors that are not only more powerful but 
also significantly more efficient. To achieve higher power density, 
it is often necessary to push operating speeds and frequencies to 
new limits, where iron losses increase nonlinearly and can 
become the crucial source of inefficiency and heat generation. 
This challenge necessitates the exploration of advanced core 
materials capable of mitigating the iron losses. 

To overcome these limitations, advancements in this field often 
follow two primary paths in materials science: the enhancement 
of permanent magnets and the improvement of soft magnetic 
materials. Previous work by our research group has focused on 
the former, demonstrating that the strategic use of polar-
anisotropic bonded magnets within an inset rotor topology can 
significantly improve the efficiency of high-speed motors 2), and 
that the world’s first Sm-Fe-N/Fe-N hybrid bonded magnet 
motor exhibits sufficient performance 3). Building upon that 
foundation, the present study shifts its focus to the latter 
approach—the application of advanced soft magnetic materials. 

Recent studies have increasingly highlighted amorphous 
alloys as a promising alternative to conventional silicon steels. 
For instance, Zeng et al. analyzed the performance of PMSMs 
with amorphous alloy and silicon steel stators, demonstrating 
that the low-loss characteristics of amorphous alloys become 
particularly advantageous at higher operating speeds 4). In the 
context of thermal reliability, Li et al. investigated a yokeless and 
segmented armature axial-flux in-wheel motor with an 
amorphous alloy stator, showing through both simulation and 
prototype validation that the temperature rise remained within 

safe operational limits for EV applications 5). 
Experimental studies have also revealed important 

enhancements in applying amorphous alloy cores. Ismagilov et 
al. demonstrated that while amorphous alloy stators offer low 
loss advantages, in unmanned aerial vehicle (UAV) motors their 
performance converges with that of conventional silicon steel 
beyond approximately 6500 rpm due to saturation effects 6). 
Similarly, Ou et al. found that in a DC-excited flux-modulated 
motor, amorphous alloys drastically reduced high-frequency core 
losses as the copper losses increased slightly, confirming their 
potential for high-speed applications 7). Kolano et al. further 
validated this experimentally by constructing a high-speed 
PMBLDC motor with an amorphous stator core featuring half-
open slots, achieving nearly 90% efficiency across a wide torque 
range 8). 

However, practical challenges remain. Manufacturing stresses 
can significantly degrade the expected benefits of amorphous 
alloys, as shown by Okamoto et al., who reported that while an 
IPMSM with an amorphous alloy stator achieved a 38% 
reduction in core loss, this was considerably lower than the 
approximately 65% predicted by simulations 9). Nevertheless, 
long-term validation has further reinforced the advantages of 
amorphous alloys. Enomoto et al. demonstrated that amorphous 
alloy stator components yielded the highest efficiency and lowest 
core loss compared to motors using either conventional silicon 
steels or soft magnetic composites 10). 

Taken together, these studies highlight both the potential and 
the limitations of amorphous alloys in high-speed, high-efficiency 
motors. Building on this foundation, the primary objective of the 
present work is to investigate and quantify the performance of 
high-speed IPMSM prototypes with an amorphous alloy stator 
core and a conventional silicon steel stator core. The evaluation 
begins with measurements of electromagnetic characteristics of 
the prototypes such as winding resistance, inductance and back- 
EMF. Subsequent experiments examine torque – current phase 
angle characteristics and torque characteristics under maximum 
torque per ampere (MTPA) control. Finally, after conducting a 
mechanical loss test using an identical demagnetized rotor, 
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detailed loss distributions and efficiency maps of the prototypes 
are compared.  

22..  RReesseeaarrcchh  PPrroocceedduurreess  
  

22..11  MMoottoorr  SSppeecciiffiiccaattiioonnss  
To evaluate the impact of amorphous alloys on motor 

performance, a comparative experimental study was conducted 
using two IPMSM prototypes. As specified in Fig. 1, to ensure a 
direct and fair comparison, two prototypes were constructed with 
identical stator and rotor geometries. The baseline motor was 
fabricated with a conventional non-oriented silicon steel (NGO) 
stator core. The second motor utilized amorphous alloy stator 
core (AMO).  

Fig. 2 provides an external view of the prototype motor. 
Additionally, a third prototype, mechanical test motor (MTM), 
was prepared to precisely quantify mechanical loss. The MTM 
shared the same structural design but was assembled without 
windings and with demagnetized magnets. All prototypes 
employed an identical motor structure, which included a silicon 
steel core and Nd permanent magnets. 

 
22..22  EExxppeerriimmeennttaall  SSeettuupp  

Fig. 3 presents the general test bench configuration. The setup 
consisted of a hysteresis brake (500 mN·m, 30,000 rpm), a DC 
voltage source (0–80 V, 0–80 A, 800 W), a power meter for 
measuring the input power of the motor, an inverter, and an LCR 
meter for measuring winding resistance and inductance. A 
motor analyzer was employed to record output parameters such 
as torque and speed through the hysteresis brake, while a 
thermocouple was used to monitor the winding temperature. 
The inverter was controlled via a PC interface, through which 
speed commands and current phase angles were applied. Motor 
operation was synchronized using an encoder to provide accurate 
rotor position feedback for drive control. 

 

 
FFiigg..  11  Specifications of the IPMSM prototypes. 

 
FFiigg..  22  External view of the prototypes. 

 
FFiigg..  33  Appearance of test bench. 

 
22..33  PPrreeppaarraattiioonn  PPrriioorr  ttoo  EExxppeerriimmeenntt  

Table 1 shows the experimental procedure for evaluating the 
prototype motors. The process was divided into six steps; first 
three are to acquire electromagnetic characteristics of the 
prototypes and their mechanical loss value. 

Initially, the fundamental motor constants were verified. The 
three-phase winding resistance (Ra) and the d- and q-axis 
inductances (Ld, Lq) were precisely measured for each prototype 
using an LCR meter. This step ensured the consistency of the 
winding and assembly across the prototypes and provided 
accurate parameters. 

The magnetic performance was evaluated by measuring the 
back-EMF. Each motor was driven at a constant speed of 12,600 
rpm by an external motor with its terminals open-circuited. The 
resulting voltage, measured using a power analyzer, was used to 
determine the flux linkage (a), confirming the appropriateness 
of the magnetic design. Example back-EMF waveforms of the 
AMO motor are shown in Fig. 4 to clearly illustrate the airgap 
field distribution for the prototype design. 

Table 2 shows the fundamental electromagnetic parameters of 
the two prototype motors. Their resistances were closely 
matched, and the measured temperatures correspond to the 
winding temperature of each motor during the resistance tests. 
The inductance for the AMO motor was slightly lower than that 
of the NGO motor, with saliency ratio (Lq/Ld) of 1.7 for the AMO 
motor compared to 1.8 for the NGO motor.  
 

TTaabbllee  11 Test procedures. 
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FFiigg..  44  Observed back-EMF waveforms of the AMO 
motor. 

TTaabbllee  22  Electromagnetic parameters of the AMO and 
NGO motor. 

 
 

Fig. 5 illustrates the configuration of the mechanical loss test, 
which consists of a drive motor and an MTM. First, the drive 
motor was operated under no-load conditions, and its input 
power was recorded. Next, the MTM was coupled to the drive 
motor shaft, and the input power of the drive motor was 
measured again. Each test was conducted three times, with a 
duration of 30 minutes per trial, to ensure repeatability. A view 
of the experimental setup is provided in Fig. 6. 

The average mechanical loss was determined from the 
difference in input power between the two test conditions. For 
the coupled system, the drive motor’s input power represented 
the combined losses of both machines; isolating the MTM 
contribution yielded an average mechanical loss of 
approximately 4.4 W at the rated speed of 12,600 rpm, as shown 
in Table 3. During the tests, an identical encoder was mounted 
 

 
FFiigg..  55    Mechanical loss test configuration. 

 
FFiigg..  66   Mechanical loss test setup view. 

TTaabbllee  33 Measured average mechanical loss at 12,600 rpm. 

 
 

at the end of the MTM to ensure accuracy, as shown in Fig. 6. 
Result of this mechanical loss test was treated as constant and 
was subtracted from the total measured losses in all subsequent 
load tests for each of the prototypes. 
 

33..  TTeesstt  RReessuullttss  
 
33..11  TToorrqquuee––ccuurrrreenntt  pphhaassee  aannggllee  cchhaarraacctteerriissttiiccss  ooff  tthhee  
NNGGOO  aanndd  AAMMOO  mmoottoorrss  

A key aspect of the performance evaluation under MTPA is the 
determination of the optimal current phase angle (𝛽𝛽Tmax ) 
required to achieve the highest torque for a given current.  

To evaluate performance under load, the torque characteristics 
were mapped. Each motor was coupled to a hysteresis brake and 
operated at various current densities (2, 4, 6, and 8 A/mm2). At 
each load point, the current phase angle was systematically 
adjusted to identify the optimal angle for MTPA operation. The 
torque-current and torque-efficiency relationships under MTPA 
control were then recorded using the power analyzer and torque 
meter. 

Fig. 7 illustrates the experimental results of the NGO and 
AMO motor at current densities of 2, 4, 6 and 8 A/mm², while 
Table 4 summarizes the optimal current phase angles for both 
prototypes across the full range of tested current densities.  

 
(a) NGO 

 
(b) AMO 

FFiigg..  77  Torque–current phase angle characteristics of the 
NGO and AMO motors (MTPA points are marked in red). 
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TTaabbllee  44  Current phase angle points for the MTPA drive 
for each prototype. 

 
 
 
33..22  EExxppeerriimmeennttaall  RReessuullttss  uunnddeerr  MMTTPPAA  ccoonnttrrooll  

The characteristics of the prototypes were evaluated across a 
range of load points under MTPA control. A critical aspect of this 
evaluation was to confirm that the torque density was preserved 
with the new core material.  

Fig. 8(a) shows torque characteristics under MTPA control. 
The figure reveals that the measured torques of two prototypes 
were nearly identical. This result demonstrates that substituting 
silicon steel with amorphous alloy did not compromise the 
motor’s torque production capability.  

Fig. 8(b) indicates the copper losses. It was found to be nearly 
identical across two motors, which is expected given their similar 
winding resistances and operating currents. 

Fig. 8(c) compares the iron losses of both motors. The iron loss 
is separated from the total loss as follows: First, the mechanical 
loss (Wm) due to friction and windage was quantified by testing 
the dedicated MTM, as described in section 2.3. Subsequently, 
during the load tests of the main prototypes, the electrical input 
(Pin) and mechanical output (Pout) powers were measured. As in 
Eq. (1), the total measured losses (Wtotal) were then calculated as 
the difference between Pin and Pout : 

𝑊𝑊total = 𝑃𝑃in − 𝑃𝑃out    (1) 
The total losses were then separated into their primary 

components: copper loss (Wc), iron loss (Wi), and mechanical loss 
(Wm). As in Eq. (2), the copper loss was calculated using the 
measured winding resistance and phase current: 

 𝑊𝑊c = 3𝐼𝐼rms
2 𝑅𝑅a   (2) 

The measured mechanical loss (Wm) is subtracted, allowing for 
the experimental determination of the iron loss using Eq. (3): 

𝑊𝑊i = 𝑊𝑊total −𝑊𝑊c −𝑊𝑊m  (3) 
It is evident that at every measured load point, the AMO motor 

exhibited dramatically lower iron loss than the NGO motor. For 
instance, at a load torque over 300 mN·m, corresponding to 8 
A/mm2, the iron loss of the NGO motor was 23.6 W, whereas that 
of the AMO motor was only 7.9 W. This represents a remarkable 
iron loss reduction of approximately 66% at higher loads. At 
lower loads (2 A/mm2), the reduction was even more pronounced, 
reaching up to 72%. 

Finally, Fig. 8(d) represents efficiency. It can be seen that the 
AMO motor demonstrated a clear advantage over the NGO 
motor. At the rated torque of approximately 250 mN·m, the NGO 
motor achieved an efficiency of 91.0%, whereas the AMO motor 
achieved an efficiency of approximately 94.1%. This represents a 
significant efficiency improvement of about 3.1% through the 
change in the stator core material 
 

 
(a)Current density – Torque 

 

 
(b) Torque – Copper loss 

 
(c) Torque – Iron loss 

 
(d) Torque – Efficiency 

FFiigg..  88  Performance comparison of the two prototypes 
for the MTPA drive. 
 

44..  DDiissccuussssiioonn  
 

The experimental results from this study provide clear 
and quantitative validation of the benefits of using 
amorphous alloy stator cores in high-speed IPMSMs. The 
primary finding of a 3.1% efficiency improvement is 
directly attributable to the substantial reduction in iron 
loss, which was lowered by as much as 72% compared to 
the conventional silicon steel counterpart. This dramatic 
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decrease in iron loss is consistent with the fundamental 
properties of amorphous magnetic materials, which 
possess higher electrical resistivity and lower coercivity, 
thereby suppressing both eddy current and hysteresis 
losses, especially at the high electrical frequency of 420 
Hz, corresponding to the motor’s rated speed of 12,600 
rpm. 

The loss separation analysis underscores the 
significance of this finding. With mechanical and copper 
losses being identical across all prototypes, the iron loss 
emerged as the sole performance differentiator. In the 
conventional NGO motor, iron loss constituted a 
significant portion of the total losses, particularly at 
higher loads. By replacing the silicon steel with an 
amorphous alloy, this dominant loss component was 
effectively minimized, leading to the observed increase in 
overall efficiency. This result strongly aligns with the 
conclusions of simulation-based studies and provides 
experimental data that surpasses the approximately 38% 
core loss reduction reported in previous experimental 
work on a similar amorphous IPMSM 9).  

  
55..  CCoonncclluussiioonn  

 
In summary, this research provides definitive experimental 

evidence that the substitution of conventional silicon steel with 
an amorphous alloy is a highly effective strategy for mitigating 
core losses and boosting the efficiency of high-speed permanent 
magnet motors. 

The motor with amorphous alloy stator core achieved a peak  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

efficiency of 94.1%, a significant improvement of 3.1% over the 
91.0% efficiency of the identical motor with a silicon steel core. 

The primary driver for the efficiency gain was a drastic 
reduction in iron loss. The AMO motor has 66% to 72% lower iron 
loss result compared to the NGO motor across the entire load 
range at the speed of 12,600 rpm.  
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SSttuuddyy oonn eelleeccttrroommaaggnneettiicc ffoorrccee aanndd aaxxiiaall uunniiffoorrmmiittyy ooff eelleeccttrroommaaggnneettiicc
ffoorrmmiinngg ooff 22002244-- aalluummiinnuumm aallllooyy ttuubbee bbaasseedd oonn ddoouubbllee mmaaggnneettiicc ffiieelldd
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In order to realize the controllable loading of electromagnetic force in electromagnetic forming and improve the
forming effect of tube, this paper puts forward an electromagnetic forming technology of tube based on double
magnetic field converters. In this technology, two magnetic field converters are introduced between the tube and the
driving coil, and the electromagnetic force is regulated by changing the geometric parameters and spacing of the
magnetic field converters. Based on the specific 2024- aluminum alloy tube, the simulation research is carried out.
The simulation data show that the change of the geometric structure and spacing of the two magnetic field converters
can change the induced eddy current and realize the regulation of electromagnetic force. Compared with the
traditional electromagnetic forming of tube, the uniform forming range Dr of electromagnetic forming of Dr based on
double magnetic field converters is increased by 2.77 times. To sum up, the electromagnetic forming technology based
on double magnetic field converters can effectively improve the forming uniformity of tube and promote the wide
application of electromagnetic forming technology in industry.

kkeeyywwoorrddss：Electromagnetic forming,magnetic field converter, electromagnetic force, uniformity

11.. IInnttrroodduuccttiioonn

Electromagnetic forming technology is the
application of Lenz's law and Faraday's law of
electromagnetic induction in engineering, which
involves many professional fields such as materials
science, electromagnetism and structural mechanics
1)2). The uniformity problem in electromagnetic
forming technology generally exists in the
electromagnetic forming process of workpieces. In
the traditional electromagnetic bulging of tube, the
driving coil is placed inside the tube to be expanded,
and the electromagnetic force on the tube is mainly
radial electromagnetic force. Because of the end
effect of the driving coil, the radial electromagnetic
force on the tube is unevenly distributed in the axial
direction, which leads to the uneven radial
deformation of the tube after forming. Scholars at
home and abroad have launched a series of research
work on this problem. Qiu Li et al. proposed a new
type of coil structure "concave" to drive the coil to
realize the electromagnetic forming of tube3). By
reducing the number of turns in the middle of the
drive coil, the magnetic flux density and induced
eddy current in the middle of the tube were greatly
reduced, and the radial electromagnetic force on the
middle of the tube was weakened, so that the radial
electromagnetic force on the tube was distributed in
a "concave" shape. After the method of "concave"
drive coil loading the tube for electromagnetic
bulging was put forward, Zhang et al. proposed the

"convex" type. Using a single driving coil to process
the workpiece has certain limitations. Cao et al. put
forward an electromagnetic bulging method of tube
with automatic feedback of electromagnetic force4),
which introduces another driving coil outside the
tube in the traditional electromagnetic bulging, and
controls the electromagnetic force distribution of the
tube through the regulation of the eddy current
induced on the tube by the outer driving coil, so as to
realize the axial uniform deformation of the tube. In
addition, Ouyang et al. put forward a combined
loading method with two coils5), which divided the
driving coil into two sections, and improved the
formability of the tube by changing the current
waveform in the driving coil. Due to the diversity of
driving coil loading, the multi-coil combined loading
method is one of the hot research directions in the
field of electromagnetic forming.
In recent years, with the continuous development

of electromagnetic forming technology, the
electromagnetic forming process is not limited to
driving coils and workpieces, and some materials to
assist electromagnetic forming are constantly
emerging6)7). Magnetic field converter is an
important auxiliary tool in electromagnetic forming
technology8)9)10)11). Professor Manoj of Indian
Institute of Science and Innovation studied the
influence of materials of magnetic field converter on
electromagnetic forming. The results show that the
material and geometry of the magnetic field
converter have significant influence on the forming
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effect of the workpiece. In addition, Professor Rasoul
of Amir kabir University of Technology introduced a
stepped magnetic field converter structure, studied
the influence of geometric parameters of this new
magnetic field converter on electromagnetic force
and forming effect, and designed the optimal
geometric parameters of the magnetic field
converter. Compared with the direct loading of the
driving coil, the maximum magnetic pressure of the
stepped magnetic field converter is increased by
21%12). On the basis of this research, Qiu et al. put
forward a concave magnetic field transformer to
solve the problem of tube forming uniformity.
Therefore, it can be seen that by introducing the

magnetic field converter, the distribution of
electromagnetic force in the electromagnetic forming
system can be changed, and then the deformation
process of the tube can be optimized and the forming
uniformity of the tube can be improved13)14). In this
paper, the electromagnetic forming model of tube
with double magnetic field converters is put forward.
By introducing magnetic field converters at the
upper and lower ends of the tube, the
electromagnetic force at the ends of the tube is
enhanced, so that the electromagnetic force on the
tube is distributed in a concave shape as a whole, so
as to regulate the distribution of electromagnetic
force in the electromagnetic forming system and
improve the uniformity of electromagnetic forming
of tube. In order to explore the influence of double
magnetic field converters on the electromagnetic
forming effect of tube, a two-dimensional
axisymmetric simulation model of electromagnetic
forming of tube based on double magnetic field
converters is built by Comsol simulation software,
and the influence of the geometric structure of
magnetic field converters on the forming effect in
the electromagnetic forming system of tube based on
double magnetic field converters is studied, and then
the forming effects of traditional electromagnetic
bulging of tube with single coil and electromagnetic
bulging of tube based on double magnetic field
converters are compared and analyzed. Finally, the
feasibility of using double magnetic field converters
to realize the bulging uniformity of tubes loaded
with electromagnetic force is verified by simulation
analysis.

22.. BBaassiicc pprriinncciippllee ooff eelleeccttrroommaaggnneettiicc ffoorrmmiinngg ooff ddoouubbllee
mmaaggnneettiicc ffiieelldd ccoonnvveerrtteerr ttuubbee

Electromagnetic forming system generally
includes power supply, driving coil, workpiece,
free-wheeling circuit, switch, etc. The
electromagnetic bulging system of tube is shown in
Fig 1. First, charge the power supply. When the
capacitor bank in the power supply gets enough
electric energy, a large pulse current will be

generated by closing the switch circuit. According to
the law of electromagnetic induction, the change of
magnetic field will induce eddy current in metal
workpiece, and the interaction between induced
eddy current and pulse current will produce a strong
pulse electromagnetic force to deform the workpiece.
The free-wheeling circuit in the circuit can reduce
the temperature rise of the coil and improve the life
of the coil.
The geometric configuration of a single coil

fundamentally determines its magnetic field
distribution. As coils are typically elongated or
ring-shaped structures, the generated magnetic
fields do not spread uniformly across space. Since
electromagnetic force magnitude correlates directly
with magnetic field strength, this creates a "strong
at the center, weak at the ends" pattern that
concentrates radial electromagnetic forces in the
central region. The workpiece end effect arises from
the inherent boundary characteristics of pipe
components. When electromagnetic forces act on
pipe ends, these ends aren't infinitely extended but
have defined boundaries. At the ends,
electromagnetic forces leak or weaken due to
boundary effects, failing to form stable concentrated
force fields like the central area. This imbalance
ultimately intensifies the disparity where the core
section experiences stronger forces while the ends
endure weaker ones.In the electromagnetic forming
process, it is difficult to reduce the distance between
the coil and the workpiece by moving the coil due to
the limitation of the forming system structure. By
introducing the magnetic field transformer, the
energy of the coil can be transferred to the workpiece
through the magnetic field converter. The magnetic
field converter is a ring with different heights of
inner wall and outer wall, and there is a narrow gap
in the ring structure15). When the time-varying
current passes through the magnetic field converter,
most of the current will be concentrated on the
surface of the conductor because of the skin effect,
and the total current flowing through the inner and
outer walls is equal in magnitude and opposite in
direction. The inner wall and outer wall of the
magnetic field converter are defined by the distance
between the magnetic field converter and the
driving coil, in which the side close to the driving
coil is the inner wall and the side far from the
driving coil is the outer wall. Fig. 2 is a schematic
diagram of the three-dimensional structure of the
magnetic field transformer. Because of the height
difference between the inner and outer walls of the
magnetic field converter, the current density of the
outer wall and the inner wall of the magnetic field
converter will be different.
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FFiigg..11 Schematic diagram of electromagnetic bulging
system of tube

FFiigg..22 Three-dimensional schematic diagram of
magnetic field converter

Therefore, the magnetic field converter can be
used to change the distribution of induced eddy
current and magnetic field in the forming workpiece,
and then change the electromagnetic force
distribution in the forming process of tube 16)17).
Fig. 3 is the eddy current distribution diagram of

the electromagnetic bulging system of tube18)19). It
can be seen from the eddy current directions in the
tube, the driving coil and the magnetic field
converter that the coil current is opposite to the
inner wall current of the magnetic field converter,
and the inner wall current flows from the inner wall
to the outer wall through the gap of the magnetic
field converter, so the total current of the inner and
outer walls of the magnetic field converter is equal
in magnitude and opposite in direction, and the
outer wall current of the magnetic field converter is
opposite to the eddy current induced by the tube.
Compared with the traditional electromagnetic

forming uniformity of single-coil tube, the
application advantage of double magnetic field
converters in electromagnetic forming of tube
proposed in this paper is to improve the magnetic
field distribution and improve the forming
uniformity of tube by introducing a reasonable
magnetic field converters structure without
changing the driving coil, as shown in Fig 4. The
advantages of electromagnetic forming of tube with
double magnetic field converters are that for driving
coils, the coil does not need complicated winding
process. On the basis of ordinary spiral coils, the
electromagnetic forming uniformity of tube is
improved by introducing double magnetic field
converters.

FFiigg..33 Eddy current distribution diagram of
electromagnetic tube bulging system

FFiigg..44 Three-dimensional schematic diagram of tube
bulging of two field converters

In different applications, the control of magnetic
field and electromagnetic force can be realized only
by changing the structure of the magnetic field
transformers. For driving coils with specific
structures and sizes, the application scope and
application occasions are wider, which is more
conducive to saving the manufacturing cost of
driving coils. In addition, due to the introduction of
double magnetic field converters in the
electromagnetic forming system, for tube, the
electromagnetic force at both ends is enhanced by
the end magnetic field converter to overcome the end
effect, which is beneficial to improve the
electromagnetic forming uniformity of tube and the
quality of industrial products is higher.

33.. NNuummeerriiccaall ssiimmuullaattiioonn mmooddeell

In this paper, COMSOL multi-physical finite
element simulation software is used to establish a
two-dimensional axisymmetric model of
electromagnetic bulging of tube based on double
magnetic field converters18)19).
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FFiigg..55 Simulation flow chart of electromagnetic
forming of tube

The simulation flow chart is shown in Fig 5, where
t represents the current time, t represents the time
step and tend is the end time.
The simulation model mainly includes four

modules: global ordinary differential equation and
differential-algebraic equations module,
electromagnetic field module, solid mechanics
module and "moving grid" module 20)21).
1.Global ordinary differential equation and

differential-algebraic equations module：
This module is used to solve the coil current. In

this paper, the electromagnetic bulging circuit
model of tube with free-wheeling circuit is adopted,
as shown in Fig 6 22)23)24). According to Kirchhoff's
law, the following circuit equations can be obtained:
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�� is the voltage across the capacitor.�0 is the
initial voltage of the capacitor,����� is the drive coil
current. �� is the discharge loop current. �� is the
induced eddy current of the tube.�� is the current of

the freewheeling circuit.�c is the resistance of the
drive coil.�1 is the discharge circuit resistance.�d is
the free-wheeling circuit resistance. �w is the
resistance of the tube. �1 is the inductance of the
discharge circuit. �c is the inductance of the drive
coil.�� is the tube inductance.�cw is the coupling
coefficient between the tube and the coil.
Magnetic field transformer is introduced as an

electromagnetic forming aid, and its circuit is shown
in Fig 7. The magnetic field converter and the
driving coil have a coupling relationship, and then
the energy generated by the driving coil is
transferred to the tube through the magnetic field
converter, ignoring the coupling between the tube
and the driving coil, and the circuit equation can be
changed to:
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The free-wheeling circuit equation remains
unchanged.If is the induced current of the magnetic
field converter.Rf is the resistance of the magnetic
field converter.Lf is the inductance of the magnetic
field converter. Mcf is the mutual inductance
between the magnetic field converter and the
coil. Mfw is the mutual inductance coefficient
between the magnetic field converter and the
tube.Table1 shows the relevant circuit parameters of
tube bulging system.Mcw is the coupling coefficient
between the tube and the coil, which is weaker than
that between the coil and the magnetic field
converter and between the magnetic field converter
and the tube, and is usually ignored.

FFiigg..66 Equivalent circuit diagram of
electromagnetic forming
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FFiigg..77 Equivalent circuit diagram of electromagnetic
bulging based on magnetic field converter

2.Electromagnetic field module：
Which is used for obtaining the distribution of

magnetic field and electromagnetic force and
transmitting the obtained electromagnetic force to the
solid mechanics module. The induced eddy current in
the workpiece is mainly annular component, and the
magnetic field can be expressed by Maxwell equation:
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E is the electric field strength,B is the magnetic flux
density, is the pipe deformation speed.J is the density
of induced eddy current.γγ is the tube conductivity.The
subscripts γγ,  and z represent the radial,
circumferential and axial components of the vector
respectively.

5




 
  

                                 （）
r z

z r

F J B
F J B

FFrr is the radial electromagnetic force on the pipe
fitting.FFzz is the axial electromagnetic force on the tube,
and JJ  is the circumferential induced eddy current
density. The electromagnetic force on the tube is
determined by the tube magnetic flux density and its
own induced eddy current. For the electromagnetic
bulging system of the tube, the magnetic field around
the tube is mainly distributed in the axial direction, so
the forming process of the tube is mainly driven by the
radial electromagnetic force, and the axial
electromagnetic force can usually be ignored.
3.Solid mechanics module：
This model is used to model the plastic

deformation of the workpiece. The displacement
equation of double magnetic field converter is:

2

6σ2 =
t

  


                           （）m
u F

 is the stress tensor, �m is the electromagnetic

force density,  is the tube density, and u is the
displacement. In this paper, the 2024- aluminum
alloy tube is simulated, and the deformation
behavior of the tube under the high-speed collision
of double magnetic field converters will affect its
material constitutive model.2024 aluminum alloy,
renowned for its low density, crack resistance, and
fatigue durability, serves as the primary material
for aircraft skin components and other thin-walled
complex structures. However, traditional cold
stamping methods used to manufacture 2024
aluminum alloy aircraft skins often result in issues
like wrinkling, cracking, and insufficient precision,
posing significant technical challenges for
high-performance manufacturing of these critical
components.However, the electrical conductivity of
2024 aluminum alloy is only 1.87e7, which means a
higher discharge voltage is required during
electromagnetic forming to achieve pipe bulging,
and the end effect becomes more pronounced.
Compared with other high-conductivity aluminum
alloys, introducing a magnetic field converter to
enhance the magnetic field around the 2024 alloy
and its induced eddy currents is more meaningful
than in other types of aluminum alloys.
Cowper-Symonds material constitutive model is
adopted to describe the plastic deformation process
of the tube under the collision of double magnetic
field converters, and its constitutive equation is25):

[1 ( ) ] 7
G
                             （）

pe m
ys

In the equation,  ys is the initial yield stress of
tube, m is the strain rate hardening parameter, pe
is the plastic strain rate, and G is the viscosity
density. In this paper, G=6500 and m=0.2526).
4."Moving grid" module：
It is used to update the air grid around the tube

fitting, improve the simulation accuracy and avoid
grid distortion during bulging 27)28).

TTaabbllee11 Circuit parameters

Symbol Describe
Numerical
value

C Power supply capacitance 320μF

L1 Loop inductance 12μH

R1 Loop resistance 0.025Ω

Rd Flywheel resistance 0.25Ω

U0 Discharge voltage 7kV
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44.. SSiimmuullaattiioonn rreessuullttss aanndd aannaallyyssiiss

Based on the above external circuit and workpiece
parameters, the simulation model is built. The
magnitude and distribution of electromagnetic force
on the tube is closely related to the structural
parameters of the double magnetic field converters.
In this paper, the tube bulging is qualitatively and
quantitatively analyzed from two aspects: radial
electromagnetic force density and radial
displacement of the tube. The main material
parameters of each component of the tube bulging
system in the simulation model are shown in Table 2.
The geometric structure of electromagnetic bulging
model of single-coil tube is shown in Fig 8a, and that
of double-magnetic field converters tube is shown in
Fig 8b. Under the condition of keeping the position,
structure and material properties of tube and coils
unchanged, the effects of the distance Ha of
magnetic field converter and the height Hb of the
outer wall of magnetic field transformer on the
forming uniformity of tube are studied respectively.
The distance between the magnetic field converters
and the coil is 2.0 mm, and the distance between the
magnetic field converters and the tube is 2.0 mm..
The thickness of 2024- aluminum alloy tube is 2.0
mm.

TTaabbllee22 Material parameters in simulation model

(a) No magnetic field converter

(b) Two magnetic field converter
FFiigg..88 Numerical simulation structure parameter

diagram

Package Parameter Symbol
Numerical

value

Tube

Density/(kg·m-3) w 2730

Electrical
conductivity/(S·m) w 1.87e7

Poisson's ratio w 0.3

Young's

modulus/GPa
Ew 73

Magnetic

field

converter

Electrical
conductivity/(S·m) f 5.998e7

Density/(kg·m-3) f 8700

Drive coil

Density/（kg·m-3） c 8700

Electrical

conductivity/(S·m)
c 5.998e7
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FFiigg..99 Parameter definition diagram

44..11 IInnfflluueennccee ooff ggeeoommeettrriicc ppaarraammeetteerr ooff mmaaggnneettiicc ffiieelldd
ccoonnvveerrtteerr oonn ttuubbee ffoorr eeffffeecctt
In order to evaluate the uniformity of electromagnetic

bulging of tube and realize quantitative analysis of
uniformity, this paper defines the uniformity criterion of
electromagnetic forming of tube with two magnetic field
converters. Lmax is the maximum axial displacement
distance of the tube fitting, 95%Lmax is the maximum
displacement distance of 95%, points A and B are on the
tube, and the axial length between points A and B is the
tube uniformity Dr. As shown in fig. 9.

44..11..11 mmaaggnneettiicc ffiieelldd ccoonnvveerrtteerrss ssppaacciinnggss::HHaa
The influence of different magnetic field converters

spacings on the tube bulging uniformity was analyzed.
The geometric dimensions of the two magnetic field
transformers were kept unchanged, and nine groups of
different magnetic field converter spacings were
selected, ranging from 35.8 mm to 42.2 mm, with a step
size of 0.8 mm. The simulation results show that with
the increase of Ha the energy coupled to the end
magnetic collector decreases gradually, so the peak
value of the radial electromagnetic force density of the
tube in Fig 10a decreases from 3.72×109N·m-3 to 2.98×
109 N m-3. After the introduction of the double magnetic
field converter, the peak value of the electromagnetic
force of the tube is at the two ends of the tube, and the

positions where the two radial electromagnetic force
density peaks appear are farther away from the axial
center of the tube, from 44.5 mm and 105.5 mm to 38
mm and 112 mm,respectively.The radial
electromagnetic force in the middle of the tube is
basically unchanged, and the radial electromagnetic
force on the tube is distributed in a concave shape along
the axial direction as a whole. As shown in Fig 10b, the
influence of Ha on the forming effect of tube. With the
increase of Ha, the peak value of radial electromagnetic
force density of tube gradually moves away from the
center of tube, and the bulging profile of tube transits
from concave to convex. The forming uniformity is the
best when the bulging profile of tube transits from
concave to convex, which is 38.2 mm in this calculation
example.

(a) Radial electromagnetic force density

(b) Displacement in radial direction
FFiigg..1100 Influence of magnetic field converter spacing

on the electromagnetic tube bulging
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(a)Radial electromagnetic force density

(b) Displacement in radial direction
FFiigg..1111 Influence of height of outer wall of magnetic

field transformer on the electromagnetic tube bulging

44..11..22 OOuutteerr wwaallll hheeiigghhttss ooff mmaaggnneettiicc ffiieelldd ccoonnvveerrtteerrss::HHbb
When analyzing the influence characteristics of

different outer wall heights of magnetic field converters
on tube bulging uniformity, the distance between
magnetic field converters is kept constant, always 38.2
mm;Take different heights Hb of the outer wall of the
magnetic field converters, ranging from 2 mm to 6 mm,
with a step size of 0.5 mm, and the influence of Hb on
the radial electromagnetic force density is shown in Fig
11a. With the increase of Hb, the electromagnetic force
density on the tube end gradually decreased from
3.75×109N·m-3 to 2.95×109 N·m-3. Because the induced
current density of the inner wall of the magnetic field
transformer remains unchanged, but the induced
current density of the outer wall decreases due to the
increase of the area of the outer wall, the
electromagnetic force density on the end of the tube
decreases and the length of the peak axial span
increases slightly, and the radial electromagnetic force
density in the middle of the tube will not change
basically because of the increase of Hb, and the radial
electromagnetic force density of the tube is still concave
as a whole. The influence of Hb on the forming effect of

tube is shown in Fig 11b. With the increase of Hb, the
maximum bulging position of the tube gradually
transits from both ends to the middle, and the forming
profile of the tube gradually transits from "concave" to
"convex". When Hb is 4 mm, the overall forming profile
of the tube is the smoothest.
44..22 CCoommppaarraattiivvee aannaallyyssiiss ooff ffoorrmmiinngg eeffffeecctt ooff
eelleeccttrroommaaggnneettiicc ffoorrmmiinngg mmeetthhoodd ffoorr ttuubbee
In order to reflect the improvement effect of double

magnetic field converters on the tube bulging
uniformity, this paper uses the traditional single coil
tube bulging method and double magnetic field
converters tube bulging method to process the same
tube respectively, analyzes and compares the
distribution of electromagnetic force density under the
two methods, and compares the tube forming uniformity.
The maximum bulging amount of tube under the two
forming methods is 11.5 mm, the voltage of
electromagnetic bulging of tube without magnetic field
converter is 6.45 kV, and the voltage of electromagnetic
bulging of tube with double magnetic field converters is
7 kV.

(a) Tube bulging of traditional single coil

(b) Tube bulging of double magnetic field converter
FFiigg..1122 Dynamic distribution law of electromagnetic

force under two bulging modes
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Fig. 12 shows the electromagnetic force density
distribution on the surface of the tube at different time
points under two bulging methods. It can be seen that in
the tube bulging without magnetic field converters, the
electromagnetic force is mainly concentrated in the
middle of the tube, and the tube bulging begins at 100
µs and basically ends at 500 µs, and the electromagnetic
force and deformation are mainly concentrated in the
middle. In the tube bulging of double magnetic field
converters, before 200 µs, the electromagnetic force is
mainly concentrated at the end of the tube, and the end
of the tube is deformed first at 100 s. After 200 µs, the
electromagnetic force in the middle of the tube began to
increase, and the middle of the tube began to deform
under the electromagnetic force and the "pull" of the end.
After 300 µs, the middle part of the tube expands
further under the action of electromagnetic force, and
the bulging of the 500 µs tube basically ends.
The radial electromagnetic force density distribution

of tube under two loading modes is shown in Fig 13a.
The radial electromagnetic force density in the axial
middle part of the tube is the largest in the
electromagnetic bulging of the tube without magnetic
field converter based on single coil. However, when
adopting the tube bulging structure of double magnetic
field converter, the electromagnetic force density at the
end of the tube is enhanced, and the electromagnetic
force density is no longer concentrated in the middle of
the tube, and the radial electromagnetic force density is
generally concave. The radial displacement of tube is
shown in Fig 13b. In this paper, the bulging area of tube
with bulging amount greater than 3 mm is defined as
the effective bulging range Lz. Due to the introduction of
two end magnetic field converters, the electromagnetic
force at the end of the tube is enhanced, so the
expansion range of the tube is larger than that of the
tube without magnetic field transformer, and the Lz is
72 mm and 39 mm respectively under the two expansion
methods. In the electromagnetic bulging system of tube
without magnetic field converter, the radial
displacement of tube is concentrated in the axial center
of tube, and the bulging amount in the middle of tube is
obviously larger than that in other areas. However, in
the electromagnetic bulging system of tube based on
double magnetic field converters, the radial
electromagnetic force density with concave distribution
increases the bulging amount at the end of tube, which
drives the axial middle bulging through the end, so the
bulging is more flat and uniform.
Fig. 14 is a three-dimensional outline diagram of tube

bulging, in order to compare the bulging uniformity of
tube under two bulging methods. The Dr of traditional
tube bulging with single coil is 11 mm, and that of tube
bulging with three magnetic collectors is 41.5 mm. By
comparison, the uniformity of tube bulging with double
magnetic field converters is improved by 2.77 times.

(a) Radial electromagnetic force density

(b) Radial displacement
FFiigg..1133 Radial electromagnetic force density and radial

displacement under two bulging modes

FFiigg..1144 Three-dimensional forming effect diagram
of tube with two forming methods
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55.. CCoonncclluussiioonn

Aiming at the technical defects existing in the
traditional electromagnetic forming technology of tube,
this paper puts forward an electromagnetic forming
technology of tube based on double magnetic field
converters to solve the problems of difficult regulation of
electromagnetic force and poor bulging uniformity of
tube. The research proves that the flexible regulation of
electromagnetic force in the forming system can be
realized by changing the spacing and geometric
structure of the magnetic field converters, and the
simulation results prove that the deformation behavior
of the tube is more conducive to the uniform
deformation of the tube after introducing the double
magnetic field converters. In the simulation model
example of this paper, the electromagnetic forming
uniformity of the tube is the best when the spacing of
the magnetic field converters is 38.2 mm and the outer
wall of the magnetic field transformers is 4 mm, and the
uniform forming range Dr is 41.5mm, which is 2.77
times higher than that of the traditional
electromagnetic forming of the tube.
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