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<LETTER>

Basic Study of Electric Field Induced Magnetization Reversal of  
Multiferroic (Bi1-xBax)FeO3 Thin Films at Room Temperature  

for Magnetic Recording Technology 
 

S. Yoshimura1,2, Y. Sugawara1, G. Egawa1, and H. Saito1 
1Research Center for Engineering Science, Graduate School of Engineering & Resource Science, Akita University, 

1-1 TegataGakuen-machi Akita, Akita 010-8502, Japan 
2PRESTO, Japan Science and Technology Agency (JST), Honcho Kawaguchi, Saitama 332-0012, Japan 

  
(Bi1-xBax)FeO3 multiferroic thin films with ferromagnetism and ferroelectricity were fabricated and applied to 

create magnetic recordings using an electric field. The (001)-oriented (Bi1-xBax)FeO3 thin films of which electric 
polarization direction is perpendicular to the film plane were fabricated onto a non-single-crystalline substrate with 
a Ta seedlayer / (111)-oriented Pt underlayer at a low substrate temperature of 500 ℃. A very high frequency 
plasma irradiation was applied during sputtering deposition of (Bi1-xBax)FeO3 to accelerate the crystallization at the 
low substrate temperature. The fabricated (Bi0.6Ba0.4)FeO3 film exhibited hysteresis curves indicating ferromagnetic 
and ferroelectric behavior. The saturation magnetization of the film was approximately 60 emu/cm3 and the 
coercivity was approximately 2.5 kOe, respectively. Magnetic Force Microscopy analysis of the (Bi0.6Ba0.4)FeO3 film 
confirmed that the magnetization was reversed by applying only a local electric field. The multiferroic film described 
here is expected to be useful for electric field-driven magnetic devices. 
 
Key words: Multiferroic thin film, control of magnetization direction, application of local electric field 

 

1. Introduction 

Magnetic recording using an electric field is a 
promising technology for future recording devices due to 
its lower power consumption and ease of recording. For 
example, magnetic field writing in hard disk drives 
(HDDs) will gradually become more difficult due to 
increased magnetic field required as the switching field 
of the bits in order to prevent thermal agitation of the 
recording media. Recently, energy-assisted magnetic 
recording technologies for next-generation HDDs, such 
as thermally-assisted magnetic recording1) and 
microwave-assisted magnetic recording2), have been 
widely studied in order to decrease the switching field. 
However, energy-assisted magnetic recording devices 
consume a large amount of power and the structure of 
the magnetic field writing head is complex due to the 
additional elements (a plasmon antenna for 
thermally-assisted magnetic recording or a spin-torque 
oscillator for microwave-assisted magnetic recording). 
On the other hand, electric field writing can be used for 
HDDs with multiferroic recording media. The power 
requirement for switching the magnetization direction 
by this process is very low, the structure of the writing 
head is simple (involving a needle-shaped conductive 
element), and a very high electric field can be easily 
applied to the multiferroic layer because it is thin. 

Therefore, the control of magnetization using 
electric fields is now being widely studied and several 
techniques have been reported. (1) The magnetoelectric 
effect has been used on piezoelectric and 
magnetostrictive laminate composites3) or multilayer 
structures4). (2) An electric field can be used to control 
the magnetic anisotropy of a thin metallic magnetic 

layer in magnetic tunnel junctions with three layers: a 
thin metallic magnetic layer, a thin insulating layer, 
and a metallic magnetic layer5),6). (3) -Cr2O3 has both 
dielectric and antiferromagnetic properties so a notable 
exchange interaction occurs between layers of -Cr2O3 
and a ferromagnetic material at room temperature7) and 
magnetization switching occurs in the ferromagnetic 
layer when an electric field is applied due to 
antiferromagnetic coupling8). (4) BiFeO3 is a 
multiferroic material with a high ferroelectric Curie 
temperature of 1120 K and a high antiferromagnetic 
Neel temperature of 640 K. Thus, magnetization 
switching occurs in ferromagnetic layers fabricated on 
BiFeO3 layers when an electric field is applied at room 
temperature due to antiferromagnetic coupling9),10),11). 
(5) (Dy,Tb)FeO3 is a multiferroic material that exhibits 
ferromagnetism and ferroelectricity and undergoes 
magnetization switching when an electric field is 
applied12). 

However, there are problems associated with the 
application of these systems to magnetic devices. In 
system (1), rapid operation of magnetization is difficult 
to achieve due to the use of a mechanical strain on the 
piezoelectric and magnetostrictive materials. Thus, the 
application of this system to magnetic devices that 
require a high-speed operation and high durability will 
be difficult. In system (2), unique and accurate electric 
field frequencies and DC magnetic field of several 
hundred oersteds have to be applied to reverse the 
magnetization of the thin metallic magnetic layer. 
Moreover, effective reversal of the magnetization can 
only be achieved with very thin metallic magnetic layers 
due to the interface effect between the metallic 
magnetic layer and the insulating layer. As a result, the 
application of this system to magnetic devices that 
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require large magnetization switching and a low error 
rate without a magnetic field will be difficult. In system 
(3), the antiferromagnetic Neel temperature of -Cr2O3 
is not high (307 K) and not only an electric field but also 
a magnetic field are needed for magnetization switching. 
Further, the magnetization reversal can only be 
achieved with a very thin metallic ferromagnetic layer 
due to interface effect between the -Cr2O3 and 
ferromagnetic layer. Therefore, the application of this 
system to magnetic devices that must withstand high 
temperatures and require large magnetization 
switching without a magnetic field will be difficult. In 
system (4), the exchange interaction between the 
BiFeO3 and ferromagnetic layer is small so the 
application of this system to magnetic devices that 
encounter large external fields and thus require large 
magnetization switching will be difficult. In system (5), 
the magnetic Curie temperature of almost multiferroic 
materials are very low, making the application of this 
system to practical magnetic devices difficult. 

Therefore, a new system that can undergo magnetic 
switching in a single phase with ferromagnetism and 
ferroelectricity and with a high Curie temperature is 
needed for the magnetic recording via electric field 
writing. Several suitable multiferroic materials with 
ferromagnetism and ferroelectricity at room 
temperature, such as (Bi1-xBax)FeO313) and 
Bi(Fe1-xCox)O314),15), have been reported. In this study, 
we propose a novel magnetic recording technology based 
on electric field writing with a (Bi1-xBax)FeO3 thin film 
that can be used to develop new magnetic recording 
devices with low power consumption In HDDs with 
multiferroic recording media, the proposed system offers 
low power consumption for writing, a simple structure 
for the writing head, and a very high electric field for 
writing. The standard fabrication method for 
multiferroic films is pulsed-laser deposition onto 
single-crystalline substrates at a high temperature of 
more than 600℃ 16,17). However, this method is not 
suitable for device manufacturing. In this study, we 
fabricated (001)-oriented (Bi1-xBax)FeO3 thin films onto 
non-single-crystalline substrates at a relatively low 
substrate temperature of less than 500℃ by magnetron 
sputtering. The obtained thin film had electric 
polarization direction perpendicular to the film plane 
and was suitable for device applications. Moreover, we 
demonstrated the control of the magnetization direction 
on the micrometer scale by applying a local electric field 
on a scanning probe microscope (SPM) with a Co-Zr-Nb 
coated conductive tip. 

2. Experimental Procedure  

Three layers were deposited onto a thermally 
oxidized Si wafer using a ultra-high-vacuum (UHV) 
sputtering system: 5 nm Ta, 100 nm Pt, and 100 nm 
(Bi1-xBax)FeO3, in which the Ba concentration, x, was 
varied to 0, 0.1, 0.2, and 0.4. The layers were deposited 

at room temperature, 300 ℃ , and 400 – 500 ℃ , 
respectively. The film thicknesses and the deposition 
temperatures for the Ta seedlayer and Pt underlayer 
were optimized to obtain strong (111) orientation in the 
Pt underlayer18). Very-high-frequency (VHF) (40.68 
MHz) plasma irradiation with an electric power of 5 W 
was applied during the radio-frequency (RF) (13.56 
MHz) sputter deposition of the (Bi1-xBax)FeO3 film; VHF 
plasma irradiation with a low power density has 
previously been reported to accelerate the 
crystallization of the film19). The crystallographic 
orientations and the crystalline structures of the 
fabricated (Bi1-xBax)FeO3 films were analyzed by X-ray 
diffraction (XRD). The surface morphology of the 
BiFeO3 films was examined by SPM with a Si tip. The 
magnetization curves of (Bi1-xBax)FeO3 films and the 
Curie temperature Tc of the (Bi0.6Ba0.4)FeO3 film were 
measured using a vibrating sample magnetometer 
(VSM) with application of a magnetic field 
perpendicular to the film surface. The ferroelectric 
hysteresis loops of the (Bi1-xBax)FeO3 films were 
measured using a ferroelectric tester. The local electric 
field was applied to the (Bi0.6Ba0.4)FeO3 film using an 
SPM with a conductive, magnetic Co-Zr-Nb tip. The 
electric and magnetic domain structures of the 
(Bi0.6Ba0.4)FeO3 film were analyzed by electric force 
microscopy (EFM) and magnetic force microscopy 
(MFM), respectively, with a conductive, magnetic 
Co-Zr-Nb tip. 

3. Results and Discussions 

Fig. 1 shows the XRD profiles of Bi-Fe-O films 
fabricated with various sputtering conditions on a 
thermally oxidized Si substrate with a Ta/Pt layer (the 
XRD profile of Ta/Pt layer is also illustrated). The Pt 
underlayer was found to have a strong (111) orientation 
and the full width at half maximum of the rocking curve 
for the Pt(111) diffraction was 2.0 degrees. The Bi-Fe-O 
film fabricated on the (111)-oriented Pt underlayer at a 
substrate temperature of 400℃ was found to have a 
(001) orientation. Moreover, the Bi-Fe-O film fabricated 

Fig. 1 XRD profiles of Ta seedlayer /Pt underlayer 
and Bi-Fe-O films on Ta/Pt layer fabricated with 
various sputtering conditions. 

(0
01

)

250 nm



13Journal of the Magnetics Society of Japan Vol.42, No.2, 2018

INDEXINDEX

on a (111)-oriented Pt underlayer at a substrate 
temperature of 400℃ with a VHF plasma irradiation 
power of 5 W was found to exhibit a strong (001) 
diffraction peak. The atomic force microscopy (AFM) 
images of the Bi-Fe-O films are also shown in this figure. 
The grain size of the Bi-Fe-O film fabricated in the 
presence of VHF plasma irradiation was found to be 
larger than that of the Bi-Fe-O film fabricated in the 
absence of VHF plasma irradiation. These results 
indicate that the use of a highly-oriented (111) Pt 
underlayer and VHF plasma irradiation are the key to 
obtaining strong (001) orientation and crystal grain 
growth in BiFeO3 thin films at a relatively low 
substrate temperature.  

Fig. 2 depicts the dependence of the saturation 
magnetization Ms and electric polarization at 750 kV/cm 
P750kV/cm on the Ba concentration in the (001)-oriented 
(Bi1-xBax)FeO3 film fabricated on an amorphous Ta 
seedlayer on a highly (111)-oriented Pt underlayer in 
the presence of VHF plasma irradiation. The maximum 
electric field used to measure the electric polarization 
was 750 kV/cm due to the insulating destruction. The 
magnetization hysteresis curve (major loop) and the 
ferroelectric hysteresis curve (minor loop) of the 
(Bi0.6Ba0.4)FeO3 (x=0.4) film are also illustrated in this 
figure. As the Ba concentration is increased, Ms 
increased. Based on the clear hysteresis in the 
magnetization curve and ferroelectric loops of 
(Bi0.6Ba0.4)FeO3 film, the Ms was found to be about 60 
emu/cm3; this is approximately the same as that of 
(Bi1-xBax)FeO3 films fabricated by pulsed-laser 
deposition on single-crystalline substrates at a 
temperature above 600℃ . The coercivity Hc of the 
(Bi0.6Ba0.4)FeO3 film was about 2.5 kOe and the 
squareness ratio Mr/Ms was 0.6. Based on the minor 
loop of the magnetic hysteresis loop (not shown), the 
magnetization reversal is thought to be dominated by a 
nucleation process. The relationship between the 
magnetic and electric properties will be discussed in a 

future study because only the minor loop of the electric 
property was measured here. 

Fig. 3 shows the temperature dependence of Ms and 
the magnetization curve obtained at a temperature of 
250℃ for the (Bi0.6Ba0.4)FeO3 film. A clear hysteresis 
was observed and Tc was estimated to be approximately 
400 ℃ , which is useful for application to practical 
magnetic devices. 

Figs. 4 (a), (b), and (c) show topographic, EFM, and 
MFM images, respectively, of the (Bi0.6Ba0.4)FeO3 film 
prior to the application of a DC voltage to the film. The 
MFM images were captured with a Co-Zr-Nb magnetic 
tip that was magnetized to saturation at the end of the 
tip such that the magnetization direction would be 
perpendicular to the sample surface and the direction of 
the detected magnetic field from the sample would also 
be vertical to the sample surface. For the EFM imaging, 
the Pt underlayer was grounded and a DC voltage of 
-1.0 V (-100 kV/cm) was applied to the Co-Zr-Nb 
conductive tip. Because this DC electric field was 
smaller than the coercive electric field of the 
(Bi0.6Ba0.4)FeO3 film, as depicted in Fig. 2, polarization 
reversal did not occur during this imaging. The MFM 
image shows the demagnetized domain structure, and 
the EFM image shows similar domain structure. 

While writing on the (Bi0.6Ba0.4)FeO3 film using a 
local electric field, the surrounding area (3 m square 
region) was scanned by the Co-Zr-Nb conductive tip on 
which a DC voltage of +6.5 V was applied and the center 
area (1 m square region) was scanned by the Co-Zr-Nb 
conductive tip on which a DC voltage of -6.5 V was 
applied. The DC voltage of ±6.5 V (±650 kV/cm) for the 
local electric field used for writing was larger than the 
coercive electric field of the (Bi0.6Ba0.4)FeO3 film so it 
was sufficient to reverse the electric polarization 
direction of the film. Figs. 4 (d), (e), and (f) show 
topographic, EFM, and MFM images of the 
(Bi0.6Ba0.4)FeO3 film after a DC voltage of ±6.5 V was 
applied. In the EFM image obtained with a with the tip 
voltage of -1.0 V, an attractive force between tip and 
sample was observed in the center of the ferroelectric 

Fig. 2 Dependence of saturation magnetization and 
electric polarization at 750 kV/cm on Ba 
concentration for (Bi1-xBax)FeO3 films. 
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domain structure, which indicates a positive electric 
charge in this area. Conversely, in the surrounding area, 
a repulsive force between tip and sample was seen in 
the ferroelectric domain structure, indicating a negative 
electric charge. In an EFM image obtained with a tip 
voltage of +1.0 V (not shown here), the attractive force 
and repulsive force in the center area and the 
surrounding area were reversed. These images show 
that clear micrometer-scale ferroelectric domains were 
formed upon application of the local electric field. In the 
MFM image obtained with the tip magnetized at the 
end, a repulsive force between the tip and the sample 
was observed in the center of the ferromagnetic domain 
structure, indicating that the magnetization direction in 
this area was upward from the film surface. However, in 
the surrounding area, an attractive force between the 
tip and the sample was observed in the ferromagnetic 
domain structure, indicating that the magnetization 
direction was downward toward film surface. In an 
MFM image obtained with a tip voltage of 0 V, the 
relationship between the attraction and repulsion in the 
center area and the surrounding area did not change 
regardless of both before and after EFM measurements 
with tip voltages of -1.0 V and +1.0 V. Therefore, it can 
be concluded that micrometer-scale magnetization 
reversal was achieved by applying a local electric field 
and that the directions of P and M are parallel. Thus, 
the proposed multiferroic films are expected to be useful 
in novel magnetic recording devices driven by electric 
field writing. 

4. Conclusion 

In this study, we fabricated (Bi1-xBax)FeO3 
multiferroic thin films and demonstrated local 
magnetization reversal by the application of an electric 
field. The Ta seedlayer on the (111)-oriented Pt 
underlayer enabled successful fabrication of 
(001)-oriented (Bi1-xBax)FeO3 thin films with electric 
polarization perpendicular to the film plane on a 
non-single-crystalline substrate. Further, sputtering 
deposition with VHF plasma irradiation was found to 

facilitate the crystallization of the (Bi1-xBax)FeO3 thin 
films at a relatively low substrate temperature 
(compared to the standard method) of 500 ℃ . The 
(Bi0.6Ba0.4)FeO3 film, in which the Ba concentration was 
optimized, was found to have a high saturation 
magnetization of about 60 emu/cm3, a high coercivity of 
about 2.5 kOe, and a high Curie temperature of about 
400℃. MFM images revealed that the magnetization 
direction in the (Bi0.6Ba0.4)FeO3 film could be controlled 
on a micrometer scale by simply applying an electric 
field. Based on these results, the proposed multiferroic 
film is expected to be useful for applications in electric 
field-driven magnetic devices. 
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Fig. 4 (a) topographic, (b) EFM, and (c) MFM images 
of (Bi0.6Ba0.4)FeO3 film before applying DC voltage, 
and (d) topographic, (e) EFM, and (f) MFM images of 
that film after applying DC voltage. 
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Relationship between bulk coercivity and coercivity of surface layer in 
Nd-Fe-B-based sintered magnet 
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The bulk coercivity and coercivity of the polished surface layer of a Nd-Fe-B-based sintered magnet were 

measured systematically in order to discuss the effectiveness of observing the magnetic domain on the surface of the 
magnet. It was revealed that the bulk coercivity and coercivity of the polished surface layer were in a proportional 
relationship even though the coercivity of the surface layer was much smaller than the bulk coercivity. This suggests 
that the magnetization reversal that occurred in the surface layer has a mechanism similar to that inside of the 
magnet. The relationship between the bulk coercivity and coercivity of the surface layer was not proportional when 
the degree of alignment decreased, which can be explained by the increase in the local demagnetizing field on the 
surface of the magnet. 
 
Key words: Nd-Fe-B magnet, coercivity, surface layer, degree of alignment, demagnetizing field 

  
 

1. Introduction 
  

The coercivity of a Nd-Fe-B-based magnet is an 
important property, especially for high temperature use, 
and partially substituting Nd with heavy rare earth 
elements such as Dy and Tb is an effective way to 
improve the coercivity. However, decrease in the usage 
of Dy and Tb has been required recently because of 
their limited production. The coercivity of a Nd-Fe-B 
-based magnet is greatly changed not only by the 
addition of Dy and Tb but also by the microstructure. To 
understand directly the relationship between the 
microstructure and magnetic domain structure in the 
magnet, several methods for evaluating the magnetic 
domain structure on the surface of the magnet are 
studied, such as the magneto-optical Kerr microscope1, 2), 
magnetic force microscope (MFM)3, 4) and spin-polarized 
scanning electron microscope (spin-SEM)5, 6). However, 
on a polished surface of a Nd-Fe-B-based magnet, 
magnetization reversal progresses with a clearly 
smaller magnetic field than the bulk coercivity. For this 
reason, a method for suppressing the reduction in 
surface coercivity was studied recently by using 
fractured surface7). If we could identify the similarities 
and differences in the magnetic reversal process 
between the surface and inside of a magnet, it would be 
very useful for discussing the coercivity. In this study, 
to clarify the correlation between the surface and inside 
of the Nd-Fe-B-based sintered magnet, the bulk 
coercivity and coercivity of the polished surface layer 
were measured, and the influence of the Dy content, 
annealing condition, and degree of alignment on these 
coercivities was investigated. 
 

 
2. Experimental method 

  
Highly aligned (HA) and moderately aligned (MA) 

sintered magnets that had compositions of 

(30.2-x)Nd-xDy-67.6Fe-1.0B-0.9Co-0.1Al-0.1Cu-0.1Ga 
(mass%) (x = 0, 1.0, 2.0, 5.0) were prepared by using an 
ordinary process except for pressing, which applied a 
different magnitude of magnetic field. Degree of 
alignment  was defined as the following formula8, 9), 
 = Br / Js                                      (1) 

where Br and Js are the remanence and saturation 
magnetization of each sample. For example, the degree 
of alignment of HA and MA magnets for x = 0 was  = 
0.97 and 0.90, respectively. The annealing temperature 
after sintering was changed from 460 to 540°C. Each 
sample was set to 7 × 7 × 7 mm under the same 
grinding condition by using a surface grinder and the 
demagnetization curve was measured by using a BH 
tracer. The coercivity of the surface layer was obtained 
from the differential value of the step appearing in the 
second quadrant of the demagnetization curve, as 
shown in Fig. 1. It is supposed that this step in the 
demagnetization curve is derived from a-b planes: 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 1 Illustration of bulk coercivity and coercivity of 
surface layer. 
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surface planes located parallel to the orientation 
direction, which demagnetized independently of the 
interior of the magnet10). When the coercivity was 1600 
kA/m or higher, the bulk coercivity was measured by 
using a pulsed BH tracer. To understand the influence 
of the demagnetizing field on the magnet surface, a 
three-dimensional finite element method (3D-FEM) was 
used to simulate the distribution of the permeance 
coefficient. 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 

 
 

 
3. Result and discussion 

  
    Figure 2 shows the bulk coercivity and coercivity 
of the surface layer of the HA magnets when changing 
the Dy content and annealing temperature. The bulk 
coercivity increased as the Dy content increased and 
reached the maximum value when the annealing 
temperature was 500°C or 520°C in each composition. It 
was found that the coercivity of the surface layer also 
varied depending on these conditions with the same 
tendency as the bulk coercivity, even though the  

Fig. 2 Bulk coercivity and coercivity of surface layer 
of highly aligned (HA) magnets when changing 
annealing temperature. Solid lines are bulk 
coercivity and dashed lines are coercivity of surface 
layer. 

Fig. 3 Relationships between bulk coercivity and 
coercivity of surface layer of highly aligned (HA) 
and moderately aligned (MA) magnets. 

Fig. 4 (a) Model of Nd-Fe-B sintered magnet for calculation with 3D-FEM and (b) distribution of permeance 
coefficient Pc when YX and YZ were changed from 0 to 45°. 
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coercivity of the surface layer was much smaller than 
the bulk coercivity. Figure 3 shows the relationship 
between the bulk coercivity and the coercivity of the 
surface layer when the degree of alignment, the Dy 
content, and the annealing temperature were changed. 
The coercivity of the surface layer changed in 
proportion to the change in the bulk coercivity 
depending on the Dy content and the annealing 
temperature under the same degree of alignment. This 
suggests that the coercivity of the surface layer also 
depends on the magnetocrystalline anisotropy of the 
(Nd,Dy)2Fe14B main phase and the microstructure, 
especially around the grain boundary. This result 
means that the magnetization reversal occurring in the 
polished surface layer has a similar mechanism to the 
inside of the magnet. Comparing each HA magnet and 
MA magnet under the same composition and annealing 
condition, the coercivity of the surface layer had about 
the same value, even though the bulk coercivity in the 
MA magnet was larger than that in the HA magnet. 
When the degree of alignment decreases, it is expected 
that the number of grains that incline its easy axis of 
magnetization in the out-of-plane direction increases on 
the magnet surface. This may lead to an increase in the 
local demagnetizing field and induce magnetization 
reversal in the magnet surface. 

To clarify the change in the demagnetizing field 
due to the inclination of the easy axis of magnetization 
on the magnet surface, we assumed the simple model 
shown in Fig. 4(a) and calculated the demagnetizing 
field by 3D-FEM. First, a 3 × 3 × 3 mm of cubic Nd-Fe-B 
magnet that was fully magnetized in the Y direction 
was created. The mesh size had a 0.1 mm pitch, and the 
total number of units was 27000. Each unit was affected 
by the static magnetic field from the surrounding units, 
but there was no exchange interaction among units. 

Next, we focused on a 1 × 1 × 1 mm of cubic Nd-Fe-B 
particle that existed in one plane that was parallel to 
the easy magnetization direction in the 3 × 3 × 3 mm of 
cubic Nd-Fe-B magnet. The direction of the 
magnetization of this particle changed independently in 
the in-plane direction (Y to X) and out-of-plane direction 
(Y to Z) at angles of YX and YZ, respectively. Figure 
4(b) shows distributions of permeance coefficient Pc 
when YX and YZ were changed from 0 to 45°. When YX 
= YZ = 0, the distribution of Pc in a surface area of 1 
mm square, indicated by a square line in Fig. 4(b), was 
relatively even. When YZ was increased, the 
distribution of Pc in the area changed greatly compared 
with the case in which YX was increased. Figure 5 
shows the change in average Pc in the area with respect 
to YX and YZ. The average Pc decreased as YZ 
increased, whereas it hardly changed when YX varied. 
From the relation of N = 1 / (1 + Pc), where N is a 
demagnetizing factor, it is suggested that the local 
demagnetizing field becomes large when the easy axis 
of magnetization is tilted in the out-of-plane direction 
on the magnet surface. Therefore, the increase in the 
local demagnetizing field promotes magnetization 
reversal and may decrease the coercivity on the magnet 
surface, which is the reason for the non-proportional 
relationship between the bulk coercivity and the surface 
layer coercivity when comparing HA and MA magnets. 
 

 
4. Conclusion 

 
To clarify the correlation between the surface and 

the inside of a Nd-Fe-B-based sintered magnet, the bulk 
coercivity and coercivity of the polished surface layer 
were measured systematically. It was revealed that the 
bulk coercivity and coercivity of the surface layer were 
in a proportional relationship, which suggests that the 
magnetization reversal occurring in the surface layer 
has a mechanism similar to the inside of the magnet. 
The relationship between the bulk coercivity and 
coercivity of the surface layer was not proportional 
when the degree of alignment decreased, which can be 
explained as the increase in the local demagnetizing 
field due to the low degree of alignment promoting the 
magnetization reversal and decreasing the coercivity on 
the magnet surface. 
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To clarify the difference between the degree of alignment dependence of coercivity and the angular dependence 

of coercivity, the crystal orientation distribution and demagnetization curve of Nd-Fe-B-based sintered magnets 
with different degrees of alignment were compared. It is suggested that the increase in coercivity due to a low 
degree of alignment cannot be explained only by the angular dependence of coercivity. A crystal orientation analysis 
and in-situ observation of magnetic domains that were performed in the same area clarified that the ratio of the 
grain boundary where the magnetization reversal stopped became larger when the misorientation angle between 
adjacent grains became larger. This suggests that a grain boundary having a larger misorientation angle is one of 
the factors that suppresses magnetization reversal.  
 
Key words: Nd-Fe-B magnet, coercivity, degree of alignment, Kerr microscope, magnetic domain 

  
 

1. Introduction 
  

Nd-Fe-B-based magnets used in motors for electric 
vehicles (EV) and hybrid electric vehicles (HEV) are 
required to have a high coercivity for maintaining 
thermal stability. Generally, heavy rare earth elements 
such as Dy and Tb are added to increase the 
magnetocrystalline anisotropy of the Nd2Fe14B 
compound to obtain a high coercivity. However, these 
elements are recognized as materials with a high 
supply risk, and there is a strong demand for Nd-Fe-B 
-based magnets to achieve a high coercivity with a lower 
amount of heavy rare earth elements. 

The coercivity of the Nd-Fe-B-based magnet is 
greatly changed not only by the addition of heavy rare 
earth elements but also by the microstructure. It was 
pointed out that Nd-rich phases existing at the grain 
boundary play an important role in coercivity1)-3), and it 
was observed that a Nd-rich phase inhibited 
propagating magnetic domains4,5). The coercivity of the 
Nd-Fe-B-based sintered magnet also strongly depends 
on the degree of alignment of the Nd2Fe14B phase, and 
it is experientially known that the coercivity increases 
as the degree of alignment decreases6,7). It was also 
reported that the coercivity increases when the angle 
between the easy magnetization direction of the 
Nd-Fe-B sintered magnet and the direction of the 
applied magnetic field becomes large, which is referred 
to as the angular dependence of coercivity8). This 
dependency is explained by the magnetic domain wall 
motion model, which shows that the coercivity increases 
at a rate of 1/cos. Attempts have been made to explain 
the dependence of the coercivity on the degree of 
alignment by combining the angular dependence and 
orientation distribution7), but it is not fully understood. 
When the degree of alignment decreases, it is easy to 

expect that the distribution of the orientation angle  
between the applied magnetic field H and the easy axis 
of magnetization of each Nd2Fe14B grain broadens as 
shown in Fig. 1. However the distribution of the 
misorientation angle  between the easy axis of 
magnetization of adjacent grains will change at the 
same time. There is a possibility that this change in the 
distribution of  may be related to magnetic domain 
wall motion and coercivity, but no example has been 
reported experimentally. 

To understand directly the relationship between 
the microstructure and magnetic domain structure in 
the Nd-Fe-B-based magnet, various methods for 
evaluating the magnetic domain structure on the 
surface of the magnet are studied, such as the 
magneto-optical Kerr microscope9),10), Lorentz 
transmission electron microscope (Lorentz-TEM)4),5), 
electronic holography11), magnetic force microscope  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 1 Schematic images of orientation angle θ 
between easy axis of magnetization of each grain 
and applied magnetic field H and misorientation 
angle between easy axis of adjacent grains. 
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(MFM)12),13), and spin-polarized scanning electron 
microscope (spin-SEM)14),15). Among them, the 
magneto-optical Kerr microscope can perform in-situ 
observation in a high magnetic field, so it is an effective 
method for directly observing the magnetization 
behavior of the Nd-Fe-B magnet16). Takezawa et al. 
reported the in-situ magnetic domain observation of a 
Nd-Fe-B-based sintered magnet in a magnetic field. 
Several grains were simultaneously reversed along the 
direction of the easy axis of magnetization, and when 
the applied magnetic field increased, the magnetization 
reversal propagated17),18). It is important to observe a 
wide area to understand the propagation of 
magnetization reversal across multiple grain groups, 
and the magneto-optical Kerr microscope is also 
suitable in this respect. 

In this study, first, to clarify the difference between 
the degree of alignment dependence of coercivity and 
the angular dependence of coercivity, we investigated 
the  distribution and  distribution of Nd-Fe-B-based 
sintered magnets with different degrees of alignment. 
The coercivity was measured by changing the angle 
between the magnetic field and sample. Subsequently, 
the magnetization process was analyzed by using recoil 
curves20). Next, to experimentally evaluate the 
relationship between the difference in the 
misorientation angle between adjacent grains and the 
magnetic domain structure in the Nd-Fe-B-based 
sintered magnet, a scanning electron microscope with 
an electron backscatter diffraction (SEM/EBSD) 
analysis and the in-situ magnetic domain observation 
in the magnetic field by using a magneto-optical Kerr 
microscope were conducted in the same observed area. 
 

  
2. Experimental method 

  
Highly aligned (HA) and moderately aligned (MA) 

sintered magnets that had a composition of 
30.2Nd-67.6Fe-1.0B-0.9Co-0.1Al-0.1Cu-0.1Ga (mass%) 
were prepared by using an ordinary process except for 
pressing, which applied a different magnitude of 
magnetic field. The remanence Br and the coercivity HcJ 
of the HA and MA magnets were Br = 1.44 T, HcJ = 1038 
kA/m, Br = 1.33 T, and HcJ = 1126 kA/m, respectively. 
The distribution of the degree of grain alignment was 
analyzed by observing the polished surface plane that 
was parallel to the easy magnetization direction of the 
magnet with SEM/EBSD. The sintered magnets were 
shaped into spheres for magnetic measurement. After 
magnetization with a pulse magnetic field of 5.6 MA/m, 
the demagnetization curves were measured in the range 
of 1.6 to −1.6 MA/m with a vibrating sample 
magnetometer (VSM). In the case of changing the angle 
of the applied magnetic field with respect to the easy 
magnetization direction of the sample, the 
electromagnet of the VSM was rotated at a 1° pitch with 
respect to the sample. Each demagnetization curve was 
corrected by setting the demagnetizing factor N of the 

sphere to N = 0.33. The recoil curve measurement was 
repeated by increasing the demagnetization field by 40 
kA/m in the second and third quadrants of the 
demagnetization curve and returning to 0 kA/m, as 
described in the previous paper20). 

The sintered magnets used for magnetic domain 
observations had two compositions (30.2-x)Nd-xDy 
-67.6Fe-1.0B-0.9Co-0.1Al-0.1Cu-0.1Ga (x = 0, 5.0) with 
different Dy content, and the MA magnets were used. 
The magnetic property of a Dy doped (x = 5.0) magnet 
was Br = 1.24 T and HcJ = 1958 kA/m. Each sample was 
cut into 3 × 3 × 3 mm, and the plane that was polished 
was parallel to the easy magnetization direction for an 
observation surface. First, SEM/EBSD analyses were 
performed at the center of the polished plane, and the 
magnetic domain was then observed with the 
magneto-optical Kerr microscope. An SiO film was 
deposited on the surface of each sample by vacuum 
evaporation for antireflection17). Each sample was 
magnetized in the orientation direction with a pulsed 
magnetic field of 4.0 MA/m and then set in the 
magneto-optical Kerr microscope. A DC magnetic field 
was applied to the samples in the range of 1.6 to −1.6 
MA/m. Magnetization reversal was detected from the 
change in contrast in an observation image, and the 
reversed area was extracted by image processing18). To 
obtain the effective magnetic field in the observation 
area, the demagnetizing field at the center of the plane 
that is parallel to the easy magnetization direction of 
the cubic Nd-Fe-B magnet was calculated by using a 
three-dimensional finite element method (3D-FEM). 
The effective magnetic field Heff was obtained from the 
relationship of Heff = Hex − Hd, where Hex and Hd are the 
external magnetic field and the demagnetizing field 
from a sample, respectively. For example, in the case of 
x = 0, Heff = −250 kA/m when Hex = 0 kA/m. 

 
 

3. Results and discussion 
  

3.1 Distribution of  and  
Figure 2 shows inverse pole figure maps of the MA 

and HA magnets with the horizontal direction as an 
orientation direction. Compared with the HA magnet, 
the MA magnet had a large dispersion of crystal 
orientation. The orientation angle  between the 
direction of the applied magnetic field H and the 
direction of the easy axis of magnetization in each grain 
was calculated from the direction cosine of the RD 
direction and <001> direction of each grain. The 
misorientation angle  between the easy axis of 
adjacent grains that was defined regardless of the 
relative position of adjacent grains was calculated from 
the direction cosine of <001> directions of adjacent 
grains. Figures 3(a)-(d) show the distribution of  and  
in each sample. Compared with the HA magnet, both of 
the distributions of  and  in the MA magnet were 
broad, and the frequencies on the higher angle were 
large. It was found that not only the orientation angles  
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but also the misorientation angles between adjacent 
grains had a wide distribution when the degree of 
alignment decreased. 
 
3.2 Relationships between distribution of ,  and 
coercivity 

Figure 4 shows demagnetization curves of the HA 
magnet, MA magnet, and HA magnets that were 
inclined at 23° and 48° with respect to the direction of 
the applied magnetic field. When the HA magnet was 
tilted at an angle of 23°, the coercivity was clearly lower 
than that of the MA magnet, whereas the squareness 
Jr/Js of each sample was almost the same. When trying 
to obtain the same coercivity as the MA magnet, the HA 
magnet must be tilted up to 48° with respect to the  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
applied magnetic field. Figure 3(e) shows the 
distribution of ’, which was obtained by calculating the 
angle ’ between the direction of the easy axis of 
magnetization in each grain and the direction that was 
intentionally deviated 23° from the RD direction. The 
distribution of ’ was similar to the distribution of  of 
the MA magnet. Therefore, the MA magnet and HA 
magnet tilted at 23° had approximately the same 
orientation distribution as the direction of the applied 
field, which was consistent with the fact that Jr/Js was 
the same in the demagnetization curve. These results 
suggest that the large increase in coercivity due to the 
low degree of alignment cannot be explained only by the 
angular dependence of coercivity. 

Figure 5(a) shows whole recoil curves of the MA  

Fig. 3 (a) to (d) Distributions of  and  of HA and MA magnets, (e) distribution of ' of MA magnet 
calculated from direction tilted 23° from orientation direction, and (f) schematic image of  and ’. 

Fig. 2 Inverse pole figure maps of Nd2Fe14B phases of (a) highly aligned (HA) magnet and 
(b) moderately aligned (MA) magnet. 
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magnet and HA magnet tilted at 23°, and Fig. 5(b) 
shows recoil curves of both samples that returned to 
near the origin. The curvature of the recoil curve of the 
MA magnet was smaller than that of the tilted HA 
magnet. In the previous paper20), it was pointed out that 
the recoil curve of a Nd-Fe-B sintered magnet that has  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
an average grain size of several m contains domain 
wall motion in its magnetization process. The small 
curvature of the recoil curve suggests that the magnetic 
domain wall motion in the MA magnet was small. As 
shown in Fig. 3(d), the MA magnet had a large 
dis tr ibut ion  o f   ,  which  may be  re lated to  th e  

Fig. 5 (a) Recoil curves of MA magnet and HA 
magnet measured by tilting 23° with respect to 
magnetic field direction and (b) comparison of two 
recoil curves returning to near origin position. 
 

Fig. 4 Demagnetization curves measured for HA 
magnet, MA magnet, and HA magnet inclined at 23° 
and 48° with respect to magnetic field direction 
(spherical sample, demagnetizing factor N = 0.33). 

Fig. 6 Reversed region in each effective magnetic 
field Heff extracted from Kerr microscope image in 
demagnetization process of (a) Dy undoped (x = 0) 
and (b) Dy doped (x = 5.0) MA magnets. 
 

Fig. 7 Changes in ratio of unreversed area with 
regards to Heff in demagnetization process of each of 
four observed fields for x = 0 and x = 5.0 samples 
extracted from Kerr microscope image. 
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suppression of the domain wall motion. 
 
3.3 Relationship between propagation of 
magnetization reversal and misorientation angle  

Figure 6 shows magnetically inversed areas in each 
magnetic field Heff extracted from the magnetic domain 
observation results for the demagnetization process of 
the Dy undoped (x = 0) and Dy doped (x = 5.0) MA 
magnets. These samples had almost the same 
distribution of  and . Grain boundaries in the sample 
are indicated by white dotted lines to facilitate 
recognition. The unreversed areas were considered to be 
undetected areas because of a significantly weak change 
in contrast and were excluded from the evaluation. 
Several grains were reversed simultaneously along the 
magnetic easy axis direction, which is similar to the 
case of highly aligned Nd-Fe-B sintered magnets17). To 
estimate the repeatability of the demagnetization 
process in the same Heff, we prepared four samples for 
both x = 0 and x = 5.0 under the same condition and 
observed these samples at the center of each polished 
plane with the same method discussed above. Figure 7 
shows changes in the ratio of the unreversed area with 
respect to Heff in the demagnetization process of each of 
the four observed fields with x = 0 and x = 5.0. In the 
surface layer for x = 5.0, which had a large amount of 
Dy, the magnetization reversal propagated at a higher 
magnetic field. It is thought that the magnetization 
reversal on the surface depended on the magnitude of 
magnetocrystalline anisotropy of the (Nd,Dy)2Fe14B 
phase, even though the coercivity of the polished 
surface layer was lower than the interior of the magnet 
due to the deterioration and lack of a Nd-rich grain 
boundary phase. When a group of grains was reversed 
in a certain applied magnetic field, positions where the  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
magnetization reversal stopped often existed along the 
grain boundary. To clarify how the misorientation angle 
between two grains on both sides of the grain 
boundary affects the magnetization reversal, the grain 
boundaries were divided into two groups: GBa and GBb. 
GBa is a grain boundary where the magnetization 
reversal stopped, which is indicated by the borders of 
the different colored regions in Fig. 6. GBb is a grain 
boundary where the magnetization reversal did not stop 
that is located inside the colored region. In this study, 
the relationship between GBa and Heff, as well as GBb 
and Heff, was not considered. The grain boundaries that 
were clearly separated by a large Nd-rich phase were 
excluded from the evaluation. Figure 8(a) shows the 
result of dividing about 900 grain boundaries into GBa 
and GBb for the x = 0 samples and the ratio of GBa and 
GBb in each angular range of . It was found that the 
ratio of GBa became larger when  became larger. This 
tendency was similar when about 1000 grain 
boundaries were analyzed in the samples with x = 5.0, 
as shown in Fig. 8(b). These results experimentally 
suggest that a grain boundary with a larger 
misorientation angle of adjacent grains  has the ability 
to suppress magnetization reversal. It is also considered 
that the influence of the misorientation angle on 
suppressing magnetization reversal does not differ 
much even when the saturation magnetization and 
magnetocrystalline anisotropy of the main phase are 
different. 
 

 
4. Conclusion 

 
To clarify the difference between the degree of 

alignment dependence of coercivity and angular 
dependence of coercivity, the crystal orientation 

Fig. 8 Ratio of GBa and GBb with respect to misorientation angle of adjacent grains in (a) Dy 
undoped magnet (x = 0) and (b) Dy doped magnet (x = 5.0). 
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distribution and demagnetization curve of Nd-Fe-B 
based sintered magnets with different degrees of 
alignment were compared. It was shown that an 
increase in coercivity due to a low degree of alignment 
cannot be explained only by the angular dependence of 
coercivity and that domain wall movement is small in a 
magnet that has a low degree of alignment. A crystal 
orientation analysis and in-situ magneto-optical Kerr 
microscope observation performed in the same area 
clarified that the ratio of the grain boundary where the 
magnetization reversal stopped became larger when the 
misorientation angle between adjacent grains became 
larger. This suggests that a grain boundary having a 
larger misorientation angle is one of the factors that 
suppresses magnetization reversal. From the above 
results, it can be said that the increase in coercivity by 
the decrease in the degree of alignment is caused by the 
suppression of magnetization reversal at the grain 
boundary due to the increase in the misorientation 
angle between adjacent grains. The reason that the 
misorientation angle suppresses magnetization reversal 
is considered to be the reduction in magnetic interaction 
between grains or a change in the microstructural 
relationship between the main phase and grain 
boundary phase. Further understanding of the grain 
boundary structure and magnetization process is 
necessary in the future. 
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Fe, Co, and Ni films of 40 nm thickness are prepared on GaAs(111) single-crystal substrates at room 
temperature by using a radio-frequency magnetron sputtering system. The film growth behavior and the 
crystallographic properties are investigated by in-situ reflection high-energy electron diffraction and pole-figure 
X-ray diffraction. bcc single-crystals of (111) orientation are formed on the substrates for all the film materials, 
though the bcc structure is metastable for Co and Ni materials. The metastable structure is stabilized through 
hetero-epitaxial growth. Fe films possess bcc structure for the investigated thickness range. On the contrary, the 
bcc-Co and the bcc-Ni crystals, respectively, start to transform into hcp and fcc structures, as the thickness is 
increased beyond 2 nm. The phase transformations occur through atomic displacements from the close-packed planes 
of bcc(11

_
0), bcc(1

_
01), and bcc(011

_
), which are perpendicular to the substrate surface, to hcp(0001) and fcc(111) 

close-packed planes. The crystallographic orientation relationships of hcp and fcc crystals with respect to bcc crystal 
are similar to the Kurdjumov-Sachs relationship. 

Key words: 3d transition metals, epitaxial growth, thin films, GaAs(111) substrate, metastable bcc structure, phase 
transformation 

1. Introduction 
Hybrid structure of ferromagnetic metal and 

semiconductor materials has been investigated for spin 
electronics applications like spin-dependent field effect 
transistors, etc. bcc phase is stable for Fe, whereas that 
is metastable for Co and Ni at room temperature (RT). 
It has been reported that magnetic tunnel junction 
elements prepared by using Co films with metastable 
bcc structure show high tunnel magnetoresistance 
ratios1,2). The magnetic and electronic properties vary 
depending on the crystal structure. It is thus important 
to understand the formation conditions of magnetic 
films with metastable bcc structure. 

Metastable bcc phase formation has been 
recognized for very thin Co3–5) and Ni6) films on GaAs 
single-crystal substrates of (100) and (110) orientations 
around RT deposited by molecular beam epitaxy (MBE). 
With increasing the thickness, most of the bcc-Co and 
the bcc-Ni crystals transformed into more stable hcp or 
fcc structure and the resulting films involved large 
volumes of hcp or fcc crystals. Recently, we succeeded in 
the formation of Co and Ni films with bcc structure on 
GaAs(100)7,8) and GaAs(110)9) substrates by sputtering, 
which is more suitable than MBE for mass-production 
applications. The thickness stability of bcc phase and 
the transformation process to hcp or fcc structure were 
investigated. With increasing the thickness beyond 2 
nm, the bcc crystals formed on GaAs(100) and 
GaAs(110) substrates, respectively, started to transform 
into stable structures through atomic displacements 
parallel to the six bcc{110} close-packed planes and the 
four bcc(101

_
), bcc(011

_
), bcc(011), and bcc(101) planes 

which are 60° inclined from the substrate surface. The 
slide planes, where the phase transformation occurs, 
differ depending on the substrate orientation. 

In our previous study10), Co films were prepared on 
GaAs(111) substrates by varying the substrate 
temperature from RT to 600 °C. The film structure was 

investigated by reflection high-energy electron 
diffraction (RHEED), where the incident electron beam 
was parallel to only GaAs[11

_
0]. In the early stage of film 

growth at temperatures lower than 200 °C, Co(111) 
crystals with bcc structure were formed. With 
increasing the thickness, the bcc(111) crystals started to 
transform into the stable phase, similar to the cases of 
Co films formed on GaAs(100)7,8) and GaAs(110)9) 
substrates. When the substrate temperature was higher 
than 400 °C, Ga atoms of substrate seemed to diffuse 
into the Co films and an ordered alloy with bcc-based B2 
structure was formed. 

In the present study, Fe, Co, and Ni films are 
prepared on GaAs(111) substrates at RT under similar 
deposition conditions. The detailed growth behaviors 
are studied by RHEED using two kinds of incident 
electron beam, GaAs[11

_
0] and GaAs[112

_
]. The resulting 

structure is characterized by out-of-plane, in-plane, and 
pole-figure X-ray diffractions (XRDs). The influences of 
film material and thickness on the crystallographic 
properties are systematically investigated. 

2. Experimental Procedure 
A radio frequency (RF) magnetron sputtering 

system equipped with an RHEED facility was employed. 
The base pressure was lower than 4 × 10–7 Pa. 
GaAs(111) substrates were heated at 600 °C before 
deposition to obtain clean surfaces. Figures 1(a) and 2(a) 
show the RHEED patterns observed for a GaAs 
substrate after annealing. The incident electron beam is 
parallel to GaAs[11

_
0] in Fig. 1(a), whereas that is 

parallel to GaAs[112
_
] in Fig. 2(a). Diffraction patterns 

consisting of spots are observed, which may suggest that 
the substrate surface involves an atomic level roughness. 
Figures 1(b) and 2(b) show the schematic diagrams of 
diffraction patterns of a B3(111) single-crystal surface 
calculated by using the two kinds of electron beam 
direction. The experimental data of Figs. 1(a) and 2(a) 
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Fig. 1  (a) RHEED pattern observed for a GaAs(111) 
substrate. (b) Schematic diagram of RHEED pattern 
simulated for a B3(111) substrate. (c)–(e) RHEED 
patterns observed for (c) Fe, (d) Co, and (e) Ni films 
deposited on GaAs substrates at RT. The film 
thicknesses are (c-1)–(e-1) 1, (c-2)–(e-2) 2, (c-3)–(e-3) 10, 
and (c-4)–(e-4) 40 nm. (f) Schematic diagram of a 
bcc(111) single-crystal with reconstructed surface of 
p(3×3). The incident electron beam is parallel to [11

_
0]. 

agree with the simulation results of Figs. 1(b) and 2(b), 
respectively. A clean GaAs(111) surface with B3 
structure is thus obtained. A chemical analysis is 
necessary to determine the kind of atom terminated at 
the surface. 

Fe, Co, and Ni films were prepared on the 
substrates at RT by varying the thickness in a range 
from 1 to 40 nm. The distance between target and 
substrate was fixed at 150 mm. The Ar gas pressure 
was kept constant at 0.67 Pa. Fe, Co, and Ni targets of 3 
inch diameter were employed and the respective RF 
powers were fixed at 48, 54, and 50 W, where the 
deposition rate was 0.02 nm/s for all the materials. 

The surface structure was studied by RHEED. The 
resulting film structure was investigated by XRDs with 
Cu-Kα radiation (λ = 0.15418 nm). The magnetization 
curves were measured by vibrating sample 
magnetometry. 

3. Results and Discussion 
Figures 1(c-1)–(e-1) and 2(c-1)–(e-1) show the 

RHEED patterns observed for Fe, Co, and Ni films of 1 
nm thickness prepared on GaAs(111) substrates. Clear 
RHEED patterns are recognized for all the film 
materials. The films grow epitaxially on the substrates. 
Figures 1(f) and 2(f) show the schematic diagrams of 
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Fig. 2  (a) RHEED pattern observed for a GaAs(111) 
substrate. (b) Schematic diagram of RHEED pattern 
simulated for a B3(111) substrate. (c)–(e) RHEED 
patterns observed for (c) Fe, (d) Co, and (e) Ni films 
deposited on GaAs substrates at RT. The film 
thicknesses are (c-1)–(e-1) 1, (c-2)–(e-2) 2, (c-3)–(e-3) 10, 
and (c-4)–(e-4) 40 nm. (f) Schematic diagram of a 
bcc(111) single-crystal with reconstructed surface of 
p(3×3). The incident electron beam is parallel to [112

_
]. 

RHEED patterns simulated for a bcc(111) single-crystal, 
where the open circle spots correspond to the reflections 
from reconstructed surface of p(3×3). The RHEED 
patterns observed for Fe film are in agreement with the 
simulated patterns without open circle spots, whereas 
those observed for Co and Ni films are matching with 
the simulated patterns involving open circle spots. bcc 
structure is thus stabilized not only for the Fe film but 
also for the Co and the Ni films through hetero-epitaxial 
growth on GaAs(111) substrate, similar to the cases of 
films prepared on GaAs(100)7,8) and GaAs(110)9) 
substrates. The epitaxial relationship is determined by 
RHEED as 

bcc(111)[11
_
0] || GaAs(111)[11

_
0]. 

Figures 1(c-2)–(c-4) and 2(c-2)–(c-4) show the 
RHEED patterns observed for Fe films thicker than 2 
nm. RHEED patterns corresponding to the diffraction 
patterns simulated for bcc(111) surface remain 
unchanged till the end of 40-nm-thick film formation. 
Figures 1(d-2)–(e-4) and 2(d-2)–(e-4) show the RHEED 
patterns observed for Co and Ni films thicker than 2 nm. 
As the thickness increases, the RHEED spots become 
broader and diffraction spots different from those of 
bcc(111) surface appear. The result indicates that a 
phase transformation is taking place. 

When a bulk bcc material transforms into fcc  
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Fig. 3  (a) Configuration of bcc{110} close-packed 
planes in bcc crystal with the (111) plane parallel to the 
substrate surface. (b) Crystallographic orientation 
relationships of bcc-hcp phase transformation. 

structure ,  there are two possibi l i t ies  in  the 
c r y s t a l l o g r a p h i c  o r i e n t a t i o n  r e l a t i o n s h i p , 
Nishiyama-Wasserman (NW)11,12) and Kurdjumov-Sachs 
(KS)13). The phase transformation occurs through 
atomic displacements from six bcc{110} close-packed 
p l a n e s  t o  f c c ( 111 )  c l o se -pac k ed  p lan e .  Th e 
crystallographic orientation relationship of bcc-hcp 
phase transformation seems similar to that of bcc-fcc 
transformation, as shown in Fig. 3. The phase 
transformation in Co film is considered to occur through 
atomic displacements from all the six {110} close-packed 
planes, from the three close-packed planes of bcc(110), 
bcc(101), and bcc(011) which are 35° canted from the 
substrate surface, or from the three close-packed planes 
of  bcc(11

_
0),  bcc(1

_
01),  and bcc(011

_
) which are 

perpendicular to the substrate surface. Figures 4(a) and 
5(a) show the schematic diagrams of RHEED patterns 
calculated for hcp crystals transformed through atomic 
displacements from the bcc(110), bcc(101), and bcc(011) 
planes. Figures 4(b) and  5(b) show the schematic 
diagrams of RHEED patterns simulated for hcp crystals 
transformed through atomic displacements from the 
bcc(11

_
0), bcc(1

_
01), and bcc(011

_
) planes. The RHEED 

patterns observed for Co films thicker than 2 nm [Figs. 
1(d-2)–(d-4), 2(d-2)–(d-4)] agree with the simulated 
patterns of Figs. 4(b-3) and 5(b-3), as shown in Fig. 6. 
The result shows that the phase transformation is not 
taking place through atomic displacements from the six 
bcc{110} planes but from the three close-packed planes 
of bcc(11

_
0), bcc(1

_
01), and bcc(011

_
) in the KS-2 
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Fig. 4  Schematic diagrams of RHEED patterns 
simulated for hcp crystals with the atomic stacking 
sequence of ABAB… along hcp[0001] transformed from 
a bcc(111) crystal epitaxially grown on GaAs(111) 
substrate through atomic displacements (a) from 
bcc(110), bcc(101), and bcc(011) close-packed planes and 
(b) from bcc(11

_
0), bcc(1

_
01), and bcc(011

_
) planes in [(a-1), 

(b-1)] the NW, [(a-2), (b-2)] the KS-1, and [(a-3), (b-3)] 
KS-2 relationships. The incident electron beam is 
parallel to GaAs[11

_
0]. 
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Fig. 5  Schematic diagrams of RHEED patterns 
simulated for hcp crystals with the atomic stacking 
sequence of ABAB… along hcp[0001] transformed from 
a bcc(111) crystal epitaxially grown on GaAs(111) 
substrate through atomic displacements (a) from 
bcc(110), bcc(101), and bcc(011) close-packed planes and 
(b) from bcc(11

_
0), bcc(1

_
01), and bcc(011

_
) planes in [(a-1), 

(b-1)] the NW, [(a-2), (b-2)] the KS-1, and [(a-3), (b-3)] 
KS-2 relationships. The incident electron beam is 
parallel to GaAs[112

_
]. 

(a) Co(10 nm) (b) Co(10 nm)(a) Co(10 nm) (b) Co(10 nm)

 
Fig. 6  RHEED patterns observed for a 10-nm-thick Co 
film prepared on GaAs(111) substrate [Figs. 1(d-3), 
2(d-3)] overlapped with reflection spots simulated for 
hcp crystals transformed through atomic displacements 
from bcc(11

_
0), bcc(1

_
01), and bcc(011

_
) planes in the KS-2 

relationship [Figs. 4(b-3), 5(b-3)]. The incident electron 
beam is parallel to (a) GaAs[11

_
0] or (b) GaAs[112

_
]. 
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Fig. 7  Crystallographic orientation relationships of 
bcc-fcc phase transformation. 

relationship. Therefore, the Co films thicker than 2 nm 
involve three hcp variants whose c-axes are lying in the 
film plane and rotated around the film normal by 120° 
each other. The transformation direction seems to be 
influenced by the strain caused by accommodation of 
the lattice misfit between the film and the substrate. 
The crystallographic orientation relationships are 
determined as follows, 
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_
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The crystallographic relationships are slightly different 
from the results reported for Co film growth on 
GaAs(111) substrate10). In the present study, two 
different incident electron beam directions are employed 
to accurately determine the relationships, since broad 
RHEED spots may include position errors. 

Phase transformation in Ni film is also considered 
to occur through atomic displacements from the three 
close-packed planes of bcc(11

_
0), bcc(1

_
01), and bcc(011

_
) to 

fcc(111) close-packed plane. However, there are two 
kinds of atomic stacking sequence of fcc(111) plane 
along the fcc[111] direction, ABCABC… and ACBACB…, 
for an fcc crystal, while that of hcp(0001) plane along 
the hcp[0001] direction is only ABAB… Figure 7 
summarizes  the  crystal lographic  or ientation 
relationships of bcc-fcc phase transformation. Figures 
8(a) and 9(a) show the schematic diagrams of RHEED 
patterns simulated for fcc crystals with the atomic 
stacking sequence of ABCABC… transformed through 
atomic displacements from the bcc(11

_
0), bcc(1

_
01), and 

bcc(011
_

) planes. Figures 8(b) and 9(b) show the 
schematic diagrams of RHEED patterns calculated for 
fcc crystals with the ACBACB… stacking sequence 
transformed through atomic displacements from the 
bcc(11

_
0), bcc(1

_
01), and bcc(011

_
) planes. Figures 10(a) 

and (b) show the RHEED patterns observed for the 
10-nm-thick Ni film [Figs. 1(e-3), 2(e-3)] overlapped with 
the simulated patterns of fcc crystals with stacking 
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Fig. 8  Schematic diagrams of RHEED patterns 
simulated for fcc crystals with the atomic stacking 
sequences of (a) ABCABC… and (b) ACBACB… along 
fcc[111] transformed from a bcc(111) crystal epitaxially 
grown on GaAs(111) substrate through atomic 
displacements from bcc(11

_
0), bcc(1

_
01), and bcc(011

_
) 

planes in [(a-1), (b-1)] the NW, [(a-2), (b-2)] the KS-1, 
and [(a-3), (b-3)] KS-2 relationships. The incident 
electron beam is parallel to GaAs[11

_
0]. 
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Fig. 9  Schematic diagrams of RHEED patterns 
simulated for fcc crystals with the atomic stacking 
sequences of (a) ABCABC… and (b) ACBACB… along 
fcc[111] transformed from a bcc(111) crystal epitaxially 
grown on GaAs(111) substrate through atomic 
displacements from bcc(11

_
0), bcc(1

_
01), and bcc(011

_
) 

planes in [(a-1), (b-1)] the NW, [(a-2), (b-2)] the KS-1, 
and [(a-3), (b-3)] KS-2 relationships. The incident 
electron beam is parallel to GaAs[112

_
]. 

(b) Ni(10 nm)(a) Ni(10 nm) (b) Ni(10 nm)(a) Ni(10 nm)

 
Fig. 10  RHEED patterns observed for a 10-nm-thick 
Ni film prepared on GaAs(111) substrate [Figs. 1(e-3), 
2(e-3)] overlapped with reflection spots simulated for fcc 
crystals with the stacking sequences of ABCABC... and 
ACBACB... along fcc[111] transformed though atomic 
displacements from bcc(11

_
0), bcc(1

_
01) and, bcc(011

_
) 

planes in the KS-2 relationship [Figs. 8(a-3), 8(b-3), 
9(a-3), 9(b-3)]. The incident electron beam is parallel to 
(a) GaAs[11

_
0] or (b) GaAs[112

_
]. 
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sequences of ABCABC... and ACBACB... which are 
transformed from the bcc(11

_
0), bcc(1

_
01), and bcc(011

_
) 

planes in the KS-2 relationship [Figs. 8(a-3), 8(b-3), 
9(a-3), 9(b-3)]. The observed RHEED patterns are well 
matched with the calculated patterns. The 
crystallographic orientation relationships are thus 
determined as follows, 
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The slide planes and the thickness, where the 
transformation from bcc to hcp or fcc phase starts, are 
similar between Co and Ni films. Furthermore, the 
critical thickness of around 2 nm is almost similar to 
those observed for Co and Ni films prepared on 
GaAs(100)7,8) and GaAs(110)9) substrates, though the 
crystallographic orientation relationships of hcp or fcc 
crystals with respect to bcc crystal are different in the 
cases of film deposition on GaAs(100), GaAs(110), and 
GaAs(111) substrates. 

Figures 11(a) and 12(a) show the out-of-plane and 
the in-plane XRD patterns of 40-nm-thick Fe film 
formed on GaAs(111) substrate. Here, the scattering 
vector of in-plane XRD is parallel to GaAs[1 1

_
0]. 

Fe(222)bcc reflection is clearly observed in addition to 
GaAs (444) reflection in the out-of-plane pattern, 
whereas Fe(1 1

_
0)bcc reflection is recognized in the 

in-plane pattern. The out-of-plane and the in-plane 
XRDs confirm the epitaxial orientation relationship 
determined by RHEED. Figures 11(b) and (c) show the 
out-of-plane XRD patterns of 40-nm-thick Co and Ni 
films, respectively. Reflections from the hcp and the fcc 
crystals transformed from the bcc structure are not 
recognized for the Co and the Ni films, since the low 
index planes of transformed hcp-Co and fcc-Ni crystals 
are not parallel to the substrate surface. Figures 12(b) 
and (c) show the in-plane XRD patterns of 40-nm-thick 
Co and Ni films, respectively. hcp(0002) reflection is 
observed for the Co film, whereas fcc(111) reflection is 
recognized for the Ni film. The out-of-plane and the 
in-plane XRDs confirm that the transformations occur 
from the bcc(11

_
0), bcc(1

_
01) and, bcc(011

_
) slide planes 

which are perpendicular to the substrate surface. 
Figures 13(a)–(c) show the pole-figure XRD 

patterns of 40-nm-thick Fe, Co, and Ni films measured 
by fixing the diffraction angle of 2θB at 47.5º, where 
GaAs{220} and hcp{101

_
1} reflections are expected to be 

detectable. The signals with the intensities smaller than 
10 cps are subtracted. Figures 13(d) and (e), respectively, 
show the schematic diagrams of pole-figure XRD 
patterns simulated for a GaAs(111) substrate and the 
hcp crystals transformed from bcc structure in the 
orientation relationships determined by RHEED. The 
pole-figure XRD patterns of Fe and Ni films show 
three-fold symmetry, where GaAs{220} reflections are 
recognized at the tilt angle, α, of 55º and the rotation 
angles, β, of 120º, 240º, and 0º. The pole-figure XRD 
pattern of Co film shows six hcp{11

_
01

_
} reflections from 
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Fig. 11  Out-of-plane XRD patterns measured for (a) Fe, 
(b) Co, and (c) Ni films of 40 nm thickness formed on 
GaAs(111) substrates. The intensity is shown in 
logarithmic scale. 
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Fig. 12  In-plane XRD patterns of (a) Fe, (b) Co, and (c) 
Ni films of 40 nm thickness formed on GaAs(111) 
substrates measured by making the scattering vector 
parallel to GaAs[1 1

_
0]. The intensity is shown in 

logarithmic scale. 

hcp crystals at the tilt angle, α, of 44º. The hcp 
reflections are not observed for the Ni film. Figures 
14(a)–(c) show the pole-figure XRD patterns of 
40-nm-thick Fe, Co, and Ni films measured by fixing the 
diffraction angle of 2θB at 51.8º, where GaAs{311} and 
fcc{001} reflections are expected to be detectable. The 
signals with the intensities smaller than 10 and 1 cps 
are subtracted for the respective films. Figures 14(d) 
and (e), respectively, show the schematic diagrams of 
pole-figure XRD patterns simulated for a GaAs(111) 
substrate and the fcc crystals transformed from bcc 
structure in the orientation relationships determined by 
RHEED. Reflections which originate from the GaAs 
substrate, are recognized around α = 10°, 32°, and 61° 
for all the films [Figs. 14(a-2), (b-2), and (c-1)]. 
Reflections, which originate from the fcc crystals, are 
observed around α = 9°, 38° and, 51° for the Ni film [Fig. 
14(c-1)]. On the other hand, the fcc reflections are not 
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Fig. 14  (a)–(c) Pole-figure XRD patterns of (a) Fe, (b) Co, and (c) Ni films of 40 nm thickness prepared on GaAs(111) 
substrates measured by fixing the diffraction angle of 2θB at 51.8º, where signals with the intensities smaller than 
(a-1)–(c-1) 1 and (a-2)–(c-2) 10 cps are subtracted. [(d), (e)] Schematic diagrams of diffraction patterns simulated for 
(d) GaAs(111) substrate and (e) fcc crystals transformed from bcc structure in the crystallographic orientation 
relationships determined by RHEED. 

observed for the Co film. Therefore, the bcc crystals in 
Co and Ni films are apparently transforming into hcp 
and fcc structures in the orientation relationships 
determined by RHEED, respectively. 

Figure 15(a) shows the magnetization curves of 
10-nm-thick bcc-Fe(111) single-crystal film measured by 
applying the magnetic field along GaAs[112

_
], GaAs[101

_
], 

GaAs[21
_
1
_
], GaAs[11

_
0], GaAs[12

_
1], or GaAs[01

_
1]. The 

magnetization curves are almost isotropic in the 
in-plane measurements. The easy magnetization axes of 
bcc[100], bcc[010], and bcc[001] are not parallel to the 
substrate surface but 35° canted from the substrate 
surface. Therefore, the effective easy magnetization 
directions are considered to be observed along bcc[21

_
1
_
],  
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Fig. 15  Magnetization curves measured for (a) Fe, (b) 
Co, and (c) Ni films of 10 nm thickness prepared on 
GaAs(111) substrates. 
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Fig. 16  Pole figure map of bcc(111) single-crystal film 
showing angles of typical crystallographic planes tilted 
from the film plane. 

bcc[1
_
21

_
], and bcc[1

_
1
_
2] due to the demagnetization field, 

as shown in Fig. 16. As a result, the in-plane magnetic 
anisotropy seems to show a six-fold symmetry. It should 
be noted that a contribution to in-plane magnetic 
anisotropy decreases with increasing the tilt angle, and 
that the angle of bcc<100> with respect to the film plane 
is as large as 35°. Therefore, the Fe(111) single-crystal 
film prepared in the present study is considered to show 
an almost isotropic in-plane magnetic property. The 
saturation magnetization value of Fe film is less than 
that of bulk Fe crystal (1.73 kemu/cm3). The reason is 
possibly due to surface oxidation of the film sample with 
no overcoat. 

Figures 15(b) and (c), respectively, show the 
magnetization curves measured for Co and Ni films of 
10 nm thickness. The films, which include hcp and fcc 
crystals, show almost isotropic magnetic properties. The 

easy magnetization axes for hcp and fcc crystals are 
hcp[0001] and fcc<111>. These crystallographic 
directions correspond to the GaAs[10 1

_
] and [1 1

_
0], 

respectively. When the distributions of multiple easy 
axes and the three-fold crystallographic symmetries of 
Co and Ni films on GaAs(111) substrate are considered, 
the magnetic anisotropy of whole film will be observed 
as nearly isotropic. Such nearly isotropic magnetic 
properties observed in the present study indicate that 
the magnetocrystalline anisotropies of three hcp-Co and 
six fcc-Ni crystals are overlapped. The magnetization 
property is different from the cases of Co and Ni films 
formed on GaAs(110) substrates where the films consist 
of variants with two-fold symmetrical distributions9). 

4. Conclusion 
Fe, Co, and Ni films are prepared by sputter 

deposition on GaAs(111) substrates at RT by varying 
the thickness in a range from 1 to 40 nm. Nucleation of 
crystal with metastable structure and phase 
transformation process into stable structure are 
investigated by RHEED and XRDs. bcc(111) 
single-crystals are formed in the early stages of film 
growth of not only Fe but also Co and Ni. The 
metastable structure is stabilized for Co and Ni films 
through hetero-epitaxial growth on GaAs(111) substrate. 
With increasing the thickness beyond 2 nm, the bcc-Co 
and the bcc-Ni crystals, respectively, start to transform 
into hcp and fcc structures through atomic 
displacements in the bcc(11

_
0), bcc(1

_
01) and bcc(011

_
) 

close-packed planes. 
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    We study spin-dependent transport properties in magnetic tunneling junctions (MTJs) with semiconductor 
barriers, Fe/CuInSe2/Fe(001) and Fe/CuGaSe2/Fe(001). By analyzing their transmittances at zero bias voltage on the 
basis of the first-principles calculations, we find that spin-dependent coherent tunneling transport of Δ1 wave 
functions yields a relatively high magnetoresistance (MR) ratio in both the MTJs. We carry out a detailed analysis 
of the band-resolved transmittances in both the MTJs and find an absence of the selective transmission of Δ1 wave 
functions in some energy regions a few eV away from the Fermi level due to small band gaps in CuInSe2 and 
CuGaSe2. 
 
Key words: magnetic tunneling junctions, magnetoresistance ratios, semiconductors, ab initio calculations 

  

1. Introduction 
  

  Both high magnetoresistance (MR) ratios and low 
resistance area products (RA) are required for MR 
devices to realize read heads of ultrahigh-density hard 
disk drives and Gbit-class spin transfer torque magnetic 
random access memories (STT-MRAMs) 1). Although 
magnetic tunneling junctions (MTJs) with insulator 
MgO barriers have high MR ratios 2),3), these MTJs also 
have high RA. To reduce the RA, many studies have 
used ultrathin MgO barriers (~1nm), by which 
relatively low RA ~ 1 Ωμm2 have been obtained 4)-6). 
However, MR ratios also decrease by reducing the 
thicknesses of the barriers. In addition, ultrathin 
barriers do not have sufficient controllability in 
fabrication processes. On the other hand, 
current-perpendicular-to-plane giant magnetoresistive 
(CPP-GMR) devices have quite low RA because metallic 
(not insulating) spacers are sandwiched between 
ferromagnetic electrodes. Although the MR ratio in 
CPP-GMR devices is increased up to 82% at room 
temperature (RT) by using Co-based Heusler alloys as 
electrodes 7), this value is still insufficient for 
applications. Recently, Kasai et al. used a compound 
semiconductor CuIn0.8Ga0.2Se2 (CIGS) as a barrier layer 
of MTJs to achieve high MR ratios and low RA 8). They 
obtained relatively high MR ratios ~ 40% at RT and low 
RA ranging from 0.3 to 3 Ωμm2 in the MTJs where CIGS 
is sandwiched between Co2FeGa0.5Ge0.5 (CFGG) Heusler 
compounds. Since the barrier thicknesses of these MTJs 
are twice as those of the above-mentioned MgO-based 
MTJs with low RA, we can expect high controllability in 
the fabrication processes. 
  In our previous work 9), we theoretically studied 
spin-dependent transport properties of two MTJs with 
different semiconductor barriers, CuInSe2 (CIS) and 
CuGaSe2 (CGS), to understand the origin of the high 

MR ratios observed in the CIGS-based MTJs 8). By 
analyzing their complex band structures and k// 
dependences of the transmittances, we found that 
spin-dependent coherent transport of Δ1 wave functions 
occurs in both the CIS- and CGS-based MTJs, which 
can explain the high MR ratios in the CIGS-based MTJs. 
In our present study, we carry out a more detailed 
analysis of the CIS- and CGS-based MTJs to 
understand their transport properties more deeply. We 
provide the values of calculated conductances in both 
the MTJs for both the parallel and antiparallel 
magnetization cases of Fe electrodes. We also analyze 
the band-resolved transmittances in these MTJs, from 
which we find an absence of the selective transmission 
of Δ1 wave functions in some energy regions a few eV 
away from the Fermi level due to the small band gaps 
in the CIS and CGS barriers. 

  
2. Method 

  
  In this work, we analyzed CIS- and CGS-based MTJs 
with Fe electrodes: Fe/CIS/Fe(001) and Fe/CGS/Fe(001). 
Although Heusler alloys were used as electrodes in the 
experiments on the CIGS-based MTJs, we selected Fe 
electrodes to understand more simply the transport 
properties in CIS- and CGS-based MTJs. Since the 
a-axis lengths of CIS (CGS) is close to twice that of bcc 
Fe, the lattice mismatch between them is considered to 
be small. We first prepared supercells of Fe/CIS/Fe(001) 
and Fe/CGS/Fe(001), each of which has two unit cells of 
CIS (CGS) and one unit cell of Fe on both sides of the 
CIS (CGS) barrier. The in-plane lattice constant a of the 
supercell was fixed to 0.5782 nm (0.5614 nm), which is 
an a-axis length of the bulk CIS (CGS) 10). In both the 
supercells, we optimized all the atomic positions and 
the distance between the barrier and electrode using 
the density-functional theory within the generalized 
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gradient approximation implemented in the Vienna ab 
initio simulation program (VASP) 11),12). In the processes 
of such structure optimizations, we found that the Se 
layer is always energetically favored as the termination 
layer of the barrier in both the CIS- and CGS-based 
supercells. We studied transport properties of both the 
MTJs at zero bias voltage with the help of the quantum 
code ESPRESSO 13). This code was applied to the 
quantum open system composed of the above-mentioned 
supercell attached to the left and right semi-infinite 
electrodes of bcc Fe. In the present work, we considered 
the Coulomb interaction U in the Cu 3d states in the 
barrier. Since the band gap Eg of the barrier increases 
as U increases, considering U is useful to systematically 
study the relationship between the band gap and MR 
ratio. The detailed calculation conditions are the same 
as our previous study 9). 

Due to the two-dimensional periodicity of our systems 
in the plane parallel to the layers, the scattering states 
can be classified by an in-plane wave vector k// = (kx,ky). 
For each k// and spin index, we solved scattering 
equations derived from connection conditions of the 
wave functions and their derivatives at the boundaries 
between the supercell and electrodes. Transmittances T 
were obtained from the transmission amplitudes of the 
scattering wave functions 14),15). We obtained 
conductances G by substituting the transmittances T 
into the Landauer formula G = (e2/h) × T. In this work, 
we adopted the usual definition of the optimistic MR 
ratio: MR ratio (%) = 100 × (GP-GAP)/GAP, where GP (GAP) 
is the sum of the majority- and minority-spin 
transmittances averaged over k// in the Brillouin zone in 
the case of parallel (antiparallel) magnetization of Fe 
electrodes. The values of RA in the parallel 
magnetization states, RAP, were calculated using the 
in-plane lattice constants a of the supercells and 
conductances GP per in-plane unit cell area (a2) shown 
in Table 1. 

 

3. Results and Discussion 
 

Table 1 shows the values of conductances, RAP, and 
MR ratios in the CIS- and CGS-based MTJs for 
different Coulomb interactions U. We obtained MR 
ratios over 50% (190%) for the CIS-based (CGS-based) 
MTJs. These relatively high MR ratios are due to the 
spin-dependent coherent transport of Δ1 wave functions, 
which was directly confirmed by the k// dependences of 
the transmittances 9). We also analyzed complex band 
structures of the CIS and CGS barriers 9), which also 
indicated selective transmission of Δ1 wave functions. 
The RA values in both the MTJs are much smaller than 
those of the well-known MgO-based MTJs 9), which 
originates from the small band gaps in CIS and CGS 
barriers. 

From Table 1, we see that the MR ratio and RA 
increase as the Coulomb interaction U increases in 
both the MTJs. As we mentioned in the previous section, 
the band gap Eg,CIS (Eg,CGS) of CIS (CGS) increases by 
increasing U from 0 to 10 eV. Actually, we confirmed 
that Eg,CIS = 0.31, 0.39, and 0.42 eV (Eg,CGS = 0.71, 0.84, 
and 0.93 eV) for U = 0, 5, and 10 eV, respectively, by 
analyzing the local density of states of Fe/CIS/Fe(001) 
and Fe/CGS/Fe(001) 16). Thus, it is found that a 
semiconductor barrier with a larger band gap gives a 
higher MR ratio and a higher RA. This is also supported 
by the fact that the CGS-based MTJ has a higher MR 
ratio and a higher RA than the CIS-based one for the 
same value of U (see Table 1). From the viewpoint of 
tunneling transport, such an increase in Eg corresponds 
to an increase in the barrier height φ = Eg – EF, where EF 
is the Fermi level of the system. Using the 
above-mentioned band gaps (Eg,CIS and Eg,CGS) and the 
Fermi levels in the Fe/CIS/Fe(001) and Fe/CGS/Fe(001), 
we obtained the following values of barrier heights: φCIS 
= 0.080, 0.100, and 0.111 eV (φCGS = 0.263, 0.301, and 0.330 
eV) for U = 0, 5, and 10 eV, respectively. Note here that the 
transmittance through the barrier is approximately 

Table 1  Values of conductances per in-plane unit cell area (a2), RAP (RA in parallel magnetization states), and 
MR ratios in (a) Fe/CIS/Fe(001) and (b) Fe/CGS/Fe(001) for different Coulomb interactions U. The majority-spin 
(minority-spin) conductance in the parallel magnetization state is represented as GP,maj. (GP,min.), and the total-spin 
conductance in the antiparallel magnetization state is represented as GAP,tot. 
(a)  Fe/CIS/Fe(001)     

U [eV] GP,maj.-spin [e2/h] GP,min.-spin [e2/h] GAP,tot [e2/h] RAP [Ωμm2] MR ratio [%] 

0 1.923×10-2 9.609×10-3 1.885×10-2 0.299 52.9  
5 1.662×10-2 4.540×10-3 1.303×10-2 0.408 62.3 

10 1.427×10-2 2.500×10-3 9.322×10-3 0.515 79.9 
(b)  Fe/CGS/Fe(001)     

U [eV] GP,maj.-spin [e2/h] GP,min.-spin [e2/h] GAP,tot [e2/h] RAP [Ωμm2] MR ratio [%] 

0 1.685×10-2 5.796×10-4 5.854×10-3 0.467 197.7 
5 1.168×10-2 2.795×10-4 2.983×10-3 0.680  300.9 

10 7.830×10-3 1.643×10-4 1.673×10-3 1.018 377.8 
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proportional to exp(-2κd), where κ = (2mφ/ℏ2 - |k//|2)1/2 and d 
is the barrier thickness 17). Therefore, increasing Eg (i.e., 
increasing φ) in the semiconductor barrier has roughly 
the same effect as increasing the barrier thickness d, 
both of which sharpen the tunneling feature and 
enhance the MR ratio. 

In order to find characteristic features in the 
transmittances of the CIS- and CGS-based MTJs, we 
analyzed energy- and band-resolved transmittances at 
k//=(0,0) in the CGS-based MTJs 18). Here, we show the 
results only for the CGS case, but qualitatively the 
same results were also obtained in the CIS case. 
Figures 1(a) and 1(c) show the energy-resolved 
transmittances for majority-spin and minority-spin 
channels, respectively, in the parallel magnetization 
state of the electrodes. At the Fermi level (E=EF), the 
transmittance in the majority-spin channel is more 
than one order higher than that in the minority-spin 
channel. In Fig. 1(e), we also show the energy-resolved 
transmittance in the antiparallel magnetization state of 
the electrodes. The transmittance at the Fermi level is 
one order smaller than the majority-spin transmittance 
in the parallel magnetization case. From all these 
behaviors in the transmittances, we can understand 
naturally the high MR ratio (~300%) in this system (see 
Table 1). Figures 1(b) and 1(d) show the majority-spin 
and minority-spin transmittances resolved into each 
(kz,E) contribution on the band structures of the Fe 
electrode. The energy-gap region is -0.539 eV ≦ E-EF ≦ 
0.301 eV for the CGS with U = 5 eV in our calculations 19). 
In the majority-spin channel [Fig. 1(b)], the Δ1 band 
mainly from d3z2-r2 state gives high values of 
transmittance in the energy-gap region. Such a selective 
transmission of the Δ1 wave functions is consistent with 
small imaginary wave vectors in the Δ1 state obtained 
in our previous work [see Fig. 2(b) of Ref. 9]. The 
selective transmission of Δ1 wave functions also occurs 

outside of the energy-gap region (0.3 eV ≲ E-EF ≲ 1.1 eV 
and -1.0 eV ≲ E-EF ≲ -0.54 eV), which is because the 
conduction and valence bands of CGS in these regions 
have Δ1 symmetry. In some other regions (e.g., a region 
around E-EF = 1.5 eV and that around E-EF = 2.2 eV, etc.), 
the Δ5 band mainly from px and py states gives higher 
transmittances than the Δ1 band, which is in contrast to 
the case of the band-insulator barrier, 
Fe/MgAl2O4/Fe(001), where the selective transmission 
of the Δ1 wave functions persists to high energies [see 
Fig. 3(b) of Ref. 20 for comparison]. Note again that 
such energy regions are outside of the band gap of the 
CGS barrier. Thus, in these regions, tunneling 
transport is not possible and selective transmission of 
Δ1 wave functions do not necessarily occur. We 
confirmed that the conduction bands of CGS in these 
regions include Δ5 component, which is consistent with 
the high transmittances of Δ5 states (px and py states) 
mentioned above. The similar feature can also be seen 
in lower-energy regions with E-EF < -1 eV, where the Δ5 
and Δ2 bands from dyz (dzx) and dxy states give relatively 
high transmittances. This is also supported by the fact 
that valence bands of CGS in these regions contain Δ5 
and Δ2 components. Around the Fermi level in the 
minority-spin channel shown in Fig. 1(d), the Δ5 and Δ2 

bands give similar values of transmittance as the 
d3z2-r2-based Δ1 band, i.e., clear selective transmission of 
Δ1 wave functions does not occur unlike the 
majority-spin case. Since the in-plane lattice constant of 
CGS is set to be twice that of the bcc Fe as mentioned 
above, the original bands of bcc Fe is folded in the k// 
Brillouin zone. Usually, in such a case, the folded 
minority-spin Δ1 band crossing the Fermi level provides 
relatively large transmittances and decreases the MR 
ratio, as discussed in previous studies on 
Fe/MgAl2O4/Fe(001) 21),22). However, in our present case, 
the folded minority-spin Δ1 band crossing the Fermi 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1  Transmittances at k//=(0,0) in Fe/CGS/Fe(001) MTJ with U = 5 eV. (a) The energy dependence of the 
total transmittance and (b) the band-resolved transmittance in the [001] direction for the majority-spin channel 
in the parallel magnetization state. (c) and (d) The same as (a) and (b) but for the minority-spin channel in the 
parallel magnetization state. (e) The energy dependence of the total transmittance in the antiparallel 
magnetization state. 
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level does not give large transmittance compared to the 
other Δ5 and Δ2 bands and therefore does not decrease 
MR ratio drastically. The configurations of interfacial 
Se atoms in Fe/CGS/Fe(001) do not have fourfold 
rotational symmetry along the c-axis of the supercell, 
which is clearly different from the configurations of 
interfacial O atoms in Fe/MgAl2O4/Fe(001). Thus, in the 
case of Fe/CGS/Fe(001), although the bands are 
formally folded in the k// Brillouin zone, the folded 
minority-spin band crossing the Fermi level has a 
different character from that of Fe/MgAl2O4/Fe(001), 
which may be the reason for the ineffectiveness of the 
band-folding effect in Fe/CGS/Fe(001). 

The present analysis focused only on the 
transmittances at zero bias voltage. On the other hand, 
in actual experiments, a small bias voltage is applied to 
MTJs to obtain electron transmission. Since the band 
gaps in the present study are small (Eg,CIS ≲ 0.42 eV and 
Eg,CGS ≲ 0.93 eV), such a bias voltage gives a 
non-negligible spatial gradient in the 
semiconductor-barrier potentials, which can affect the 
transport properties in the CIS- and CGS-based MTJs. 
However, the small values of theoretical band gaps are 
artifacts due to the generalized gradient approximation 
used in this study. Although the present band gaps are 
small, we adopted them as alternatives of experimental 
band gaps of CIS and CGS (Eg,CIS = 1.0 eV and Eg,CGS = 1.7 
eV), on which the effect of the spatial gradient from the 
small bias voltage is not so large. 

 
4. Summary 

 
We investigated spin-dependent transport properties 

of magnetic tunneling junctions with semiconductor 
barriers, Fe/CIS/Fe(001) and Fe/CGS/Fe(001). We 
clarified that spin-dependent coherent tunneling 
transport of Δ1 wave functions leads to relatively high 
MR ratios in both the MTJs. From a detailed analysis of 
the band-resolved transmittances in both the MTJs, we 
found an absence of the selective transmission of Δ1 
wave functions in some energy regions a few eV away 
from the Fermi level, which is a characteristic feature of 
the MTJs with small band gaps in the barrier layers. 
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Medical applications such as those using magnetic nanoparticles (MNPs) for hyperthermia and magnetic particle 

imaging (MPI) require suitably designed particles with distinct characteristics. However, it is challenging to develop 
such particles with a high degree of biocompatibility. In this study, a cationic diblock copolymer (PMPC100-b-
MMAPTAC100: P100M100) composed of poly(2-(methacryloyloxy)ethyl phosphorylcholine) (PMPC) and poly(3-
(methacryloylamino)propyl trimethylammonium chloride) (PMAPTAC) was synthesized via a controlled radical 
polymerization technique to obtain particles with high biocompatibility and antithrombogenicity. Magnetic polyion 
complex (PIC) aggregate (M-300/P100M100) is an aggregate of magnetic Fe3O4 nanoparticles (M-300), in which their 
anionic surface is electrostatically coated with cationic PMPC100-b-MMAPTAC100 (P100M100). We investigated the 
stability of the magnetic PIC aggregate in an ionic solution by evaluating the relationship between the particle 
diameter and salt concentration. We then estimated the intrinsic loss power (ILP) from the areas of the alternating 
current (AC) hysteresis loops and measured the AC magnetization of the magnetic PIC aggregate. The peak 
frequencies from the Brownian relaxation of M-300 and M-300/P100M100 were 9 kHz and 245 Hz, respectively. When 
the third harmonic was evaluated for use in MPI, the signal intensity was found to be comparable to that of M-300 in 
a fixed state. 
 
Keywords: magnetic nanoparticles, hyperthermia, magnetic particle imaging (MPI), biocompatibility, polyion 

complex (PIC), magnetic relaxation 
 

1. Introduction 
 

In recent years, several medical treatment 
applications have come to require magnetic 
nanoparticles with high biocompatibility. Research into 
magnetic nanoparticles coated with polyion complex 
(PIC) organic materials is ongoing due to their wide 
clinical applicability1–3), and the sizes and 
characteristics of core-shell structures of PIC micelles 
have rendered them useful as carriers of oligonucleotides 
and plasmid DNA for human gene therapy4). 

In the medical field, magnetic nanoparticles (MNPs) 
are employed in a variety of applications including 
magnetic hyperthermia5) and magnetic particle imaging 
(MPI)6,7). Magnetic relaxation loss is one of the heating 
mechanisms of MNPs used in the research of 
hyperthermia. In this regard, superparamagnetism in 
MNPs results from two distinct magnetic relaxation 
processes. The first occurs through a type of particle 
rotation called Brownian relaxation, whereas the other 
occurs through a magnetic moment rotation referred to 
as Néel relaxation. The Brownian (τB) and Néel (τN) 
relaxation times can be defined as follows8,9): 
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where η is the viscosity, VH is the hydrodynamic MNP 
volume, 𝜏𝜏0  is the attempt time of ~10−9 s associated 
with gyromagnetic procession, K is the magnetic 
anisotropic constant, VM is the core particle volume, kB is 
Boltzmann’s constant (1.38×10−23 J/K), and T is the 
temperature in Kelvin7). In theory, Brownian and Néel 
relaxations occur in parallel, and the effective relaxation 
time, τ, can be expressed as8): 

.111
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The effective frequency for heat dissipation can be 
estimated from measuring the dependency of the 
intrinsic loss power (ILP) relative to the frequency. The 
ILP is the intrinsic heat dissipation independent of the 
applied field and is calculated from the specific loss 
power (SLP)10), which is defined as: 
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SLP ,
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c
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              (4) 

where ΔT/Δt is the time rate of change of temperature, c 
is the heat capacity of the fluid per unit mass of fluid, 
and mFe is the iron mass in the fluid per unit mass of fluid. 
Then, the ILP is given as10): 

ILP ,2 fH
SLP

               (5) 

where H is the amplitude of the magnetic field. 
In this study, we synthesized a diblock copolymer 

(PMPC100-b-PMAPTAC100:P100M100) composed of 
biocompatible poly(2-(methacryloyloxy)ethyl 
phosphorylcholine) (PMPC) and cationic poly(3-
(methacryloylamino)propyl trimethylammonium 
chloride) (PMAPTAC) via a controlled radical 
polymerization technique. PMPC shows excellent 
biocompatibility and antithrombotic properties4) because 
it has hydrophilic pendant phosphorylcholine groups, 
which are structurally identical to the hydrophilic 
surfaces of biological membranes. In our study, we 
characterized the chemical structure of the diblock 
copolymer and evaluated the dependence of particle size 
on salt concentration to confirm its stability in an ionic 
solution. We then measured the AC magnetization 
properties of a magnetic PIC aggregate (M-300/P100M100) 
comprising anionic Fe3O4 nanoparticles (M-300) 
electrostatically coated with cationic P100M100. Finally, 
we calculated the ILP and MPI signals from the AC 
hysteresis loops and compared the results with those of 
unmodified M-300. 
 

2. Materials and Methods 
 

2.1 Materials 
The characteristics of M-300 used for particle 

synthesis in this study, along with its catalog data, are 
shown Table 1. As calculated from the catalog data, the 
concentrations of Fe3O4 and RSO3Na in M-300 were 560 
and 70.0 g/L, respectively. M-300 was subjected to 
dynamic light scattering (DLS), and the zeta potential of 
the solution diluted 100 times in pure water was 

measured (Fig. 1). After dilution, the concentrations of 
Fe3O4 (CF) and RSO3Na (Cs) were 5.60 and 0.700 g/L, 
respectively. In this case, the hydrodynamic radius (Rh) 
obtained from the DLS measurement was 21.2 nm and 
the zeta potential was −52.0 mV. M-300 had a very low 
scattering light intensity (SI) when diluted 1,000,000 
times; although Rh was not calculated at this dilution 
level, it remained constant to 100,000 times dilution (CF 
= 0.00560 g/L). In contrast, the zeta potential of the 
10,000-fold diluted solution (CS = 0.00700 g/L) was −47.4 
mV. Overall, it is clear that M-300 exhibited high 
stability, as evidenced by constant value of Rh versus 
dilution in pure water. 

PMPC100-CTA (Mn = 29800, Mw/Mn = 1.08 (acetate 
buffer as the eluent), 1.50 g, 0.0503 mmol), MAPTAC 
(1.11 g, 5.03 mmol), and V-501 (4.59 mg, 0.0201 mmol) 
were dissolved in 5.03 mL of pure water, and the mixture 
was degassed by purging with Ar gas for 30 min. 
Polymerization was performed at 343.15 K for 5 h, and 
the diblock copolymer (PMPC100-block-PMAPTAC, 
P100M100, 2.36 g, 90.4%) was recovered by freeze-drying 
after the reaction mixture was dialyzed against pure 
water for 2 days. The M-300/P100M100 complex was 
prepared by adding a P100M100 aqueous solution to an M-
300 aqueous solution so that the mixing ratio (R = 
P100M100/M-300, v/v) was 0.0739. The concentration of 
Fe3O4 was 5.31 g/L (3.84 mg-Fe/mL) in the M-

Table 1. Concentration calculated from catalog data of M-300. Values in parentheses were used in calculations in 
this study. 

 
 H2O Fe3O4 RSO3Na M-300 

Composition (wt%) 55–66 (55) 30–40 (40) 5 100 

Specific gravity (g/mL) 0.998 (1) 4.8–5.1 (5.1) 1 1.3–1.4 (1.4) 

CAS No. − 1309-38-2 1106-21-0 − 

M.W. (g/mol) − 231.53 298.42 − 

Concentration (g/L) − 560 70.0 − 

Fig. 1  Dependence of Rh (open circles) and SI (open 
squares) on concentration of Fe3O4 in water-
based M-300. 
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300/P100M100 complex. For comparison, we also diluted 
water-based Fe3O4-containing sodium α-olefin sulfonate-
coated nanoparticles, which are commercially 
distributed as M-300 by Sigma Hi-Chemical Inc. 
(Chigasaki, Kanagawa, Japan), 100 times in pure water 
to give a concentration of 5.31 g/L. The core diameter was 
11 ± 3 nm, which is identical to that of M-300/P100M100. 

2.2 Methods 
The physical properties of M-300/P100M100 were 

evaluated with nuclear magnetic resonance spectroscopy 
(NMR: Bruker, DRX500), dynamic light scattering (DLS), 
zeta potential measurements (Malvern, Zetasizer 
nanoZS), and transmission electron microscopy (TEM: 
Jeol, JEM-2100). During this process, we also evaluated 
the NaCl concentration dependence of M-300/P100M100. 

The AC hysteresis loops were measured in the 
frequency range of 100 Hz–100 kHz at a field intensity 

of 4 kA/m, and the DC hysteresis loops were measured 
using a vibrating sample magnetometer (VSM: Toei 
Kogyo, TEM-WFR7) at 298.15 K. For these 
measurements, 0.2 mL of the sample encapsulated in 
cylindrical tubes with a diameter of 10 mm were used. 
MNPs dispersed in water were used as the liquid sample, 
and MNPs fixed with epoxy bonds were used as the solid 
sample. The ILP and MPI values of the samples were 
calculated, and the results were compared with those of 
M-300. 

3. Results and Discussion 
 

3.1 Synthesis, structure, and characterization 
NMR spectroscopy was used to identify the chemical 

structure of P100M100 synthesized by the above method, 
and it was confirmed that the peaks of PMPC and 
PMAPTAC P100M100 were present (Fig. 2). On the basis 
of the consumption of the vinyl group before and after 
polymerization, the degree of polymerization (DP (theo)) 
of the monomer MAPTAC was determined to be 99. In 
addition, we determined that the degree of 
polymerization (DP (NMR)) from the integrated 
intensity ratio of the PMPC and PMAPTAC peaks in the 
NMR spectrum of P100M100 after recovery was 100. The 
molecular weight distribution (Mw/Mn) obtained from gel 
permeation chromatography (GPC) was as narrow as 
1.10, and a structure-controlled polymer was obtained 
(Table 2). We therefore concluded that P100M100 was 
synthesized by the cationic monomer MAPTAC and the 
betaine monomer MPC, as observed from the 1H NMR 
spectrum. We also confirmed the mixing ratio 

Table 2. Degree of polymerization (DP), number-average molecular weight (Mn), and molecular weight distribution 
(Mw/Mn) of P100M100. 

 

DP(theo)a Mn(theo)a DP(NMR)b Mn(NMR)b Mw/𝑀𝑀𝑛𝑛𝑐𝑐 

99 51,700 100 51,900 1.10 
aTheoretical values estimated from the feed ratio and conversion. bEstimated from 1H NMR. cEstimated from GPC. 

Fig. 2  1H NMR spectrum measured for P100M100 in 
D2O at room temperature. The symbols 
indicate the states of 1H corresponding to 
each peak of the spectrum. 
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Fig. 3  Relationship of Rh with mixing ratio of M-
300/P100M100 immediately after preparation 
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dependence of the M-300/P100M100 complex. The 
concentration of M-300 anions was identical to the 
concentration of the anionic surfactant sodium α-olefin 
sulfonate in solution, although the exact concentration 
of the anions is unknown. Therefore, in order to confirm 
the neutralization point of the complex, we investigated 
the changes in Rh and the zeta potential of the aggregate 
with respect to the mixing ratio of M-300 and P100 M100 
in the complex. Figure 3 plots the Rh values obtained by 
DLS measurement versus the mixing ratio (R = P100M100 
/ M-300, v/v) of M-300 and P100 M100 in pure water after 
72 h. When P100M100 was mixed with M-300, Rh increased 
as the value of R increased until it reached a maximum 
at R = 0.0474. Increasing R beyond this point decreased 
both Rh and SI. In addition, in M-300/P100M100 with R = 
0.0474, the SI decreased sharply after 72 h, suggesting 
that precipitation had occurred. 

By comparison, we concluded that the aggregates were 
stable since M-300/P100M100, other than that for R = 
0.0474, neither precipitated nor demonstrated a change 
in Rh over the course of 72 h. Figure 4 shows the zeta 
potential versus the mixing ratio of the synthesized M-
300/P100M100 after 96 h. The M-300/P100M100 with R = 
0.0474 precipitated; thus, the zeta potential of the 
supernatant was measured. As the R value of M-
300/P100M100 increased, the zeta potential also increased 
as the solution concentration of P100M100 increased. 
Previously, it was thought that the charge would 
neutralize with a zeta potential of zero for M-
300/P100M100 with R = 0.0739. It was also thought that 
larger absolute values of the zeta potential indicated 
stronger repulsive forces between the particles and 
hence higher particle stability. However, the results of 
this study indicate that the surface charges were 
neutralized to completion, and they were stably 
dispersed due to steric hindrance by the polymer 
material outside the particles. In this case, the Na+ 
cations from sodium tetradecane sulfonate and the Clˉ 
anions from P100M100 were ionically bonded in water, 
while the N+ cations from P100M100 and the Oˉ anions 
from tetradecane sulfonate were electrostatically bonded. 
In this way, the magnetic PIC aggregate was synthesized 
as shown in Fig. 5. 

Moreover, we confirmed that the surface of the M-
300/P100M100 complex (R = 0.0739) was covered by a 
PMPC shell based on the dispersion stability (i.e., the Rh 

and SI) versus the NaCl concentration in solution (Fig. 
6). The Rh and SI values of M-300/P100M100 were 
independent of the NaCl concentration ([NaCl]); however, 
the Rh and SI values of M-300 increased when [NaCl] 
was increased to 0.2 M (mol/L). These results indicate 
that M-300/P100M100 was covered by a PMPC shell since 
the dispersion stability improved upon complexation, 
which was synthesized with P100M100. Further, 
aggregates appeared in M-300 for [NaCl] = 0.2 M when 
left overnight. In contrast, M-300/P100M100 did not 
precipitate but was maintained as a stable dispersion. 
For a NaCl concentration of 0.2 M, specific quantities of 
M-300/P100M100 and M-300 aqueous solutions were 

Fig. 4  Zeta potential for mixing ratio (R = 
P100M100/M-300, v/v) of water-based M-
300/P100M100. 

Fig. 5  Schematic representation of M-
300/P100M100 preparation.
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allowed to stand still for one week to confirm the changes 
over time. The Rh value of M-300/P100M100 was 63.2 nm 
and remained unchanged over time, whereas that of M-
300 increased to 144 nm. Furthermore, since M-300 
precipitated by salting-out, we concluded that the PMPC 
shell of the complex inhibited this process. Based on 
these results, we inferred that as the sodium 
concentration in the solvent increased, the sodium ions 
on the M-300 surface ionically bonded with the chlorine 
ions, resulting in aggregation. However, the magnetic 
PIC aggregate surface was not affected by the salt 
concentration since it was charge-neutralized. From this 
property, we conclude that magnetic PIC aggregates can 
be stably dispersed in biological bodies.

Figure 7 shows the TEM images of M-300 and M-
300/P100M100. On this basis, we confirmed that M-300 

was an aggregate of Fe3O4 (Fig. 7 (a)) and that M-
300/P100M100 was the same aggregate as M-300 (Fig. 7 (b, 
c)). Therefore, we concluded that M-300/P100M100 was 
packed with anionic M-300 by the cationic diblock 
copolymer P100M100, and the estimated radius of M-
300/P100M100 was ~50 nm. Moreover, the hydrodynamic 
radii of M-300 and M-300/P100M100 were 20.2 nm and 
47.8 nm, respectively, as determined by DLS 
measurements (Fig. 8). The characteristics of M-300 and 
M-300/P100M100 are listed in Table 3. 

3.2 Magnetic properties 
Figure 9 shows the DC hysteresis loops of M-300 and 

M-300/P100M100 for the fixed and liquid samples at field 
intensities of 0–800 kA/m. We also measured the DC 

Fig. 7  TEM images of (a) M-300 and (b, c) M-300/P100M100. From TEM image, it was confirmed that M-300 and 
M-300/P100M100 are aggregates of Fe3O4. 

(a) (b) (c)

50 nm 200 nm 100 nm

Table 3. Characterization of M-300 and 
M-300/P100M100. 

 

 Rh (nm) SI (kcps) PDI 

M-300 20.2 4.21 × 105 0.120 

M-300/P100M100 47.8 1.70 × 106 0.119 

Fig. 8  Hydrodynamic radii of M-300 and M-

300/P100M100. 
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Fig. 9  DC hysteresis loops of (a) fixed sample and 

(b) liquid sample at magnetic field 
amplitude of 0–800 kA/m. Concentration of 
Fe was 3.84 mg/mL. 
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hysteresis loops for field intensities of 0–4 kA/m to better 
understand the magnetization process (Fig. 10). As 
observed from the results of DC measurements, the 
MNPs exhibited superparamagnetic characteristics 
because the coercive force and remanence magnetization 
could not be confirmed from the hysteresis loops. In this 
case, the fixed samples had the same magnetization 
because only the Néel relaxation from the magnetic 
moment rotation of the core particles operated in the 
fixed state. However, the magnetization of M-300 was 
higher than that of M-300/P100M100 in the liquid state. 
We concluded that the action of Brownian relaxation 
caused by particle rotation was very weak in M-
300/P100M100 because their Rh value was larger than that 
of M-300.

Figure 11 shows the dependence of the AC hysteresis 
loops on frequency at 3.84 mg-Fe/mL for the fixed and 
liquid samples. As seen, the magnetization decreased as 
the frequency increased because the particle rotation 
and magnetic moments gradually became delayed. We 
also confirmed that the magnetization of M-300/P100M100 
was lower than that of M-300 in the liquid samples 
under an AC magnetic field of 10 kHz (Fig. 12). Based on 
these results, we concluded that the influence of 
Brownian relaxation was small in the liquid state of the 
magnetic PIC aggregate due to the difference in the 
hydrodynamic particle size in M-300. The increase of the 

hydrodynamic particle size in M-300/P100M100 decreased 
the degree of particle rotation because of dipole 
interactions11). 

Figure 13 (a) shows the dependence of ILP on 
frequency in the liquid sample, as estimated from the 
areas of the AC hysteresis loops. Note that the observed 
ILP peaks derived from Brownian relaxation did not 
appear for the fixed sample (Fig. 13 (b))12). Furthermore, 
we calculated the theoretical Brownian relaxation time 
using Eq. (1), and determined the viscosities of M-300 
and M-300/P100M100 at 297.15 K as 1.081 mPa∙s and 
1.037 mPa∙s, respectively. The experimental Brownian 

Fig. 10  DC hysteresis loops of (a) fixed sample and 
(b) liquid sample in magnetic field 
amplitudes ranging from 0–4 kA/m. 
Concentration of Fe was 3.84 mg/mL. 
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Fig. 11  AC hysteresis loops at 1, 10, and 100 kHz 
for M-300 and M-300/P100M100. 
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relaxation frequencies of M-300 and M-300/P100M100 
were 9.0 kHz and 250 Hz, respectively. The measured 
frequency of the Brownian relaxation peaks was in good 
agreement with the calculated frequency. The frequency 
of the Brownian relaxation peak in M-300 was 
significantly higher than that in M-300/P100M100. Thus, 
particle rotation derived from Brownian relaxation, 
which increases the degree of the magnetization rotation, 
clearly occurred in M-300 relative to M-300/P100M100 13, 

14). A higher ILP was obtained for M-300 in the liquid 
state, whereas a comparable ILP was obtained in the 
fixed state. The frequency of the Néel relaxation peak, fN, 
was not observed in the range of 0.1–100 kHz for the 
fixed samples. Note that the theoretical Néel relaxation 
peak was higher than 450 kHz [K ≤ 41 kJ/m3]15).

Finally, we assessed the suitability of the magnetic 
PIC aggregate for applications in MPI. Figures 14 and 
15 show the third-harmonic intensities of M-300 and M-
300/P100M100. The third harmonic signal intensity of M-
300 decreased with increasing frequency. We concluded 
that this was due to a decrease in magnetization caused 
by magnetic relaxation16). In contrast, the magnetic PIC 
aggregate changed very little under the same conditions. 
However, it was confirmed that M-300 and M-

 
 

Fig. 13  Dependence of ILP on frequency for the 
liquid and fixed samples. Dotted lines 
indicate theoretical Brownian relaxation 
frequencies of fB = 5.8 kHz (M-300) and fB 

= 460 Hz (M-300/P100M100). Solid lines 
indicate experimental Brownian 
relaxation frequencies of fB = 9.0 kHz (M-
300) and fB = 250 Hz (M-300/P100M100). No 
Néel relaxation peaks were observed. 
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300/P100M100 had comparable MPI signal intensities in 
the fixed state, whereas stronger signal intensities were 
obtained for M-300 in the liquid state. 

The harmonic signal used for MPI is normally 
concerned with the nonlinear component of 
magnetization property. The difference in this nonlinear 
component of magnetization with and without an 
applied DC bias field is significant for spatial resolution 
of the constructed image. As shown in Figs. 10 and 11, 
the nonlinear component of the magnetization loops is 
not very large. Although the surface modification using 
P100M100 was successfully achieved, optimization of the 
magnetic core is inevitable to lead to a higher ILP and 
harmonic signal. 
 

4. Conclusion 
 

In this study, we successfully fabricated P100M100 with 
a biological membrane structure and evaluated the salt 
concentration dependence of M-300/P100M100 when 
coated with P100M100. When the mixing ratio was 0.0739, 
the surface of the synthesized particles was neutralized 
by the charge, and the magnetic PIC aggregate was 
stable and dispersible in pure water and ionic solutions. 
Based on this result, we infer that the magnetic PIC 
aggregates can be stably dispersed in a biological body. 
The results of magnetization measurements allowed us 
to characterize the influence of different hydrodynamic 
radii on the magnetization. As the hydrodynamic 
particle size of the magnetic PIC aggregate increased, 
the influence of Brownian relaxation decreased due to 
magnetic interactions. Further, the ILP was measured to 
investigate the applicability of M-300 and M-
300/P100M100 to hyperthermia. The particles had 
comparable ILP values in the fixed state, but that of M-
300 was higher in the liquid state. In addition, 
comparable MPI signal intensities were confirmed in the 
fixed state by evaluating the third harmonic. 
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Implantable medical devices are utilized in the human body for maintaining good health. As these devices are 
becoming increasingly functionalized, supplying power to them has become very important. Instead of batteries, 
technologies for wireless power supplies are being developed, such as inductive coupling or piezoelectric elements. 
However, we propose the use of magnetic wires for this purpose. Inside these wires, a fast magnetization reversal, 
called a “large Barkhausen jump,” occurs due to an applied magnetic field. This reversal induces a large pulse voltage 
in pick-up coils, which is called a “Wiegand pulse.” By applying this pulse as an electric source, a higher electric power 
is expected compared with the conventional method using a sinusoidal excitation field. A wire core coil was prepared, 
and open-circuit voltage was measured. In addition, DC voltage and electric power were measured by connecting the 
wire core coil to a rectifier. The experimental results confirmed the superiority of using a Wiegand pulse at an applied 
magnetic field intensity of 60 Oe and a frequency of lower than 10 kHz. 
 
Keywords: magnetization reversal, large Barkhausen jump, FeCoV wire, Wiegand pulse, implantable medical device 
 

 
1. Introduction 

  
A large Barkhausen jump, which is known as the 

Wiegand effect1), is a fast magnetization reversal in a 
magnetic wire that has bistable states. It induces a large 
pulse voltage, called a Wiegand pulse, in the pick-up coil 
when a magnetic field is applied. In this study, a twisted 
FeCoV wire made from an optimum material yielding 
this effect was used. The Wiegand effect has certain 
advantages: it does not need any external power supply, 
and the amplitude of the pulse voltage is still large at 
both high and low frequencies, while an ordinary 
sinusoidal electromotive force depends on the frequency 
of the applied magnetic field. This phenomenon has been 
used in many sensor applications, such as rotation 
sensors and speed sensors2,3). Further, vibration-type 
energy-generating elements by exciting the magnetic 
wire through a single magnet are being developed4,5). 

In this study, a magnetic wire and Wiegand pulse were 
used as the power source, which provides DC voltage to 
the implant inside the human body. Ordinary inductive 
power transfer systems typically use excitation 
frequency ranging from hundreds of kilohertz to several 
megahertz. At such high frequency, the excitation 
voltage, current, and size of the coil tend to be too large 
for applying enough magnetic field to deep the human 
body. Further, unexpected heating of the body surface 
caused by the eddy currents cannot be ignored. To 
eliminate these problems, we proposed the use of a 
magnetic wire. Using the wire as the core of the pick-up 
coil and generating a large Wiegand pulse by applying a 
magnetic field, enough electric power can be achieved at 
low excitation frequency. Then, reduction of not only the 
size of both excitation coil and pick-up coil, but also the 

required excitation voltage, can be realized.  
 

2. Structure of Electricity Generation 
  

2.1 FeCoV wire 
An 11-mm-long FeCoV (Fe0.4Co0.5V0.1) wire was used in 

this study. When torsion stress was applied to the wire, 
the outer shell near the surface became magnetically soft. 
When the stress was released, two layers appeared: the 
outer layer, called soft layer, which had a coercive force 
of 20 Oe, and the inner layer, called the hard core, which 
had a coercive force of 80 Oe. Details on the magnetic 
properties of twisted FeCoV wires and torsion stress 
dependence have been reported by Abe et al.6,7). This 
magnetic wire exhibits a uniaxial magnetic anisotropy 
along its length direction.  

Figure 1 shows schematic diagrams of magnetic 
structure and magnetization process of the soft layer in 
the FeCoV wire used in this study. These characteristics 

 
Fig. 1 Schematic diagrams of magnetic structure and 

minor hysteresis loop of FeCoV wire. 
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are essentially same with those reported in Ref. 5), in 
which both of measured full and minor loops have been 
shown. The magnetization alignment of the soft layer 
and the hard core can be either in a parallel state or an 
antiparallel state, as shown in Fig. 1. The magnetization 
alignment takes a parallel state when an external 
magnetic field of larger than 20 Oe is applied in the right 
direction along its length, as shown in Fig. 1(A). When a 
magnetic field with an opposite direction to that of 
magnetization is applied and reaches −20 Oe, the 
magnetization of the soft layer is reversed steeply and 
takes an antiparallel state, as indicated in Fig. 1(B). This 
magnetization reversal, called the large Barkhausen 
jump, is due to a fast domain wall propagation. Thereby, 
a large pulse voltage, called a Wiegand pulse, is induced 
in the pick-up coil around the wire. The strength of 
magnetization of the soft layer along the left direction 
increases with the magnetic field applied in the left 
direction from −20 Oe at (B). Then, the direction of the 
magnetic field switches at (C), and the wire starts 
receiving the right magnetic field. On reaching 20 Oe, 
magnetization reversal again occurs rapidly in the soft 
layer, shown by (D) (from antiparallel state to parallel 
state), and a Wiegand pulse is induced. If the maximum 
value of the applied field intensity is within 80 Oe, the 
magnetization of the hard core does not reverse. 
 
2.2 Wiegand pulse in wire core coil 

By using the wire as a coil core and applying a 
magnetic field larger than 20 Oe, a Wiegand pulse is 
induced in the pick-up coil wound around the wire. 
Figure 2 shows a waveform of the measured Wiegand 
pulse during magnetization reversal of the soft layer 
excited by approaching a magnet in extremely slow 
movement. When the wire is excited by an AC magnetic 
field, sinusoidal electromotive force is also induced in the 
pick-up coil. Therefore, the waveform of the wire core coil 
by AC excitation combines these two waveforms, as 
shown in Fig. 3. The pick-up coil of 3000 turn was used 
in this measurement. Unlike the sinusoidal 
electromotive force, the width of a Wiegand pulse does 
not vary according to the excitation frequency. As seen in 
the figure, positive and negative Wiegand pulses are 

observed in one period, each of which results from two 
reversals of the soft layer: parallel to antiparallel and 
antiparallel to parallel. In the 1 kHz waveform shown in 
Fig. 3(a), only a Wiegand pulse is mostly observed, while 
in the 10 kHz waveform shown in Fig. 3(b), sinusoidal 
components can be slightly seen, but are still much less 
dominant compared to a Wiegand pulse. 

In this study, a voltage-double rectifier was used, and 
a Wiegand pulse was converted to DC voltage assuming 
the electric power supplied to capsule endoscopy or many 
other implantable medical devices. Enough electric 
power at a low frequency was aimed using a Wiegand 
pulse generation. The excitation frequency was set to 
lower than 10 kHz in all experiments. 
 

3. Experiment 
  

3.1 Comparison of open-circuit voltage in wire and air 
core coil 

A pick-up coil of 9 mm length and 3000 turns was 
wound around the FeCoV wire (length: 11 mm). The 
diameter of the wire was a few tenth of a millimeter. Its 
magnetic properties were essentially same with those of 

 
Fig. 2 Wiegand pulse generated by magnet excitation. 
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(a) Excitation frequency of 1 kHz. 

 
(b) Excitation frequency of 10 kHz. 

 
Fig. 3 Waveforms of applied AC magnetic field of 60 Oe 

and induced voltage of wire core coil at field 
frequencies of (a)1 kHz and (b)10 kHz. 
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the FeCoV wire of 0.25 mm diameter4,5). The volumes of 
the soft and hard core were 23% and 77%, respectively. 
The excitation coil, with 25 mm length and 22 mm 
diameter, applied the AC magnetic field to the entire 
wire core coil. Each end of the core coil was connected to 
an oscilloscope and the peak of the open-circuit voltage 
was measured; subsequently, this peak was compared 

with that of the air coil. In the measurement of magnetic 
field intensity dependence, the field intensity ranged 
from 0 Oe to 100 Oe and the excitation frequency was set 
to 1 kHz. In the measurement of excitation frequency 
dependence, the frequency ranged from 100 Hz to 10 kHz 
and the field intensity was set to 60 Oe. As shown in Fig. 
4, the peak of the Wiegand pulse was measured in the 
wire core coil, and the amplitude of the sinusoidal 
electromotive force was measured in the air coil. 
 
3.2 Measurement of electric power obtained from 
Wiegand pulse 

As shown in Fig. 5(a), the wire core pick-up coil was 
connected to a voltage-double rectifier, which consisted 
of two Schottky diodes and 1 μF capacitors and a load 
resistor. The excitation coil was arranged around the 
pick-up coil, and the size and number of turns of each 
coil were the same as those mentioned in the previous 
section. The Wiegand pulse was rectified and smoothed 
as shown in Fig. 5(b). Then, the load voltage and its 
ripple components were measured with the resistance 
value varying from 100  to 1 M, and electric power 
was calculated. Intensity of the AC magnetic field for 
excitation was set to 60 Oe, and two frequencies were 
used: 1 kHz and 10 kHz. The ripple rate was calculated 
using the following equation. 

100minmax 



aveV

VVRipple         (1) 

 
3.3 Comparison of electric power obtained from the wire 
and ferrite core coil 

To confirm the usefulness of the Wiegand pulse at low 
frequency, a high-permeability magnetic material, MnZn 
ferrite, was used for the coil core and compared with the 
wire core coil. The ferrite core strengthened the magnetic 
flux around the pick-up coil, and the sinusoidal 
electromotive force itself increased. The size of the ferrite 
core used in this experiment was 1 × 1 × 10 mm3. The 
ferrite core and the wire were each wound by a pick-up 
coil of 400 turns. Each core coil was connected to the 
voltage-double rectifier and load resistor, as described in 
the previous section. Then, the load voltage was 
measured and electric power generated from the wire 
and the ferrite core was calculated and compared. 
Because the ferrite core and wire had different sizes, the 
measured data were normalized with their cross-
sectional area. Load resistance was 1 M and 
capacitance was 1 μF. The excitation magnetic field 
intensity was set to 60 Oe, which is enough to generate 
a Wiegand pulse. The excitation frequency ranged from 
100 Hz to 10 kHz. 
 

4. Results and Discussion 
 
4.1 Comparison of open-circuit voltage with changing 
applied field intensity or frequency 

Figure 6 shows the dependence of open-circuit voltage 

 
(a) Configuration of wire core coil and measurement  

of Wiegand pulse. 

 

(b) Configuration of air core coil and measurement of  
sinusoidal electromotive force. 

 
Fig. 4 Open-curcuit voltage of wire core coil (Wiegand 

pulse) and air core coil (sinusoidal electromotive 
force).  
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openopen
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(a) Configuration of wire core coil, excitation coil, 

voltage rectifier circuit, and load resistor. 
 

 
(b) Process through which Wiegand pulse is rectified 

and smoothed by circuit above. 
 

Fig. 5 Conversion of Wiegand pulse into DC voltage: 
configuration and process. 
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on magnetic field intensity at 1 kHz of excitation 
frequency and that of excitation frequency on 60 Oe of 
applied field intensity.  

As shown in Fig. 6(a), when the excitation field was 20 
Oe or more, the peak value of the wire core was far larger 
than that of the air coil. This implies that the Wiegand 
pulse was generated due to magnetization reversal in 
the soft layer; its peak value increased with the applied 
field intensity. When the applied field was within 20 Oe, 
because the Wiegand pulse was not generated, ordinary 
electromotive force was measured. At an applied field of 
10 Oe, the peak value of the wire core was 84.2 mV, 
which was slightly larger than that of the air core (28.4 
mV). It was found that because of the magnetic 
permeability of the wire, magnetic flux around the pick-
up coil strengthened, and the electromotive force 
increased to a certain degree. The magnetization of the 
hard core was also reversed by the applied field above 80 
Oe, which resulted in lower output voltage from the 
wire6). The voltage was expected to be saturated or more 

decreasing even though the magnetic field exceeded 100 
Oe. Magnetization reversal of the hard core is not 
necessary for generating the Wiegand pulse, and the 
field intensity should not be excessively strong. Then, 
the ideal intensity for generating the Wiegand pulse is 
around 60–80 Oe. Therefore, in this study, the applied 
field was set to 60 Oe, which fixed the field intensity.  

In Fig. 6(b), at all measured frequencies, the peak 
value of the Wiegand pulse was far larger than the 
electromotive force of the air coil. As the frequency 
increased, the amplitude of the wire core coil also 
increased. We assumed that the sinusoidal component 
increased at higher frequency, and then, the peak value 
of the Wiegand pulse was increased. 
From these results, higher electric power is expected to 

be secured at lower excitation frequency during 
conversion to DC voltage. 
 

4.2 Electric power obtained from wire core coil 
Figure 7 shows the results of the measured voltage 

 
(a) Dependence of 1 kHz of excitation frequency on field 

intensity. 
 

 
(b) Dependence of 60 Oe of applied field intensity on 

excitation frequency. 
 

Fig. 6 Dependence of open-curcuit voltage of wire core 
coil and air core coil on applied field intensity and 
excitation frequency. 
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(a) DC voltage and electric power with change in 

resistance. 
 

 
(b) Ripple rate of load voltage. 

 
Fig. 7 Dependence of DC voltage (average value) and 

electric power on resistance and its ripple rate, 
at 60 Oe of applied field intensity and 1 kHz of 

 excitation frequency. 
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and electric power of load resistance (a) at 1 kHz 
excitation frequency, and its ripple (b). The maximum 
obtained electric power was 1.2 mW. The ripple rate 
deteriorated at lower resistances. In the case where the 
wire core coil receives power from the excitation coil and 
provides voltage to the implant device throughout 
operation in the human body, the fluctuation in the load 
voltage should be less, and thus, the capacitor should be 
optimized.  

Figure 8 shows same results as Fig. 7 but at an 
excitation frequency of 10 kHz. The maximum electric 
power was approximately 21 mW. Under this excitation 
condition, there is enough possibility of feeding the 
power required to operate implantable medical devices 
(for example, power consumption of capsule endoscopy is 
25 mW8), and is expected to lessen in the future). Further, 
the load voltage at the highest electric power was 1.56 V 
at 1 kHz and 8 V at 10 kHz excitation. Considering that 
the voltage of a button battery, the main power source of 
implantable medical devices, is around 1.5 V, DC voltage 
from the Wiegand pulse was also sufficient. 

4.3 Comparison of electric power generated from wire 
core and ferrite core 

Figure 9 shows a comparison of the electric power 
generated from the wire core coil and the ferrite core coil. 
The excitation frequency was 1 kHz. The ripple almost 
disappeared because the circuit parameters (capacitance 
and load resistance) and the time constant were large 
enough. Electric power from the Wiegand pulse 
increased significantly from the applied field intensity of 
20 Oe or more. Even considering the demagnetizing field 
inside the ferrite, the power from the ferrite core coil 
remained smaller at almost all intensity values. The 
tendency of the wire core coil resembles that in Fig. 6(a), 
in that the peak of the applied field intensity was in the 
range of 70–80 Oe. 

Figure 10 shows a comparison of the electric power 
generated from the wire core and ferrite core with 
changing excitation frequency. In frequencies lower than 
10 kHz, the wire core coil had an advantage. Thus, the 

 
(a) DC voltage and electric power with change in 

resistance. 

 
(b) Ripple rate of load voltage. 

 
Fig. 8 Dependence of DC voltage (average value) and 

electric power on resistance, and its ripple rate  
at 60 Oe of applied field intensity, and 10 kHz of 
excitation frequency. 
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Fig. 9 Comparison of electric power generated from wire 

core and ferrite wire coil with change in applied 
field intensity at 1 kHz.  

0

10

20

30

40

0 20 40 60 80 100

Wire core

Ferrite core

Po
w

er
 [ 

 W
/m

m
2 ]

Magnetic field intensity [Oe]

μ

1 kHz

 
Fig. 10 Comparison of electric power generated from 

wire core and ferrite wire coil with change in  
excitation frequecncy at 60 Oe. 
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usefulness of the Wiegand pulse and wire core coil at 
lower excitation frequency was confirmed. If the 
excitation frequency is increased beyond 10 kHz, the 
sinusoidal electromotive force will increase, and the 
ferrite core coil may become superior to the wire core coil. 
 

5. Conclusion 
 

This paper proposes a new method of power supply 
using an 11-mm-long FeCoV wire. A Wiegand pulse was 
induced in a pick-up coil wound around the wire by an 
AC magnetic field of the excitation coil. A comparison of 
the open-circuit voltage with the air core coil showed 
that the Wiegand pulse has much larger peak than the 
sinusoidal electromotive force at frequencies lower than 
10 kHz. Subsequently, the Wiegand pulse was rectified 
and smoothed by a voltage-double rectifier, and it was 
confirmed that the wire core coil can provide enough 
electric power to implantable medical devices. Further, 
the wire core coil was compared to the ferrite core coil, 
which had high permeability, and higher electric power 
was obtained by the Wiegand pulse, even though the 
electromotive force was amplified by the ferrite core at 
the measured frequency. In addition, it was found that 
reduction in the size of pick-up and excitation coils, and 
reduction in the excitation frequency were expected. 
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with aligned easy axes 
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Magnetic particle imaging (MPI) is a novel diagnostic imaging technique based on the use of magnetic 

nanoparticles (MNPs). Investigating the magnetic properties of magnetic nanoparticles is important for achieving a 
high spatial and temporal resolution in MPI. In this study, -Fe2O3 nanoparticles (core diameter: dc = 4 nm), Fe3O4 
nanoparticles (dc = 20–30 nm), and Resovist® were immobilized in a DC magnetic field with their easy axes aligned. 
DC and AC magnetization curves were measured for the prepared MNPs. The measurements were performed by 
applying fields parallel and perpendicular to the easy axis and evaluating the magnetic properties of the MNPs for 
the easy and hard axes. The direction of magnetic moments under the AC magnetic field applied to the direction of 
the easy axis or hard axis was evaluated by using both experimental results and numeric simulation using the 
Landau–Lifshitz–Gilbert equation to reveal magnetic relaxation property at wide frequency range and the effect of 
core size distribution of oriented MNPs. The effect of anisotropy in superparamagnetic nanoparticles, the relaxation 
property depending on the anisotropy energy barrier, and the fast magnetization process of Néel relaxation were 
successfully observed. 
 
Keywords: magnetic nanoparticle, magnetic particle imaging, magnetic relaxation, magnetic easy axis, 

magnetization curve 
 

1 Introduction 
 

Magnetic nanoparticles (MNPs) are promising 
candidates for biomedical applications such as cancer 
treatment and diagnostic imaging1). In particular, 
magnetic nanoparticle imaging (MPI) is attracting 
attention owing to its potential for novel diagnostic 
applications2). MPI is an imaging technique that detects 
MNPs directly through the nonlinearity of their 
magnetization. In vivo cancer imaging using MPI has 
been reported with characteristic spatial resolution of 
approximately 1 mm3). The MPI signal is strongly 
dependent on the size or structure of the used particle4,5), 
so the resolution of MPI can be improved by optimizing 
these parameters. To achieve high spatial and temporal 
resolution of MPI, the magnetic properties of MNPs 
should be investigated, and optimal conditions related 
to the applied field and the MNP parameters should be 
determined. In this study, we fabricated samples from 
MNPs with aligned easy axes and measured their 
magnetic properties. 

Orientation of the easy axes of MNPs in an AC field 
obtained by simulations and experiments has been 
reported previously6–8). The orientation of the easy axes 
should be considered in MPI, which uses an AC 
magnetic field for diagnosis. It is important to clarify 
the magnetic properties of MNPs in an AC field with 
regard to the degree of anisotropy. Magnetization 
measurement at 20 kHz and its harmonic signal of 
oriented MNPs have been reported by Yoshida et al.9). 
We measured magnetization curves for 
superparamagnetic and ferromagnetic iron-oxide 

nanoparticles with aligned easy axes under an AC 
magnetic field with a frequency up to 500 kHz 
considering their relaxation properties, and observed 
clear anisotropy of the MNPs in this study. As magnetic 
properties certainly depend on the core size of MNPs4), 
the effect of core size distribution was also studied with 
using the oriented MNPs. 

The energy of an MNP placed in an external magnetic 
field consists of the anisotropy energy and the energy 
associated with the external magnetic field, as given by 
the Stoner–Wohlfarth model: 

   cossin 0
2

Mu MHμVKE .          (1) 
where Ku, VM, , μ0, M, H, and  are the magnetic 
anisotropy constant, the volume of the primary particle, 
the angle between the easy axis and the magnetic field, 
the permeability of free space, the magnetization of the 
MNP, the intensity of the external field, and the angle 
between the easy axis and the magnetization, 
respectively10). Magnetic moments tend to align with 
the direction of the magnetic easy axis and the magnetic 
field to minimize the anisotropy energy and the energy 
associated with the external magnetic field, 
respectively. The anisotropy energy depends on the size 
of the MNP. In a superparamagnetic nanoparticle, the 
orientation of the magnetic moment is randomized by 
the thermal energy, and the magnetic properties show 
no coercivity or remanence because the anisotropy 
energy is smaller than the thermal energy. 

When an AC field is applied to the MNPs, magnetic 
relaxation occurs owing to the delay of magnetization in 
the AC field. Néel relaxation time N derived from the 
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rotation of the magnetic moment is given by the 
following equation: 











Tk
VK

ττ
B

Mu
0N exp ,                         (2) 

where 0, kB, and T are the attempt time, the Boltzmann 
constant, and the temperature, respectively11,12). 
 

2 Materials and methods 
 

2.1 Materials and samples 
Water-dispersed -Fe2O3 nanoparticles supplied from 

Meito Sangyo Co. Ltd. with core diameters (dc) of 4 nm 
were used as superparamagnetic nanoparticles. They 
were coated with carboxymethyl-diethylaminoethyl 
dextran. In addition, Fe3O4 nanoparticles purchased 
from Nanostructured and Amorphous Materials Inc. 
with dc of 20–30 nm were used as ferromagnetic 
nanoparticles. They were coated with polyethylenimine 
to achieve better dispersion in the solution. 

Two types of solid samples were prepared for either 
type of MNPs. One solid sample contained MNPs fixed 
with epoxy bond in the absence of magnetic fields, and 
the other solid sample contained MNPs fixed in a DC 
magnetic field applied with an electromagnet for 8 h. 
Thus, the easy axes of MNPs in the first sample were 
oriented randomly. In contrast, in the second sample, 
the magnetic easy axes of the MNPs were aligned. The 
intensity of the DC field during the preparation of the 
sample with aligned easy axes was 575 kA/m. The 
concentration of MNPs in both types of samples was 
adjusted to 2 mg-Fe/ml. 

We also prepared samples with the aligned easy axes 
using Resovist®, a contrast agent generally used in MRI. 
Resovist® is a commercially available MNP that 
indicates superparamagnetic behavior5) and is 
generally used for experiments on MPI2) and 
hyperthermia13). It has been reported that Resovist® 
consists of multi core particles with their certain size 
distribution14). The magnetic property of Resovist® was 
compared with those of the -Fe2O3 (4 nm) samples 
which exhibited smaller core size distribution5). 

 
2.2 Magnetization measurements 

DC magnetization curves were measured with a 
vibrating sample magnetometer (VSM), and AC 
magnetization curves were measured with a pickup coil 
at a frequency of 1–100 kHz under the amplitudes of the 
applied field of 4 kA/m and 16 kA/m15). For the solid 
sample with aligned easy axes, DC and AC hysteresis 
measurements were performed by applying magnetic 
fields parallel and perpendicular to the easy axis, which 
we defined as the easy axis sample and the hard axis 
sample, respectively. All measurements were taken at 
298 K. The saturation magnetization of the sample was 
estimated by fitting the measured DC magnetization 
curve at the field intensity of 800 kA/m to calculate the 
magnetization curve from the Langevin function. 

 

2.3 Numerical simulation 
In the magnetization measurement, the results 

indicate the total magnetization of MNPs in the sample. 
Therefore, the magnetic states and magnetization 
distribution of individual MNPs were evaluated by 
numerical simulations. Numerical simulations were 
performed using the Landau–Lifshitz–Gilbert (LLG) 
equation7, 16): 

  HmHmm



 




21dt
d ,          (3) 

where m, , , and H are the magnetization, 
gyromagnetic ratio, damping parameter ( = 0.1), and 
effective field, respectively. The magnetization was 
calculated as the value normalized by the saturated 
magnetization according to Eq. (3) using the Runge–
Kutta algorithm. The gyromagnetic ratio is estimated 
by 

 
Tk

VM

BN

2
Ms0

2
1







 ,                        (4) 

where Ms is the saturated volume magnetization of 351 
kA/m. The effective field is given by 

thaniex HHHH                        (5) 
In this equation, 

nnmH
s0

u
ani

)(
Mμ

K 
 ,                         (6) 

where Hex, Hani, Hth, and n are the excited field, the 
magnetic anisotropy field, the fluctuating field due to 
thermal noise, and a unit vector along the easy axis, 
respectively. The thermal fluctuating field is satisfied 
by the following equations: 

0)(th, tH i                                 (7) 

)'δ(δ
1

2)'()(
Ms0

B
2th,th, tt

VMμ
Tk

tHtH ijji 





 .(8) 

In these equations, i and j are Cartesian indices of 
different particles. ij is the Kronecker delta function, 
and  is the Dirac delta function. The AC field of 16 
kA/m at 100 kHz was applied parallel and 
perpendicular to the easy axis as in the experiments. In 
the numerical simulations, 28,672 particles were set 
with core diameters of 5±2 nm (mean±SD) and magnetic 
anisotropy constants of 20±1 kJ/m3, which followed the 
Gaussian distribution. There was no relation between 
the core diameters and the magnetic anisotropy 
constants. The easy axes of MNPs were completely 
oriented to same direction. Distributions of the number 
of particles were evaluated according to their 
dependence on the orientation of magnetization. 

 
3 Results and discussion 

 
3.1 DC magnetization curves 

Figure 1 and Figure 2 show the DC magnetization 
curves of both samples at field intensities of 800 kA/m 
and 4 kA/m, respectively. The magnetization was 



57Journal of the Magnetics Society of Japan Vol.42, No.2, 2018

INDEXINDEX

normalized by saturation magnetization and 
represented in the unit of M/Ms. At the intensity of 575 
kA/m, which corresponds to the intensity of the DC field 
during the preparation of the sample with aligned easy 
axes, magnetization greater than 85% of the saturation 
magnetization is observed in the sample with randomly 
oriented MNPs. For -Fe2O3 (4 nm) nanoparticles (Fig. 
2 (a)), the coercivity of the DC magnetization curves in 
all samples is marginal. This is because the anisotropy 
energy is smaller than the thermal scattering energy at 
298 K owing to the small volume of the measured -
Fe2O3 (4 nm) nanoparticles. Therefore, the magnetic 
moments are randomly oriented, and the total 
magnetization at zero field is zero, which is 
characteristic of superparamagnetic nanoparticles. The 
magnetizations in the easy axis sample and hard axis 
sample were larger and smaller than that in the 
random sample, respectively. Clear anisotropy of the 
superparamagnetic nanoparticles at 298 K is observed. 
The distribution of the magnetic moments is shown in 
Fig. 3. When the magnetic field is applied to the MNPs, 
the magnetic moments tend to align with the easy axis 
owing to the energy associated with the applied field, 
and then the easy axis and the hard axis indicate the 
directions of large and small magnetization, 
respectively. In the absence of the magnetic field, the 
magnetic moments tend to align with the easy axis, but 

because they are randomly oriented owing to the 
thermal energy, the total magnetization is zero at zero 
field. 

On the other hand, Fe3O4 (20–30 nm) nanoparticles 
exhibit large magnetization and coercivity when the 
magnetic field is applied parallel to the easy axis and 
small magnetization and coercivity when the magnetic 
field is applied along the hard axis, as shown in Fig. 2 
(b). This is because the anisotropy energy barrier is 
large for the easy axis sample and small for the hard 
axis sample. 
 
3.2 AC magnetization curves 

Figure 4 and Figure 5 show the DC magnetization 
curves and AC magnetization curves of Fe3O4 (20–30 
nm) nanoparticles at field frequencies of 1–100 kHz and 
intensities of 4 kA/m and 16 kA/m, respectively. The 
coercivities of the DC and AC magnetization curves are 
very similar at the field intensity of 4 kA/m regardless 
of the easy axis direction. It can be concluded that the 
magnetic moment does not exhibit detectable rotation 
at such small field intensities as 4 kA/m owing to the 
large diameters of the particles. In contrast, at large 
field intensities such as 16 kA/m, the coercivities of the 
DC and AC magnetization curves are very similar for 
the field applied along the hard axis. However, the 
coercivity of the DC magnetization curve is smaller 

 
Fig. 1 DC magnetization curves of (a) -Fe2O3 (4 

nm) and (b) Fe3O4 (20–30 nm) at field 
intensity of 800 kA/m. 
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Fig. 2 DC magnetization curves of (a) -Fe2O3 (4 

nm) and (b) Fe3O4 (20–30 nm) at field 
intensity of 16 kA/m. 
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than that of the AC magnetization curve for the field 
applied along the easy axis. We can conclude that 
magnetization reversal occurs at 16 kA/m. The 
coercivity remains constant for the frequency range of 
1–100 kHz. This is because the peak frequency of Néel 
relaxation for the Fe3O4 (20–30 nm) nanoparticles 
calculated from Equation (2) is less than 0.01 Hz (Ku = 
23 kJ/m3)17) and lies almost outside of the measured 
frequency range. 

Figure 6 shows a comparison between the AC 
magnetization curves for the samples of -Fe2O3 (4 nm) 
nanoparticles with easy axis sample, hard axis sample, 

and random sample at a frequency of 10 kHz and 
intensity of 16 kA/m. As the DC magnetization, the easy 
axis sample shows the highest value, whereas the hard 
axis sample shows the lowest. The harmonic signal in 
MPI can be increased by applying an AC field along the 
easy axis due to larger magnetization of the MNP9). 
Although the coercivities of the DC magnetization 
curves are marginal in all samples, the easy axis sample 
shows the highest coercivity, whereas the hard axis 
sample shows the lowest. This behavior indicates that 
there is a delay between the magnetization and the 
applied field associated with the angle between the 
applied field and the easy axis, which implies a 
difference in the anisotropy energy barrier. Similar 
results for superparamagnetic nanoparticles and 
ferromagnetic nanoparticles have been obtained 
previously from both numerical simulations and 
experiments18–20). 

Figure 7 shows the distribution of the number of 
particles for the 5±2 nm particles obtained from 
numerical simulations at a frequency of 100 kHz and 
intensity of 16 kA/m. The horizontal and vertical axes 
indicate the magnetization of MNP and the percentage 
distribution of particles, respectively. The maximum 
value of the distribution, which describes the 
percentage of particles with reversed magnetization, is 

Fig. 3 Distribution of magnetic moments when 
magnetic field is applied to (a) easy axis and 
(b) hard axis. Distribution of magnetic 
moments at zero field (c). 
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Fig. 5 DC and AC magnetization curves of Fe3O4 
(20–30 nm) nanoparticles at field intensity 
of 16 kA/m. Direction of applied field was 
along (a) easy axis and (b) hard axis. 

-0.5

-0.25

0

0.25

0.5

-20 -10 0 10 20

DC
1 kHz
10 kHz
100 kHz

M
ag

ne
tiz

at
io

n 
[M

/M
s]

Magnetic field [kA/m]

16 kA/m
Fe3O4 (20-30 nm)

Oriented (easy axis)

-0.5

-0.25

0

0.25

0.5

-20 -10 0 10 20

DC
1 kHz
10 kHz
100 kHz

M
ag

ne
tiz

at
io

n 
[M

/M
s]

Magnetic field [kA/m]

16 kA/m
Fe3O4 (20-30 nm)

Oriented (hard axis)

(a)

(b)

Fig. 4 DC and AC magnetization curves of Fe3O4 
(20–30 nm) nanoparticles at field intensity 
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greater in the easy axis sample than in the randomly 
oriented sample. However, there are some particles 
whose magnetization is opposite to the applied field in 
the easy axis sample owing to the strong binding force 
associated with the large anisotropy energy barrier. In 
the hard axis sample, the maximal value of the 
distribution is observed at approximately ±0.2 M/MS. 
This indicates that the magnetic moments are 
predominantly aligned along the easy axis rather than 
magnetization reversal.  

The DC and AC magnetization curves of the -Fe2O3 
(4 nm) nanoparticles at frequencies of 1–100 kHz and 
intensity of 16 kA/m are shown in Fig. 8. In Fig. 8 (a), 
the coercivity of the easy axis sample clearly increases 
with increasing frequency. In contrast, the coercivity of 
the hard axis sample is marginal up to 100 kHz, as 
shown in Fig. 8 (b). According to the results of numerical 
simulations (Fig. 7), magnetic relaxation occurs with a 
large delay relative to the applied AC magnetic field in 
the easy axis sample. In contrast, magnetic reversal 
does not occur in the AC field with the oscillation of the 
magnetic moment on the easy axis in the hard axis 
sample. Thus, hysteresis is not observed in the 
magnetization curves of the hard axis sample even at 
high frequencies. This manifests an experimental 
observation of the fast Néel relaxation process. 

The magnetization (M/MS) under the applied field of 
16 kA/m during the magnetization reversal at 100 kHz 
was calculated by summation of distributed 
magnetization shown in Fig. 7. The magnetizations of 
random, easy axis, and hard axis samples were derived 
as 0.21, 0.30, and 0.11 M/MS from Figs. 7(a), (b), and (c), 
respectively. The calculated values of magnetizations of 
easy axis and hard axis samples were compared with 
the measured magnetization shown in Fig. 8. As 
indicated by the arrows in the figure, the measured 
magnetization under the applied field of 16 kA/m at 100 
kHz were 0.25 and 0.20 M/MS for the easy axis and hard 
axis samples, respectively. The difference between 0.25 

and 0.20 M/MS is smaller than that between calculated 
values of 0. 30 and 0.11 M/MS, which can be explained 
by imperfection of particle orientation in the prepared 
samples. In spite of this quantitative analysis, the 
simulated magnetization agreed well qualitatively with 
the measured AC magnetization curves in terms of 
characterization of difference in the easy axis and hard 
axis samples. 

Figure 9 compares the AC magnetization curves of 

Fig. 6 AC magnetization curves of -Fe2O3 (4 nm) 
nanoparticles at frequency of 10 kHz. 
Intensity of field was 16 kA/m. 
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the -Fe2O3 (4 nm) nanoparticles with those of Resovist® 
at a field intensity of 4 kA/m and frequency of 500 kHz. 
The core size distribution of Resovist® has been 
estimated by Yoshida et al., and the size distribution of 
6.1–21.6 nm has been reported14). Thus, the particles of 
large diameters with longer Néel relaxation time than 
that of -Fe2O3 (4 nm) exhibit large coercivity in both 
the easy axis and the hard axis samples. 

 
4 Conclusions 

 
In this study, samples of immobilized particles of -

Fe2O3 (dc = 4 nm), Fe3O4 (dc = 20–30 nm), and Resovist®, 
whose easy axes were aligned or randomly oriented, 
were prepared. Their DC and AC magnetization 
properties up to 500 kHz were analyzed, and the effect 
of easy axis orientation on superparamagnetic 
nanoparticles and ferromagnetic nanoparticles was 
evaluated. In both superparamagnetic -Fe2O3 (dc = 4 
nm) and ferromagnetic Fe3O4 (dc = 20–30 nm) 
nanoparticles, the DC and AC magnetization curves 
indicated larger and smaller magnetization due to 
anisotropy energy, when the field was applied to the 

easy axis and hard axis of the samples, respectively. The 
increase of magnetization under an applied AC field along 
the easy axis is expected to increase the harmonic signal 
in MPI. In the case of -Fe2O3 (4 nm) nanoparticles, the 
superparamagnetic feature was clearly observed with 
random orientation of the easy axis, regardless of the 
alignment of immobilized particles. In the AC 
magnetization curves of the -Fe2O3 (4 nm) 
nanoparticles, there was an increase in coercivity with 
increasing field frequency applied to the easy axis 
direction. In contrast, when the field was applied to the 
hard axis, the coercivity was almost marginal up to 100 
kHz so that magnetization could follow the applied 
magnetic field even at high frequency. Thus, the fast 
magnetization process of Néel relaxation was 
experimentally observed. The AC magnetization curve 
of Resovist®, measured at a frequency of 500 kHz, 
indicated larger coercivity than that of the -Fe2O3 (4 
nm) nanoparticles. This is because Resovist® has a 
longer Néel relaxation time owing to the larger core size 
of the particles compared to -Fe2O3 (4 nm). The 
frequency characteristics and effect of core size 
distribution of MNPs both in the easy axis and hard axis 

 
Fig. 8 DC and AC magnetization curves of -Fe2O3 

(4 nm) at frequencies of 1–100 kHz and 
intensity of 16 kA/m with model of magnetic 
moment distribution. Direction of applied 
field was along (a) easy axis and (b) hard 
axis. 
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Fig. 9 AC magnetization curves of -Fe2O3 (4 nm) 

nanoparticles and Resovist® at field intensity 
of 4 kA/m and frequency of 500 kHz. Direction 
of applied field was along (a) easy axis and (b) 
hard axis. 
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directions were clearly revealed. 
In addition, numeric simulation using the LLG 

equation was performed to understand magnetization 
distribution of individual MNPs, and the results agreed 
well qualitatively with the experimental results. The 
calculated results successfully demonstrated that a 
large proportion of magnetization was reversed by the 
application of an AC field to the easy axis and that there 
remained particles whose magnetization direction was 
opposite to the applied field owing to the strong binding 
force associated with the large anisotropy energy 
barrier. When the AC field was applied to the hard axis, 
the magnetization, which was predominantly aligned to 
the easy axis, was oscillated by the applied field. 
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