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EEssttiimmaattiioonn  ooff  mmaaggnneettiicc  ddoommaaiinn  ssiizzee  iinn  cchhiirraall  aannttiiffeerrrroommaaggnneett  MMnn33IIrr  bbyy  tthhee  

aannoommaalloouuss  HHaallll  mmeeaassuurreemmeennttss 
 

Yuta Kobayashi, Tetsuya Ikebuchi, Yoichi Shiota, Teruo Ono*, and Takahiro Moriyama 
 

Institute for Chemical Research, Kyoto University, Gokasho Uji, Kyoto 611-0011, Japan 
*Center for Spintronics Research Network (CSRN), Graduate School of Engineering Science, Osaka University, 

 Toyonaka, Osaka 560-8531, Japan 
 

    Chiral antiferromagnets have recently been drawing attention due to their unique magnetic transport properties 
such as the giant anomalous Hall effect. We previously reported an experimental demonstration of the giant anomalous 
Hall effect in the chiral antiferromagnet Mn3Ir thin films with quite blunt hysteresis curves suggesting a large 
distribution of magnetic properties associated with magnetic domains. In this work, we measured the anomalous Hall 
effect and its hysteresis curve in the Mn3Ir of various device sizes. By comparing the experimental data with our 
developed statistical model, we characterize a distribution of the magnetic domain size in our Mn3Ir films. 
 
KKeeyywwoorrddss:: anomalous Hall effect, chiral antiferromagnet, Mn3Ir, magnetic domain, thin film, statistical analysis 

 
 

Chiral antiferromagnets, a new class of non-collinear 
antiferromagnets, have recently been drawing attention 
owing to their intriguing transport properties. The non-
collinear magnetic structure with broken space inversion 
symmetry causes a large Berry curvature which gives rise 
to a giant anomalous Hall effect (AHE)1),2), anomalous 
Nernst effect (ANE)3)-6), and magneto-optical Kerr effect7)-

9). Chiral antiferromagnets have been investigated in the 
context of not only the topological physics10),11), but also 
antiferromagnetic spintronics12) where their small net 
magnetization1) and the high-speed magnetic response13) 
are advantageous for spintronic devices such as spin-
torque magnetic memories14)-16). Most of these leading-
edge researches have been successful with a particular 
chiral antiferromagnet, D019-ordered Mn3Sn, which is one 
of the chiral antiferromagnetic compounds Mn3X (X = Sn, 
Ge, Ga, Ir, Pt, and Rh) family17)-23). Mn3Ir which is focused 
on in this paper is much less investigated although the 
relatively large anomalous Hall conductivity is predicted 
among the Mn3X family22).  
 We previously reported the fabrication of L12-ordered 
Mn3Ir thin films and the demonstration of the giant AHE. 
The AHE hysteresis curves emerges due to the reversal of 
the chiral domain associating with the reversal of the 
small net magnetization24). As L12-Mn3Ir have a large 
magnetocrystalline anisotropy due to a large spin-orbit 
interaction of Ir25),26), the coercive field, or the switching 
field, is found larger than several Tesla24). Our previously 
observed hysteresis curves of the anomalous Hall effect 
were quite blunt with a large switching field, suggesting 
that the magnetic reversal is not uniform but is driven by 
magnetic domains. To further explore the potential of the 
Mn3Ir as a chiral antiferromagnet, it is important to 
understand the magnetic reversal giving rise to the 

AHE27),28). 
 In this work, we investigate the hysteresis curves of 
AHE in Mn3Ir to characterize the “magnetic domain” size 
within which the magnetizations uniformly rotate to give 
rise to the AHE29). We took a distribution of the hysteresis 
curves for various sizes of the Hall cross devices which 
should be significantly affected by the relative size of the 
magnetic domains to the device size. Assuming there are 
two key distributions; one is the magnetic domain size 
distribution and the other is the AHE distribution in each 
magnetic domain. For instance, in the limit where the 
magnetic domain is much larger than the device size, the 
distribution of the hysteresis curves simply reflects the 
AHE distribution. On the other hand, in the opposite limit, 
the AHE distribution would be averaged out by the many 
domains and would be smaller. The device size 
dependence of the distribution was analyzed by a 
statistical model based on the above assumption to 
determine the domain size.  
 Mn3Ir thin films of thickness 20 nm were grown by 
magnetron sputtering on a thermally oxidized Si 
substrate at the substrate temperature Ts = 700 °C in the  

 
 

 
FFiigg..  11.. (a) The Hall cross device. 𝑤𝑤𝑤𝑤 is the channel width 

of the Hall cross bar. (b) The transverse resistivity 𝜌𝜌𝜌𝜌xy for 
the Hall cross area 𝑆𝑆𝑆𝑆Hall = 1µm2 as a function of magnetic 
field.  

                                             
Corresponding author: 
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chamber with the base pressure of 1.5×10-5 Pa. The 
fabrication process is identical to our previous report24). 
During the deposition, we rotate the sample holder along 
its normal axis to ensure a uniform composition and 
thickness. A plate of arc-melted Mn75%-Ir alloy was used 
for the sputtering target. SiO2 of thickness 5 nm was 
deposited on top of the Mn3Ir film to prevent the oxidation. 
For the transport measurements, the films were 
photolithographically patterned into a Hall cross 
structure with the channel width 𝑤𝑤𝑤𝑤 ranging from 1 μm to 
10 μm (Fig. 1(a)). Hall measurements were carried out at 
room temperature with an external field applied 
perpendicular to the sample plane, by using the current-
spinning technique to remove any parasitic offset voltage 
due to geometrical imperfections of the Hall cross 
structure30). Any residual offset should be intrinsically 
linked to the material property in response to the 
magnetic field.    

Figure 1(b) shows transverse resistivity 𝜌𝜌𝜌𝜌xy  as a 
function of external field 𝐻𝐻𝐻𝐻  of typical Hall cross area 
𝑆𝑆𝑆𝑆Hall (= 𝑤𝑤𝑤𝑤2) equal to 1 µm2, the Hall cross area which is 
relevant to the anomalous Hall effect (see Fig. 1 (a)). We 
measured at least 10 different devices for each Hall cross 
area 𝑆𝑆𝑆𝑆Hall =1, 4, 9, 25, 49, and 100 µm2.  

Since the hysteresis curves do not saturate with the 
external magnetic field available in the lab (< 9 Tesla), all 
the AHE hysteresis curves are considered as a minor loop. 
Therefore, the coercive field 𝐻𝐻𝐻𝐻c  is not a good physical 
quantity and does not directly reflect the distribution of 
the coercive field in each domain 𝐻𝐻𝐻𝐻c,domain . We instead 
take the maximum 𝜌𝜌𝜌𝜌xy  for each hysteresis curve to 
evaluate a distribution of the hysteresis curves, as,  

 

𝜌𝜌𝜌𝜌max =
𝜌𝜌𝜌𝜌xy(9T) − 𝜌𝜌𝜌𝜌xy(−9T)

2
(1) 

  
The histogram of 𝜌𝜌𝜌𝜌max  from which we take the 

standard deviation is shown in Fig. 2. 
 We now explain the statistical model to estimate the 
magnetic domain size from the standard deviation of 𝜌𝜌𝜌𝜌max 
(Fig. 3). The model is developed based on two critical 
assumptions; (i) the magnetic domain size has a normal 
distribution in the blanket film (ii) each domain has an 
expected hysteresis curve with normally populated 
coercive field 𝐻𝐻𝐻𝐻c,domain. With the assumption (i), we can 

 
 
FFiigg..  22.. Histogram of 𝜌𝜌𝜌𝜌max = 𝜌𝜌𝜌𝜌xy(9T)−𝜌𝜌𝜌𝜌xy(−9T)

2
 for various 

Hall cross area 𝑆𝑆𝑆𝑆Hall. 
 
hypothesize that our Hall cross pattern cut out the 
magnetic domain(s) on the blanket film having 
distribution of the domain size. We then simulate the 
hysteresis curve by calculating the sum of the AHE 
hysteresis curves arisen by each magnetic domain based 
on the assumption (ii). 
 With this framework, the simulation is performed by 
the following procedure. First, sizes of the magnetic 
domains 𝑆𝑆𝑆𝑆𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑,𝑘𝑘𝑘𝑘 is assumed to be normally populated 
in the blanket film (Assumption (i)) with the mean size 
𝑆𝑆𝑆𝑆𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑,𝑑𝑑𝑑𝑑𝑚𝑚𝑚𝑚𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑  and the standard deviation 𝑆𝑆𝑆𝑆𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑,𝑑𝑑𝑑𝑑𝑚𝑚𝑚𝑚𝑑𝑑𝑑𝑑 .We 
then randomly and repeatedly pick up 𝑆𝑆𝑆𝑆𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑,𝑘𝑘𝑘𝑘 from the 
population until the Hall cross is fully filled, i.e. 
∑ 𝑆𝑆𝑆𝑆𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑,𝑘𝑘𝑘𝑘
𝑑𝑑𝑑𝑑
𝑘𝑘𝑘𝑘=1 ≧ 𝑆𝑆𝑆𝑆𝐻𝐻𝐻𝐻𝑑𝑑𝑑𝑑𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻  where the repetition number n is 

the number of magnetic domains occupying the Hall 
cross. Second, we stochastically assign a hysteresis curve 
to the magnetic domain(s) from a normally distributed 
population of the hysteresis curves characterized by 
coercive field 𝐻𝐻𝐻𝐻c,domain , the mean 𝐻𝐻𝐻𝐻c,mean , and the 
standard deviation 𝐻𝐻𝐻𝐻c,dev. For convenience, we utilize 

 

 
FFiigg..  33..  The statistical model and procedure for estimating the magnetic domain size from the standard 
deviation of 𝜌𝜌𝜌𝜌max. 
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FFiigg..  44.. Normalized standard deviation of the simulated 
results 𝐷𝐷𝐷𝐷sim (solid lines) and the experimental result 
𝐷𝐷𝐷𝐷obs (square points) as a function of 𝑆𝑆𝑆𝑆𝐻𝐻𝐻𝐻𝑑𝑑𝑑𝑑𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻. 𝑆𝑆𝑆𝑆𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑,𝑑𝑑𝑑𝑑𝑚𝑚𝑚𝑚𝑑𝑑𝑑𝑑  is 
set to half of 𝑆𝑆𝑆𝑆𝐻𝐻𝐻𝐻𝑑𝑑𝑑𝑑𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻. 

 
the error function erf(𝐻𝐻𝐻𝐻) = 2

√𝜋𝜋𝜋𝜋
∫ 𝑒𝑒𝑒𝑒−𝑡𝑡𝑡𝑡2𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝐻𝐻𝐻𝐻
0  to represent the 

hysteresis curve as, 
 

𝜌𝜌𝜌𝜌𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑥,𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑,𝑘𝑘𝑘𝑘(𝐻𝐻𝐻𝐻) = erf �𝑁𝑁𝑁𝑁 × �𝐻𝐻𝐻𝐻 − 𝐻𝐻𝐻𝐻𝑐𝑐𝑐𝑐,𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑��
                                                                         (−9 T ≦ 𝐻𝐻𝐻𝐻 ≦ 9 T)   (2)

 

 
where 𝜌𝜌𝜌𝜌𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑥,𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑.𝑘𝑘𝑘𝑘(𝐻𝐻𝐻𝐻) is a pseudo hysteresis function of 
the AHE taking values ranging from -1 to 1 which 
reproduces a half of the AHE hysteresis curve. N is an 
adjustable coefficient to mimic the hysteresis curve 
obtained in the experiment. We should note that the use 
of the error function is not necessary condition but can be 
any function if it can reasonably mimic the hysteresis 
curve. Considering that the saturation field of the AHE 
hysteresis curve is close to 24 T24), we set the population 
of 𝜌𝜌𝜌𝜌𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑥,𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑,𝑘𝑘𝑘𝑘(𝐻𝐻𝐻𝐻) with 𝐻𝐻𝐻𝐻c,mean = 12 T and 𝐻𝐻𝐻𝐻c,dev = 6 T. 
Coefficient N is set to 9.0×10-6. We do not set any 
correlation between 𝜌𝜌𝜌𝜌𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑥,𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑,𝑘𝑘𝑘𝑘(𝐻𝐻𝐻𝐻)  and 𝑆𝑆𝑆𝑆𝑘𝑘𝑘𝑘 . It is 
worthwhile to note that the function for each 𝜌𝜌𝜌𝜌𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑥,𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑,𝑘𝑘𝑘𝑘 
and coefficient N has little influence on the final results, 
since the aim of this model is to evaluate the distribution 
depending on relative size of magnetic domains to 𝑆𝑆𝑆𝑆𝐻𝐻𝐻𝐻𝑑𝑑𝑑𝑑𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻. 
The AHE hysteresis curve of the Hall cross device is the 
sum of n hysteresis curves with a weight of the size of the 
magnetic domain as, 
 

𝜌𝜌𝜌𝜌𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑥,𝑑𝑑𝑑𝑑𝑚𝑚𝑚𝑚𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑐𝑐𝑐𝑐𝑚𝑚𝑚𝑚(𝐻𝐻𝐻𝐻) =
∑ 𝜌𝜌𝜌𝜌𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑥,𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑,𝑘𝑘𝑘𝑘(𝐻𝐻𝐻𝐻) × 𝑆𝑆𝑆𝑆𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑,𝑘𝑘𝑘𝑘
𝑑𝑑𝑑𝑑
𝑘𝑘𝑘𝑘=1

∑ 𝑆𝑆𝑆𝑆𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑,𝑘𝑘𝑘𝑘
𝑑𝑑𝑑𝑑
𝑘𝑘𝑘𝑘=1

(3) 

 
This procedure is iterated 1000 times to derive a 
distribution of 𝜌𝜌𝜌𝜌𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑥,𝑑𝑑𝑑𝑑𝑚𝑚𝑚𝑚𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑐𝑐𝑐𝑐𝑚𝑚𝑚𝑚(9𝑇𝑇𝑇𝑇). Since the average value of 
the measurement results and the simulation value are 
different, the standard deviation was normalized by 
dividing by the mean of 𝜌𝜌𝜌𝜌𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑥,𝑑𝑑𝑑𝑑𝑚𝑚𝑚𝑚𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑐𝑐𝑐𝑐𝑚𝑚𝑚𝑚(9T). 
 Fig. 4 shows normalized standard deviation of 
simulated results 𝐷𝐷𝐷𝐷sim  and experimental results 𝐷𝐷𝐷𝐷obs 
as a function of 𝑆𝑆𝑆𝑆𝐻𝐻𝐻𝐻𝑑𝑑𝑑𝑑𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻. The solid line shows the 𝐷𝐷𝐷𝐷sim, and 
the square points show the 𝐷𝐷𝐷𝐷obs . 𝐷𝐷𝐷𝐷obs  is within the 

range of 𝐷𝐷𝐷𝐷sim  curves for 𝑆𝑆𝑆𝑆domain = 0.01 ~ 4 µm2, 
suggesting that the magnetic domains of L12-Mn3Ir could 
be within the range of 0.01 to 4 µm2. The estimated size 
of the magnetic domain is larger than previous reports31) 
and this result suggests that the magnetic domains of 
Mn3Ir could be observable by commonly used imaging 
method, e.g. magneto-optical Kerr effect. On the other 
hand, the general trend of the experimental results 
deviates so much from the expected 𝐷𝐷𝐷𝐷sim  curves. To 
increase the reliability of this model, we need to increase 
number of experimental samples. However, the nature of 
the present measurements which requires 9T magnetic 
field using the superconducting magnet does not allow to 
increase the number of samples further due to the time 
constrain. We emphasize that our model can be more 
reliably applied to broad range of magnetic materials 
when sufficient number of samples are taken. 
 In summary, we explored the Hall cross area 
dependence of anomalous Hall effect in L12-Mn3Ir. By 
developing the statistical model, we attempted to 
estimate the magnetic domain size of the Mn3Ir thin 
films. Although the detailed analysis revealed that the 
present number of samples cannot be sufficient to 
guarantee a good statistical confidence, the data infers 
that the magnetic domain size can range from 0.01 to 4 
µm2. The present result is a step forward to elucidate the 
magnetization process of the chiral antiferromagnets. 
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  AAddjjaacceenntt  TTrraacckk  IInntteerrffeerreennccee  
iinn  TThhrreeee--DDiimmeennssiioonnaall  HHeeaatt--AAssssiisstteedd  MMaaggnneettiicc  RReeccoorrddiinngg  

  
T. Kobayashi, Y. Nakatani*, and Y. Fujiwara 

Graduate School of Engineering, Mie Univ., 1577 Kurimamachiya-cho, Tsu 514-8507, Japan 
*Graduate School of Informatics and Engineering, Univ. of Electro-Communications, 1-5-1 Chofugaoka, Chofu 182-8585, Japan 

 
  We examine the adjacent track interference (ATI) problem that arises during three-dimensional heat-assisted 
magnetic recording (3D HAMR) at 2 Tbpsi per layer (total density of 4 Tbpsi) where the medium consists of a high 
Curie temperature (HC) layer and a low Curie temperature (LC) layer. To evaluate the grain error distribution, the 
expected magnetization value is calculated using the grain error probability. Prior to considering the ATI in 3D HAMR, 
we examine the ATI problem for conventional HAMR. Since the temperature of the LC layer in the adjacent tracks 
while writing in the HC layer (HC writing) exceeds the LC Curie temperature, HC writing will erase the data of the 
LC layer in the adjacent tracks. Therefore, we investigate 3D HAMR combined with shingled magnetic recording. The 
ATI in an LC (upper, namely, surface) / HC (lower) layer structure is compared with that in an HC / LC layer structure. 
The latter is disadvantageous in relation to ATI caused by the small thermal gradient in the LC layer. 
 
KKeeyy  wwoorrddss:: HAMR, 3D HAMR, ATI, information stability, error distribution 

 
 

11..  IInnttrroodduuccttiioonn  
 

  Heat-assisted magnetic recording (HAMR) is a 
candidate as a next-generation magnetic recording 
method for achieving a high recording capacity. HAMR 
is a recording technique where the medium is heated to 
reduce coercivity during the writing period. Three-
dimensional HAMR (3D HAMR) has been proposed1) 
where the medium consists of a high mean Curie 
temperature 𝑇𝑇!"  (HC) layer and a low mean Curie 
temperature 𝑇𝑇#"  (LC) layer with an isolation layer 
inserted between the two layers to suppress exchange 
coupling between them. With 3D HAMR, once data have 
been written in the HC layer, other data can be written 
in the LC layer by employing lower temperature heating. 
Yamane et al. reported dual structure, namely 3D, 
HAMR on bit patterned media2). 
  On granular media, we have previously discussed the 
information stability in the LC and HC layers for 10 
years of archiving3), the stability of the information in 
the HC layer while writing is under way in the LC layer3), 
3D HAMR media design4), and the comparison of two 
layer structures of an LC (upper, namely, surface) / HC 
(lower) layer and an HC / LC layer5). In the LC / HC layer 
structure, the LC layer has a 𝑇𝑇#" of 650 K and a layer 
thickness ℎ#" of 4.5 nm, and the HC layer has a 𝑇𝑇!" of 
750 K and an ℎ!" of 6.0 nm. A 𝑇𝑇!" of 725 K may be 
applicable with the aim of improving the heat resistance 
of the writing head and/or the surface lubricant by 
reducing their temperatures5). On the other hand, the 
HC layer has a 𝑇𝑇!" of 750 K and an ℎ!" of 3.5 nm, and 
the LC layer has a 𝑇𝑇#" of 550 K and an ℎ#" of 7.0 nm in 
the HC / LC layer structure. The results show that each 
of the two layer structures has benefits and drawbacks. 

On the basis of our examination, we believe the LC / HC 
layer structure to be preferable. 
  In this paper, we discuss the information stability in 
adjacent tracks during the writing period, namely, 
adjacent track interference (ATI). To evaluate the grain 
error distribution, the expected value of the 
magnetization is calculated using the grain error 
probability. First, we examine the ATI problem for 
conventional HAMR, and then we concentrate on ATI for 
3D HAMR combined with shingled magnetic recording 
in the LC / HC and HC / LC layer structures. 

 
22..  CCaallccuullaattiioonn  MMeetthhoodd  aanndd  CCoonnddiittiioonnss  

 
22..11  GGrraaiinn  aarrrraannggeemmeenntt  aanndd  wwrriittiinngg  ccoonnddiittiioonnss 
  We assumed the medium to be granular and the 
recording density to be 2 Tbpsi per layer (total density of 
4 Tbpsi). The bit pitch 𝐷𝐷$ and track width 𝐷𝐷% are both 
18 nm as shown in Fig. 1, and therefore the bit aspect 
ratio 𝐷𝐷%/𝐷𝐷$ is one. One bit has 𝑚𝑚 = 3 grains (𝑖𝑖 = 1, 2, 
𝑚𝑚) in the cross-track (row) direction and 𝑛𝑛 = 3 grains in 
the down-track (column) direction, and thus there are 
𝑚𝑚 × 𝑛𝑛 = 9 grains/bit. 
  We examine ATI, namely, the information stability in 
the 𝑁𝑁-th track while writing in the (𝑁𝑁 + 1)-th track. 
The Curie temperature 𝑇𝑇& distribution was assumed to 
be normal with a mean Curie temperature 𝑇𝑇&' and a 
standard deviation 𝜎𝜎%&/𝑇𝑇&'  of 2 %. The writing 
temperature of the grains at the track edges was 
assumed to be 𝑇𝑇&' + 2𝜎𝜎%& , taking account of the 𝑇𝑇& 
distribution. While writing in the (𝑁𝑁 + 1)-th track, the 
probabilities are 93.3 and 99.8 % where the 𝑇𝑇& values of 
all 3 grains and 2 grains or more are lower than 𝑇𝑇&' +
2𝜎𝜎%&, respectively, at the track edge. Furthermore, the 
probability is more than 99.9 % where the 𝑇𝑇& value of all 
3 grains is lower than the temperature at the track 
center. Therefore, almost all grains are heated above 
their 𝑇𝑇& values during the writing period. If we use a 
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writing temperature of 𝑇𝑇&' + 𝜎𝜎%& instead of 𝑇𝑇&' + 2𝜎𝜎%&, 
the probability is only 59.6 % where the 𝑇𝑇& value of all 3 
grains is lower than 𝑇𝑇&' + 𝜎𝜎%& at the track edge, and 
then we can assume that there will be a write-error 
increase. Although the condition of 𝑇𝑇&' + 𝜎𝜎%& is useful 
for reducing the medium surface temperature, which
relates to the heat resistance of the writing head and/or 
the surface lubricant, the condition 𝑇𝑇&' + 2𝜎𝜎%& may be 
required.
  Figure 2 shows schematic illustrations of the (a) LC / 
HC and (b) HC / LC layer structures published in a 
previous paper5). The Curie temperatures (𝑇𝑇#" and 𝑇𝑇!") 
and layer thicknesses (ℎ#" and ℎ!") were determined 
taking account of the information stability in the LC and 
HC layers for 10 years of archiving and the stability of 
the information in the HC layer while writing in the LC 
layer (LC writing) under conditions where 𝑇𝑇!" = 750 K 
and ℎ!" + ℎ#" = 10.5 nm5). The readout temperature
was assumed to be 330 K.

FFiig.. 1 Grain arrangement and writing conditions.

(a)

(b)
FFiigg.. 22 Layer structures for (a) LC / HC and (b) HC / LC5).

  We assumed that the grain size 𝐷𝐷 distribution was 
log-normal with a mean grain size 𝐷𝐷' of 5.0 nm and a 
standard deviation 𝜎𝜎(/𝐷𝐷' of 15 %. The intergrain 

spacing Δ) was 1.0 nm. The isolation layer is used to 
suppress exchange coupling between the upper and 
lower layers. The layer thickness ℎ*+, must be smaller 
in order to obtain a high field strength from the lower 
layer at the reader. We chose an ℎ*+, value of 1.0 nm. 
This problem is a future subject.

22..22 MMaaggnneettiicc pprrooppeerrttiieess
  The temperature dependence of the magnetization 𝑀𝑀+
was calculated by employing a mean field analysis6), and 
that of the anisotropy constant 𝐾𝐾- was assumed to be 
proportional to 𝑀𝑀+

.7). 𝑀𝑀+(𝑇𝑇&, 𝑇𝑇) is a function of 𝑇𝑇& and 
temperature 𝑇𝑇. And 𝑀𝑀+(𝑇𝑇& = 770 K, 𝑇𝑇 = 300 K) = 1000 
emu/cm3 was assumed for FePt. With this assumption, 
the 𝑀𝑀+ value can be calculated for all 𝑇𝑇& and 𝑇𝑇 values.
  We introduced an HAMR design parameter, namely, 
the medium anisotropy constant ratio 𝐾𝐾-/𝐾𝐾/-018), which 
is the intrinsic ratio of the medium 𝐾𝐾- to bulk FePt 𝐾𝐾-
regardless of 𝑇𝑇&. Although a low 𝑇𝑇& medium is easy to 
write when employing HAMR, a high 𝐾𝐾-/𝐾𝐾/-01 is 
needed for a low 𝑇𝑇& medium for 10 years of archiving9), 
and a medium with a high 𝐾𝐾-/𝐾𝐾/-01 is difficult to 
manufacture regardless of 𝑇𝑇& 10). Moreover, a high 
𝐾𝐾-/𝐾𝐾/-01 must be achieved in 3D HAMR3). 𝐾𝐾-(𝑇𝑇&, 𝐾𝐾-/
𝐾𝐾/-01, 𝑇𝑇) is a function of 𝑇𝑇& , 𝐾𝐾-/𝐾𝐾/-01 , and 𝑇𝑇 . And 
𝐾𝐾-(𝑇𝑇& = 770 K, 𝐾𝐾-/𝐾𝐾/-01 = 1, 𝑇𝑇 = 300 K) = 70 Merg/cm3

was assumed for bulk FePt. We used a 𝐾𝐾-/𝐾𝐾/-01 value of
0.8 in this paper. With this assumption, the 𝐾𝐾- value 
can be calculated for all 𝑇𝑇& and 𝑇𝑇 values. No intrinsic 
distribution of 𝐾𝐾- was assumed. However, there was a 
fluctuation in 𝐾𝐾- caused by 𝜎𝜎%&.
  The 𝑇𝑇& value can be adjusted by adjusting the Cu 
composition 𝑧𝑧 for (Fe2.4Pt2.4)567Cu7.

22..33 TTeemmppeerraattuurree pprrooffiillee 
  We used data published in a previous paper5), in which 
a heat transfer simulation was carried out using 
Poynting for Optics software (Fujitsu Ltd.), for the 
temperature profiles of the LC and HC layers during the
writing period. The light spot diameter was about 9.0 nm 
(FWHM) in the down-track and cross-track directions. 
The linear velocity was 10 m/s. The ambient 
temperature 𝑇𝑇8'/ is the maximum working 
temperature of the hard disk drive, and was assumed to 
be 330 K.
  We focused on the thermal gradient 𝜕𝜕𝑇𝑇/𝜕𝜕𝜕𝜕 in the 
cross-track directions at the track edges during LC and 
HC writing, the medium surface temperature 𝑇𝑇+-9: at 
the track center during HC writing, and the grain 
temperature difference Δ𝑇𝑇!# between the HC and LC 
layers at the track edges during LC writing. The 𝜕𝜕𝑇𝑇/𝜕𝜕𝜕𝜕
value is important for ATI.
  We have previously reported the thermal gradient in 
3D HAMR4):
(1) The thermal gradient for the upper layer is 
intrinsically larger than that for the lower layer due to a 
heat flow in the in-plane direction in the deep part of the 
layer.
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(2) The thermal gradient 𝜕𝜕𝑇𝑇!/𝜕𝜕𝜕𝜕  for the HC layer is 
intrinsically larger than 𝜕𝜕𝑇𝑇#/𝜕𝜕𝜕𝜕 for the LC layer due to 
their respective Curie temperatures as given by 
   
  
!"!
!#

= "!"$%&#!"'"$%&
"'"$%&#'"'"$%&

∙ !"'
!#

.  (1) 
   
  The result calculated with a heat transfer simulation 
was used as the temperature profile for the cross-track 
direction during the writing period in 33..22, 33..33, and 33..44. 
 
22..44  IInnffoorrmmaattiioonn  ssttaabbiilliittyy  
  The information stability for ATI was estimated using 
the grain error probability 𝑃𝑃3), 
   

  𝑃𝑃 = 1 − expH−𝑓𝑓2𝑡𝑡	expK− ;!"##<
=>

L1 + ?$
?%"##

M
.
NO, (2) 

  (|𝐻𝐻@| < 𝐻𝐻1A::)    
taking account of the shape anisotropy 𝑀𝑀+𝐻𝐻B/2 using a 
self-demagnetizing field 𝐻𝐻B4) where 𝐾𝐾-A:: = 𝐾𝐾- − 𝑀𝑀+𝐻𝐻B/2, 
𝑉𝑉 = 𝐷𝐷 × 𝐷𝐷 × ℎ, 𝑘𝑘, and 𝐻𝐻1A:: = 2𝐾𝐾-A::/𝑀𝑀+ are the effective 
anisotropy constant, the grain volume, the Boltzmann 
constant, and the effective anisotropy field, respectively. 
The writing field 𝐻𝐻@  and time 𝑡𝑡 were assumed to be 
−10 kOe and 1 ns, respectively. The attempt frequency 
𝑓𝑓2 is a function of the damping constant 𝛼𝛼, and we used 
an 𝛼𝛼 value of 0.1. The calculation bit number was 1E+7. 
  To evaluate the grain error distribution, we calculated 
the expected value of the magnetization 𝐸𝐸[𝑀𝑀+], 
   
  𝐸𝐸[𝑀𝑀+] = (1 − 𝑃𝑃)𝑀𝑀+ + 𝑃𝑃(−𝑀𝑀+) = (1 − 2𝑃𝑃)𝑀𝑀+. (3) 
   
The 𝐸𝐸[𝑀𝑀+] value was averaged over one row of grains (𝑛𝑛 
= 3) as 
   

  𝐸𝐸[𝑀𝑀+C] = 
∑ (*'%+())-*()("+(),			001	2)
,
)-.

3
 (4) 

   
for the information stability in the 𝑁𝑁 -th track while 
writing in the (𝑁𝑁 + 1) -th track since there is a 
temperature distribution in the cross-track direction. 
 

 
FFiigg..  33 Number of bits against expected value of 
magnetization 𝐸𝐸[𝑀𝑀+C] in the 𝑁𝑁-th track while writing in 
the (𝑁𝑁 + 1)-th track. 

 

33..  CCaallccuullaattiioonn  RReessuullttss  
 

33..11  AATTII  ffoorr  ccoonnvveennttiioonnaall  HHAAMMRR 
  In 3D HAMR, 𝑇𝑇&', ℎ, and 𝜕𝜕𝑇𝑇/𝜕𝜕𝜕𝜕 change in a complex 
manner for each layer. Therefore, first, we examined the 
ATI problem for conventional HAMR by changing only 
one calculation parameter. The magnetic properties 
were calculated by the method described in 22..22. 
 

 
(a) 

 
(b) 

 
(c) 

FFiigg..  44 Bit number fraction for 𝐸𝐸[𝑀𝑀+C] < 0 in the 𝑁𝑁-th 
track while writing in the (𝑁𝑁 + 1)-th track for various 
(a) 𝑇𝑇&', (b) ℎ, and (c) 𝜕𝜕𝑇𝑇/𝜕𝜕𝜕𝜕 values. 
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FFiigg..  55 Bit number fraction for 𝐸𝐸[𝑀𝑀+C] < 0 in the 𝑁𝑁-th 
track while writing in the (𝑁𝑁 + 1)-th track for 𝑇𝑇&' = 550 
K (𝜕𝜕𝑇𝑇/𝜕𝜕𝜕𝜕 = 7.0 K/nm), 650 K (10 K/nm), and 750 K (13 
K/nm). 
 
  The bit error rate is a function of various parameters, 
e.g. the magnetization direction, the grain size, and the 
readout track width. Since the bit error rate depends on 
the readout track width, the bit error rate was not 
examined in this paper. We focused on the 
magnetization direction using 𝐸𝐸[𝑀𝑀+C]  to evaluate the 
grain error distribution for the cross-track direction. The 
bit error rate will increase qualitatively as the bit 
number for the negative 𝐸𝐸[𝑀𝑀+C]  increases since the 
negative 𝐸𝐸[𝑀𝑀+C] means that the magnetization direction 
is opposite to the recorded direction. The number of bits 
against 𝐸𝐸[𝑀𝑀+C] in the 𝑁𝑁-th track while writing in the 
(𝑁𝑁 + 1)-th track, namely, the grain error distribution, is 
shown in Fig. 3 for 𝑇𝑇&' = 650 K, ℎ = 5 nm, and 𝜕𝜕𝑇𝑇/𝜕𝜕𝜕𝜕 
= 10 K/nm which was assumed to be constant 
everywhere. The peaks in the figure represent grain 
error for the grain with the mean Curie temperature, 
and the 𝐸𝐸[𝑀𝑀+C] value is negative for 2 or 3 grain errors 
since the total row grain number is three. For all grains, 
the negative 𝐸𝐸[𝑀𝑀+C] represents more than half of 3 grain 
errors. The grain error increases in the order of 𝑖𝑖 = 1, 2, 
and 3 since the temperature increases in this order. 
Some information degradation can be seen even in the 
2nd row (𝑖𝑖 = 2) grains. Since there is a large degradation 
of the information in the 3rd row (𝑖𝑖 = 3) grains, at least 
the 3rd row grains must be used as a guard band for ATI. 
  Figure 4 shows the bit number fraction for 𝐸𝐸[𝑀𝑀+C] < 0, 
namely, the ratio of the bit number for 𝐸𝐸[𝑀𝑀+C] < 0 in Fig. 
3 to all the bits, for various (a) 𝑇𝑇&', (b) ℎ, and (c) 𝜕𝜕𝑇𝑇/𝜕𝜕𝜕𝜕 
values. The fraction increases slightly and ATI worsens 
as 𝑇𝑇&' increases, as shown in Fig. 4 (a). Although 𝐾𝐾-A:: 
increases as 𝑇𝑇&'  increases, 𝑇𝑇  also increases as 𝑇𝑇&' 
increases. Therefore, the 𝐾𝐾-A::𝑉𝑉/(𝑘𝑘𝑇𝑇)  value in Eq. (2) 
decreases as 𝑇𝑇&'  increases. When ℎ  is thin, ATI 
worsens as shown in Fig. 4 (b) since the 𝐾𝐾-A::𝑉𝑉/(𝑘𝑘𝑇𝑇) 
value simply becomes smaller. When 𝜕𝜕𝑇𝑇/𝜕𝜕𝜕𝜕  is small, 
ATI becomes worse not only in the 2nd row (𝑖𝑖 = 2) grains 
but in the 1st row (𝑖𝑖 = 1) grains as shown in Fig. 4 (c) 
since 𝐾𝐾-A:: is small and 𝑇𝑇 is high. 

  The 𝑇𝑇&' and the 𝜕𝜕𝑇𝑇/𝜕𝜕𝜕𝜕 values are closely related by 
Eq. (1). Therefore, ATI was calculated by changing the 
𝜕𝜕𝑇𝑇/𝜕𝜕𝜕𝜕 and 𝑇𝑇&' values at the same time according to Eq. 
(1) under the condition 𝜕𝜕𝑇𝑇/𝜕𝜕𝜕𝜕 = 10 K/nm when 𝑇𝑇&' = 
650 K. As a result, ATI becomes worse as 𝑇𝑇&' decreases, 
as shown in Fig. 5. 
 
33..22  AATTII  ffoorr  33DD  HHAAMMRR 
  Next, we examined the ATI problem for 3D HAMR. 
Figure 6 shows the temperature profiles of the LC and 
HC layers in the cross-track direction during HC writing. 
The solid lines indicate the temperatures at the layer 
boundaries, and the dotted lines indicate those at the 
layer centers. 
 

 
(a) 

 
(b) 

FFiigg..  66 Temperature profile in cross-track direction for (a) 
LC / HC and (b) HC / LC layer structures during HC 
writing. 
 
  The writing temperature of the HC layer in the (𝑁𝑁 +
1)-th track at −12 and −24 nm is 𝑇𝑇!" + 2𝜎𝜎%!" = 780 K. 
For the LC / HC layer structure shown in Fig. 6 (a), the 
temperatures of the LC layer in the 𝑁𝑁-th track at 6 (𝑖𝑖 = 
1), 0 (𝑖𝑖 = 2), and −6 nm (𝑖𝑖 = 3) are 616, 671, and 745 K, 
respectively. The temperatures at 0 (𝑖𝑖 = 2) and −6 nm (𝑖𝑖 
= 3) are higher than the 𝑇𝑇#" of 650 K. On the other hand, 
for the HC / LC layer structure shown in Fig. 6 (b), 
although the LC layer in the 𝑁𝑁-th track at 6 (𝑖𝑖 = 1), 0 (𝑖𝑖 
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= 2), and −6 nm (𝑖𝑖 = 3) has low temperatures of 573, 617, 
and 669 K, respectively, since LC is the lower layer, all 
temperatures are higher than 𝑇𝑇#" of 550 K since the 𝑇𝑇#" 
value must be reduced to realize information stability in 
the HC layer during LC writing5). 
  Since the temperature of the LC layer in the adjacent 
tracks during HC writing exceeds the LC Curie 
temperature, HC writing will erase the data of the LC 
layer in the adjacent tracks. Therefore, it is necessary to 
devise a suitable writing method to address this issue, 
e.g. combination with shingled magnetic recording. The 
following deals with shingled 3D HAMR. 
 
33..33  AATTII  ffoorr  LLCC  //  HHCC  llaayyeerr  ssttrruuccttuurree 
  In this section, we discuss the information stability in 
the 𝑁𝑁-th track of the LC and HC layers while writing in 
the (𝑁𝑁 + 1)-th track of the LC and HC layers (LC and 
HC ATI), respectively, for the LC / HC layer structure. 
  We have carried out a heat transfer simulation for 3D 
HAMR media as reported in a previous paper5). The 
results are summarized in Table 1. The difference 
between the 𝜕𝜕𝑇𝑇/𝜕𝜕𝜕𝜕  values for LC and HC writing is 
relatively small due to the combinations of the upper LC 
layer and the lower HC layer. The 𝑇𝑇+-9: value of 957 K 
is relatively high since HC is the lower layer. This is 
disadvantageous in terms of the heat resistance of the 
writing head and/or the surface lubricant. The Δ𝑇𝑇!# 
value of − 42 K is negative, which means that the 
temperature in the HC layer during LC writing is lower 
than that in the LC layer, and this is advantageous in 
relation to the information stability in the HC layer. 
 
TTaabbllee  11 Results of heat transfer simulation for LC / HC 
layer structure5). 

 
 
  The grain error distribution is shown in Fig. 7 as 
regards (a) LC and (b) HC ATI. Although the LC layer is 
thinner than the HC layer, the thermal gradient of the 
LC layer is larger than that of the HC layer (see Fig. 4). 
Then the error distributions are roughly the same for (a) 
LC and (b) HC ATI since the vertical axis is the 
logarithmic scale. Although some information 
degradation can be seen in the 2nd row (𝑖𝑖 = 2) grains, 
the bit number for 𝐸𝐸[𝑀𝑀+C] < 0 is small. 
  Figure 8 shows the bit number fraction for 𝐸𝐸[𝑀𝑀+C] < 0. 
The fractions are less than 1E-7 in both the LC and HC 
layers for 𝑖𝑖 = 1, and are only 4E-5 and 3E-7 in the LC 
and HC layers, respectively, for 𝑖𝑖  = 2. However, the 
fractions are as high as 7E-1 and 6E-1 in the LC and HC 

layers, respectively, for 𝑖𝑖  = 3. The magnetization 
reversal for more than half of the grains can be seen for 
𝑖𝑖 = 3. 
 

 
(a) 

 
(b) 

FFiigg..  77 Number of bits against expected value of 
magnetization 𝐸𝐸[𝑀𝑀+C] in (a) the 𝑁𝑁-th track of the LC 
layer while writing in the (𝑁𝑁 + 1)-th track of the LC 
layer (LC ATI) and (b) HC ATI for LC / HC layer 
structure. 
 

 
FFiigg..  88 Bit number fraction for 𝐸𝐸[𝑀𝑀+C] < 0 in LC and HC 
ATI for LC / HC layer structure. 
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  Using the above result, we illustrate ATI for shingled 
3D HAMR schematically in Fig. 9, in which the gray 
regions indicate the magnetization transition. The 3rd 
row (𝑖𝑖 = 3) grains used as a guard band, and the readout 
track width effectively decreases to about 12 nm from 18 
nm as shown in Fig. 1.

FFiigg.. 9 Schematic illustration of ATI for LC / HC layer 
structure.

33..44 AATTII ffoorr HHCC // LLCC llaayyeerr ssttrruuccttuurree
  Next, we discuss ATI for the HC / LC layer structure.
  The results of a heat transfer simulation reported in a 
previous paper5) are summarized in Table 2. The 𝑇𝑇+-9:
value of 874 K compared with the value of 957 K in Table 
1 is relatively low since HC is the upper layer. This is 
advantageous in terms of heat resistance. The positive
Δ𝑇𝑇!# value of 35 K compared with −42 K in Table 1 is 
disadvantageous in relation to the information stability 
in the HC layer during LC writing. Therefore, the 𝑇𝑇#"
value must be lower than that in Table 1. As a result, 
compared with the results in Table 1, the difference 
between the 𝜕𝜕𝑇𝑇/𝜕𝜕𝜕𝜕 values for HC and LC writing is 
relatively large due to the lower 𝑇𝑇#" value in addition to 
the combinations of the upper HC layer and the lower 
LC layer.

TTaabbllee 22 Results of heat transfer simulation for HC / LC 
layer structure5).

  The grain error distribution is shown in Fig. 10 as 
regards (a) HC and (b) LC ATI. Compared with the result 
in Table 1, although the HC layer in Table 2 is thinner, 
the HC thermal gradient is larger (see Fig. 4). Then the 
error distributions are roughly the same in Fig. 7 (b) and 
Fig. 10 (a). In contrast, large information degradation 
can be seen even in the 2nd row (𝑖𝑖 = 2) grains for the LC 

layer as shown in Fig. 10 (b) since the LC thermal 
gradient is small (see Fig. 4) as shown in Table 2.

(a)

(b)
FFiigg.. 1100 Number of bits against expected value of 
magnetization 𝐸𝐸[𝑀𝑀+C] as regards (a) HC and (b) LC ATI
for HC / LC layer structure.

FFiigg.. 1111 Bit number fraction for 𝐸𝐸[𝑀𝑀+C] < 0 in HC and LC 
ATI for HC / LC layer structure.
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  The above results are reflected in the results in Fig. 11 
which shows the bit number fraction for 𝐸𝐸[𝑀𝑀+C] < 0. The 
fraction in the LC layer reaches 7E-2 for 𝑖𝑖 = 2 and 9E-1 
for 𝑖𝑖 = 3. Therefore, both the 3rd row (𝑖𝑖 = 3) and 2nd 
row (𝑖𝑖 = 2) grains are used as a guard band in the LC 
layer, and the readout track width will be narrow as 
shown in Fig. 12.
  In conclusion, the LC / HC layer structure is preferable 
as regards ATI.

FFiigg.. 12 Schematic illustration of LC ATI for HC / LC 
layer structure.

44.. CCoonncclluussiioonnss 

  We examined the adjacent track interference (ATI) 
problem in conventional HAMR and 3D HAMR 
combined with shingled magnetic recording in LC (upper, 
namely, surface) / HC (lower) and HC / LC layer 
structures.
(1) Conventional HAMR
  When the medium is thin, ATI worsens since the grain 
volume simply becomes smaller.

  Curie temperature and thermal gradient are closely 
related. Therefore, ATI worsens as the Curie 
temperature decreases since the thermal gradient 
decreases at the same time.
(2) Shingled 3D HAMR
  The thermal gradient in the LC layer is small for the 
HC / LC layer structure since LC is the lower layer, and
the LC Curie temperature is lower than that in the LC / 
HC layer structure. Therefore, ATI in the LC layer is 
worse for the HC / LC layer structure.
  The LC / HC layer structure is preferable as regards 
ATI.
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Void-defect induced magnetism of graphene molecule was recently reported in our previous paper of this series 

study. This paper investigated the case of hydrogenated graphene molecule, in chemical term, polycyclic aromatic 
hydrocarbon (PAH). Molecular infrared spectrum obtained by density functional theory was compared with 
astronomical observation. Void-defect on PAH caused serious structure change. Typical example of C23H12 had two 
carbon pentagon rings among hexagon networks. Stable spin state was non-magnetic singlet state. This is contrary to 
pure carbon case of C23, which show magnetic triplet state. It was discussed that Hydrogen played an important role 
to diminish magnetism by creating an SP3-bond among SP2-networks. Such a structure change affected molecular 
vibration and finally to photoemission spectrum in infrared region. The dication-C23H12 showed featured bands at 3.2, 
6.3, 7.7, 8.6, 11.2, and 12.7 micrometer. It was surprising that those calculated bands coincided well with 
astronomically observed bands in many planetary nebulae. To confirm our study, large size molecule of C53H18 was 
studied. Calculation reproduced again similar astronomical bands. Also, small size molecule of C12H8 showed good 
coincidence with the spectrum observed for young stars. This paper would be the first report to indicate the specific 
PAH in space.  
 
KKeeyy  wwoorrddss: PAH, void, spin state, DFT, planetary nebula, infrared spectrum

 
11.. IInnttrroodduuccttiioonn  

  
Graphene and graphite like carbon materials are 
candidates for showing carbon based 
ferromagnetism1)-6). There are many capable 
explanations based on impurities7), edge 
irregularities8)-10) or defects11)-16). However, origin of 
magnetic ordering could not be thoroughly understood. 
We previously reported in the same series paper17) 
that void defect in graphene nano ribbon (GNR) 
induces highly spin polarized magnetism investigated 
by density functional theory (DFT). Calculated result 
showed good coincidence with experiments18)-20). Also, 
in our recent series paper21) we applied to graphene 
molecule. Void induced molecule was deformed to a 
featured structure having one carbon pentagon ring 
among hexagon networks. It was a surprise that most 
of graphene molecules show magnetism with the 
stable spin state of triplet, not singlet. Unfortunately, 
on laboratory experiment, such small pure carbon 
molecule did not show any magnetic feature. The 
reason may be molecule-to-molecule interaction at 
high molecular density conditions on earth of 
1010~1023 molecules/cm3, which may bring 
paramagnetic canceling. We tried to look at 
astronomical carbon dust floating in interstellar and  
_________________________________________________
Corresponding author: Norio Ota (n-otajitaku@nifty.com). 

circumstellar space under ultra-low-density condition 
of 1~100 molecules/cm3. It is almost isolate molecule. 
While DFT calculation gives solution on isolate 
molecule. It was a surprise that calculated infrared 
spectrum showed good coincide with astronomically 
observed infrared spectrum, especially spectra of 
carbon rich planetary nebulae22)23).  

In this paper, we like to try the case of 
hydrogenated graphene molecule, which is named 
polycyclic aromatic hydrocarbon (PAH) in chemistry. 
It is well known that PAH does not show any magnetic 
feature, which is typical diamagnetic material. Our 
question is that such non-magnetic property is 
common even for a case of void-defect induced PAH. 
Here again, we like to compare DFT calculated 
infrared spectrum with astronomically observed one. 
Molecular structure affects to molecular vibration, 
finally to infrared spectrum. The interstellar gas and 
dust show featured mid-infrared emission at 3.3, 6.2, 
7.6, 7.8, 8.6, 11.2, and 12.7 μm, which are ubiquitous 
peaks observed at many astronomical objects22)-29). 
Current common understanding is that these 
astronomical spectra come from the vibrational modes 
of PAH. There are many laboratory spectroscopy 
data30)-33) and DFT analysis34)-39). However, despite 
long-term efforts, until now there is not any identified 
specific PAH. In this study, we will indicate 
unexpected coincidence of calculated emission 
spectrum of specific void induced PAH with above 
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ubiquitously observed spectrum. In addition, to 
confirm our finding, larger size molecule and smaller 
one will be compared.  
 

22.. MMooddeell  MMoolleeccuulleess  aanndd  CCaallccuullaattiioonn  MMeetthhoodd 
 
22..11 MMooddeell  mmoolleeccuulleess  

Model molecules are illustrated in Fig. 1. Starting 
mother molecule is typical PAH of coronene-(C24H12) 
having seven carbon hexagon rings. In this paper, we 
apply one assumption of single void-defect on initial 
molecule. On laboratory experiment, void will be 
created by an attack of high-speed particle as like 
proton or Argon. In interstellar and circumstellar 
space, high speed cosmic ray, mainly proton and 
electron, may attack on PAH. As illustrated on top of 
Fig. 1, high speed particle attacks mother molecule 
(C24H12) and kick out one carbon atom. Deformed 
molecular structure depends on void position as 
marked by red letters of c, d, and e. Void induced 
molecule is also named by suffixing as (C23H12-c), 
(C23H12-d) and (C23H12-e). DFT calculation resulted 
that there occurs serious structure change as shown in 
columns of Fig. 1. In case of (C23H12-c), two carbon 
pentagon rings are created among hexagon-ring 
network. Side view shows Y-shaped configuration. In 
case of (C23H12-d), one pentagon ring is created, where 
one extra hydrogen atom bonded with a carbon. 
Molecular structure is umbrella like curved one.  
Fragment of (C-H) will be kicked out in case of void-e 
to induce (C23H11-e) having one pentagon ring on a flat 
molecule. In this study, we suppose isolate molecule, 
which means no molecule-to-molecule interaction, and 
no energy competition between species. All species 
will be realized. To find size dependence, we will add 
larger molecule of (C54H18) in section 6, and smaller 
one of (C13H9) in section 7. 
 
22..22 CCaallccuullaattiioonn  MMeetthhooddss  

In calculation, we used DFT40, 41) with the 
unrestricted B3LYP functional42). We utilized the 
Gaussian09 software package43) employing an atomic 
orbital 6-31G basis set44). Unrestricted DFT 
calculation was done to have the spin dependent 
atomic structure. The required convergence of the 
root-mean-square density matrix was 10−8. Based on 
such optimized molecular configuration, fundamental 
vibrational modes were calculated, such as C-H and 
C-C stretching modes, C-H bending modes and so on, 
using the same Gaussian09 software package. This 
calculation also gives harmonic vibrational frequency 
and intensity in infrared region. The standard scaling 
is applied to the frequencies by employing a scale 
factor of 0.965 for PAH from the laboratory 
experimental value on coronene (C24H12)45). Correction 
due to anharmonicity was not applied to avoid 
uncertain fitting parameters. To each spectral line, we 
assigned a Gaussian profile with a full width at half 

maximum (FWHM) of 4cm−1.  
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
  
  
  
  
  
  
  
  
  
FFiigg..  11  Void defect on mother molecule (C24H12). 
Deformed structure depends on void position suffixed 
by c, d, and e.  
  

33..  SSppiinn  SSttaattee  AAnnaallyyssiiss    
 

Spin-multiplicity was studied for charge neutral 
molecules. In this study, we dealt total molecular spin 
SS (vector). Molecule is rotatable material, easily 
follows to the external magnetic field of z-direction. 
Projected component to z-direction is maximum value 
of Sz, which becomes a good quantum parameter. In 
molecular magnetism, Sz=2/2 is named as triplet 
spin-state. Example is shown in Fig. 2 for void-c type 
molecule. As shown in (A), discussed in our previous 
paper21), pure carbon molecule of (C23-c) has 3 radical 
carbons holding 6 spins as initial void. One radical 
carbon holds two spins, which are forced to be parallel 
up-up spins (by red arrows in Fig. 2) or down-down 
spins (blue) for avoiding large coulomb repulsion due 
to Hund’s rule46). Capable spin-states are Sz=0/2, 2/2, 
4/2 and 6/2. Three couples of spin-pair will be partially 
cancelled and remain one pair to be triplet. The most 
stable spin-state was Sz=2/2, which is 0.49 eV lower 
energy than that of Sz=0/2. Other spin states of Sz=4/2, 
and 6/2 were rather unstable. DFT calculated spin 
cloud of Sz=2/2 is mapped on right showing up-spin by 
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red and down-spin by blue.  
Here, important question is that such magnetism is 

the same or not, even the case of void induced PAH as 
like (C23H12-c). It was interesting that calculated 
result was contrary to pure carbon case. Resulted spin 
configuration was illustrated in (B) of Fig. 2. The most 
stable spin state was Sz=0/2 to be nonmagnetic. 
Calculated energy of Sz=2/2 was 1.2eV higher 
(unstable) than that of Sz=0/2. Other void position 
cases also show that void-defect induced PAH have 
stable spin-state of Sz=0/2. 
 
 
 
 
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
FFiigg..  22  Stable spin state of void induced pure carbon 
(C23-c) is triplet as shown in (A), while singlet for 
hydrocarbon (C23H12-c) in (B). 
 
 

Hydrogen played an important role to diminish 
magnetism by bringing SP3-bond among SP2-network. 
Detailed molecular structure of (C23H12-c) is shown in 
Fig. 3. There is one SP3 bond marked by blue circle. 
Four carbons (1C, 2C, 3C and 4C) are bonded to a 
center carbon (0C). Six electrons in an initial void are 
used to make such SP3 bond and to diminish initial 
paired spins. There remains no spin-pair. Coulomb 
repulsive force between two hydrogen atoms (+0.14e 
for 1H and 2H) place them as far as possible, while 
carbon (0C) has negative charge of -0.26e, which 
attracts above hydrogen atoms. These forces bring 
SP3-bond.  
 

  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
FFiigg..  33  Molecular structure of neutral (C23H12-c).  
  

44..  IIoonniizzeedd  MMoolleeccuullee  aanndd  IInnffrraarreedd  SSppeeccttrruumm    
  

It is well known that PAH species having odd 
number molecular electrons show paramagnetic 
feature. Typical example is ionized PAH’s. In case of 
(C23H12-c), energy diagram for ionization was 
illustrated on left of Fig. 4. It takes 6.50 eV to extract 
one electron from neutral molecule, which induce 
mono-cation (C23H12-c)1+. Similarly, di-cation needs 
additional 10.66 eV. On laboratory, high energy 
photo-illumination can realize such ionization. In 
interstellar space, central star can do such 
illumination on cosmic dust 29). By photoionization, 
angle of 1C-0C-2C varies from 94.7 to 95.4 degree. 
Permanent dipole moment D increases from 0.65 to 
1.20 Debye. Such structure change affects molecular 
vibration and infrared spectrum. 

As illustrated on top of Fig. 5, high energy photon 
kicks out one electron of the highest occupied 
molecular orbit (HOMO). Remained one electron give 
rise to mono cation with spin-state of Sz=1/2. Spin 
distribution was calculated as shown on bottom left, 
which comes from the difference of total up-spins and 
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total down-spins. HOMO is a major part of remained 
spin, of which orbital was illustrated on bottom right, 
where green cloud is positive sign wave-function and 
dark red negative one.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
FFiigg..  44 Energy diagram of ionized (C23H12-c).  

Calculated infrared spectra are shown in Fig. 6. 
Molecules are mother molecule (C24H12), void induced 
molecules of (C23H12-c), (C23H12-d) and (C23H11-e).  It 
should be noted that infrared spectrum is sensitive to 
ionization. Neutral molecule showed single main band, 
whereas mono-cation three or more major bands, and 
di-cation more complex one.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
FFiigg..  55 Spin distribution and HOMO orbit of 
(C23H12-c)1+. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
FFiigg..  66 Calculated infrared spectra of (C24H12) family.
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55..  CCoommppaarriissoonn  wwiitthh  AAssttrroonnoommiiccaall  OObbsseerrvvaattiioonn  

 
55..11  IInnffrraarreedd  ssppeeccttrruumm  ooff  ppllaanneettaarryy  nneebbuullaa  

Vacuum level on earth is in a range of 109-1014 
molecules/cm3. While in interstellar and circumstellar 
space, molecular density will be 1-100 molecules/cm3. 
Molecule has almost no interaction with other 
molecules. Additionally, cosmic dust will be kept 
under temperature less than 10K. Those conditions 
are favorable for comparing DFT calculation, because 
that DFT essentially gives isolate and 
temperature-zero solution.  
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
FFiigg..  77 Calculated infrared spectra compared with 
astronomically well observed bands. We can see good 
coincidence with di-cation (C23H12-c)2+. 
 

On top of Fig. 7, astronomical spectra are illustrated 
for cases of planetary nebulae HD44179, NGC7027, 
and Orion Bar D5, reported by Boersma et al.47). They 
are few thousand light-years away, very far distance 
each other. It should be noted that those spectra show 
common infrared bands at 3.3, 6.2, 7.6, 7.8, 8.6, 11.2, 
and 12.7 μm. Such observation suggests the common 
essential mechanism on the creation and evolution of 
PAH in space.. DFT calculated spectra listed in Fig. 6 
were compared with such observed spectra. Among 
them, di-cation (C23H12-c)2+ show major bands at 3.2, 
6.3, 7.6, 7.8, 8.6, 11.2, and 12.6 μm. It was amazing 
that (C23H12-c)2+ could well reproduce observed one as 
shown on bottom of Fig. 7. This may be first indication 

to suggest the existence of specific PAH in space. 
Despite over 30 years many efforts, until now there is 
not any identified specific PAH. In this study, we like 
to check whether our finding is an accidental 
coincidence or reasonable one by trying larger and 
smaller molecules in later sections. 
 
55..22  EEmmiissssiioonn  ssppeeccttrruumm  aanndd  ffuunnddaammeennttaall  mmooddee    

It should be noted that the astronomically observed 
spectra are seen in emission. A central star of nebula 
may illuminate cosmic molecules and excites them to 
give rise to infrared emission. Detailed discussion was 
reported by Li and Drain48)49). Emission calculation on 
(C23H12-c)2+ was done by Dr. Christiaan Boersma, 
NASA Ames laboratory, based on our fundamental 
vibrational mode analysis in private communication 
in 2014.  He tried emission calculation supposing 6eV 
photoexcitation, scaling factor of 0.958, and FWHM of 
15cm-1. Result is shown in Fig. 8 by red on bottom 
compared with his observed data on NGC7023 nebula 
on top. Again, it was a surprise that emission 
calculation shows good coincidence with observation. 
Also, we regard that, in case of sufficient large 
photoexcitation, calculated absorption spectrum is a 
mirror image of emission one due to the theory of 
Einstein’s emission coefficient48),49). In this study, we 
like to compare astronomical spectrum simply with 
DFT calculated spectra. 

Fundamental mode was analyzed on Table 1. There 
are 99 modes for 35 atoms. Zero-point vibrational 
energy is 7.44 eV above total electronic energy. The 
highest vibrational energy of mode-99 is 3284 cm-1 

(=0.407 eV) above zero-point vibrational energy. 
Mode-98 corresponds to observed 3.3 μm band, which 
comes from C-H stretching at carbon pentagon sites. 
Similarly, mode-87 by C-C stretching at hexagon sites 
corresponds to observed 6.2 μm band, also mode-71 by 
C-H in-plane bending and C-C stretching to 7.6 μm 
observed band, mode-69 to 7.8 μm observed band. 
Both mode61 and 62 may contribute to 8.6 μm 
observed band. Mode-43 was featured by C-H 
out-of-plane bending at all outer carbon sites, 
correspond to 11.2 μm observed band. 
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FFiigg..  88 Calculated emission spectrum on bottom was 
compared with observed one of NGC7023 nebula on 
top. Absorbed bands in middle are mirror image of 
emission one. 
 
TTaabbllee  11 Fundamental mode of (C23H12-c)2+. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

66..  LLaarrggee  MMoolleeccuullee  ((CC5533HH1188))    
  
66..11  MMooddeell  mmoolleeccuulleess  

Possible origin of featured spectrum was suggested 
to be SP3 defect among SP2 network. Such 
mechanism should not depend on molecular size. Here, 
we tried large molecule starting from circum-coronene 
(C54H18). As shown on top of Fig. 9, there are 6 kind of 
void positions named by a, b, c, d, e, and f.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
  
  
 
 
 
 
 
 
FFiigg..  99  Void-defect induced species of (C54H18) family.  
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FFiigg..  1100 Calculated spectra of (C53H18 ） species 
compared with astronomical observation. 
 

 
Void-a induces a species of (C53H18-a) showing an 

umbrella like structure having one carbon pentagon 
ring as illustrated in column-a of Fig. 9. Also, 
(C53H18-b) show a similar structure. It is interesting 
that (C53H18-c) has two pentagon rings and show 
similar structure to previously calculated case of 
(C23H12-c). In (C53H18-d), one hydrogen brings an 
umbrella like structure introduced by SP3-H bond. In 
case of (C53H17-e), C-H fragment was removed, which 
show flat structure including one pentagon ring. Also, 
void-f brings a flat molecule of (C53H18-f).  
  
66..22  IInnffrraarreedd  ssppeeccttrruumm    
    Infrared spectra for charge 0 and +1 of void-c, -d 
and –e induced species are calculated as shown in Fig. 
10. Di-cation spectra were listed on Appendix. Among 
them, it was amazing that mono-cation molecule of 
(C53H18-c)1+ shows good coincidence with 
astronomically observed bands at 3.3, 6.2, 7.6, 7.8, and 
8.6 μm. Whereas, neutral molecule shows bands at 
11.1 and 12.7μm close to observation. Observed 
spectrum will be a sum of those neutral and ionized 
molecule’s spectrum. Similarly, (C53H18-d) also shows 
good coincidence with observation. In addition, 
(C53H17-e) shows coincidence at 6.2, 7.6, and 8.6 μm 
with mono-cation, and at 11.1 μm with neutral one. It 
was concluded that many species could reproduce 
ubiquitously observed astronomical spectrum. It was 
revealed that our finding is not an accidental one. 
  

77..  SSmmaallll  MMoolleeccuullee  ((CC1122HH88))    
  

77..11  MMooddeell  MMoolleeccuulleess    
  We tried small size molecules of (C12H9) and (C12H8) 
created from mother molecule of (C13H9) as shown in 
Fig. 11. Void-c induced molecule of (C12H9-c) has a 
complex structure with void creation capability of 
p=1/13 (1 void among 13 carbons). Void-d induces 
umbrella like configuration of (C12H9-d). Void-e and 
void-f both lose one (C-H) fragment to show the same 
flat configuration as (C12H8-e), and (C12H8-f). This is a 
major species having void capability of p=9/13. 
  
77..22  IInnffrraarreedd  SSppeeccttrruumm  

Calculated spectra are listed in Fig. 12, which show 
different spectra with ubiquitously observed one as 
illustrated in Fig. 7. It was amazing that some 
coincidence of calculated spectra was found with 
young star’s observed spectrum, especially observed at 
protoplanetary disks around the Herbig Ae/Be and T 
Tauri stars, which were reported by Acke et al. in 
201050) and by Seok and Li in 201751). 
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FFiigg  1111  Void induced  small size molecules.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
FFiigg..  1122  Small molecule’s calculated infrared spectra. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
FFiigg..  1133  Observed spectrum of young star AKSco was 
well reproduced by (C12H8-e)2+. 
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Recently, young star interested many scientists, 
because it is an analogy of baby age of our solar 
system and planets. We can understand how planet 
system will be created in the Universe. Among more 
than 60 observed spectra by Seok and Li51), we found 9 
samples coincident with spectrum of di-cation 
(C12H8-e)2+. Typical example is AKSco as shown in Fig. 
13. It was a surprise that such complex spectrum can 
be reproduced well with calculated spectrum of 
di-cation (C12H8-e)2+. We can see good coincidence at 
many bands of 6.2, 6.8, 7.2, 7.5, 8.2, 9.1, 10.0, 11.3, 
12.0, and 12.7 μm. Another example is shown in Fig. 
14 for observed spectrum of HD31648. Again, there 
are many complex bands. We analyzed that most 
bands coincide well again with calculated one of 
(C12H8)2+, which are marked by blue dotted lines. Also, 
we found that several bands will be identified partly 
by (C23H12-c)2+ marked by red dotted lines. We could 
reproduce observed spectrum by a sum of those 
molecules. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
FFiigg..  1144  Complex spectrum of young star HD31648 was 
reproduced well by a sum of (C12H8-e)2+ and 
(C23H12-c)2+. 
 

88..  CCoonncclluussiioonn  
 

Void-defect induced magnetism and structure 
change of polycyclic aromatic hydrocarbon molecules 
(PAH) were studied by density functional theory 
(DFT) and by astronomical observation. 
(1) Model molecule of (C23H12) was introduced by 
making a void-defect on (C24H12).  Induced species 

have one or two carbon pentagon rings among 
hexagon ring networks.  

(2) Single void holds six spins and cause spin 
multiplicity. Stable spin-state of (C23H12) was singlet, 
which is contrary to pure carbon case of (C23) with 
triplet one. Hydrogen plays an important role to 
diminish magnetism by bringing SP3-bond among 
SP2-networks.  

(3) Molecular charge brings serious change on 
magnetism and structure, which finally affect 
molecular vibrational spectrum in infrared region. 
Di-cation molecule (C23H12)2+ shows featured bands 
at 3.3, 6.2, 7.6, 7.8, 8.6, 11.2, and 12.7 μm. It was 
amazing that those calculated bands coincident well 
with astronomically observed bands. This study will 
be the first indication to suggest specific PAH in 
space.  

(4) To confirm our finding, large model molecule of 
(C53H18) was tested. Most of mono-cation (C53H18)1+ 
showed again featured bands reproducing 
astronomically observed one. 

(5) In addition, small size molecules of (C12H9) are 
tested. It was a surprise that calculated spectrum 
shows good coincidence with young star’s unusual 
complex spectrum.  

It was revealed that void induced PAH is a promising 
candidate of cosmic hydrocarbon molecule. 
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    MgO/Fe/Au(001) and Au/Fe/Au(001) trilayers with Fe layer thickness from 0.4 to 1.2 nm were grown by the 
molecular beam epitaxy (MBE) method, and the perpendicular magnetic anisotropy (PMA) and magnetization 
dynamics of the trilayers were studied. The MgO/Fe/Au trilayer exhibited a slightly larger interface anisotropy than 
the Au/Fe/Au trilayer, and the effective anisotropy of both trilayers decreased with increasing Fe thickness due to the 
shape anisotropy. The g-factor of both trilayers decreased from the bulk value with decreasing Fe thickness, and 
MgO/Fe/Au showed a slightly lower g-factor than Au/Fe/Au. The effective damping constant a of both trilayers 
increased with decreasing Fe thickness due to the effect of spin pumping, and interestingly the MgO/Fe/Au trilayers 
showed large damping compared with the Au/Fe/Au ones. These results suggest that the broken inversion symmetry 
in MgO/Fe/Au leads to a large PMA and damping through Rashba spin-orbit coupling. 
 
KKeeyy  wwoorrddss:: magnetization dynamics, perpendicular anisotropy, Rashba spin-orbit coupling, MgO/Fe/Au 

  
 

11..  IInnttrroodduuccttiioonn  
    

  Perpendicular magnetic anisotropy (PMA) and Gilbert 
damping are quite important for the efficient writing of 
the memory cell of spin-transfer-torque magnetic random 
access memories (STT–MRAM). Recently, insulator / 3d 
ferromagnet / 5d metal trilayers with broken inversion 
symmetry along the film normal direction is of great 
interest, since the broken symmetry is reported to 
contribute PMA1) and conversion in-plane current to 
perpendicular spin current2) through Rashba spin-orbit 
coupling. Moreover, PMA of such trilayers is known to be 
controlled by the application of electric field3)–6), which is 
quite attractive for voltage-torque magnetization 
switching7). The voltage-torque switching is expected to 
significantly reduce power consumption of MRAM 
compared to conventional STT–MRAM. In spite of many 
experimental and theoretical studies of PMA of such 
trilayers, only few reports on magnetization dynamics8), 

9), although the magnetization dynamics is also 
important for the efficient writing of magnetic materials.  
   In this report, PMA and magnetization dynamics of 
MgO/Fe/Au trilayers with broken inversion symmetry 
were investigated and compared with those of Au/Fe/Au 
with a symmetric structure in order to discuss the 
influence of Rashba spin-orbit coupling on the 
magnetization dynamics. Gilbert damping is known to be 
proportional to the second-order of spin-orbit 
interaction10), however, there has been no report on the 
relationship between magnetization dynamics and 
broken inversion symmetry to the extent of our 
knowledge. Here we report the reduction of g-factor and 
increase of damping constant a of symmetry broken 

MgO/Fe/Au trilayers compared to symmetric Au/Fe/Au 
trilayers. These results are different from those of 
MgO/CoFeB/Ta trilayers which exhibit smaller damping 
constant compared to Ta/CoFeB/Ta due to the suppress 
of the spin pumping effect at MgO/CoFeB interface8), 9). 

 
22..  EExxppeerriimmeenntt   

  
  MgO(5) / Fe(tFe) / Au(20) / Cr(5) / MgO(001) and Au(2) / 
Fe(tFe) / Au(20) / Cr(5) / MgO(001) (thickness is in nm) 
were grown by molecular beam epitaxy (MBE) method in 
an ultra-high vacuum less than 5 × 10–7 Pa. The 
thickness of Fe layer, tFe, was varied from 0.4 nm to 1.2 
nm. Prior to the deposition, MgO substrate was cleaned 
by Ar+ ion bombardment with an acceleration energy of 1 
kV followed by annealing at 1000˚C for 2 min. All the 
layers were deposited at temperature less than 100˚C, 
and Au(20) under layer was annealed at 400˚C for 30 min 
to obtain atomically flat Au surface before the deposition 
of Fe layer. The deposition rate for all layers were fixed 
at 0.01 nm/s. Sample structure during the deposition was 
monitored by reflection high energy electron diffraction 
(RHEED), and hysteresis loops of the samples were 
measured by alternating gradient field magnetometer 
(AGM). Time-resolved magneto-optical Kerr effect 
(TRMOKE) of the MgO/Fe/Au and Au/Fe/Au trilayers 
were measured by pump-probe method similarly to our 
previous works11)–13). Laser beam from an ultra-short 
pulse fiber laser with a wavelength of 1040 nm, pulse 
width of 500 fs, a repetition frequency of 100 kHz were 
split into pump and probe beams, where the probe beam 
was frequency doubled by a heated lithium borate (LBO) 
crystal. Typical fluences of the pump and probe beams on 
the sample were 0.6 mJ/cm2 and 0.05 mJ/cm2, 
respectively. During TRMOKE measurements, an 
external field Hext up to 14 kOe was applied in the 
direction qH = 40–85˚ from the film normal. 

                                             
Corresponding author: Takeshi Kato  
(e-mail: kato.takeshi@b.mbox.nagoya-u.ac.jp). 
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33.. RReessuullttss aanndd DDiissccuussssiioonn 
  

33..11 FFiillmm ssttrruuccttuurree 
  Figure 1 shows RHEED patterns after the deposition 
of (a), (b) Au(20) under layer, (c), (d) Fe(0.9) layer, (e) 
MgO(5) upper layer, and (f) Au(2) upper layer, where 
electron beam was incident along (a), (c), (e), (f) MgO[100] 
and (b), (d) MgO[110]. As shown in Figs. 1 (a) and (b), 
atomically flat Au (001) surface with (5 × 1) 
reconstruction was obtained. The Fe layer was 
epitaxially grown on Au under layer with a relation 
Fe(001)[110] // Au(001)[100] as confirmed from RHEED 
patterns in Figs. 1 (c) and (d). Moreover, the streak 
patterns show layer-by-layer growth of Fe on Au surface.
MgO and Au upper layers were also grown epitaxially on 
Fe layer as shown in Figs. 1 (e) and (f). All samples in this 
study were confirmed grow epitaxially on MgO(001) 
similar to Fig. 1.

33..22 MMaaggnneettiicc aanniissoottrrooppyy 
  Figure 2 shows M–H loops of (a) MgO/Fe/Au and (b) 
Au/Fe/Au trilayers with various Fe thicknesses. The 
loops were measured applying a field along the film 
normal direction, and the magnetization is normalized so 
that saturation magnetization Ms equals to unity. Both 
trilayers, exhibited smaller saturation field for thinner 
Fe thickness, indicating the interface anisotropy becomes 
competitive for the trilayers with tFe ~ 0.4 nm. By 
comparing Figs. 2 (a) and (b), MgO/Fe/Au tends to have
smaller saturation field than Au/Fe/Au, and obviously 
MgO / Fe(0.4) / Au exhibited larger PMA than Au / Fe(0.4) 
/ Au. This suggests that PMA was enhanced by the 
broken inversion symmetry in MgO/Fe/Au trilayers 
through Rashba spin-orbit coupling1). Larger interface 

anisotropy of MgO/Fe/Au than Au/Fe/Au was also 
reported in first-principle calculation14). 

33..33 MMaaggnneettiizzaattiioonn ddyynnaammiiccss 
  Figure 3 shows typical TRMOKE waveforms of the 
Au/Fe(0.6)/Au trilayer measured under various external 
fields Hext where the field direction was fixed at qH = 40˚. 
In Fig. 3, exponentially decayed background in the raw 
TRMOKE data was subtracted11). The solid lines in Fig. 
3 are fitted curves with the damped oscillation function, 

, where t is the relaxation time and w is A exp(t/⌧) sin!t

 
 

FFiigg.. 11 RHEED patterns after deposition of (a), (b) 
Au(20) under layer, (c), (d) Fe(0.9) layer, (e) 
MgO(5) upper layer, and (f) Au(2) upper
layer. Electron beam was incident parallel to 
(a), (c), (e), (f) MgO[100] and (b), (d) 
MgO[110].
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FFiigg.. 22 M–H loops along film normal direction of (a) 
MgO/Fe/Au and (b) Au/Fe/Au trilayers with 
various Fe thicknesses. Magnetization was 
normalized so that saturation 
magnetization Ms equaled unity.
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FFiigg.. 33 TRMOKE waveforms of Au/Fe(0.6)/Au 
trilayer measured under various Hext.
Direction of Hext was fixed at qH = 40˚ from 
the film normal. Closed circles and solid 
lines are experimental and fitting results, 
respectively. 
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the angular frequency of the precession. Figure 4 shows 
(a) Hext dependence of angular frequency w and (b) w 
dependence of inverse of relaxation time 1/t. The 
following analytical expressions were used to fit the Hext 
dependence of w15), 16). 

 (1) 

 (2) 

 (3) 

where  is the gyromagnetic constant, and µB, 
, g, and q are Bohr magneton, Dirac constant, g-factor, 

and the stable magnetization angle from the film normal, 
respectively. q is estimated by minimizing the following 
magnetic energy. 

  (4) 

The solid line in Fig. 4 (a) represents fitting with Eq. (1) 
to evaluate Hkeff and g of Au/Fe(0.6)/Au trilayer. The 
dependence of 1/t on w was fitted with the following 
expression taking into account Gilbert damping a, 
anisotropy distribution DHkeff, anisotropy axis 
distribution DqH, and two-magnon scattering (TMS)16)–20). 

 

   

     (5) 

The 1/tTMS was calculated as described in Appendix. We 
used a, DHkeff, and DqH as fitting parameters, and the 
solid line in Fig. 4 (b) represents fitting with Eq. (5), for 
a = 0.011, DHkeff = 225 Oe, and DqH = 1.5˚. Four 
contributions in Eq. (5) are also shown as dashed lines in 
Fig. 4 (b). Gilbert term has a linear dependence on w, 
while TMS term shows a decreasing trend with 
increasing w. The sum of TMS and DqH terms tends to 
move 1/t upward. The TMS term is proportional to 

 as in Appendix, and thus we fit 1/t vs w by varying 
a, DHkeff, and DqH. 
  Figure 5 shows the dependence of (a) Hkeff, (b) g, and (c) 
a on the reciprocal Fe layer thickness of MgO/Fe/Au and 
Au/Fe/Au trilayers. DHkeff and DqH for the fitting were 
DHkeff = 150 ~ 400 Oe and DqH = 1.5 ~ 2.5˚, respectively, 
for all the trilayer. The thickness dependence of Hkeff is 
expected to follow the equation, 

, (6) 

where Ks is the surface anisotropy of both interfaces and 
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FFiigg..  44  (a) Hext dependence of angular frequency w 
and (b) w dependence of inverse of relaxation 
time 1/t obtained for Au/Fe(0.6)/Au trilayer. 
Solid lines in Figs. (a) and (b) represent the 
fitting with Eq. (1) and Eq. (5), respectively. 
Dashed lines in Fig. (b) represent four 
contributions in Eq. (5). 
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Kv is volume anisotropy consisting of crystalline and 
shape anisotropies. From Fig. 5 (a), Kv is estimated to be 
around –1.6 × 107 erg/cc for both trilayers, which is 
roughly consistent with the shape anisotropy, 

. Large slope was confirmed for 
MgO/Fe/Au compared to Au/Fe/Au, and Ks = 0.69 ± 0.05 
mJ/cm2 for MgO/Fe/Au and Ks = 0.58 ± 0.07 mJ/cm2 for 
Au/Fe/Au, which agrees with the discussion in Fig. 2. The 
g-factor of both trilayers decreased from ~2.05 to ~1.95 
with decreasing the thickness, and approaches to 2.07 
when the thickness of Fe is infinitely thick, which is 
roughly consistent with the bulk value (g = 2.09)21). The 
decrease of g-factor with decreasing the Fe thickness is 
expected in the presence of the interfacial anisotropy22), 

23). MgO/Fe/Au trilayers seem to have slightly lower g-
factor, which may be related to Rashba spin-orbit 
coupling in symmetry broken MgO/Fe/Au trilayers. 
However, there exists the difference of g-factor between 
MgO/Fe/Au and Au/Fe/Au even when the thickness of Fe 
is infinitely thick, and thus we are not sure that the 
difference is significant.  
  The damping constants of both trilayers increased with 
decreasing the Fe thickness as shown in Fig. 5 (c), and 
approached to a ~ 0.001 at 1/tFe = 0. The intrinsic Gilbert 
damping aint is reported to be 0.0025 for Fe, and to reduce 
to 0.0005 for Fe75Co25 due to the shift of Fermi energy24). 
These values roughly agree with the present 
extrapolated a by considering the error bar of the 
extrapolation of ±0.001. The increasing trend of a with 
decreasing tFe is due to the effect of spin pumping into Au 
layer. The enhanced damping due to the spin pumping is 
expressed by using effective spin mixing conductance  
as, 

, (7) 

where µB is the Bohr magneton25), 26). Spin diffusion 
lengths of Au and Cr are reported to be lAu = 35 nm27) and 
lCr = 4.5 nm28), respectively, which suggests that injected 
spin current into Au/Cr under layer will be fully absorbed. 
Thus the  of Au/Fe/Au trilayer is given by, 

, (8) 

where  is the spin mixing conductance at Fe/Au 
interface, and tAu is upper Au thickness26). The 2nd term 
in Eq. (8) represents the spin pumping into upper Au 
layer. The slope of a of Au/Fe/Au trilayers was estimated 
to be 0.0055 ± 0.0004 nm–1 from Fig. 5 (c), which gives 

 = 5.8 × 1014 cm–2, where g-factor is approximated to 
be 2. The estimated  is comparable to the theoretical 
value29)  of = 1.2 × 1015 cm–2. Based on Eq. (8), the 
effective spin mixing conductance  of MgO/Fe/Au 
trilayers equals to , because no spin current flows 
into insulating MgO layer. Thus the slope of a of 
MgO/Fe/Au trilayer is expected to be ~0.005 nm–1 
(roughly 10% smaller than that of Au/Fe/Au trilayer, 
since the 2nd term of Eq. (8) disappears). However, the 

slope of a of MgO/Fe/Au trilayer is estimated to be 0.0062 
± 0.0007 nm–1 from Fig. 5 (c), indicating an additional 
interface contribution to the damping. Kambersky 
pointed out the damping constant is influenced by spin-
orbit coupling and density of state at the Fermi level10), 

30). As discussed in Fig. 2, larger PMA in MgO/Fe/Au than 
Au/Fe/Au may be related to Rashba spin-orbit coupling 
originated from broken inversion symmetry in 
MgO/Fe/Au, and Rashba spin-orbit coupling may also be 
responsible for the increase of the damping of MgO/Fe/Au. 
The reduction of the bandwidth of Fe is expected when 
insulating MgO is placed adjacent to Fe, which modifies 
the density of states.  

 
44..  CCoonncclluussiioonn 

  
  MgO/Fe/Au(001) and Au/Fe/Au(001) trilayers with Fe 
layer thickness from 0.4 to 1.2 nm were grown by 
molecular beam epitaxy (MBE) method, and 
perpendicular magnetic anisotropy (PMA) and 
magnetization dynamics of the trilayers were studied. 
From TRMOKE measurements, MgO/Fe/Au trilayers 
were confirmed to exhibit slightly larger effective 
anisotropy Hkeff than Au/Fe/Au trilayers. The large PMA 
of MgO/Fe/Au compared to Au/Fe/Au was also confirmed 
by M–H loop measurements. The g-factor of both 
trilayers decreased with decreasing the Fe thickness, and 
MgO/Fe/Au trilayers exhibited slightly lower g-factor 
than Au/Fe/Au trilayers. Damping constant a of both 
trilayers increased with increasing the Fe thickness due 
to the effect of spin pumping into Au layer. Surprisingly, 
MgO/Fe/Au shows larger damping constant than 
Au/Fe/Au even though no spin pumping is expected in the 
insulating MgO layer. The increase of the damping of 
MgO/Fe/Au compared to Au/Fe/Au may reflect the 
Rashba spin-orbit coupling and/or the variation in the 
density of states at the Fermi level. 

 
AAppppeennddiixx 

  
  The contribution of two-magnon scattering 1/tTMS in Eq. 
(5) is calculated as 16)–20), 

,  (A1) 

where kk is the magnon wave vector, and k is its 
amplitude. N0, C(k), wkk, and dwkk are the scattering 
intensity, the correlation function, the spin wave 
dispersion, and the inverse lifetime of the spin wave, 
respectively, and these are expressed as17), 18), 
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where x is the correlation length. Hqq(kk) and Hff(kk) are 
given by17), 

, (A6a) 

 
      ,  (A6b) 

where µ0 is the permeability of vacuum, Aex the exchange 
stiffness, and fkk the azimuth angle of the spin wave. The 
wave number dependent demagnetizing factor Nk is 
given by17),   

. (A7) 

Here we set Aex = 20 pJ/m, x = 2 nm, and Ms =1700 emu/cc, 
respectively to obtain the dashed line of the two-magnon 
contribution 1/tTMS shown in Fig. 4 (b). 
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Yu Shiratsuchi,* Jiaqi Shen, Yiran Tao, Kohei Takahara, Kentaro Toyoki, and Ryoichi Nakatani 

Graduate School of Engineering, Osaka University, 2-1 Yamadaoka, Suita, Osaka 565-0871, Japan 
 

    Perpendicular exchange bias using magnetoelectric Cr2O3 has an electric-field triggered switching ability, and the 
thickness limit of the Cr2O3 layer for inducing this bias is a topic of research. In this paper, we investigated the 
structural, magnetic, and electric properties of Pt/Co/Au/Cr2O3/Pt thin films with a Cr2O3 layer in the thickness range 
of 5.7 to 25 nm. By using a magnetron sputtering method, a well-crystallized Cr2O3(0001) layer was formed in 5.7-nm-
thick Cr2O3. All studied films showed perpendicular magnetic anisotropy. The uniaxial magnetic anisotropy energy 
density increased as the Cr2O3 thickness decreased, and 810±90 kJ/m3 was obtained for the film with 5.7-nm-thick 
Cr2O3. Perpendicular exchange bias was evaluated above 80 K, and an exchange anisotropy energy density of 0.30 
mJ/m2 was observed for the film with a 25-nm-thick Cr2O3 at 80 K. The exchange bias could not be observed below 18 
nm. Instead, coercivity enhancement, which yields the exchange bias by precisely controlling interfacial exchange 
coupling, was observed. The electric resistivity was about 5  105 ·m for the 5.7-nm-thick Cr2O3 layer, which is 
sufficiently high for magnetoelectric applications. 
 
KKeeyywwoorrddss:: Cr2O3, antiferromagnet, thin film, perpendicular magnetic anisotropy, insulator 

 
 

11..  IInnttrroodduuccttiioonn  
    

  Future memory/logic devices beyond CMOS require 
several severe working conditions such as low-energy 
operation below 10 atto-J (aJ) and fast switching below 1 
ns 1). The magnetoelectric (ME) effect, which results from 
coupling between magnetic and electric fields, can be a 
solution for creating low energy input methods for these 
devices. The ME effect is recognized as the effect of 
spontaneous magnetization (M) induction by an electric 
field (E) or electric polarization (P) induction by a 
magnetic field (H) 2,3). The strength of the ME effect is 
characterized by using ME susceptibility as follows. 

ij = dMi/dEj = dPi/dHj  (1) 
The ME effect is sometimes observed in 
antiferromagnetic (AFM) insulators where ij is coupled 
with an AFM order parameter 4). Eventually, the sign of 
ij is reversed and accompanied with the reversal of the 
Néel vector. The driving force of the reversal is expressed 
by 4)  

2jiEiHj,   (2) 
which is reminiscent of the Zeeman energy of 
ferromagnetic (FM) materials in that the spontaneous 
magnetization of the FM layer is replaced with the E-
induced magnetization ijEi. 

Cr2O3 is a well-known ME-AFM insulator, and the 
above-mentioned reversal of ij was first detected by 
directly measuring ij for bulk Cr2O3 4). Although Cr2O3 
is a proto-typical ME-AFM material, it has advantages 
compared with other single-phase multiferroic materials, 
such as simple preparation based on a conventional 

sputtering technique and a sole cation species that can 
prevent the crystalline quality from being deteriorated 
by the incorrect site occupation of other cations. Despite 
these advantages, the application of the ME effect in 
Cr2O3 has been regarded as difficult because the ME 
effect for Cr2O3 is a linear effect; the ferroic feature 
vanishes by removing E or H 2,3,5). In 2005, Borisov et al. 
complemented the linear ME effect by using an exchange 
bias 6). In this scheme, the interfacial AFM spin/domain 
state, which is coupled with an AFM order parameter 
(the Néel vector), is detected by exchange bias polarity. 
When the AFM spin/domain state (the Néel vector) is 
reversed by the ME effect, this reversal is accompanied 
with a change in the exchange bias polarity. In particular, 
when the exchange bias field is higher than the coercivity, 
the magnetization direction of the FM layer after the 
field is removed reverses definitely. This scheme has 
been experimentally proven using the FM/Cr2O3(0001) 
thin film system 7,8). 

The above device scheme is designed upon the 
prerequisite that the film has a perpendicular exchange 
bias higher than the coercivity, and hence, the lowest 
Cr2O3 thickness at which perpendicular exchange bias 
can be induced would determine the low thickness limit 
of the device. According to the magnetic domain wall 
(DW) model 9,10), the critical AFM layer thickness for 
inducing exchange bias is relevant to the DW width of the 
AFM layer along the film thickness direction. For the 
case of Cr2O3(0001) thin film, the DW width along the c-
axis was calculated in the range of 20-70 nm depending 
on the lattice parameter 11). Recently, ME-induced 
switching of the perpendicular exchange bias was 
demonstrated using 30-nm-thick Cr2O3(0001) thin film 12), 
and perpendicular exchange bias using a Cr2O3(0001) 
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layer was confirmed for film with 20-nm-thick Cr2O3 13); 
for both cases, the Cr2O3 thickness was near the DW 
width. In this paper, we explored the possibility of the 
perpendicular exchange bias persisting below the 20-nm-
thick Cr2O3(0001) layer as well as the electric properties 
that are also important for electric field application. 

 
22..  EExxppeerriimmeennttaall  mmeetthhooddss 

  
  The stacking structure of the fabricated sample was a 
Pt(2 nm)/Co(0.5 nm)/Au(0.5 nm)/Cr2O3(tCr2O3 = 5.7, 12, 18, 
25 nm)/Pt(20 nm)/-Al2O3(0001) substrate. The 
thicknesses of the Co and Au layer were in a few 
monolayer regime, and these were the nominal 
thicknesses. The Au space layer was used to tune the 
interfacial exchange coupling strength between the Co 
and Cr2O3 so that the coercivity enhancement could be 
suppressed when the exchange bias was manifested 14). 
The substrate was ultrasonically cleaned using acetone, 
ethanol, pure water, and isopropanol. Each layer was 
deposited by using a DC magnetron sputtering method. 
The Pt, Co, and Au layers were deposited using pure Ar, 
and the Cr2O3 layer was deposited by using a reactive 
sputtering method with a gas mixture of Ar and O2. 
Before the deposition, the substrate was degassed at 873 
K and, subsequently, the Pt buffer layer was deposited at 
873 K. The deposition temperature of the Cr2O3 layer was 
773 K. The Pt capping layer, Co, and Au layers were 
deposited at room temperature. 

Structural characterizations were carried out using 
reflection high-energy electron diffraction (RHEED), X-
ray reflectometry (XRR), and high-angle X-ray diffraction 
(XRD). For the RHEED observations, the sample was 
once cooled down to room temperature after the 
deposition and transferred to a RHEED chamber that 
was directly connected to the deposition chamber 
through an ultra-high vacuum gate valve. The XRR and 
XRD measurements were carried out using Cu K 
irradiation with a Ge (220)  2 monochromator. 

Magnetic properties were characterized on the basis of 
magnetization curves measured using a vibrating-
sample magnetometer (VSM) and magneto-optic Kerr 
effect (MOKE) measurements. The VSM measurements 
were done at room temperature (~300 K) for the applied 
magnetic field direction parallel and perpendicular to the 
film plane. MOKE loops were measured with a polar 
configuration where the incident angle of light ( = 670 
nm) was 10 from the surface normal. The MOKE 
measurements were carried out in a temperature regime 
from 80 K to 300 K. 
 

33..  RReessuullttss  aanndd  ddiissccuussssiioonnss  
    

33..11  SSttrruuccttuurraall  cchhaarraacctteerriizzaattiioonnss  
  Figure 1 shows RHEED images of the 5.7-nm-thick 
Cr2O3 layer, which was the lowest case in this paper. For 
both electron azimuths, equally spaced streaks were 
observed, which indicate the flat surface and aligned 

 
FFiigg..  11  RHEED images for 5.7-nm-thick Cr2O3 layer. 
Electron azimuth was (a) [1120 ] and (b) [1100 ] of -
Al2O3(0001) substrate. 

 
FFiigg..  22    (a) High-angle XRD profiles and (b) XRR 
profiles for films with different tCr2O3. * in (a) 
represents diffraction from substrate. Dotted gray 
line shows guide line for diffraction peak position of 
Pt(111) and Pt(222) calculated using bulk lattice 
parameter.  
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crystallographic orientation in the growth direction. The 
diffraction patterns can be explained by the corundum 
(0001). In addition, the symmetric pattern in the [1120 ]-
azimuthal RHEED pattern indicates twin formation with 
a twin boundary along [1120 ]. Similar RHEED patterns 
were observed for every tCr2O3. In our previous reports 14), 
the Au layer grown on the Cr2O3(0001) layer was poly-
crystalline, and the subsequent Co and Pt layer showed 
a weak (111) orientation. We confirmed a similar 
structure for the films studied in this paper. Figure 2(a) 
shows high-angle XRD profiles wherein the diffraction 
peaks were near 2 = 40 and 85 except for the 
diffractions from the substrate (indicated by *). The 
former and latter diffraction peaks originated from 
Pt(111) [or Cr2O3(0006)] and Pt(222) [or Cr2O3(00012)], 
respectively, which was consistent with the RHEED 
observations. Because the d-spacings for Pt(l l l) and 
Cr2O3(000l) were almost same, it was difficult to 
distinguish these two in the XRD profiles. Nonetheless, 
the peak intensity was almost independent of tCr2O3, and 
thus, we believe that the diffraction was mainly from the 

Pt buffer layer. This should be reasonable because the 
atomic scattering factor of Pt is higher than those of Cr3+ 
and O2-. 
  For qualitative discussion on the interfacial magnetic 
properties shown below, we indirectly evaluated 
interface roughness on the basis of XRR measurements. 
Figure 2(b) shows XRR profiles of the fabricated films. 
The profiles show clear oscillation up to 2 = 10 except 
for the film with tCr2O3 = 18 nm, where the oscillation 
disappeared at about 2 = 4. The results indicate that 
films except for that with tCr2O3 = 18 nm had a sharp 
interface, and that with tCr2O3 = 18 nm was relatively 
rough. The theoretical fitting implies that the interface 
roughness at the FM(Pt/Co/Au)/Cr2O3 interface was 
about 0.3 nm for the former three films and about 0.8 nm 
for the film with tCr2O3 = 18 nm. 
 
33..22  MMaaggnneettiicc  pprrooppeerrttiieess  
  Figure 3 shows magnetization curves (M-H curves) 
measured at room temperature for the film with tCr2O3 = 
5.7 nm. The saturation magnetization was about 1600 
kA/m, which was higher than the value for the bulk Co 
(~1400 kA/m) possibly because of the sizable spin 

 
FFiigg..  33    (a) Magnetization curves for film with tCr2O3 
= 5.7 nm. Red and blue curves represent curves for 
applied magnetic field direction perpendicular and 
parallel to film plane, respectively. (b) Change in 
KU_eff with tCr2O3 evaluated from magnetization 
curves.  

 
FFiigg..  44    (a) Temperature dependence of oHEX and 
oHC for film with tCr2O3 = 25 nm. (b) Temperature 
dependence of oHC for films with tCr2O3 = 18 nm 
(blue), 12 nm (red), and 5.7 nm (black). 
Magnetization curves for film with tCr2O3 = 5.7 nm. 
Open gray circles are oHC for reference film, Pt/Co 
bilayer on -Al2O3(0001) substrate.  
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polarization of Pt (and Au) 15,16). The M-H curve with H 
perpendicular to the film plane showed a rectangular 
hysteresis with the remanence ratio of unity. In contrast, 
the M-H loop with H parallel to the film plane was almost 
linear below 0H at about 1 T, and no clear hysteresis was 
observed. The results show that the film showed 
perpendicular magnetic anisotropy. The uniaxial 
magnetic anisotropy energy density KU_eff was evaluated 
using 

_ 0 0/ /

S SM M
U eff

H Film H Film
K HdM HdM



       
     ,  (3) 

where MS denotes the saturation magnetization. In Fig. 
3(b), the change in KU_eff with tCr2O3 is shown. KU_eff is 
typically within several 100 kJ/m3. The dispersion of the 
values may be due to the difference in the micro-
structure of the Co layer because the Co thickness was in 
a few monolayer regime. The reduction in KU_eff for the 
film with tCr2O3 = 18 nm should be due to the large 
roughness mentioned above.  
  Figure 4(a) shows the temperature dependence of the 
exchange bias field (0HEX) and the coercivity (0HC) for 
the film with tCr2O3 = 25 nm measured on the basis of 
polar MOKE. An exchange bias field of 0HEX = 390 mT 
was observed at 80 K and increased to 410 mT at 100 K. 
The increase in 0HEX as temperature increased is 
attributed to interfacial Cr3+ spin canting 17). The 
exchange bias abruptly disappeared at 102 K, and the 
coercivity was enhanced, accompanied with a 
disappearance of the exchange bias. This abrupt 
disappearance was observed for the FM/Cr2O3(0001) 
stacked film 13,18) and is likely to be a unique feature of 
this system. Details on this unique temperature 
dependence can be found in our previous review 19). Below 
a tCr2O3 of 18 nm, the exchange bias could not be observed 
above 80 K. In Fig. 4(b), the temperature dependence of 
0HC for the films with tCr2O3 below 18 nm are shown. The 
0HC (open gray circle) for the Pt/Co bilayer on the -
Al2O3(0001) substrate is also shown as a reference. As in 
the case of tCr2O3 = 25 nm above 102 K, the coercivity 
increased as the temperature decreased. Although a 
direct comparison of the absolute value of coercivity is 
difficult because coercivity can be affected by structural 
defects and micro-structures, it is likely that the 0HC 
values at 300 K were similar for the Pt/Co/Au/Cr2O3/Pt 
films and the reference sample (Pt/Co bilayer on the -
Al2O3 substrate). 
  Below 280 K (~Néel temperature of Cr2O3 thin film 20)), 
the coercivity of the Pt/Co/Au/Cr2O3/Pt films seemed to 
be enhanced compared with the reference sample, and 
this enhancement was observed for the film with tCr2O3 = 
5.7 nm.  
  As previously discussed, the onset temperature of the 
exchange bias in the FM/Cr2O3 system can be controlled 
by the spacer layer thickness 14,21), i.e., the strength of the 
interfacial exchange coupling. Hence, when we precisely 
control the interfacial exchange coupling, it is expected 
that exchange bias might be achieved for a low tCr2O3 
below 18 nm. That is, in this work, the Au spacer 
thickness was fixed at 0.5 nm. If a little thicker, the Au 
spacer layer would reduce the interfacial exchange 
coupling, which would yield the perpendicular exchange 
bias in the high temperature regime. In comparison, a 

thicker Au layer would also reduce the exchange bias 
field. To realize this, very precise control of the Au spacer 
thickness is necessary; this is future work. 
   
33..33  EElleeccttrriicc  pprrooppeerrttiieess  
  For electric-field triggered switching including the ME-based 
mechanism, sufficient resistivity is also essential. In most 
previous reports on ME-induced switching of the perpendicular 
exchange bias using Cr2O3 thin film, thick Cr2O3 above 100 nm 
was often used 7,8,22), although, very recently, we reported a 
scheme using Cr2O3 thin film below 50 nm 12,23). There are few 
reports on the insulating properties of the Cr2O3 layer in the 
thickness regime below 30 nm. To investigate the electric 
properties, the micro-dot with a 30-m diameter shown in Fig. 
5(a) was fabricated by photolithography, Ar ion milling, and a 
lift-off technique. Using this device, I-V curves and the 
temperature dependence of the resistivity were measured on the 
basis of a two-terminal method. Figure 5(b) shows an I-V curve 

 
FFiigg..  55    (a) Optical microscope image of devices used 
for electric characterizations. Electric circuit is also 
drawn. Right image is schematic drawing of cross-
section of device. (b) I-V curve and (c) temperature 
dependence of resistivity for films with tCr2O3 = 12 
(red) and 5.7 (blue) nm.  
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measured at 300 K. For both films with tCr2O3 = 12 and 5.7 nm, 
the I-V curves showed a non-linear increase, which indicates that 
the device had an insulating feature. The asymmetry in the I-V 
curves should be due to the different materials of the top 
(Pt/Co/Au) and bottom (Pt) electrodes. As shown in Fig. 5(c), the 
resistivity increased as temperature decreased in an exponential 
manner, which also supports the insulating feature of the 
fabricated Cr2O3 layer. The resistivity, evaluated by the 
derivative of the I-V curve [Fig. 5(b)], was about 3  106 ꞏm and 
5  105 ꞏm for the films with tCr2O3 = 12 and 5.7 nm, respectively. 
These values are similar to the reported resistivity for 300-nm-
thick Cr2O3 24). In addition, the leakage current density at E = 
+60 MV/m was about 300 A/m2, which is similar to the case of 
the 30-nm-thick Cr2O3 film where ME-induced switching of the 
exchange bias was confirmed 12). That is, the resistivity was 
sufficiently high enough to apply the scheme to the ME-induced 
switching of perpendicular exchange bias. 
 

44..  SSuummmmaarryy 
  

  We investigated the structural, magnetic, and electric 
properties of Pt/Co/Au/Cr2O3/Pt thin films with a Cr2O3 
thickness below 25 nm. Well-crystallized Cr2O3 thin film 
could be prepared in a 5.7-nm thickness by using a 
reactive magnetron sputtering method. The film showed 
perpendicular magnetic anisotropy at room temperature. 
The uniaxial magnetic anisotropy energy density is 
typically on the order of several 100 kJ/m3. Perpendicular 
exchange bias, evaluated above 80 K, was observed for a 
film with tCr2O3 = 25 nm. Although below 18 nm, the bias 
was not observed above 80 K, a comparison with a Pt/Co 
bilayer on an -Al2O3 substrate suggested a coercivity 
enhancement. Hence, the exchange bias is expected to 
appear through the precise control of the interfacial 
exchange coupling strength. An insulating feature was 
maintained for the 5.7-nm-thick Cr2O3 layer, and the 
resistivity was about 5 Mꞏm, which is comparable to the 
reported value for thick film above 30 nm and is 
sufficiently high enough to apply the ME-induced 
switching device scheme. 
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IInnvveerrtteerr  EExxcciittaattiioonn  iinn  FFiinniittee  EElleemmeenntt  AAnnaallyyssiiss  
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    This paper presents a model efficiently considering the anomalous loss as post-processing after the finite element 
analysis (FEA), and it is applied to the inverter excitation evaluation, especially the pulse-amplitude-modulation 
(PAM) inverter. The effectiveness of the designed FEA model is validated by non-oriented (NO) ring core experiments. 
The calculation result can express the iron loss obtained in experiments well. A new pulse pattern of the PAM 
excitation method is evaluated under two operating conditions. Under the first condition with the fixed maximum 
magnetic flux density 𝐵𝐵𝑚𝑚𝑚𝑚𝑚𝑚 considered as the conventional material evaluation, the iron loss with the PAM inverter 
excitation is smaller than that with the PWM inverter and sinusoidal excitations, and has the smallest value at the 
excitation angle of 165O in the PAM excitation. On the other hand, under the second condition with a fixed fundamental 
component value of the magnetic flux density 𝐵𝐵𝑓𝑓0, the iron loss becomes smaller in the order of the PWM, sinusoidal 
and PAM excitations, which heavily depends on magnitudes of the time harmonics of the flux density; the result 
obtained in this case has a different tendency with that in the first case where the 𝐵𝐵𝑚𝑚𝑚𝑚𝑚𝑚 is fixed. 
 
KKeeyy  wwoorrddss:: Iron loss, anomalous loss, magnetic field analysis, finite element method, PAM inverter excitation.  

   
NNOOMMEENNCCLLAATTUURREE  

𝐻𝐻 Magnetic field intensity 
𝐵𝐵 Flux density 
𝐵𝐵𝑚𝑚𝑚𝑚𝑚𝑚 Maximum flux density 
𝑓𝑓 Frequency 
𝑓𝑓0 Fundamental frequency 
𝑁𝑁1 The number of turns of primary coil 
𝑁𝑁2 The number of turns of secondary coil 
𝑙𝑙 Average magnetic path length 
𝑆𝑆 Cross section area of ring core 
𝜌𝜌 Steel plate density 
𝐼𝐼1 Primary input current in measurement 
𝑉𝑉2 Secondary open-circuit voltage 
𝑛𝑛 Element number 
𝜎𝜎 Conductivity of steel plate 
𝜅𝜅 Anomaly factor 
𝑗𝑗𝑚𝑚𝑥𝑥(𝑡𝑡) Classical eddy current density 
𝐽𝐽𝑚𝑚𝑥𝑥(𝑓𝑓) Fourier transform of 𝑗𝑗𝑚𝑚𝑥𝑥(𝑡𝑡) 
𝑊𝑊𝑓𝑓𝑓𝑓 Iron loss 
𝑊𝑊𝑓𝑓,𝑐𝑐 Classical eddy current loss 
𝑊𝑊𝑓𝑓,𝑚𝑚 Anomalous loss 
𝑊𝑊ℎ𝑦𝑦𝑦𝑦 Hysteresis loss 

 
  

11..  IInnttrroodduuccttiioonn  
    

With the large demand of electrical power conversion 
for the realization of electric vehicles (EVs) and advanced 
society, progresses of power electronics technology such 
as inverters are increasing year by year. A high-efficient 
motor drive system for EVs is a typical example. With the 
recent power electronics technology, the voltage and 
frequency can be flexibly and quickly controlled by the 
switching operation of power semiconductors used in a 

power electronics circuit, and the magnetic material in it 
is also excited at the same time. Due to the rectangular 
waveform of the voltage in the circuit, the power 
electronics excitation may lead to an increase of the iron 
loss generated in the magnetic material 1),2). Therefore, 
the reduction of the iron loss in the power electronics 
excitation is a crucial issue, which should be 
appropriately examined and resolved for EVs and the 
environment-friendly society. 

With the power electronics technology, an optional 
pulse pattern of the output voltage can be generated and 
modified; it is also considered as a crucial issue to be 
studied and discussed on which pulse pattern is more 
efficient to reduce the iron loss. Hence, a new pulse 
pattern in the pulse-amplitude modulation (PAM) 
excitation method is investigated here for the reduction 
of the iron loss due to its simple excitation 3)-5), although 
the pulse-width modulation (PWM) excitation is often 
utilized. 

To evaluate the iron loss characteristics, the numerical 
calculation as finite element method (FEM) of 
electromagnetic field is a useful method for the design 
and development of the inverter excitation or motor drive 
systems. The calculation of the hysteresis loss is 
improved due to analytical methods that consider the 
hysteresis properties of magnetic materials 6),7), and the 
classical eddy current loss can be obtained from the 
Maxwell equations. However, the anomalous loss cannot 
be easily obtained. It is necessary to consider the 
microscopic phenomenon derived from the magnetic 
domain wall motion, so that it is not possible to 
determine the anomalous loss with a macro model such 
as an electrical motor. A well-known method for 
calculating the anomalous loss was proposed by Bertotti 
8); however, we develop a simpler method for efficiently 
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obtaining the anomalous loss in this study. Furthermore, 
the macro-sized calculation usually uses the finite
element analysis (FEA).

Therefore, in this paper, the FEA carefully taking 
account of the anomalous loss in the conventional 
magnetic field analysis is studied and applied to the 
macro-model separately excited by the PAM inverter, 
PWM inverter and sinusoidal excitation methods. In 
particular, the detailed investigation of the iron loss 
characteristics in a ring core under the PAM inverter 
excitation method with different excitation angles is one 
of the key uniqueness and contributions of this research. 
The simulation results with the proposed FEA model are 
also validated by comparison with the measured iron loss 
data of the ring core obtained in experiments. Moreover, 
physics-based insights and explanations on the obtained 
results are provided.

22.. FFiinniittee EElleemmeenntt AAnnaallyyssiiss

  Because of the difficulty in direct analysis and 
calculation of the magnetic field movement in an 
electrical motor core, the anomalous loss can be 
investigated with a post-processing technique after the 
FEA of electrical apparatus. It is important to possibly 
consider and cope with the inverter excitation case that 
includes a lot of harmonic components of eddy currents.

22..11 FFiinniittee EElleemmeenntt AAnnaallyyssiiss MMooddeell 
Magnetic hysteresis characteristics are investigated 

with a play-model in the FEA 7). The B-H curve used in 
FEM calculation is introduced from the measured data to 
be considered to DC characteristics 9). A cut-out part of 
an actual ring core is used as a FEA model as shown in 
Fig. 1. The upper figure is a schematic view of the actual
ring core whose characteristics are given in Table 1. The 
lower figure is a model, that is used in the analysis, is an 
enlarged version of the upper figure. While the actual 
ring core has 20 laminated layers, this model has only 
one layer of the electrical steel with electrical insulation 
coating due to the symmetry in the laminating direction 
(y-direction). Furthermore, the designed model is a 
rectangular parallelepiped by dividing the 
circumferential direction (z-direction) into 5000 along the 
average magnetic path length. A steel sheet is 
magnetized by applying a current in y-direction 
determined by an external circuit as a natural boundary 
condition to both ends. Therefore, the electromotive force 
is introduced in the steel in y-direction though the eddy 
current flows in x-direction at the surface of the steel 
owing to the electrical insulation. The introduced current 
causes a magnetic flux to flow in z-direction. In the case 
where the inverter excitation is utilized, the ON voltage 
of the semiconductor should be considered 10). The FEA 
results introduce the time series of the flux density and 
eddy current at each element of the considered NO 
material.
 

FFiigg.. 11.. Symmetrical 2-D FEM ring model.

TTaabbllee 11.. Ring core characteristics
Steel plate material NO (35H300)

Primary coil  𝑁𝑁1 254 turns
Secondary coil  𝑁𝑁2 254 turns

Average magnetic path length 𝑙𝑙 0.36 m
Cross section area of ring core 𝑆𝑆 87.5 mm2

Steel plate density 𝜌𝜌 7650 kg/m3

Conductivity of steel plate 𝜎𝜎 1.92 MS/m
Inner diameter 46.5 mm
Outer diameter 67.5 mm

Hight of ring core 15.5 mm

22..22 IIrroonn LLoossss CCaallccuullaattiioonn ffoorr AAnnaallyyssiiss 
The central part of the NO steel in the width of 12.5 

mm is picked up for evaluation. The calculated eddy 
current 𝑗𝑗𝑥𝑥𝑥𝑥(𝑡𝑡) at element number n is called the classical
eddy current, not the abnormal one. Therefore, the
classical eddy current loss 𝑊𝑊𝑒𝑒,𝑐𝑐 is calculated as below.

𝑊𝑊𝑒𝑒,𝑐𝑐 =
1
𝜌𝜌𝑛𝑛∑

𝑗𝑗𝑥𝑥𝑥𝑥(𝑡𝑡)2
𝜎𝜎

𝑥𝑥
(1)

The classical eddy current loss 𝑊𝑊𝑒𝑒,𝑎𝑎 and the anomalous 
loss 𝑊𝑊𝑒𝑒,𝑎𝑎 have a relation by the introduction of an 
anomaly factor 𝜅𝜅 11) as expressed in (2).

𝜅𝜅 = 𝑊𝑊𝑒𝑒,𝑐𝑐 +𝑊𝑊𝑒𝑒,𝑎𝑎
𝑊𝑊𝑒𝑒,𝑐𝑐

(2)

It is necessary to identify an anomaly factor 𝜅𝜅 for each 
material since the generation of abnormal eddy current 
depends on the magnetic domain structure. The anomaly 
factor 𝜅𝜅 of this steel sheet was measured by another 
work 12) as depicted in Fig. 2, where 𝜅𝜅 has a parameter 
of frequency. Therefore, by means of Fourier transform of  
𝑗𝑗𝑥𝑥𝑥𝑥(𝑡𝑡) to  𝐽𝐽𝑥𝑥𝑥𝑥(𝑓𝑓), the anomalous loss is calculated by the
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following equation.

𝑊𝑊𝑒𝑒,𝑎𝑎 =
1
𝜌𝜌𝑛𝑛∑∑(𝜅𝜅(𝑓𝑓) − 1) 𝐽𝐽𝑥𝑥𝑥𝑥

(𝑓𝑓)2
𝜎𝜎

𝑓𝑓𝑥𝑥
(3)

Due to the consideration of the magnetic hysteresis curve
with the play model, the inner area of B-H curve at each 
element 𝑛𝑛 is a sum of the magnetic hysteresis loss and 
classical eddy current loss. Since the analysis does not 
take into account anomalous eddy currents, anomalous 
loss is not included. Hence, the hysteresis loss can be 
calculated by

𝑊𝑊ℎ𝑦𝑦𝑦𝑦 =
𝑓𝑓0
𝜌𝜌𝑛𝑛∑∫𝐻𝐻𝑑𝑑𝐵𝐵𝑥𝑥

𝑥𝑥
−𝑊𝑊𝑒𝑒,𝑐𝑐 (4)

Finally, the total iron loss of the ring core, which 
consists of the hysteresis loss, classical eddy current loss 
and anomalous loss, is computed as follows.

𝑊𝑊𝑓𝑓𝑒𝑒 = 𝑊𝑊𝑒𝑒,𝑐𝑐 +𝑊𝑊𝑒𝑒,𝑎𝑎 +𝑊𝑊ℎ𝑦𝑦𝑦𝑦 (5)

33.. MMeeaassuurreemmeenntt MMeetthhoodd 

To evaluate effectiveness of the designed FEA model in 
careful consideration of the anomalous loss, the 
measurement of iron loss is also carried out in 
experiments. Both the PAM and PWM inverter 
excitations are performed. In this research, all the 
inverter and sinusoidal excitation methods are conducted 
for the same NO ring core as will be presented in Section
4.

   
33..11 MMeeaassuurreemmeenntt SSyysstteemm 
  The outline of the measurement system is shown in Fig. 
3. A single-phase inverter unit equipped with the IGBT 
module (named PM75RSd060) is utilized for the inverter 
excitation, where the DC-bus voltage 𝑉𝑉𝐷𝐷𝐷𝐷 can be fixed or 
changed manually. On the other hand, a function 
generator connected with a linear amplifier is used for 
the sinusoidal excitation method. The primary input 
current 𝐼𝐼1 and secondary open-circuit voltage 𝑉𝑉2 are 
measured by a hall-effect current probe, differential 
voltage probe and analog-to-digital (AD) converter with a 
sampling rate of 50 MS/s and resolution of 14 bits. After 
that, the measured data is collected and processed in a 
personal computer by using MATLAB software.

33..22 IIrroonn LLoossss MMeeaassuurreemmeenntt 
The iron loss is calculated from the measured primary 

input current 𝐼𝐼1 and secondary open-circuit voltage 𝑉𝑉2
of the ring core. The magnetic field strength 𝐻𝐻 and the 
flux density 𝐵𝐵 are calculated by (6) and (7), respectively; 
after that, the iron loss of the ring core 𝑊𝑊𝑓𝑓𝑒𝑒 is computed 
by (8).

𝐻𝐻 = 𝑁𝑁1𝐼𝐼1
𝑙𝑙 (6)

𝐵𝐵 = 1
𝑁𝑁2𝑆𝑆

∫𝑉𝑉2 𝑑𝑑𝑑𝑑 (7)

𝑊𝑊𝑓𝑓𝑒𝑒 =
𝑓𝑓0
𝜌𝜌 ∫𝐻𝐻 𝑑𝑑𝐵𝐵 (8)

FFiigg.. 22.. Frequency characteristics of anomaly factor 12).

FFiigg.. 33.. Outline of the measurement system.

44.. EExxcciittaattiioonn MMeetthhooddss ffoorr RRiinngg TTeesstt 

In this paper, three different excitation methods such 
as the PAM inverter, PWM inverter and sinusoidal 
excitations are used, where the fundamental frequency is 
fixed on 𝑓𝑓0 = 50 Hz. The sinusoidal excitation is officially 
used for evaluation of magnetic materials according to 
the Japanese Industry Standard (JIS) and the 
International Electrotechnical Commission (IEC). The 
PWM excitation is usually used for motor drive systems 
in EVs; hence, conditions of the variable voltage and 
frequency should be carefully examined to efficiently 
lower the harmonics components. The PAM inverter 
excitation is newly evaluated for the iron loss 
characteristics. The input voltage 𝑉𝑉𝐷𝐷𝐷𝐷 of the inverter is 
changed to obtain the desired flux density conditions.

  
44..11 SSiinnuussooiiddaall EExxcciittaattiioonn 

The sinusoidal voltage waveform is depicted in Fig. 4. 

FFiigg.. 44.. Sinusoidal voltage waveform for excitation.
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44..22  PPWWMM  EExxcciittaattiioonn  
  The carrier frequency is 1 kHz, and modulation index 
is 0.5. Only one period is conducted for reference. Fig. 5 
shows the voltage waveform excited by the PWM inverter. 

FFiigg..  55..  PWM inverter excitation voltage waveform.  
  
44..33  PPAAMM  EExxcciittaattiioonn  
  The PAM excitation voltage waveform is shown in 
Fig.6. 

FFiigg..  66..  Voltage waveform with PAM excitation  
(α = 120O).  

 
  The excitation angle α for the PAM-based inverter was 
often only set as 120O or 180O. In this research, five 
different values of the excitation angle such as α = 120O, 
135O, 150O, 165O, and 180O are set and evaluated in the 
ring core test. 

 
 

55..  MMeeaassuurreedd  aanndd  SSiimmuullaattiioonn  RReessuullttss 
 

  The fixed value condition of the maximum flux density 
is usually used for the evaluation of magnetic materials 
because the flux density makes an electromagnetic 
torque. However, only a fundamental component of the 
flux density is said to be contributed to the torque of 
electrical motors, not harmonics components. The fixed 
maximum flux density condition and the fixed 
fundamental component condition of the flux density are 
often different especially in the inverter excitation 
method. 

Therefore, two different types of the excitation 
condition are conducted and examined for the careful 

evaluation in this study. The first condition is to keep the 
maximum flux density 𝐵𝐵𝑚𝑚𝑚𝑚𝑚𝑚  to be fixed, which is 
performed in both the analysis and experiment. Besides, 
the second condition is to keep the fundamental 
frequency component of the flux density 𝐵𝐵𝑓𝑓0 to be fixed, 
which is only performed in experiments. 
 
55..11  FFiixxeedd  mmaaxxiimmuumm  fflluuxx  ddeennssiittyy  𝑩𝑩𝐦𝐦𝐦𝐦𝐦𝐦  

The B-H curves obtained from measurements and the 
FEA with the designed play-model under the PAM 
inverter method with the excitation angle of 120O are 
shown in Fig. 7. The red line is the measured result in 
experiments, and the blue line is the analysis one in 
simulation. We can see that the hysteresis model can be 
considered in the FEA, and the two shapes match well. 
The coercivity of the B-H curve obtained in the FEA is 
reduced slightly because of the ignorance of the abnormal 
eddy current for the FEA. 

FFiigg..  77.. B-H curve at 120O of PAM inverter excitation. 
 

In the loss calculation after the FEM analysis, classical 
eddy current is mainly used to equation (1), (3). So, the 
time-series of classical eddy current density on the 
outermost surface of the steel sheet is shown in Fig. 8. 
Then, Fig. 9 shows the frequency spectrum regarding Fig. 
8. The odd-order harmonics can be confirmed, and the 
anomalous loss 𝑊𝑊𝑒𝑒,𝑚𝑚 is calculated by equation (3). 

FFiigg..  88.. The classical eddy current density 𝑗𝑗𝑚𝑚𝑥𝑥(𝑡𝑡) 
on the outmost surface of steel sheet in the analysis. 
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FFiigg..  99.. The classical eddy current density 𝐽𝐽𝑥𝑥𝑥𝑥(𝑓𝑓) 
on the outmost surface of steel sheet in the analysis. 

 
The iron loss, where the NO ring core is excited at the 

fixed maximum flux density 𝐵𝐵𝑚𝑚𝑚𝑚𝑥𝑥 = 1 T, is shown in Fig. 
10. The dot plot shows the experimental results, while 
the bar graph shows the calculation results. The 
anomalous loss 𝑊𝑊𝑒𝑒,𝑚𝑚 , the classical loss 𝑊𝑊𝑒𝑒,𝑐𝑐  and the 
hysteresis loss 𝑊𝑊ℎ𝑦𝑦𝑦𝑦 can be separately expressed in the 
order from the top of the bar graph. We see that the 
calculation results can well express and match the 
measured results under each excitation condition. 

FFiigg..  1100.. Iron loss characteristics under fixed 𝐵𝐵𝑚𝑚𝑚𝑚𝑥𝑥= 1 T. 
 

The iron loss becomes smaller in the order of the PWM 
inverter, sinusoidal, and PAM inverter excitation. In 
addition, when the PAM excitation angle increases, the 
iron loss decreases with the minimum value at the angle 
of 165O. In particular, the result demonstrates that the 
hysteresis loss 𝑊𝑊ℎ𝑦𝑦𝑦𝑦 has the nearly similar values in the 
three different excitations; however, the eddy current 
loss, that is the sum of 𝑊𝑊𝑒𝑒,𝑐𝑐 and 𝑊𝑊𝑒𝑒,𝑚𝑚, can be decreased 
remarkably with the PAM inverter excitation. 

The relation between the measured iron loss 𝑊𝑊𝑓𝑓𝑒𝑒 and 
the fundamental frequency component of the flux density 
𝐵𝐵𝑓𝑓0  in experiments is shown in Fig. 11. These results 
show the same trend that the smallest iron loss point is 
at the excitation angle of 165O in the PAM method. It is 
considered that the fundamental frequency component of 
the flux density is reduced in the condition where 
maximum flux density 𝐵𝐵𝑚𝑚𝑚𝑚𝑥𝑥  is fixed; hence, the 
fundamental frequency component of the induced 

electromotive voltage or the eddy current generated in 
the steel sheet is also reduced, and the result shown in 
Fig. 10 was obtained. 
 

 
FFiigg..  1111.. Relationship between iron loss and 𝐵𝐵𝑓𝑓0 

in experiments. 
  
55..22  FFiixxeedd  ffuunnddaammeennttaall  fflluuxx  ddeennssiittyy  𝑩𝑩𝒇𝒇𝒇𝒇  

In this section, the iron loss is measured while the 
fundamental frequency component of the flux density is 
fixed. The result is presented in Fig. 12, in which the 
square plot is the iron loss when the fundamental 
frequency component of the flux density is fixed at 1 T, 
while the triangular plot for comparison is the result 
when the maximum flux density is fixed at 𝐵𝐵𝑚𝑚𝑚𝑚𝑥𝑥= 1 T. 
When the fundamental component is constant, in the 
PAM excitation, the iron loss is smallest at 135O. The iron 
loss of constant 𝐵𝐵𝑓𝑓0 condition becomes small in the order 
of the sinusoidal, PWM inverter and PAM inverter 
excitations. This trend is quite different than that with 
the fixed 𝐵𝐵𝑚𝑚𝑚𝑚𝑥𝑥 condition. The trend of the iron loss can 
be considered from a point of view of harmonic 
components in the flux density. This phenomenon is 
closely related to the tendency of the total harmonic 
distortion (THD) of the flux density as described in Fig. 
13; the THD of the flux density is defined in (9) and used 
to evaluate the magnitudes of harmonic components. 
𝐵𝐵𝑓𝑓𝑥𝑥means 𝑛𝑛‐th flux density harmonic component ( 𝑛𝑛 ≥ 2). 

THD =  √∑ 𝐵𝐵𝑓𝑓𝑥𝑥
 2

𝑁𝑁

𝑥𝑥=2
𝐵𝐵𝑓𝑓0⁄ (9) 

 

FFiigg..  1122.. Iron loss characteristics under 𝐵𝐵𝑚𝑚𝑚𝑚𝑥𝑥 = 1 T and 
𝐵𝐵𝑓𝑓0 = 1 T. 
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FFiigg..  1133.. Iron loss with 𝐵𝐵𝑓𝑓0 = 1 T fixed and THD of flux 
density in experiments. 

 
 

66..  CCoonncclluussiioonn  
 

This paper has carefully studied on the calculation 
model considering the anomalous loss as post-processing 
procedure after the FEA, and it has been suitably applied 
to the inverter excitation evaluations, especially the PAM 
inverter excitation. The efficacy of the designed FEA 
model is verified by many experiments of the ring core. 
Furthermore, the calculation result can express the iron 
loss data obtained in experiments well.  

A novel pulse pattern for the PAM inverter excitation 
method has been evaluated under two conditions. Firstly, 
under the fixed 𝐵𝐵𝑚𝑚𝑚𝑚𝑚𝑚  condition often utilized as the 
conventional material evaluation, the iron loss in the 
PAM excitation is smaller than that in the PWM inverter 
and sinusoidal excitations, and is the smallest at the 
angle of 165O in the PAM excitation. On the other hand, 
under the fixed 𝐵𝐵𝑓𝑓0  condition, the iron loss becomes 
smaller in the order of the PWM, sinusoidal and PAM 
excitations, which strongly depends on the magnitudes of 
the time harmonic components of the flux density. This 
result is different than that under the fixed 𝐵𝐵𝑚𝑚𝑚𝑚𝑚𝑚 
condition. In future work, the effectiveness of the 

sinusoidal, PWM and PAM excitation methods in 
reducing the iron loss under the fixed-torque motor 
experiment will be studied and evaluated. 
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AA  NNoovveell  RReelluuccttaannccee  NNeettwwoorrkk  MMooddeell    
AApppplliiccaabbllee  ffoorr  OOppeenn  MMaaggnneettiicc  CCiirrccuuiittss  
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Graduate School of Engineering, Tohoku Univ., 6-6-11 Aoba Aramaki, Aoba-ku, Sendai 980-8579, Japan 
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    In previous research, we have developed a reluctance network analysis (RNA) to calculate various electric 
machines’ characteristics, including electric motors, with high accuracy and high speed. However, those researches 
were limited to the closed magnetic circuits. This paper presents a novel RNA model for open magnetic circuits with 
the Kelvin transformation concept. The proposed method applies to analyzing the particle accelerator magnets, 
wireless power transfer systems, etc. 
 
KKeeyy  wwoorrddss:: reluctance network analysis (RNA), open magnetic circuit, Kelvin transformation 

 
 

11..  IInnttrroodduuccttiioonn  
    

The finite element method (FEM) is widely used in 
many fields of engineering. Since its application in 
electrical engineering in the 1960s, it has been an 
essential tool in electromagnetic design and analysis. 
However, this method generally requires a long 
calculation time and a large computer memory which is 
a significant problem in practical use. The authors 
proposed a reluctance network analysis (RNA) to 
overcome this issue, which expresses an analytical 
object by one reluctance network. All the reluctances 
can be determined by the B-H curve of the material and 
dimensions 1). The RNA has some advantages: simple 
model, fast calculation, easy coupling with external 
electric circuits and motion equation, etc. The RNA was 
applied to calculate various electric machines’ 
characteristics, including transformers and motors 2)-7). 
However, the previous researches on the RNA were 
limited to the closed magnetic circuits, and it has never 
been studied for the open magnetic circuits, that is, in 
the case of including unlimited domain. 

A wireless power transfer (WPT) system is a typical 
example that has open magnetic circuits. In reference 8), 
the RNA is applied to the WPT system analysis; 
however, the calculation accuracy is insufficient due to 
the limited analytical domain. Another example is a 
particle accelerator. Its electromagnet usually has a 
gapped iron core, which does not essentially have open 
magnetic circuits. However, since very high calculation 
accuracy is required in particle accelerators, the 
analytical region must be broad enough. 

In order to expand the scope of application of the 
RNA for the WPT systems and particle accelerator 
magnets, this paper presents a novel RNA model for 
open magnetic circuits with the concept of the Kelvin 
transformation 9)-15), which has been utilized in the open 
boundary problems in the FEM. When using the Kelvin 

transformation in the FEM, the analytical region is 
truncated by circular and spherical boundaries in two- 
dimensional (2-D) and three-dimensional (3-D) analysis, 
respectively, and connected to another exterior region. 
The Kelvin transformation can calculate for all the 
space elements, including the point at infinity, with 
high accuracy. Furthermore, the Kelvin transformation 
can have a high affinity with the RNA by extending its 
concept which only requires simple region 
transformation since the RNA has no boundary. By 
incorporating the Kelvin transformation into the RNA, 
there is no restriction on the shapes of a circle and 
sphere, and it is possible to analyze objects with various 
shapes. This paper proposes applying the Kelvin 
transformation to the RNA by expanding its concept, 
and its validity is proved by comparing the calculation 
results of some examples with the FEM. 

 
22..  DDeerriivvaattiioonn  ooff  RRNNAA  MMooddeell  ffoorr  OOppeenn  MMaaggnneettiicc  CCiirrccuuiittss 

 
In this chapter, first, the Kelvin transformation 

principle is described by using a 2-D analysis as an 
example. Next, a method for deriving the proposed RNA 
model incorporating the Kelvin transformation concept 
is described in the 2-D and 3-D analysis (here, the 3-D 
analysis is in the case of axisymmetric). 
 
22..11  PPrriinncciippllee  ooff  KKeellvviinn  ttrraannssffoorrmmaattiioonn  

Fig. 1 shows a schematic diagram of a 2-D FEM 
model using the conventional Kelvin transformation 9), 

10). As shown in this figure, an analytical region 
including the point at infinity is divided into interior 
and exterior regions truncated by a circular boundary, 
and the unknown boundary condition connects both. 
Although the interior and exterior regions have the 
same mesh as just an example in Fig. 1, the actual 
analytical model does not necessarily have to be made 
in this way. In the figure, the interior and exterior 
regions’ coordinate systems are (x, y) and (x’, y’), 
respectively, where each origin is the center of the circle. 
Here, x’ and y’ are given by the following equations: 

 
Corresponding author: Y. Hane (e-mail: yoshiki.hane.e2@ 
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where a radius of interior and exterior regions is a. 
In the previous papers, it was demonstrated that the 

open boundary problems can be solved by using the 
Kelvin transformation 9), 10). Moreover, this method is 
known to be extended to a 3-D analysis 11)-14). Besides, in 
this method, the interior and exterior regions can be 
separated in magnetic materials, though they are 
generally separated in air region15). 

22..22 DDeerriivvaattiioonn ooff RRNNAA mmooddeell ffoorr ooppeenn mmaaggnneettiicc cciirrccuuiittss 
The following formulation is common in 2-D and 3-D 

axisymmetric analysis and can be extended to 3-D 
analysis in general. To facilitate the RNA formulation,
let the coordinate systems of the interior and exterior 
regions be (r,  , z) and (r’,  ’, z’) in a 2-D analysis, and (r, 
 ,  ) and (r’,  ’,  ’) in a 3-D axisymmetric analysis,
respectively. Here, each origin is the center of the circle, 
and each divided element is fan-shaped.

Fig. 2 shows a method for deriving the proposed 
RNA model for open magnetic circuits. First, as shown 
in Fig. 2(a), the analytical region, including the point at 
infinity, is divided into interior and exterior regions 
truncated by a circular boundary, and each is divided 
into multiple elements. As shown in Fig. 2(b), each 
divided element can be expressed in a unit magnetic 
circuit composed of four reluctances in the r- and  -axis 
directions. The following equation gives each reluctance:

0
m

s

lR
S 

= ,, (3)

where the relative permeability of the material is  s , 
and the vacuum permeability is  0 , and the average 
cross-sectional area and magnetic flux path length of 
each element are S and l, respectively. S and l can be 
determined by lr, l , lz, l , lr’, l ’, lz’, and l ’, which are 
dimensions of each element as shown in Fig. 2(b). 
Among them, lr, l , lr’, and l’ are given by the following 
equations, respectively:
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FFiigg.. 11  Schematic diagram of FEM model using Kelvin 
transformation.

(a) Division of an analytical region.

(b) Unit magnetic circuit.
(left: interior region, right: exterior region)

FFiigg.. 22  Derivation method of RNA model for open 
magnetic circuits.

Even when the element includes the point at infinity, 
each element’s reluctances can be calculated by the
above equations. Thus, in this way, the point at infinity 
can be expressed by only a few reluctances .

On the other hand, lz, l , lz’, and l ’ are the thicknesses
of each element in the interior and exterior regions in 
the 2-D and 3-D models, respectively. Among them, l , 
and l ’ are given by the following equations, respectively:

1 32 sin’
2

l r

 


+
= ,, (8)
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   By using the above-derived RNA model, it is possible 
to analyze considering infinity. However, the RNA has a
lower degree of freedom in the element shape than the 
FEM since a unit magnetic circuit represents each 
element in the RNA. Thus, it is generally difficult to 
construct the RNA model with only fan-shaped elements. 
Therefore, it is necessary to extend the above method to 
apply the proposed RNA model to the analytical objects 
with arbitrary shapes.
   For example, when the analytical object has a 
rectangular shape, the element division, shown in Fig. 
3(a), is desirable in the RNA. The RNA allows any 
shapes of mesh as long as the boundaries between the 
interior and exterior regions are common, due to the 
nature of the circuit. This figure reveals that the RNA 
has a higher degree of freedom in the model topology 
since it does not have complicated shape functions,
unlike the FEM. In this model, there is a rectangular 
region at the center, and quadrant ones sandwich both 
sides. 

In the quadrant regions, each element can be 
expressed in the same manner as the unit magnetic 
circuit shown in Fig. 2(b). On the other hand, in the 
rectangular region, the unit magnetic circuit can be 
represented as shown in Fig. 3(b). In this figure, lx, ly, lz, 
l , lx’, ly’, lz’, and l ’ are dimensions of each element. 
Among them, lx and lx’ are given by the following 
equations, respectively:

1 2

1 2 ,
xl x x

r r

= −

= −
 (10)

1 2

2 2

1 2

’ ’ ’

’ ’
.

xl x x

a a
r r

= −

= −
 (11)

Same as in the quadrant regions, in the elements 
including the point at infinity, the reluctances in the 
y-axis direction can be calculated by taking the limit 
values of lx’, while the ones in the x-axis direction, which 
are connected to the point at infinity, are open. On the 
other hand, ly and ly’ are determined by only the number 
of divisions in the y-axis direction, not the coordinates 
on the x-axis. lz, l , lz’, and l ’ are the thicknesses of each 
element in the interior and exterior regions in the 2-D 
and 3-D models, respectively. Among them, l and l ’ are 
given by the equations (8) and (9), respectively. 

33.. SSiimmuullaattiioonn RReessuullttss bbyy UUssiinngg PPrrooppoosseedd MMeetthhoodd

In this chapter, the validity of the proposed RNA 
model described in chapter 2 is proved. First, the 
analytical object composed of a bar magnet and iron is 
analyzed as a primary study. Next, a gapped iron core is 
analyzed to indicate the proposed method’s applicability 
to particle accelerator magnets.

(a) Division of an analytical region.

(b) Unit magnetic circuit in a rectangular region.
(left: interior region, right: exterior region)

FFiigg.. 33  An example of extension method for arbitrary 
shape of the proposed RNA model.

33..11 AAnnaallyyssiiss ooff oobbjjeecctt ccoommppoosseedd ooff bbaarr mmaaggnneett aanndd iirroonn 
Fig. 4 and Fig. 5 show the analytical object’s 

specifications and its RNA model when a = 50, 40, 30 mm, 
respectively. As mentioned in the section 2.1, the 
interior and exterior regions can be connected via not 
only the air but also the magnetic core 15). Here, the 
MMF fc of the magnet is expressed by the following 
equation using the coercive force Hc and the average 
magnet length lm:

,c c mf H l=  (12)
and inserted in series for each reluctance in the magnet 
in the y-axis direction.

In this section, the validity of the proposed method’s 
calculation results is proved by comparing with those of 
the FEM by using the FEMM 16), which is 
general-purpose electromagnetic simulation software. In 
the FEM, the Kelvin transformation is used as the 
boundary condition to consider the influence of the 
exterior region. Here, the radius of the interior and 
exterior regions is a = 100 mm, which is large enough to 
obtain highly accurate calculation results. The 
distribution of the x-component of the magnetic flux 
density on the dashed line (x = 20 mm) shown in Fig. 4 is 
compared between the RNA and FEM. 

Fig. 6(a) and (b) show the comparison of the 
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calculation results of the magnetic flux distribution of 
the RNA and FEM in the cases of 2-D and 3-D 
axisymmetric analysis. The RNA is carried out for three 
cases of a = 50 mm, 40 mm, and 30 mm. Besides, the RNA 
and FEM when there is only the internal region are also 
carried out for reference. From these figures, it is clear 
that the calculation results of the RNA hardly change 
even if the value of a changes within the range of the 
necessary and sufficient spatial resolution. Moreover, 
when analyzing only the internal region, the calculation 
results are quite different from those when considering 
the exterior region for both the RNA and FEM. 
Furthermore, comparing the RNA and FEM in the 2-D
analysis, the maximum error is 1.16%, which indicates 
that the calculation accuracy of the proposed method is 
high. On the contrary, in the 3-D axisymmetric analysis, 
the minimum and maximum errors are 0.88% and 
11.2%, respectively, which indicates that the calculation 
accuracy is not necessarily sufficient and has a 
considerable variation depending on the position. The 
cause of the errors is considered discretization due to 
constant values of l and l ’ in each element. 

33..22 AAnnaallyyssiiss ooff ggaappppeedd iirroonn ccoorree 
Fig. 7 and Fig. 8 show dimensions of a gapped iron 

core used for consideration and its RNA model in the 
core and air regions, respectively. In the air region, the 
point at infinity is considered by using the Kelvin 
transformation concept in the same way as in the 
previous section. In this model, the number of 
reluctances is 190 in the core region and 2567 in the air 
one. Here, the RNA model is halved in the z-axis 
direction due to the symmetry.

In this section, the validity of the proposed RNA 
model is verified by comparing the calculation results
with the FEM by using the OPERA 3D 17), which is

FFiigg.. 44  Specifications of analytical object.

(a) a = 50 mm.

(b) a = 40 mm.

(c) a = 30 mm.
FFiigg.. 55  Constructed RNA model.

general-purpose electromagnetic simulation software. In 
the FEM, the Improvised Absorbing Boundary 
Condition 18), 19) is used as the boundary condition. The
number of layers is eight so that the effect of the 
boundary edge can be reduced with necessary and 
sufficient accuracy. Here, as analysis conditions, the 
relative permeability of the iron core is set to be three 
cases of 100, 1000, and 10000, and the MMF of a coil is
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(a) 2-D model.

(b) 3-D axisymmetric model.
FFiigg.. 66  Comparison of calculation results of magnetic 
flux distribution between RNA and FEM.

FFiigg.. 77  Dimensions of a gapped iron core used for 
consideration.

(a) Core region (x-y plane).

(b) Air gap region (z-y plane).

(c) Air region (r-y plane, axisymmetric).

(d) Air region (x-r plane, axisymmetric).

(e) Air region (r- plane).

(f) Air region (x-z plane).
FFiigg.. 88  Comparison of calculation results of magnetic 
flux distribution between RNA and FEM.
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FFiigg.. 99  Comparison of calculation results of magnetic flux density at the center of air gap between RNA and FEM.

2000 A.
In this section, the calculation results of the 

magnetic flux density at the center of the air gap are 
compared between the RNA and FEM. The relevant 
value is defined as the x-component of the average 
magnetic flux density of the elements, including the 
center point of the air gap in the RNA, while it is 
obtained from integration by using the Biot-Savart’s law 
in the post-processing for the electromagnetic field 
analysis in the FEM.

Fig. 9 shows the comparison of the calculated 
magnetic flux density at the center of the air gap 
between the RNA and EFM. As shown in the figure, the 
maximum error is 4.9%, which is in almost good 
agreement. Moreover, the calculation accuracy of the 
RNA with only internal region reduced to 12.8% error 
when the relative permeability is 100. From these 
results, the validity of the proposed model is apparent. 

44.. CCoonncclluussiioonn

This paper presented a novel RNA model for open 
magnetic circuits by incorporating the Kelvin 
transformation concept. To prove the validity of the 
proposed method, the analytical object, which consists of 
a bar magnet and iron, was analyzed as an introductory
study. By comparing the calculated values between the 
RNA and FEM, it was clear that the errors are always 
about 1% or less, which is extremely high accuracy in 
the 2-D analysis. On the contrary, in the 3-D 
axisymmetric analysis, although the overall tendency is 
almost in good agreement, the errors at several points 
are more than 10% due to the discontinuity of 
dimensions of elements.

Next, a gapped iron core is analyzed by using the 
proposed method to verify the applicability to the 
particle accelerator magnets. As a result, it was clear 
that the errors of the calculated values of the gap flux 
density between the RNA and FEM are less than 5%, 
which is almost in good agreement in different
permeabilities.

In the future, we aim to apply the proposed method 

to analyze the wireless power transfer systems and
particle accelerator magnets.
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H. Kura T. Maki M. Naoe M. Ohtake S. Seino M. Sekino
E. Shikoh K. Suzuki I. Tagawa Y. Takamura M. Takezawa K. Tajima
M. Toko S. Yakata S. Yamada A. Yao M. Yoshida S. Yoshimura

加 藤 剛 志 （理事） 薮 上 　 信 （理事） 小 池 邦 博 （幹事） 小 林 宏 一 郎 （幹事）　Pham NamHai（幹事）
伊 藤 啓 太  乾 　 成 里  小 山 大 介  鎌 田 清 孝  神 原 陽 一  菊 池 弘 昭  木 村 　 崇  桑波田晃弘 神 田 哲 典  
古 門 聡 士  小 田 洋 平  佐 藤 　 拓  白 土 　 優  末 綱 倫 浩  田 倉 哲 也  田 中 哲 郎  Kim Kong Tham 
長 浜 太 郎  仲 村 泰 明  中 山 英 俊  成 田 正 敬  西 島 健 一  野 崎 友 大  長 谷 川 崇  日 置 敬 子  増 田 啓 介  
室 賀 　 翔  山 崎 慶 太  山 本 崇 史  脇 谷 尚 樹
 
青 木 英 恵  安 達 信 泰  磯 上 慎 二  岩 井 守 生  大 竹 　 充  金 井 　 靖  藏 　 裕 彰  小 嶋 隆 幸  後 藤 　 穣
後 藤 太 一  仕 幸 英 治  鈴 木 和 也  清 野 智 史  関 野 正 樹  高 村 陽 太  田 河 育 也  竹 澤 昌 晃  田 島 克 文
土 井 正 晶  土 井 達 也  都 甲 　 大  直 江 正 幸  別 所 和 宏  本 多 周 太  槙 　 智 仁  八 尾 　 惇  家 形 　 諭
山 田 晋 也  吉 田 征 弘  吉 村 　 哲




