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A Study on Error Correction for Domain Wall Motion Memory

Yasuaki Nakamura, Madoka Nishikawa, Yoshihiro Okamoto
Graduate School of Science and Engineering, Ehime University, 3 Bunkyo-cho, Matsuyama, Ehime, 790-8577, Japan

Vertical domain wall motion memory, which uses magnetic pillars composed of artificial ferromagnets with
diameters of several tens of nanometers, is gaining attention as a next-generation high-capacity memory solution. In
this memory device, where domain walls move vertically, deletion and insertion errors can occur due to fluctuations
in domain wall displacement, which are influenced by the write and drive currents. In this study, we construct a
read/write (RW) channel model incorporating probabilistic domain wall motion memory with a 512-bit pillar structure
and evaluate an error correction system using a Levenshtein code concatenated with a Reed—Solomon (RS) code. The
results show that, in the scheme where each pillar is divided into prespecified blocks and Levenshtein coding is applied,
the frame error rate performance improves as the number of blocks increases. Furthermore, it was found that the
decoding can achieve the frame error rate (FER) less than 103 when the standard deviation of domain wall
displacement variation is reduced to 0.042 or lower.

Keywords: domain wall motion memory, deletion/insertion errors, error correction system, Levenshtein code, Reed—

Solomon (RS) code

1. Introduction

The vertical domain wall motion memory V-3, which
stores information bits by forming magnetic domains
representing digital values "0" and "1" within magnetic
pillars composed of artificial ferromagnetic materials, is
attracting attention as a next-generation storage device
due to its high integration density and non-volatility.
However, since this type of memory writes and reads
information by moving domain walls using write and
drive currents, variations in these currents may cause
the domain walls to deviate from their intended positions
2 potentially resulting in deletion errors by skipping
over a bit or insertion errors by reading the same bit
twice. To correct such deletion and insertion errors, we
apply the Levenshtein code ?. In addition, we construct
the frame by concatenating the Reed-Solomon (RS) code
4 to the Levenshtein code to correct the errors beyond the
ability of the Levenshtein code alone.

In this paper, we model a read/write (R/W) channel
that includes deletion and insertion errors caused by
fluctuations of domain wall motion in the memory. And
we evaluate error correction systems in which
Levenshtein code is concatenated with an RS code,
focusing on their tolerance to the standard deviation of
domain wall motion variation.

2. R/W channel of domain wall motion memory

Figure 1 shows the vertical domain wall motion
memory proposed in Reference 1. (a) of the figure shows
the memory array, where the pillar length L, is 8 bits
with word and bit lines. And (b) of the figure shows the
single pillar. The underlayer is a heavy metal-based
conduction pillar that serves as the word line for data

Corresponding author: Yasuaki Nakamura (e-mail:

nakamura.yasuaki.mj@ehime-u.ac.jp).

writing. A cylindrical magnetic pillar is an artificial
ferromagnet composed of ferromagnetic multilayers with
The blue, green, and
yellow layers of the magnetic pillar represent a pinning
layer with a sufficiently large uniaxial anisotropy
constant with perpendicular magnetic anisotropy, a

different magnetic properties.

strong coupling layer with sufficiently large exchange
stiffness constant and large uniaxial anisotropy constant,
and a weak coupling layer with non-ferromagnet with
sufficiently weak exchange stiffness constant,
respectively. The magnetic tunneling junction (MTJ) on
the top, which works as a reader, consists of a fixed layer,
a tunnel oxide layer, and a strong coupling layer.

In this magnetic pillar structure in which memory cells
equivalent to multiple bits are stacked in a cylinder, the
magnetic domain wall displacement occurs each time the
magnetic domain wall moves by one channel bit. Figure
2 shows an example of domain wall motion in an R/W
channel model, where L, is 8 bits, and the standard
deviation of domain wall motion distance opw normalized
by a channel bit length Le is 0.1. The vertical and
horizontal axes indicate the domain wall position
normalized by Lo and the time normalized by the
channel bit interval 7w, respectively. The recording
information bits are shown on the lower left of the figure,
and the reproducing information bits are shown in the
upper right of the figure. The blue circle symbols indicate
movements within the allowable range, and the red cross
symbols indicate movements outside the range. The
magnetic domain wall beneath the third recorded
information bit "1" at the bottom left of the figure moves
too slowly at #/Ter = 10 not to reach x/Ley = 7, causing the
second information bit "0" to be reproduced again, which
results in an “insertion error”. Conversely, the magnetic
domain wall beneath the sixth recorded information bit
"0" advances too far at /T = 13, exceeding x/Lcy = 8,
which causes it to be overwritten and erased by the

Journal of the Magnetics Society of Japan Vol.50, No.1, 2026 1
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Fig. 1 Vertical domain wall motion memory with 8 bits per pillar. (a) Memory array with word and bit lines. (b)

Single pillar.

seventh recorded information bit "1", resulting in a
“deletion error”.

As described above, deletion and insertion errors may
occur in the domain wall motion memory, and robust
correction schemes are required to correct these errors.
To directly evaluate the Levenshtein code for the kind of
errors in the domain wall motion memory, the additive
white Gaussian noise (AWGN) was not added as a system
noise. We think that a system noise may be generated in
the reading part, such as the magnetic tunnel junction.

3. Error correction system

3.1 Deletion and insertion error correction
A Levenshtein code ® is defined as a code that satisfies
the following equation (1) for a binary codeword ¢ =
{cl,cz,w,cnc} of length n..
nC

i-¢; (mod M) =0
;l ¢; (mo )

This code can correct single deletion/insertion/inversion
errors in a codeword by knowing the unit length of the
recovered codeword in advance. Here, M > 2n,, M set
to twice the n, in this study, and the codeword ¢ is
defined as follows using the information bits b =
by, by, -+, by, before encoding and the check bits p =
kpl' D2, pnpa:

bifog,i1 (i #mneni=202%., 2™"2)
€ =14 Do+ ([ =2021,2M72)
pnp (i = nc)

2
Note that n. = n;, + n,. Figure 3 shows the codeword
structure of the Levenshtein code. As illustrated in the
figure, check bits are inserted at positions
corresponding to powers of two, i.e., 29, 21, ... 22,
and at n., the end of codeword, in accordance with
equation (2). Here, check bits p is determined to satisfy
equation (1) as follows:

Insertion error Deletion error
/

\
¥ 4

1.0 0 0 1 1,10

v
7

NN

xILg,
O = N W Hh OO N 0O ©

17041 ,0¢17041 0
5 10 15
Normalized time /T,

Normalized position of domain wall

o

Fig. 2 Domain wall motion in an R/W channel model,
where L, is 8 bits and opwis 0.1. Blue circles indicate
movements within allowable range, and red crosses
indicate movements outside allowable range.

Information bit

| b1 | b2 bs | by | 5] bs | -+ oy b,
Codeword
|| p2| b1 | ps] b2] b3 | ba| pa] b5 | b6 - |boyd bry| Py

Ci C C C C Cg C7 Cg Cg Cip *** Cp2Cn.1 Cp,

Fig. 3 Codeword c¢ consists of information bits b =
by, by, -+, by, i before encoding and check bits p =
pl:pz;"’:pnp .

ne—1 np—2
Z i b+ ij+1-2j+pnp-n (mod M) =0
=1 j=o

i#20,21,...2Mp~2

€))

For decoding, it is necessary to know the unit length of
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Table 1 Number of pillar divisions
number of corrections.

N; and maximum

Length Maximum
Ny of N number of
codeword corrections
0 508 0.97 1
2 252 0.95 2
4 124 0.91 4
8 60 0.83 8

the reproduced codeword in advance. However, since the
Levenshtein code applied here can only correct a single
deletion or insertion error, a 4-bit marker "0011" is
appended to the sequence after Levenshtein encoding to
allow detection of deviations of up to one channel bit. In
this study, marker detection is carried out using
correlation. In the reproduced data sequence, whether a
deletion or insertion error occurs is identified on a
codeword-by-codeword basis using the marker as a
reference, and error correction is performed. However, if
a deletion or insertion error of two or more channel bits
is detected, or if the marker cannot be located, the error
correction using the Levenshtein code is not performed.

Here, let us assume that the cylindrical holes in 3D-
NAND 9 are used to fabricate the magnetic pillars, and
that it is possible to manufacture 3D-NAND with 512 or
more stacked layers, i.e., Lp = 512. Then, with n, = 508
G.e., Ngp—4 ) and n, =10, the encoding rate after
Levenshtein encoding, including the 4-bit marker, is
given by 71, = (508 —10)/512 = 0.973.

In this paper, to increase the number of deletion or
insertion errors that can be tolerated within a single
magnetic pillar, the information recorded in one pillar is
divided into Ny blocks, each of which is Levenshtein-
encoded and appended with a marker. When N, = 0, this
indicates that Levenshtein encoding is applied without
division. Table 1 shows the coding rate and the maximum
number of correctable deletion, insertion, and inversion
errors when a single frame is divided with Lp = 512. As
shown in the table, increasing N; reduces the coding
rate, but is expected to increase the number of
correctable deletion and insertion errors per frame.

3.2 One-pillar correction with RS code concatenated

Since the Levenshtein code can correct only a
single deletion or insertion error per codeword,
failure to correct such an error may cause a large
portion of the codeword to become errors, resulting
in a burst error. To address this, an RS code, which
is robust against burst errors, is concatenated as an
outer code to the Levenshtein code.

The RS code is a block code with an algebraic structure
that converts multiple information bits into information
symbols (1 symbol = m bits) defined over a finite field
(Galois field (2™)) and can correct t symbol errors by
adding 2t check symbols. Note that the codeword

Check symbols
2 pi I lars)

Information symbols
a pl Ilars)

L

Check bit and markers of Levenshtein code

Fig. 4 Codeword structure of RS code. To enable error
correction for one pillar uses, two check pillars are
added to seven information pillars across nine pillars.

Input data RS
° encoder
Output data RS

decoder

Fig. 5 Block diagram of error correction system using
Levenshtein code concatenated with RS code.

symbol length ngg after RS coding is ngs < (2™ — 1).

In this paper, to enable error correction for one pillar
using the RS code, two check pillars are added to the
seven information pillars across nine pillars. Figure 4
shows the code structure of the one-pillar correction
system using a Levenshtein code concatenated with an
RS code. Here, the number of bits that can be recorded
per pillar is determined by Lp. Therefore, the number of
channel bits per pillar available for the RS code is
calculated by subtracting the check bits and markers
introduced by the Levenshtein code, considering the
division into N blocks, from Lp. The Galois field GF(2°)
is used to encode nine pillars simultaneously with the RS
code which has the primitive polynomial x° + x8 + x> +
x*+ 1. For each element in finite field GF(29), we
associate a power representation with a vector
representation using this primitive polynomial.
Consequently, the overall coding rate, considering the RS
code, the Levenshtein -code,
approximately equal to 7, from Table 1 multiplied by
the RS code rate ngs = 7/9. Therefore, as shown in Fig.
5, the error correction system first performs RS encoding
and then Levenshtein encoding.

and the markers, is

3.3 Performance evaluation

Figure 6 shows the flame error rate (FER)
performance for opw. Note that one frame contains
seven pillars as information bits, and error correction
using the RS code processes nine pillars. A total of 10,000
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Fig. 6 FER performance for opw. Total of 10,000
frames are used.

frames is used. To increase the number of deletion or
insertion errors that can be corrected within a single
pillar, each pillar is divided into N; blocks, a
Levenshtein encoded, and a 4-bit marker is added. The
® ® O, ® symbols show the FER performances
when N, is 0, 2, 4, and 8, respectively. For comparison,
the FER performance without coding are shown by O
symbols. As can be seen from the figure, increasing Ny
makes the system more tolerant to larger opw. It was found
that the decoding can achieve the FER less than 10 when
opw < 0.014 for Ny =0, opy <0.021 for Ny =2,
opw < 0.029 for N, =4, and opy, < 0.042 for Ny = 8.

4. Short pillar model

It has become clear that the cumulative fluctuation in
domain wall displacement increases as the number of
accumulated bits in a single pillar increase, compared to
the previous long pillar model with Lp =512 bits.
Therefore, we consider a short pillar model with Lp =8
bits (i.e., 1 byte). In this short pillar model, since the
pillar is short at 8 bits, error correction employs only RS
code without Levenshtein code.

Figure 7 shows the RS coding configuration without
Levenshtein code in the short pillar model. Since L, = 8,
the RS code is constructed using the Galois field of GF(28)
which has the primitive polynomial x8 + x7 + x5 + x3 +
1. Similar to the case with the finite field GF(2°), a
correspondence between the power and vector
representations is established wusing this primitive
polynomial. In this case, the longest symbol length in the
RS code is 255 (28-1), and 2t check symbols are required
to achieve error correction of ¢ symbols (i.e., ¢ pillars).
However, to align the number of channel bits to be
recorded and reproduced for the FER calculated in
Figure 6, two RS code blocks made up of 255 symbols are
combined to make up 510 pillars to form one frame.

Figure 8 shows the flame error rate (FER)
performance for opwin the short pillar model. The @,
®., ®, @ symbols show the FER performances when the
correctable t symbols per RS codeword are 4, 8, 12, and

INDEX

RS code symbols
(255 pillars)
A

Information symbols
(255 - 2t pillars)

8 bits

Check symbols
2t pillars)

Fig. 7 Codeword structure of RS code for shot pillar
model.

10° gt
F et=4

107 : - f=
E =16

w10 2 E
10°L
10'4 1 1 1 1 1 1 1
0.00 0.02 0.04 0.06 0.08

Gpw

Fig. 8 FER performance for opw in short pillar
model. Total of 10,000 frames are used.

16, respectively. It was found that the decoding can achieve
the FER less than 103 when opy < 0.052 for t =4,
opw < 0.059 for t =8, gpy <0.063 for t =12, and
opw < 0.066 for t = 16. Increasing corrected symbol ¢
reduces the coding rate, but it is clarified that the coding
rate is tolerant to large opyy .

5. Conclusion

We modeled a read/write channel that exhibits deletion
and insertion errors caused by fluctuations in magnetic
domain wall displacement in domain wall memory, and
investigated methods for correcting these errors. It was
clarified that when seven pillars were -collectively
encoded using an RS code correcting one erroneous pillar
in addition to the Levenshtein code, the system tolerated
domain wall displacement fluctuations in the range of
approximately 0.014 to 0.042. Furthermore, it was
clarified that by RS-encoding 255 short pillars, stacking
8 bits, tolerance to displacement fluctuations improved to
approximately 0.053 to 0.066.
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Influence of Thermal Gradient and Cooling Rate on Writability
in Heat-Assisted Magnetic Recording

T. Kobayashi, Y. Nakatani®, and I. Tagawa™
Graduate School of Engineering, Mie Univ., 1677 Kurimamachiya-cho, Tsu 614-8507, Japan
*Graduate School of Informatics and Engineering, Univ. of Electro-Communications, 1-5-1 Chofugaoka, Chofu 182-8585, Japan
“*Electrical and Electronic Engineering, Tohoku Institute of Technology, 35-1 Yagivama-Kasumicho, Sendai 982-8577, Japan

We analyze the influence of thermal gradient and cooling rate on writability in 4 Tbpsi shingled heat-assisted
magnetic recording employing a stochastic calculation. We separate the bit error rate bER for each grain column in 2
bits of data and focus on the mean magnetization reversal number per unit time N_ for the medium in the recording
direction during writing. We introduce the medium writing temperature AT, .q andtime 7.4, which are temperature
and time ranges, respectively, where the N_ value is larger than 1 ns'l. We also introduce the Curie temperature
variation time 7p. and the field end temperature Te,q. The Theq and 7p. values are functions of the cooling rate,
which is the product of the thermal gradient and the linear velocity. In contrast, the T.,q4 value is a function of the
thermal gradient only. When the writing field is small, write-error and erasure-before-write are mainly dominant, and
the bER value is determined by the 7,4 and 7. values, respectively. When the writing field is large, erasure-after-
write is mainly dominant, and the bER value is determined by the T.,q4 value in addition to the 7. value.

Key words: HAMR, stochastic calculation, thermal gradient, cooling rate, linear velocity, medium writing temperature,

medium writing time, Curie temperature variation time, field end temperature

1. Introduction

Heat-assisted magnetic recording (HAMR) is a
promising candidate as a next generation magnetic
recording method in the information explosion era.
HAMR is a recording method where the medium is
heated to reduce magnetic anisotropy during the writing
period. There are many error factors that can affect
writability in HAMR media.

Zhu and Li pointed out erasure-after-write (EAW)V as
an error factor employing a micromagnetic simulation.
EAW means that when the writing field magnitude is too
large, some grain magnetizations are reversed in the
opposite direction to the recording direction. This is
caused by changing the writing field direction after
writing.

Li and Zhu also discussed the impact of Curie
temperature T, variation? on writability employing a
micromagnetic simulation.

Akagi et al reported writability in heated-dot
magnetic recording (HDMR), namely HAMR on bit
patterned media, employing a micromagnetic simulation.
They assumed the medium material to be FePt. However,
the anisotropy constant K, was smaller® than that of
bulk FePt.

We have previously discussed the error factors?,
namely
(1) erasure-before-write (EBW)%,

(2) erasure-after-write (EAW)?,
(3) T, variation?,
(4) write-error (WE),

Corresponding author: T. Kobayashi (e-mail: kobayasi
@phen.mie-u.ac.jp).

(5) statistical factor, and
(6) anisotropy constant?,
in relation to writability in HAMR employing a
stochastic calculation based on the Néel-Arrhenius
model with a Stoner-Wohlfarth dot. EBW means that
some grains are magnetized in the opposite direction to
the recording direction before changing the writing field
direction to the recording direction. We explained the
influence of error factors on writability using the mean
magnetization reversal number per unit time in our
stochastic calculation. A feature of our stochastic
calculation is that it is easy to grasp the physical
implication of HAMR writing including HDMR.
Writability has already been discussed in terms of
thermal gradient and linear velocity?. In this paper, we
analyze the influence of
(7) thermal gradient and cooling rate
on writability in 4 Tbpsi shingled HAMR using the mean
magnetization reversal number per unit time. The
cooling rate AdT/dt is the product of the thermal
gradient 0T /dx and the linear velocity v.

2. Calculation Conditions and Method

2.1 Grain arrangement and medium structure

The grain arrangement and medium structure in 4
Tbpsi shingled HAMR# are shown in Fig. 1. We chose a
mean grain size Dy, of 4.2 nm, a mean grain spacing Ag
of 1.0 nm, and a grain arrangement of 3 (row i) x 2
(column j) = 6 grains/bit. The grain height h was 8.5
nm. The bit length Dg and track width D were 10.4
and 15.6 nm, respectively. The x, y, and z directions
were the down-track, cross-track, and film normal,
respectively. The 8rd row (i = 3) grains were used as a
guard band and the net grain number was 2Xx2 =4

6 Journal of the Magnetics Society of Japan Vol.50, No.1, 2026
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Fig. 1 Grain arrangement and medium structure in 4
Tbpsi shingled HAMR?.

grains/bit.

We generated the grains D;; with a log-normal size
distribution with a standard deviation op. We used a
op/Dp, value of 15 %.

2.2 Magnetic properties

We used a mean Curie temperature T, of 750 K and
a standard deviation o, of 2 %. The T, distribution
was assumed to be normal.

We used a K, value of 51 Merg/cm3 and an anisotropy
field Hy of 107 kOe at a readout temperature of 330 K.

2.8 Temperature profile and writing field

For the sake of simplicity, we assumed the thermal
gradient 0T/dx in the down-track direction to be
constant everywhere. We also assumed the writing field
H, to be spatially uniform, the direction to be
perpendicular to the medium plane, and the rise time to
be zero.

The calculation conditions are summarized in Table 1.
The Gilbert damping constant a was 0.1.

2.4 Stochastic calculation method

The information stability for 10 years of archiving has
been discussed employing the Néel-Arrhenius model
with a Stoner-Wohlfarth grain®. During writing in
HAMR, the magnetization reversal is the non-Néel-
Arrhenius type where |H,, | > Hy,. However, the duration
for the non-Néel-Arrhenius type is very short, and most
of the writing time is the Néel-Arrhenius type where
|Hy| < Hy. Therefore, stochastic magnetization reversal
under thermal agitation is dominant even as regards
writability.

The mean magnetization reversal number per unit
time N is expressed as

N = f, exp(—Kp), )

based on the Néel-Arrhenius model with a Stoner-
Wohlfarth grain, where f, is the attempt frequency®
and Kz is the thermal stability factor. The f, value

Table 1 Calculation conditions

Recording density (Tbpsi) 4
Mean grain size D, (nm) 42
Standard deviation o, /D, (%) 15
Mean grain spacing A 5 (nm) 1.0
Grain height /2 (nm) 8.5
Bit length Dy (nm) 104
Track width D (nm) 156
Mean Curie temperature T, (K) 750

Standard deviation o /T, (%) 2

cm

Anisotropy constant K (330 K) (Merg/cm %) 51

Anisotropy field H, (330 K) (kOe) 107
Gilbert damping constant o 0.1
gives an attempt number per wunit time for
magnetization reversal, and the Boltzmann factor

exp(—K;z) is interpreted as the probability of
magnetization reversal.
When the |H,,| value is less than Hy, f, = fo4, Kg =

Kgy, and N = N, are given by

3 2
__Yya MH V _(lel) ( |Hw|>
fer = Tz |zaer \ 1~ Uy ) )+ 7)) 2
_ KV (o |Hwl)?
Ky, = (1+H—:) _and 3)
Ny = far eXp(—Kl;+), (4)

respectively, for magnetization reversal in the opposite
direction to the recording direction, where y, Mg, V, k,
and T are the gyromagnetic ratio, magnetization, grain
volume V= Dl-zj X h, Boltzmann constant, and
temperature, respectively. We used a y value of
1.76x107 rad s Oe’. For magnetization reversal in the
recording direction, fy = f,, Kz =Kz_,and N = N_ are
given by

3 2
__ya_ |MsHV _(IHWI) ( _|Hw|>
fa— - 1-|—a2 2kT 1 Hk 1 Hk ’ (5)
KuV [Hwl\?

PR 7 PR ) G ®

A= = kT H, ) > a"

N_=f,_ exp(—Kﬁ_), (7
respectively.

In our stochastic calculation, we used the effective
anisotropy constant K. instead of K, and the
effective anisotropy field Hy.r instead of Hy, taking
account of the shape anisotropy?, as

2
4m—3N,)M
KueffzKu+( E 42) S> ®
2
Y

h /zpfj+h2

N, = 8 arctan and ©)
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Hyett = =31

(10)
Our aim is to grasp the physical implications for the
error factors by using a simplified model rather than to
reproduce realistic situations quantitatively. Both the
demagnetizing field within each grain and the stray field
from surrounding grains act as small perturbations.
Moreover, calculating stray field requires considerably
large computational resources and long calculation
times. Therefore, the stray field was ignored.

Although there is a period during writing where
|Hy| > Hyegr, the duration is relatively short. The factor

’MSHE /T in Egs. (2) and (5) has a strong impact on the

temperature dependence of f,,, and (1— (|Hyl/
H)? (1 + |Hy,|/Hy) is a weakly impacting factor since
the Hy value is considerably larger than |H,| for most

of the writing time. Although the ’MSHE/T value

becomes zero at T, (1 — (|Hyl/H)?)(1 + |Hy|/Hy)
reaches zero at a temperature where Hy = |H,|. We
employed the Néel-Arrhenius model for the entire
writing time. To achieve this, we extended the f,
formula to T, as follows

3 2
_ ya MserffV( _ (1Hwl ) 1Hw|
fai - 1+a? 2nkT 1 (Hconst) (1 t Hconst)’
(11)

so that the f,; value became zero at T.. Hcopst in Eq.
(11) is a fitting parameter for Egs. (2) and (5) and we
used a H.yns: value of 60 kOe. When |H,,| > Hyesr, We
assumed that

exp(—Kgz_) = 1. (12)

The calculation procedure for the |H,| value
dependence of the bit error rate bER, namely writability,
is described below. The dot temperature fell with time
from T, according to 0T /dx and v. The attempt times
were calculated using f,;. The probabilities exp(—Kﬁi)
were calculated for every attempt time. The
magnetization direction was determined by the Monte
Carlo method for every attempt time. Our bER depends
on the magnetization direction and area of the grains.
The calculation has already been reported in detail®.

The calculation bit number was 106. The bER value in
this paper is useful only for comparison.

3. Calculation Results

3.1 Thermal gradient at constant linear velocity

Figure 2 shows the |H,,| value dependence of the bER
value in 1 bit of data for various dT/dx values at a
constant v value of 10 m/s. A v value of 10 m/s
corresponds to a platter radius of about 27 mm at 3600
rpm. When |H,,| S 10 kOe, the bER value decreases as
the 0T /dx value decreases. Therefore, a small 9T /dx
value is preferable. In contrast, when |H,| = 15 kOe,

10°

EI T T I T T T | T T T I T T T
S 9T | ox
0! \ -8K/n
Q = g
g E \
5 102 L
5 10 E 1 bit A
= F 2x2=4 grai i
2] 3 [ nnnnnngrams 16 K/nm
10 E ODOODOoOO
FE oooooo
F"0 1 0" v=10m/s
10"4 1 11 1 | 1111 | | | I I I |
0 5 10 15 20
Writing field (kOe)

Fig. 2 Writing field |H,,| dependence of bit error rate
bER in 1 bit of data for various thermal gradients 9T /dx
at a constant linear velocity v of 10 m/s.

the bER value decreases as the dT/dx value increases.
Therefore, a large dT/dx value is preferable.

There is a trade-off relationship between the bER
values for small and large |H,| values in terms of the
dT /dx value at a constant v value. In the following, we
analyze the result in Fig. 2 employing the time

INDEX

dependence of the N_ value in our stochastic calculation.

3.2 Writability parameters

First, we explain the writability parameters we
introduced. The medium writing temperature ATeq
and time Ty.q are the temperature and time ranges
determined by the medium during writing, respectively,
where the N_ value is larger than 1 ns'. The value of 1
ns’! is tentative. Since the writing time is of the order of
1 ns, we chose this value as a guideline. We also
introduced T, variation time 7. and the field end
temperature T,,q at the end of the field writing time,
namely the time range determined by the writing field.

The ATyeq value is a function of the |H,,| value, and
is independent of dT/dx and v.

The Tpheq value is a function of (0T/dx) v as,

ATmed

Tmed = (aT/ax)_vy (13)

in which (0T/dx)-v is a cooling rate (9T/0x)-v =
(8T /ox) - (0x/0t) = AT /ot. Write-error (WE) is a normal
error where the magnetization does not reverse in the
recording direction. WE can be reduced by increasing the
ATpeq and t,0q values.

The tr. value is also a function of 9T /dt as,

OTc OTc

Tre = m = m (14)

Erasure-before-write (EBW) and erasure-after-write
(EAW) are errors where the magnetization reverses in
the opposite direction to the recording direction before
and after the field writing time, respectively. We have
already discussed the influence of the 7, value on EBW
and EAW%, and EBW and EAW increase as the 7.
value increases.
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The Tenq value is a function of dT/dx only as,

aT
Tend = Tem — (Dm + 4¢) % (15)
where (D, +4¢) is the grain pitch. EAW increases as
the T.,q value increases.

3.8 Constant cooling rate (1 bit of data)

Since the Tpeq = ATmeq/(0T/0t) value is a function of
0T /dt, we calculated the |H,,| value dependence of the
bER value in 1 bit of data for various 9T /dx values at a
constant dT/dt value of 120 K/ns. The result is shown
in Fig. 3 (a). The v values were 15, 10, and 7.5 m/s for
dT /ox values of 8, 12, and 16 K/nm, respectively. When
|Hy| S 10 kOe, the bER values are almost the same
regardless of the 9T /dx value. However, when |H,| =
10 kOe, the bER value decreases as the 9T /dx value
increases. Therefore, a large dT/dx value is preferable
as regards the bER. We confirmed the result in Fig. 3 (a)
by employing a micromagnetic simulation in which we
solved the Landau-Lifshitz-Gilbert (LLG) equation. The
LLG calculation method has already been reported in
detail?. Figure 3 (b) shows the |H,| value dependence
of the signal to noise ratio SNR calculated employing a
micromagnetic simulation where the calculation step
time At was 0.2 ps. The relationships between the bER
and SNR values are shown in Fig. 3 (c). We observe a
good correlation between them.

3.4 Constant cooling rate (2 bits of data)

To analyze the bER value in 1 bit of data as shown in
Fig. 3 (a), we calculated the bER value using 2 of the 8
grains for each column in 2 bits of data. Figure 4 shows
the |H,| value dependence of the 2 grain bER value for
column numbers j of (a) 1, (b) 2, (c) 3, and (d) 4. The bER
for 1 bit of data corresponds to those for j =1 and 4.

The bER values for j = 1 are the same regardless of
the 9T/dx value at a constant 9T/dt value as shown in
Fig. 4 (a). Figure 5 shows the N_ = f,_ exp(—KB_) value
as a function of time during writing for j = 1 and |H,|
=10 kOe. The grain temperature for j =1 is also shown.
At a time of zero, the grain temperature is T, and the
H,, direction changes from downward to upward. The
Tmeq Vvalues are the same regardless of the 9T/dx value
and the T, value of (a) T, or (b) Ty +o0pc at a
constant 9T/dt value, since Tyeq = ATmea/(0T/0t). The
bER value for j = 1 includes EBW in addition to WE.
When T, = Ty, + 01, the time for writing is advanced by
the 7r. value. Since the 7. = o¢./(0T/0t) value is also
a function of 9T/dt, the tr. values are also the same
regardless of the dT/dx value at a constant 9dT/dt
value as shown in Fig. 5 (b). Therefore, the bER values
for j =1 are the same regardless of the 9T /dx value as
shown in Fig. 4 (a). The bER value for j =2 in Fig. 4 (b)
is smaller than that for j = 1 in Fig. 4 (a), since there is
no EBW in Fig. 4 (b).

EAW can be seen in the bER value for j = 3 and
dT/dx = 8 K/nm when |H,,| = 15 kOe as shown in Fig.

L

16 K /nm
dT /9t =120 K /ns

11 1 I 11 1 1 [ 1 1 1 1 I 1 11 1
0 5 10 15 20
Writing field (kOe)

(a)

Bit error rate
e
IS
(3]
IIIII|T|'| IIIIIII]| IIIII|'|T| T TTTTI]

o

IIIIIIIIIlIIIIIIIII

Micromagnetic

I~ simulation
| At=02ps

0T 19t =120K /ns |
_6IIII|IIII|IIIIIIIII

0 5 10 15 20
Writing field (kOe)
()

Signal to noise ratio (dB)

10 — .

107!

[ )
'5. 12K /nm
u®

Bit error rate
—
o
(3]

16K/nm— *,

T ||||||I| T |||||1T| T TTTTI
Q
oo™
-

"y

»
>

1 ||||I|I| 1 ||||||I| i I|||I.|.L| Ll LLL
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1074 L | L | L
-6 -4 -2
Signal to noise ratio (dB)
(©
Fig. 83 Writing field |H,,| dependence of (a) bit error rate
bER in 1 bit of data calculated employing our stochastic
calculation and (b) signal to noise ratio SNR calculated
employing a micromagnetic simulation for various
thermal gradients dT/dx at a constant cooling rate
aT/dt of 120 K/ns. (c) The bER value in (a) as a function
of the SNR value in (b).

[e]

4 (c). Furthermore, there is EAW in the bER values for
j = 4 and all the 0T /dx values used as shown in Fig.4
(d). Figure 6 shows the N_ = f,_ exp(—KB_) value as a
function of temperature during writing for j = 4 and
|Hyl = 20 kOe. The Tepg = Temn — (D + 4¢) - (0T /0x)
value is a function of dT/dx only. The T.,q values are
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Fig. 4 Writing field |H,,| dependence of bit error rate
bER (2 grains) in 2 bits of data for various thermal
gradients dT/dx at a constant cooling rate 9T/dt of
120 K/ns for each column number j = 1to 4. (a) j =1,
(b) 2, (0) 3, and (d) 4.
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Fig. 5 Mean magnetization reversal number per unit

time N_ = f,_ exp(—Kp_) as a function of time during

writing for Curie temperatures T, of (a) T., and (b)
Tem + 07 at a constant cooling rate T/dt of 120 K/ns
where j =1 and |H,| = 10 kOe. Grain temperature for
j = 1is also shown.

5 P lwv
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Fig. 6 Mean magnetization reversal number per unit
time N_ = f,_exp(—Kp_) as a function of temperature
during writing for various thermal gradients 0T /dx at
a constant cooling rate 9T/dt of 120 K/ns where j = 4
and |H,| =20 kOe.

10 Journal of the Magnetics Society of Japan Vol.50, No.1, 2026

INDEX



667, 688, and 709 K for dT/dx values of 16, 12, and 8
K/nm, respectively. The N_ value and thus EAW
increases as the Teq value increases, namely the
0T /0x value decreases. Therefore, the bER value for j =
4 increases as the dT/dx value decreases as shown in
Fig. 4 (d). A large dT/dx value is preferable for EAW
even at a constant 9T /dt value.

8.5 Cooling rate at constant linear velocity (j =1)

At a constant v value of 10 m/s, the bER value for j
= 1 uniformly decreases as the 9T /dt value decreases
as shown in Fig. 7 (a). The 9T /dx values were 16, 12,
and 8 K/nm for 0T /dt values of 160, 120, and 80 K/ns,
respectively. When T, = T, + or., EBW increases as the
dT/ot value decreases, since tTr. = or./(0T/0t)
increases. However, WE decreases, since Tpeq =
ATpmeq/(8T/0t) increases as shown in Fig. 7 (b). The
Tmeq Value is larger than the tp. value at |H,,| = 10
kOe as shown in Fig. 5 (b). Furthermore, half of the
grains have a Curie temperature of T. < T,,. The bER
value is independent of EBW for grains with T, < T,

100 EI T TT T 171 T TT T | 1T T
1 - 160 K / ns
© 10 E
5107 E
) E
= c j=01234
A 10-3 gi=1|:”:“:”:”:]
= 200000
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Fig. 7 (a) Writing field |H,,| dependence of bit error rate
bER (2 grains) in 2 bits of data for various cooling rates
0T /0t at a constant linear velocity v of 10 m/s for j =1
and (b) mean magnetization reversal number per unit
time N_ = f,_ exp(—KB_) as a function of time during
writing where j =1 and |H,| = 10 kOe.
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since the time for writing is delayed from zero. Therefore,
the bER value for j =1 decreases as 9T /dt, namely the
0T /dx value decreases as shown in Fig. 7 (a). A small
0T /0t, namely a small 9T/dx value is preferable for WE
at a constant v value.

As a result, for the bER value in 1 bit of data for
various dT/dx values at a constant v value as shown in
Fig. 2, when |H,| S 10 kOe, WE and EBW are mainly
dominant and affected by the 7,4 and 7. values,
respectively. WE and EBW are functions of 9T /dt as
shown in Figs. 4 (a) and 7 (a). Therefore, the bER value
decreases as the 9T/0x value decreases. When |H,| =
15 kOe, EAW is mainly dominant and affected by the
Tena value in addition to the 7. value. The T,,q value
is a function of 9T /dx as shown in Fig. 6. Therefore, the
bER value decreases as the dT/dx value increases.

4. Conclusions

We analyzed the error factor for writability in HAMR
in terms of the thermal gradient dT/dx and cooling rate
aT /at.

When the writing field is small, write-error and
erasure-before-write are mainly dominant and affected
by the and Curie
temperature variation time 7p., respectively. The T4
and 7. values are functions of 9T/dt. When the
writing field is large, erasure-after-write is mainly
dominant and affected by the field end temperature T.nq
in addition to the 7. value. The Tg,q value is a
function of 9T /dx.

A small 0T/dt value for write-error and a large
thermal gradient dT/dx for erasure-after-write are
preferable as regards the bit error rate. Therefore, a
large 0T /0x value and a low linear velocity v are
necessary for realizing small dT/dt = (dT/dx) v and
large 0T /dx values simultaneously.

medium writing time Tpeq
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Fabrication of Magnetizable Concrete for Wireless Power Transfer and
Its Properties

Shin Tajima, Norika Miura, Yuko Kano, Koji Shigeuchi, and Shuntaro Inoue
Toyota Central R&D Labs., Inc. 41-1 Yokomichi, Nagakute, Aichi 480-1192, Japan

Electric vehicles face range limitations, and expanding battery capacity raises cost and environmental concerns.
Dynamic wireless power transfer (DWPT) offers a solution by charging electric vehicles while driving, but conventional
road materials reduce transmission efficiency. Magnetizable concrete, in which magnetic materials are used as
concrete aggregates, was considered to improve the efficiency of power transmission for DWPT. The use of plate-like
Mn—Zn ferrite powder (to increase permeability) and Fe—10Si—5Al powder made from a crushed dust core (to reduce
eddy current loss) was examined to enhance the properties of magnetizable concrete. In addition, a mixture of magnetic
powders with different particle sizes was used as an aggregate to increase the filling rate of the magnetic powders in
the concrete. As a result, magnetizable concrete with the following properties was obtained: cement concrete using
plate-like Mn—Zn ferrite powder showed a specific permeability of 73 and iron loss (85 kHz and 0.05 T) of 270 kW/m3;
geopolymer concrete using Fe—10Si—5A1 powder showed a specific permeability of 21 and iron loss of 300 kW/m3.

Keyword: Magnetizable concrete, Geopolymer, Cement, Dynamic wireless power transfer, Specific permeability, Iron

loss.

1 Introduction

A key issue for electric vehicles, which are one of the
means to achieve carbon neutrality, is their shorter cruising
range compared with that of vehicles with internal
combustion engines. To extend the cruising range, the
number of batteries installed should be increased; however,
lithium-ion batteries are expensive, and the environmental
impact of mining raw materials is problematic.

To solve this problem, a system called dynamic wireless
power transfer (DWPT) has been proposed, which
minimizes the number of batteries installed in the vehicle
and supplies power while the vehicle is running (Fig. 1)1'5.
Various methods for DWPT have been investigated. In the
magnetic coupling type, a coil for wireless power transfer
(transmission coil) is embedded in the road, a receiving coil
is mounted on the automobile side, and power is supplied
during driving through magnetic-field coupling.
Demonstration tests are currently being conducted in
various countries to confirm the effectiveness of this system.

|Batte | .. .
Power it Transmission coil

s Lo /
-

Asphalt/Concrete Rebar Magnetizable concrete

Fig. 1 Schematic diagram of dynamic wireless power
transfer (DWPT) for electric vehicles.

Corr. Author: S. Tajima (e-mail: e0954@mosk.tytlabs.co.jp).

There are two main problems with burying transmission
coils in roads. First, asphalt and concrete are non-magnetic
materials (specific magnetic permeability z# =~ 1). In
magnetic-field coupling, the transmission efficiency can be
improved by concentrating on the magnetic flux as close to
the coil as possible. Second, eddy current loss is caused by
the surrounding magnetic and metallic materials. In
particular, it has been reported that the presence of rebars
in concrete roads significantly reduces the power-
transmission efficiency® ©. Therefore, it is necessary to place
magnetic materials with appropriate magnetic properties
between the coil and rebar, as shown in Fig. 1.

Previous studies have addressed this problem by
arranging large plate-like sintered bodies of Mn—Zn ferrite
((Mn,Zn)Fes09)V. As a result, an improvement in the
transmission efficiency has been achieved; however, large
Mn—Zn ferrite sintered bodies are expensive, and the
installation of sintered bodies on the road incurs additional
construction costs. To solve this problem, magnetizable
concrete, which utilizes magnetic materials as aggregates,
has been considered?. This material is a type of magnetic
composite (dust core), and its properties can be understood
by considering composite material sciencel®!?, For example,
Magment GmbH has presented a magnetizable concrete,
"Magment," made by removing sintered Mn—Zn ferrite from
discarded electronic equipment and power supplies,
crushing it to an appropriate size, and using it as an
aggregate!?. Currently, a large number of ferrite and dust
cores are being produced. Therefore, this business model is
also valuable from the perspective of the circular economy.

However, magnetizable concrete using Mn—Zn ferrite
might pose significant environmental concerns. Mn
compounds are specific chemical substances; therefore, the
burial of such substances beneath roadways may pose a risk
of environmental contamination. In addition, Mn is a type of
rare metal, and its extraction has the potential to cause
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significant environmental damage. Therefore, it is
necessary to develop magnetizable concrete using magnetic
materials that pose low resource risks and have minimal
potential for environmental contamination. In other words,
to extend the DWPT system to electric vehicles, the
development of magnetizable concrete with minimal
environmental impact is essential. For this purpose, the use
of magnetizable concrete incorporating the Fe—10Si—5Al
alloy as a magnetic material is proposed, as it is not
composed of rare metals or environmentally harmful
elements.

A Dbrief overview of concrete is provided below!4 19
Concrete is made by mixing sand or stone (aggregate) with
a binder such as cement and adding water. A typical
concrete mix ratio is 30 vol% cement and 70 vol% aggregate.
The main compound in cement is CasSiOs, which hardens
via the following hydration reaction (hydraulic hardening):

2Ca3Si0s5 + 6H20 — CasSiz010Hs + 3Ca(OH)2 (1)

All added water reacts with CasSiOs and remains in the
concrete as a hydrate without evaporating. CasSi2O10Hs has
an amorphous fibrous structure, and the fibrous material
intertwines and hardens. The produced Ca(OH)2 makes the
concrete alkaline, which prevents corrosion of the rebar in
the concrete. The cement does not react with the aggregates.

CasSiOs is produced from limestone (CaCOs) and silica
sand (SiO2):

3CaCOs + Si02 — CasSiOs + 3CO21 ©)

The reaction is conducted at a high temperature

(~1450 °C). Even if the energy required for this process is

entirely renewable, it inherently emits large amounts of COz2.

Therefore, geopolymers have recently been investigated as
alternatives to cement binders. Geopolymers were initially
developed by Davidovits in France in the 1970s and are
defined as "a raw material (active filler) consisting mainly of
amorphous aluminum silicate, without cement, hardened
with alkali metal silicates and alkali stimulants (alkali
metal carbonates and hydroxides)”1619, Because of their raw
material composition, they are expected to be COz-free.
However, their production remains limited because they are
slightly more expensive than cement and less convenient to
use.

The purpose of this study is to investigate magnetizable
concrete suitable for DWPT systems. Several detailed
reports exist on the relationship among mixing ratios,
manufacturing conditions, strength, and magnetic
properties of magnetizable concrete; however, many aspects
of the material remain unknown® 7 9 20. 20 This study
investigates the fabrication of magnetizable concrete using
Mn—Zn ferrite and Fe-10Si—5Al-alloy powders and
evaluates their basic properties. The important properties of
magnetizable concrete are as follows: (1) strength suitable
for road applications, (2) permeability to control the
magnetic flux and improve the transmission efficiency, and
(3) low iron loss in AC magnetic fields. The tentative target
properties due to previous studies® 29 are as follows: the
bending strength = 5 MPa, the maximum specific
permeability (zm) = 10 and the iron loss (2) [kW/m?3] = 600
(frequency of 85 kHz and maximum magnetic flux density

(Bw) of 0.05 T). In addition, geopolymer-based magnetizable
concrete 1s also investigated, considering that it is COs-free
during manufacturing.

2 Experimental

In our previous study, we evaluated small test pieces (e.g:
@46 — t6 mm) for this basic investigation2V. In this study, to
improve the properties of magnetizable concrete, specimens
of larger size (approximately @100 — t20 mm) were
fabricated and evaluated. There were two reasons for this
approach. First, we investigated the effect of particle size
distribution. Generally, aggregates of several millimeters in
size are used in concrete; however, large aggregates cannot
be used in small specimens. Second, we aimed to improve
the filling rate of the magnetic powder. For the concrete
construction, a large vibrator was used to enhance the filling
rate of the aggregates, and this vibrator could be used with
the standard mold for concrete test pieces (p100 mm).
However, evaluating the magnetic properties of large
magnetic materials was difficult because of their high
impedance. To address this, a thin toroidal core (p100 mm —
80 mm, t7 mm) was fabricated from the large disk-shaped
concrete (approximately @100 mm — t20 mm) to reduce the
impedance of the toroidal core.

2.1 Synthesis of Magnetizable Concrete
2.1.1 Magnetizable Cement Concrete

Commercially available ordinary Portland cement
(density: 3.15 Mg/m?3), magnetic powder, and ion-exchanged
water were used as raw materials. Magnetic powder was
used as an aggregate, and common aggregates such as sand
and stone were not included. Mn—Zn ferrite (Mn—Zn)FesO4,
density: 4.90 Mg/m3) and Fe—10Si—5Al (density: 6.90 Mg/m3)
powders with the so-called Sendust composition were
selected as magnetic powders??. Mn—Zn ferrite has a high
magnetic permeability and low eddy current loss. On the
other hand, the Fe—10Si—5Al powder has an extremely high
permeability and high saturation magnetic flux density;
however, as a metallic material, it has a high electrical
conductivity and eddy current loss??. In addition, there are
concerns about corrosion during long-term use. According to
a previous report, the loss associated with magnetizable
concrete using Fe-10Si—5Al powder was too great for use in
DWPT?2D, To decrease this loss, crushed powder of the Fe—
10Si—5Al dust core was used in this study, in which the
surface of each magnetic particle was coated with an
insulator, thereby reducing the eddy current loss.

The details of the magnetic powder used are as follows.
Ferrite powder (PC95; core material for transformers; TDK
Corp., Tokyo, Japan) was used in two forms. The first was a
plate-like ferrite sintered body measuring 15 mm X 12 mm
x 1.5 mm (hereinafter abbreviated as “plate ferrite”), which
was used as an aggregate without being crushed. The
second was a crushed powder of Mn—Zn ferrite-sintered
bodies which was classified by sieving. These powders were
hereinafter referred to as “coarse” (2—6 mm) and “fine” (£ 2
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mm) ferrite powders. The particle size distribution was not
measured.

Fe—10Si—5Al powder was also used in two forms. The first
was a crushed powder of the Fe-10Si—5Al dust core
(MAGPROST Corp., Saitama, Japan, density: 5.90 Mg/ms3),
which was similarly classified by sieving into 2 mm or more
and 2 mm or less, and hereinafter referred to as “coarse” (2—
6 mm) and “fine” (£ 2 mm) Fe—Si—Al powders, respectively.
The particle size distribution was not measured. The second
was gas-atomized Fe—10Si—5Al powder (Sanyo Special Steel
Co., Ltd., Hyogo, Japan), which was used without further
processing. The particles were not coated with insulators,
and the mean particle size was 50 pm.

The mixing ratios of each sample are listed in Table 1. All
magnetic powders were used in a dry state. The volume
fraction of the magnetic powder (J4) was estimated based
on the assumptions that the added water was fully retained
and that there was no porosity. Based on our previous
report2), mixing ratios were selected to enable the highest
possible filling rate of the magnetic powder while achieving
a high four-point bending strength (= 5 MPa). A
predetermined amount of the materials was weighed into a
stainless-steel beaker, stirred using laboratory spatula by
hand for 5 min, and the uniformity of the mixture was
checked by visual inspection. The resulting slurry was cast
into a cylindrical mold with a diameter of 100 mm. The
mold was placed in a vibration compactor commonly used in
concrete fabrication, and the slurry was cast uniformly to
ensure proper consolidation. The specimens were sealed to
prevent drying, cured for 1 week, and then demolded. The
size of the obtained disc specimen was @100 mm — t20 mm.
The demolded specimens were cured at room temperature
and humidity for 28 d or longer before evaluation.

2.1.2 Magnetizable Geopolymer Concrete

The raw materials used were geopolymers (comprising an
active filler and alkali stimulant), magnetic powder, and ion-
exchanged water. The magnetic powder used was the same
as that employed in the magnetizable cement concrete, as
described in Section 2.1.1. To prepare the geopolymers, the
following raw materials were used. As active fillers, either
metakaolin (SK Mineral Co., Ltd., Aichi, Japan; calcined
and dehydrated clay mineral kaolinite, AlsSi«O10(OH)18) or
mixtures of amorphous SiOz (SO-C5, Admatechs Company
Ltd., Aichi, Japan) and AI(OH)s (FUJIFILM Wako Pure
Chemical Corp., Osaka, Japan) were utilized 2V. As alkali
stimulants, either water glass, which was prepared by
mixing JIS 1st class water glass (FUJIFILM Wako Pure
Chemical Corp., Osaka, Japan) at 138 g with 86 g of ion-
exchanged water, and a NaOH aqueous solution (38 mass%,
NaOH: FUJIFILM Wako Pure Chemical Corp., Osaka,
Japan) were used.

The mixing ratios of each sample are listed in Table 1.
Since the extent of the dehydration reaction during
geopolymer formation is unknown, the VA1 was calculated
under the assumption that the water in the water glass and
NaOH solution remained, while the added water was
removed. Porosity was assumed to be zero. Based on

previous reports!? 21 2326 mixing ratios were selected to
enable the highest possible filling rate of the magnetic
powder while achieving a high four-point bending strength
(= 5 MPa).

The slurry preparation and casting procedures were the
same as those described in Section 2.1.1. The specimens
were sealed to prevent drying, cured at 60 °C for 20 h in an
oven. After this initial curing, the demolded geopolymer was
further cured by drying at 60 °C for 20 h in the oven and
then stored at room temperature in air for at least 28 d.

2.2 Characteristics

All samples were prepared with n =1, and variations such
as statistical dispersion were not evaluated. Generally, the
property variation of low-permeability soft magnetic
materials would be relatively insensitive to changes in
process or conditions.

The structure of the magnetizable concrete was observed
both visually and using an optical microscope.

The magnetic properties of the resulting magnetizable
concrete were also evaluated. The surface of the specimens
was polished, and the interior was hollowed out to form a
ring shape (100 mm — @80 mm, t7 mm). Magnetic
properties were measured using a B-H analyzer (SY8218,
Iwatsu Electric Co., Ltd., Tokyo, Japan) with toroidal core
samples. All measurements were performed at room
temperature under conditions of a frequency range of 60—
100 kHz and maximum flux density of 0.03-0.05 T. This
frequency range was selected because the frequency used in
DWPT systems in Japan is 85 kHz. The measurement error
was approximately 10%.

3 Results and Discussion

3.1 Structure of Magnetizable Concrete

Fig. 2 shows photographs of the obtained magnetizable
concrete. The disk was hollowed out, and the toroidal core
was wrapped with a copper wire for magnetic
measurements. Plate-shaped ferrites and coarse Fe—Si—Al
powders were observed on the surfaces of the discs. The
filling rate of the magnetic powder was lower than that of a
typical dust core, resulting in numerous gaps between the
magnetic particles.

Fig. 2 Photographs of magnetizable concrete. (a)
Cem_F_1 from Table 1 (plate-shaped Mn—Zn ferrite
sintered body is visible), (b) toroidal coil of Cem_F 1,
(c) Geo_S_1 from Table 1 (coarse Fe—Si—Al powder
from a crushed Fe—Si—Al dust core is visible).
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Fig. 3 Structure of magnetizable concrete Cem_F_1
from Table 1.
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Fig. 4 Structure of magnetizable concrete Geo_S_1
from Table 1.

Table 1 Preparation conditions and characteristics of magnetizable concrete.

Alkaline for . Magnetic
Magnetic Powder .
Sample Cement/AF Water Geopolymer . .. Properties
| S — Curing Condition 3
Ne- ! le WG | NaOH Material Type [g] Y PekWin') & Py + P
[g] g P & vol%] " 0.05 T, 85 kHz
Cem_F 0 cement 13 8.2 - —  fine ferrite powder 85 61 RT, 100%HR, 1week 17 430 (= 340+100)
. . . 60°C, 100%HR, 20h
Geo_S_0 metakaolin 15 3 7.5 1.5 Fe-Si-Al atomized powder 85 55 o 6 600 (=60+540)
=60°C, air, 20h
Cem_F.1 cement 45 95 —  — Dlatefenite 25070 RT,100%HR, week 73 270 (=160+110)
fine ferrite powder 200
coarse ferrite powder 250
Cem F 2 cement 45 25 - - . 70 RT, 100%HR, 1week 51 300 (=180+120)
fine ferrite powder 200
10+ i 60°C, 100%HR, 20h
Geo F 1 Si0,+A1(OH); 0 25 5 coarse fe.rnte powder 250 7 o' 41 340 (2200+140)
30+10 fine ferrite powder 200 =60°C, air, 20h
_ _ coarse Fe-Si-Al powder 280 ) _
Cem_S_1 cement 45 33 fine Fe-Si-Al powder 230 72 RT, 100%HR, 1week 15 350 (=240+110)
-Si- 60°C, 100%HR, 20h
Geo S 1 metakaolin40 10 25 5  coarseFeSiAlpowder 280, > 21 300 (=200+100)
fine Fe-Si-Al powder 280 =60°C, air, 20h
-Si- 60°C, 100%HR, 20h
Geo S 2 metakaolind0 10 25 5 carseFeSiAlpowder 810, " 15 350 (=240+110)
fine Fe-Si-Al powder 250 =60°C, air, 20h
-Si- 60°C, 100%HR, 20h
Geo S 3 metakaolin40 10 25 5 CoarseFeSiAlpowder 250 ., ” 15 350 (=240+110)
fine Fe-Si-Al powder 310 =60°C, air, 20h
Ferrite sintered body 3000 25 (=5+20)
Sendust dust core 129 135 (=67+68)

Top two rows show properties of magnetizable concrete from previous paper2?, while bottom two rows present

properties of raw magnetic materials. AF: active filler.

Fig. 3 and Fig. 4 show photographs of the structure of the
magnetizable concrete. Fine powder was observed between
the ferrite plate and coarse powder on the side of the disk.
This occurred because the magnetic powder, being denser
than the cement and geopolymer, settled toward the bottom;
this phenomenon is commonly observed in concrete. In this
study, as the coil is uniformly wound around the entire
sample, the measured characteristics reflect the overall
average.

The effect of the local inhomogeneity on the magnetic
properties is important information, however, a method for
measuring the localized magnetic properties inside a
magnetic material has not yet been established. In addition,
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it is also difficult to estimate the effect of the local
inhomogeneity using the simulation because the mesh
generation is extremely complex and the computation time
becomes long. Accordingly, we would like to leave this issue
for future investigation.

3.2 Magnetic Properties of the Ferrite Powder System

Table 1 shows the property values of the obtained
magnetizable concrete. The maximum specific permeability
at 85 kHz is denoted as zin [dimensionless], and the iron loss
(P) [kW/m?3] is measured at a frequency of 85 kHz and
maximum magnetic flux density (Bw) of 0.05 T.
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Fig. 5 Typical magnetization curve at £= 85 kHz of
magnetizable concrete (Cem_F 1 at Table 1).

Table 2 Frequency and Bn characteristics of £ at
Cem_F_1.

P [kW/m’]
Frequency
B 100kHz  85kHz 70 kHz 60 kHz
0.03T 122 96 72 58
0.04T 228 179 135 108
0.05T 345 270 210 170
4
e-—°
3 F e - (Cd
FE P, /f=0.015f+1.933
= 2 F
2
]
N1
0 L L L L L
50 60 70 80 90 100 110

f [kHz]
Fig. 6 Frequency (¥) characteristics of 2 at Cem_F_1
using Eq. (3) (Bn=0.05T).

Fig. 5 shows a typical magnetization curve of the
magnetizable concrete (Cem_F_1). The magnetic materials
would be used within the range that is not magnetically
saturated, as the Bn in the materials was less than 0.07 T
according to preliminary electromagnetic simulations®.

Table 2 and Fig. 6 show the frequency and Ban
characteristics of P at the representative magnetizable
concrete (Cem_F_1). For an AC magnetic field, the P is
given by Eq. (3), where the residual loss (abnormal eddy
current loss) is neglected:

P=B+ P =Kun Bul6:f + Ko Bu2: 2 3)

INDEX

where F is the hysteresis loss, 7 is the eddy current loss, £
is the frequency of the AC magnetic field, Bn is the

maximum flux density, Kn and Ke are constants, 1.6 is the

Steinmetz constant. The Eq. (3) can be used to separate the

A, and P as shown in Fig. 6. The division of A and P at

other magnetizable concretes were also revealed at Table 1.

As a result, no abnormal eddy current losses were observed

in these material systems.

Based on electromagnetic simulation results, provisional
target values for the magnetic properties were set as gim =
10 and 2. = 600 kW/m3 ©. The value of zm represents the
minimum required to control the magnetic flux, while a 7
exceeding the target would significantly reduce the power
transmission efficiency. For reference, the magnetic
properties of small samples reported in a previous paper are
also listed in Table 1 (Cem_F_0 and Geo_S_0)2V. The target
bending strength was set at 25 MPa, following the JIS A
5308 standard for roads. Although the strength of the
specimens was not evaluated in this study, previous
results?) indicated that these materials were capable of
meeting the target.

The properties of magnetizable concrete containing ferrite
powder are listed in Table 1 (Cem_F_1 and 2). When plate
ferrite powder was used (Cem_F_1), the zm was more than
three times higher than that of Cem_F_0. There are two
reasons for this finding. First, the filling rate of the magnetic
powder increased owing to the use of a large mold and
powerful vibrator during concrete casting. In the case of
transport properties such as permeability and conductivity,
the property P of a composite material in which particles
(magnetic material, in this case) are dispersed in a base
material (cement) is expressed as follows2?:

B = Pn(Bo+2 P2 Vit Pr—Bo) (P42 Pt Vit P B)
(4)
where /& is the transport property of the dispersed particles,
Pn is the transport property of the matrix, and W is the
volume fraction (0—1) of the dispersed (magnetic) particles.
It is assumed that the particles are spherical (with possible
size distribution) and that there is no direct contact between
them. According to Eq. (4), the P decreases rapidly as the
Wi becomes slightly less than 1. This explains why the zm of
the magnetizable concrete was only several tens, despite the
intrinsic zim of Mn—Zn ferrite being several thousands.

Next, the shape and orientation of the plate ferrite powder
reduced the demagnetizing field, resulting in an
improvement in the zm. This effect was confirmed by
comparing the magnetic properties of Cem_F_1 and
Cem_F_2. The g of Cem_F 2, which used the crushed
powder, was lower than that of Cem_F_1, despite having the
same mixture ratio.

The P of Cem_F_1 decreased to 270 kW/m? compared
with that of the small test piece (Cem_F_0)2V (A = 160 and
P.=110 kW/m3 from Eq. (3) and Fig. 6). However, the P. of
the specimens was more than 10 times larger than those of
the Mn—Zn ferrite sintered bodies, whose P, /A, and P
values are 25, 5, and 20 kW/m3 (at 0.05 T and 85 kHz, room
temperature), respectively. The reasons for this increase are
discussed below.
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The primary cause of the significant increase in the 2. of
magnetizable concrete is the effect of the filling rate of the
magnetic powder, TAr. In magnetizable concrete, most of the
magnetic flux passes through the magnetic material rather
than through the cement or geopolymer. Therefore, when
the Tris 50%, the amount of magnetic flux passing through
the magnetic material is approximately twice as large. As a
result, the F increases by approximately 216~ 3 times, and
the P increases by 22= 4 times, according to Eq. (3). In
addition, magnetic interactions between magnetic particles
related to the VA1 were known in dust cores!?, where the A
decreased as the W increased. However, these effects alone
could not fully explain the significant increase in the P
observed in magnetizable concrete.

The second cause is the grinding of the sintered ferrite2"-
28 When sintered ferrite was pulverized, the A was thought
to increase owing to the effect of the pulverization strain and
pinning effect of the magnetic wall caused by the increase in
the specific surface area??. However, no quantitative data
was obtained in this study. This effect partially explained
the increase in the A however, it did not explain the
increase in the F.

The third is the magnetostrictive effect of the hydrostatic
pressure. The aggregate in concrete is subjected to
hydrostatic pressure because the cement shrinks slightly as
it hardens. This pressure is said to be approximately a few
MPa15.39, Several reports discussed the effect of hydrostatic
pressure on the magnetic properties of magnetic materials®"”
33). According to these reports, the P increased 3—4 times at
100 MPa in the case of Mn—Zn ferrite. It has also been
reported that the £ increased by a factor of 1.5-2 when the
toroidal core of Mn—Zn ferrite sintered bodies was embedded
in cement3?. Note that these reports showed an increase in
the P, but the proportions of the increases in the A and the
P. were unknown.

These three factors were assumed to be responsible for the
significant increase in the F. However, whether these
effects were synergistic or harmonious remained unclear. In
addition, it was necessary to clarify the proportions of the
and 7 that contributed to the increase in the F. This
investigation will be the subject of our future research.

Geo_F_1 in Table 1 lists the properties of magnetizable
concrete using ferrite powder as the magnetic powder and
Si02/Al(OH)s as the active filler. According to our previous
report 2V, the bending strength was approximately 20 MPa,
which was more than twice that of magnetizable cement
concrete using ferrite powder. The P was larger and the zim
was smaller than those of Cem_F_2, although both used the
same ferrite powder. However, the reasons for this trend
remain unclear. One possible reason is that, unlike cement,
geopolymers could undergo a dehydration reaction during
setting, which could result in greater shrinkage compared
with cement. As a result, the magnetostrictive effect caused
by the stress from this shrinkage could be greater than that
in cementitious systems. Therefore, it is possible that the
magnetostrictive effect further deteriorates the magnetic
properties of geopolymer magnetizable concrete.

3.3 Magnetic Properties of the Fe—Si—Al Powder System

In our previous report2?, the P of magnetizable concrete
using Fe-Si—Al gas-atomized powder without an insulator
on the surface was extremely large owing to the large F.. For
example, 90% of the £ of the magnetizable concrete was the
P. (B = 60 kW/m3, P. = 540 kW/m?). The effect of the
insulator on the particle surface on the 7 can be explained
as follows. The P can be expressed by Eq. (5):

Pooc B2 f2-d/ p (5)

where Bnis the maximum flux density, £is the frequency,
d is the thickness of the sample, and p is the electrical
resistivity of the sample. For a magnetic core, din Eq. (5)
refers to (1) the diameter of the metallic magnetic particles
(primary particle diameter) when they are completely
isolated and not in contact with each other, or (2) the particle
diameter of the aggregate (secondary particle diameter)
when the metallic magnetic particles are in contact with
each other and form an aggregate. When aggregates of Fe—
Si—Al particles without an insulator are formed, the d
increases, and the P increases according to Eq. (5).
Therefore, a powder made by crushing the Fe—Si—Al dust
core (magnetic composite) was used in this study because
the surface of the particles was coated with an insulator to
reduce the P

As a result, the £ of all magnetizable concretes using the
powder of the Fe—Si—Al dust core (from Cem_S_1to Geo_S_3
in Table 1) decreased compared with that of the Fe—Si—Al
gas-atomized powder. For Geo_S_1, the /& was 300 kW/m3
(A = 200 kW/m3, P = 100 kW/m?. However, the 2. was
approximately twice as large as that of the Fe—Si—Al dust
core used as the raw material, which was 135 kW/m?3 (A =
67 kW/m3, P. = 68 kW/m3). The twofold increase in the P
could be explained by the effect of the magnetic powder
filling rate, as described in Eq. (3). This result suggests that
the Fe—Si—Al powder had an advantage over the ferrite
powder because there was no increase in the F/ due to the
magnetostrictive effect under hydrostatic pressure, as
previously reporteds? 32,

The zm of the magnetizable concrete using Fe—Si—Al
powder was lower than that of the magnetizable concrete
using the ferrite powder. Although the zm (> 10,000) of Fe—
Si—Al was larger than that of the Mn—Zn ferrite-sintered
body (~3000), the zm of the Fe—Si—Al dust core was
approximately 120. This is because the density of the dust
core was low (relative density =~ 85%), resulting in a lower zim
for the magnetizable concrete using the Fe—Si—Al powder
compared with that using the Mn—Zn ferrite powder.

The use of a mixture of coarse and fine powders improved
the properties of magnetizable concrete, as shown in our
previous report2). The VA1 could be increased by mixing
magnetic powders with different particle sizes because fine
particles could infiltrate and fill the interstitial spaces
among coarse particles. As previously discussed in Eqs. (3)
and (4), the magnetic properties could be improved by
increasing the VA The properties of the magnetizable
concrete fabricated by controlling the particle size
distribution are shown from Geo_S_1 to Geo_S_3 in Table 1.
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This result suggests that the Geo_S_1 ratio yielded the most
favorable properties.
4 Conclusion

The preparation and basic properties of magnetizable
concrete using magnetic materials as aggregates were
investigated. In the case of magnetizable concrete using
plate ferrite powder, its magnetic properties were zm = 73
and £ = 270 kW/m3 The F increased significantly
compared with that of the ferrite sintered body because of
the effect of the filling rate of the magnetic powder, grinding
of the sintered ferrite, and magnetostrictive effect under
hydrostatic pressure.

Magnetizable concrete using an Fe—Si—Al powder from a
crushed dust core with an insulator was fabricated under
general conditions. The zm was 21; however, this value was
lower than that of magnetizable concrete using plate ferrite
powder. The P was 300 kW/m3. The properties were
improved compared with those of magnetizable concrete
using Fe—S—-Al gas-atomized powder without an insulator
because the P. was reduced owing to the insulator on the
surface of the Fe—Si—Al particles. The degree of increase in
the P indicated that the Fe—Si—Al powder exhibited no
magnetostrictive effect under hydrostatic pressure, which
was advantageous compared with the ferrite powder. The
use of a mixture of coarse and fine powders could improve
the properties of magnetizable concrete owing to the
increase in the filling rate of the magnetic powder. In
addition, the fact that Fe-S-Al does not contain
environmentally hazardous elements is an important factor
for the widespread adoption of the DWPT system. When
installing equipment on roads, there is a possibility that
substances within the concrete may spread into the
environment during maintenance or excavation work.

We are investigating prototype fabrication and the
evaluation of 1/5 a small-scale model of DWPT using the
magnetizable concrete. Based on these results, we plan to
conduct a detailed full-scale simulation to clarify the
effectiveness of the magnetic concrete and to identify the
accurate target values.
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Micromagnetic simulation of influence of microstructure parameters on
realization of high coercivity state in hard-magnetic MnAl alloys

E.A. Smirnov, M.V. Gorshenkov
National University of Science and Technology MISIS, 119049, Moscow, Russia

Micromagnetic simulation was employed to investigate the influence of microstructure parameters on the
realization of high coercivity in nanocrystalline MnAl alloys, a promising alternative to rare-earth-based permanent
magnets. The study focused on the effects of crystallite size (10-200 nm) and intergrain layer properties
(non-ferromagnetic and soft-magnetic) on coercive force (Hc) and remanent magnetization (M./Ms). Simulations were
performed using GPU-accelerated mumax3 software, with material parameters set to match MnAl (Kui = 1.5 MdJ/m3,
Acx = 19.9 pd/m, Mt = 0.66 MA/m). Results revealed that the highest coercivity (oHe = 0.5 T) was achieved for
crystallite sizes between 30—-90 nm, consistent with experimental literature. The shape of the crystallites (cubic vs.
cylindrical) showed negligible influence except for larger sizes (200 nm). For non-ferromagnetic interlayers,
coercivity peaked at 0.52 T with a 7-nm thickness, attributed to the magnetic isolation of crystallites, while thicker
layers with reduced Hc could be associated with changes in magnetic interaction between crystallites. In contrast,
soft-magnetic interlayers (a-Fe) caused a monotonic decline in both Hc and M./Ms with increasing thickness. These
findings provide critical insights for optimizing MnAl-based magnets, highlighting the importance of crystallite size
control and interlayer engineering in achieving high coercivity.

Keywords: micromagnetic simulation, crystallite size, intergrain layers, hard-magnetic alloys, MnAl alloys.

1. Introduction

Recently, manganese-based permanent magnet
materials have garnered significant attention due to
their potential to bridge the performance gap between
low-cost ferrites and high-performance rare-earth metal
(REM)-based magnets, particularly in applications
where energy densities around 100 kdJ/m® are
required??. These materials, such as MnAl alloys, offer
a compelling advantage: they are composed of abundant
and 1inexpensive raw materials, making them a
cost-effective alternative to REM-based magnets®. This
is especially relevant for applications like electric
motors in transport systems, where miniaturization is
not a critical requirement?.

The MnAl system exhibits high
magnetocrystalline anisotropy with typical constant
ranging Ki = 1.525 MdJ/m3, which can be tuned by
proper alloying?), a property essential for achieving high

uniaxial

coercivity in permanent magnets. However, realizing
optimal magnetic performance in these alloys depends
heavily on microstructure parameters, such as
crystallite size®, crystalline defects”? and boundary
conditions®. Previous studies have highlighted the
importance of nanocrystalline structures in enhancing
coercivity?, but the specific role of intergrain
layers—whether non-ferromagnetic or magnetically
soft—remains less explored.

This study employs micromagnetic simulation to
investigate the influence of crystallite size and
interlayer thickness on the magnetic properties of MnAl
alloys. By analyzing coercive force (Ho) and remanent
magnetization (Mi/Ms), we aim to identify the optimal
microstructure parameters for achieving a highly

Corresponding author: E.A. Smirnov (e-mail:

m2005318@edu.misis.ru).

coercive state. The findings will contribute to the
development of MnAl-based magnets with tailored
properties, offering a  viable alternative to
REM-dependent technologies.

2. Experimental

Micromagnetic simulations were performed using the
GPU-accelerated micromagnetic software mumax310.
The MnAl material was modeled as a polycrystal, with
crystallite shapes and sizes defined by Voronoi
tessellation. We create a finite element mesh of the
described model, with cell size of 3.5 nm, boundary
conditions for computing the magnetostatic potential,
can be treated at infinity!®. To account for material
inhomogeneity, the magnetocrystalline anisotropy
constant was varied by 10% across the structure. The
direction of the easy axis was randomly set in each
crystallite to bring the model closer to the
polycrystalline sample. Therefore, it does not matter in
which direction the external magnetic field is applied in.
The initial magnetization of the crystallites was set
randomly as in polycrystal, and the system was relaxed
(My/Ms = 0) before computing the hysteresis loop. An
external magnetic field was applied along the z-axis,
ranging from O T to 6 T in steps of 0.2 T. After each field
step, the system was energy-minimized, and the total
magnetization was recorded. The material parameters
used were consistent with MnAl alloys: Ku1 = 1.5 MdJ/m3,
Aex =19.9 pd/m, Msat = 0.66 MA/m1D.

To validate the model, the coercive field dependence
on crystallite size (ranging from 10 nm to 200 nm) was
calculated for two geometries of equal volume: a
cylinder (with 350 nm radius and 700 nm height) and a
cube (cube-sided 630 nm), then compared with reference
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data?®. In this case we also used scale exchange function
to reduce exchange coupling from 1 to 0.9 between two
regions to simulate crystallite boundaries.

Since mumax3 does not natively support interlayer
modeling, an additional Python script was developed to
systematically vary the interlayer thickness in steps
matching the cell size (3.5 nm). The step of change in
the thickness of the interlayer is determined by the
Bloch parameter, in our case & = 3.64nm. For
simulation it is necessary to use the cell size smaller
than 8o, for optimization of calculations according to the
article!® the size of 3.5 nm was chosen. This allowed
investigation of the interlayer’s influence on hysteresis
properties. It is important to note that in this case scale
exchange function was no longer used, exchange
coupling was set as default.

The Henkel plots were constructed based on the
methodology described by Kelly!?. To plot the
dependence of the remanent magnetization from the
demagnetized state Mj(H), the sample is magnetized in
a positive external field Hi; then the field is reduced to
zero, and the obtained value of the remanent
magnetization M;j(H1) is recorded. This procedure is
repeated until the external magnetizing field H1 reaches
the selected maximum value Hmax with a specified step.
To determine the dependence of the remanent
magnetization from the magnetized state Ma(H) on the
external magnetic field, the sample is first magnetized
in a field with the maximum value Hmax. A negative
field -Hi is then applied, after which the field is
increased back to zero, and the resulting remanent
magnetization value Ma(H1) is recorded. This procedure
is repeated until the magnetizing field -Hi reaches the
maximum value -Hmax.

The obtained magnetization values M;(H1) and Ma(H1)
are normalized to Minf(H), and then then plots the
dependence of Ma(H)/Mintf(H) and M;(H)/Mint(H) versus
applied magnetic field.

3. Results and discussion

As a first step of our work the model for simulation
was verified by hysteresis loop calculations for different
crystallite sizes for models without any interlayer. The
result is the coercive force dependence on the crystallite
size (Fig. 1(a)), that qualitatively and quantitatively
coincide with the data published in article® for the
crystallite size ranging 10-200 nm. Also, hysteresis
loops are shown for a crystallite size of 50 nm for cubic
and cylindrical shapes as an example of the data
obtained as a result of the calculations (Fig. 1(b)). As
can be seen, changing the shape of the model from
cylinder to cube significantly affects the coercive force
only at a crystallite size larger than 200 nm. The
coercive force poHe decreases from 0.452 T to 0.302 T.
Similarly, a small difference in the magnitude of the
coercive force (0.516 T for the cubic versus 0.497 T for
the cylinder) is observed at a crystallite size of 30 nm.
The effect is not quite explained yet, it will be
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investigated in more detail in future work. Most likely,
the difference for 200 nm crystallite size arises due to
the limited number of crystallites (about 30 pcs.), which
are placed in the model. As a consequence, the condition
of chaotic disorientation of crystallites is not fulfilled,
which leads to significant changes in the coercive force.
For further study of the influence of the interlayer on
the magnetic properties, a cubic shape model was
chosen because of the feature of the self-written script
for creating a layer of different thickness between the
crystallites. The calculations of interlayer thickness
influence were conducted at a crystallite size of 90 nm,
since this is the largest size at which the maximum
coercivity is preserved. Magnetic hysteresis loops were
calculated for ensembles with different thicknesses of
the intergrain (in this study, the terms 'grain' and
'crystallite' are used synonymously, the term 'intergrain'
is employed throughout for its precision and widespread
acceptance in the literature) interlayer: 3.5 nm, 7.0 nm,
10.5 nm, 14.0 nm, as well as without interlayer (Fig. 2).
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Fig. 1 (a) Coercive force poHc dependence on crystallite
size for models without any interlayer. (b) hysteresis
loop for crystallite size 50 nm without any interlayer.

Journal of the Magnetics Society of Japan Vol.50, No.1, 2026

INDEX



7 nm

14 nm

Fig. 2 Examples of intergrain interlayer (red color)
with different thicknesses.
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Fig. 3 Plots of coercivity and remanent magnetization
dependence on thickness of non-ferromagnetic
interlayer.

Non-ferromagnetic and magnetically soft interlayers
were investigated. As the material for the magnetically
soft interlayer a-Fe (Ke1 = 48 kJ/m3, Mt = 1.7 MA/m)
was chosen, for the simulation of a non-ferromagnetic
interlayer, the magnetic parameters were not declared,
which corresponds to the existence of non-ferromagnetic
phase between ferromagnetic crystallites.

Figure 3 shows that the coercive force first increases
with the thickness of the non-ferromagnetic interlayer.
The maximum poH=0.52 T is observed at a thickness of
7 nm. The mechanism is not quite clear, presumably
there is an effect of magnetic isolation of crystallites.
Further decrease in the coercive force could be
associated with a change of magnetic interaction
between the crystallites. Henkel plots were constructed
for layer thicknesses of 3.5 and 14 nm to test this
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assumption (see fig. 5(a)). The remanent magnetization
increases steadily with increasing thickness of the
interlayer because the crystallites become more and
more isolated and the processes of remagnetization in
each of them practically do not affect the others.

In Figure 4, the coercive force decreases as the
thickness of the magnetically soft interlayer increases,
but there is no increase in the remanent magnetization.
When the thickness of the interlayer is increased up to 7
nm, the value of the remanent magnetization is
practically unchanged and then begins to decrease.
Consequently, no increase in the residual magnetization
due to the influence of the magnetically soft phase was
achieved.

Henkel plots were constructed using the methodology
described in the experiment chapter for the models with
non-ferromagnetic interlayer thicknesses of 3.5 and 14
nm. To optimize the computational algorithm and
reduce the requisite number of calculations, pre-saved
magnetization state files were used. These files
represented the system in both the demagnetized state
and the state of magnetic remanence following
saturation. The results are shown in Figure 5 (a).

Analysis of the field dependence shows that the
M;(H)/Mine(H), demonstrates continuous positive growth
for both noon-ferromagnetic layer thicknesses (14 nm
and 3.5 nm). In contrast, the Ma(H)/Mine(H), displays a
monotonic decrease, transitioning to negative values at
applied fields greater than 0.4 T. To analyze the
intergrain interaction, the Kelly
Sm(H)=Ma(H)/Mint(H)—(1-2 M;(H)/Mint(H))) plots on the
field value were constructed, see Fig. 5 (b). As can be
seen from the figure, the values of 6m(H) in the whole
region take positive values, which indicates that
exchange coupling between ferromagnetic crystallites is
dominant over the dipolar interaction!®. The peak
intensity was markedly higher for the 3.5 nm interlayer
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Fig. 4 Plots of coercivity and remanent magnetization
dependence on thickness of soft-magnetic interlayer.

21

INDEX



a
1,2
“ \
i:r_ 1,0 910 0-0=g-ore T T "
s 08 = il
S E |
T 06 ---®-- 14 nm
= ] | --®- 14 nm
0,4 =
= m--m- .m--35
2 02l oo ula .. ,5 nm
T o = ---@--3,5nm
S 00 :
= [ — = Y
:E_;-O,"f R
= -0,6 | I I I A ]
T M T T T v
0,0 0,1 0,2 0,3 0,4 0,5 0,6
b H[T]
1.2 o | [O-14nm|]
10- | [ = w1 £-©Q-3,5nm
o [
0,8 g
€06 0-00M0
] T P
B ] PR, o
T o® o
0,2 1 Q| | | ;
00 o o '.p
004 — — - | , ?
T T T 1 1
0,0 0,1 0,2 0,3 0,4 0,5 0,6

Fig. 5 Henkel plots (a) and Kelly 6m(H) plots (b). for
models with non-ferromagnetic interlayer thicknesses of
3.5 and 14 nm.

relative to its 14 nm counterpart.

The following assumptions can be put forward as
possible reasons for such behavior of the coercive force.
The extremal dependence of coercivity on interlayer
thickness is explained by considering two competing
physical pathways. Primarily, with an increase in the
interlayer thickness, the average crystallite size
decreases due to the fact that the interlayer is specified
by redesignation of the cells at the boundary of the
crystallites during computational analysis. For example,
for a 14 nm thick interlayer, this value is subtracted
from the average crystallite size. Thus, for a larger
interlayer, the real crystallite size becomes smaller by
the interlayer value. Interlayer thickness increasing
leads to a decrease in exchange coupling between
ferromagnetic  crystallites. Conversely, enhanced
isolation of crystallites tends to increase the coercive
force, whereas the reduction in
intercrystallite magnetic interactions tends to decrease

concurrent
it. However, the put forward assumption requires
detailed verification and additional calculations.

4. Conclusion

In this work, the aim was to establish the optimal

INDEX

structure parameters for the realization of a highly
coercive state in an alloy with a nanocrystalline
structure, as well as to investigate the influence of the
intergrain interlayer on magnetic properties. The
following conclusions can be drawn based on the work
results:

1. For ensembles of ferromagnetic particles with high
magnetocrystalline  anisotropy of cubic and
cylindrical shape, a graph of the dependence of the
coercive force He on the crystallite size d is plotted.
The highest value of coercive force (noHc=0.5 T) is
achieved at crystallite size from 30 nm to 90 nm
(Fig. 1). The results obtained correlate with the
literature data plotted based on experimentally
obtained values?.

2. The crystallite size range from 90 nm to 30 nm
should be used to give a highly coercive state to the
ferromagnetic alloy of the Mn-Al.

3. On the obtained magnetic hysteresis loops for
ensembles with a layer imitating a
non-ferromagnetic  insulating  boundary, the
coercivity has a maximum (uoH=0.52 T) at a layer
thickness of 7 nm, presumably there is an effect of
magnetic isolation of crystallites. Further decrease
in the coercive force could be associated with a
change of magnetic interaction between the
crystallites. (Fig. 3).

4 The obtained magnetic hysteresis loops for models
with different thicknesses of the magnetically soft
interlayer show a sharp drop in the coercivity value
with increasing interlayer thickness; the residual
magnetization also decreases (Fig. 4).

Further, it is planned to develop a model that
considers the influence of crystallite structure defects,
especially the influence of twins, to explain the low
values of coercivity.
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Improving magneto-optical properties of Ndo.sBiz2sFes012 thin films by
introducing BisFes012 underlayer

J. Zhang, K. Watanabe, F. Z. Chafi, M. Nishikawa, H. Asada*, M. Kawahara*, M. Veis™”,

and T. Ishibashi
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“*Faculty of Mathematics and Physics, Charles Univ. of Prague, Prague 2, Czech Republic

To improve the magneto-optical properties of Ndo.5Bi25Fes012 (Bi2.5:NIG) thin films, a BisFes012 (BIG) underlayer
was introduced. Bi2.5:NIG thin films with a thickness of 150 nm were prepared on Nd2BiFesGa012(Bi1Gal:NIG)/BIG
layers prepared on glass substrates, and Bi2.5:NIG/BIG layers were prepared on GdsGas012(GGG)(100) substrates,
where all samples were prepared by using the metal-organic decomposition method. The Faraday rotation angle at
around a wavelength of 520 nm significantly increased from 16.7°/pm to 31.5°/um for Bi2.5:NIG/Bi1Gal:NIG/BIG/glass
and from 18.5°/um to 27.8°/um on Bi2.5:NIG/BIG/GGG. We consider the improvement in the Faraday rotation angles
of these samples’ BIG underlayer to have enhanced the epitaxial growth of Bi2.5:NIG, resulting in an improved
crystallinity and Faraday effect for the Bi2.5:NIG thin films.

Keywords: Bi-substituted Nd iron garnet, metal organic decomposition, underlayer introduction, surface diffusion,

crystallinity, Faraday effect

1. Introduction

Bismuth-substituted rare-earth iron garnet, Rs-
«BixFes012 (Bix'RIG), has properties such as high
transmittance and large magneto-optical (MO) effect in
the visible light region, where Bi3* substitutes the rare
earth ion R3*. The MO effect is dramatically improved
with increasing Bi content!® because of the spin-orbit
interaction between the 6p orbital in Bi3* and the 2p
orbital in O%. The excellent MO effect has led to its
application in various magneto-optical devices such as
optical isolators, MO spatial light modulators for
application in 3-D holographic displays and MO imaging
technology 617,

Our group has previously developed the fabrication
technique of iron garnet thin films using the metal-
organic decomposition (MOD) method!? and succeeded in
preparing high-quality YsxBixFesyGayO12 and Nds-
«BixFesyGayO12 thin films on GdsGas012 (GGG) single-
crystal substrates!319. Furthermore, we have succeeded
to obtain garnet films on glass substrates with Bi content
of x > 2, which are metastable materials’®1?. In the
fabrication of Bi2.5:NIG thin films, Nd:BiFesGaOi2
(BilGal:NIG), which is a stable material, is used for
buffer layers on glass substrates.

In this study, chosen NdosBiz25Fe;012
(Bi2.5:NIG), despite its lower Faraday rotation angle
compared to BisFe;012 (BIG), as Bi2.5:NIG has an
excellent magneto-optical figure of merit (FOM) and
exhibits a larger FOM than BIG!?. In magneto-optics,

we have
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figure of merit (FOM)'®'®) is used to evaluate the
performance of magneto-optical materials by quantifying
their Faraday rotation and optical absorption at a given
wavelength, and it can be expressed as follows:
Or
FOM = ot @)

where 6 is Faraday rotation (in radians or degrees), and
a is the optical absorption coefficient (in cm™).
In addition, BIG suffers from lower crystallinity, a higher
absorption coefficient in the visible range, and difficulties
in controlling magnetic anisotropy202V. It has been
reported that Bi2.5:NIG exhibits Faraday rotation angle
of 20°num at a wavelength of 520 nm. However, we
consider that there is a possibility to improve the MO
properties of Bix:RIG by improving crystallinity. Because
Bi3* substitution decreases the crystallinity of Bix:RIG
films2?), further processing improvements are necessary.

In the MOD method, garnet crystal is obtained by
annealing precursor prepared by decomposing metal-
carboxylates at annealing temperature of ~450 °C. In a
process of the crystallization at annealing temperature of
600 — 700 °C, for example of Bi2.5:NIG films on GGG
substrates, Bi2.5:NIG crystals start to grow from the
surface of GGG substrates, and the crystal grows up to
the film surface. To improve its crystallinity even in the
solid-state reaction, enhancing diffusion length of
constituent metal ions at the surfaces of growing crystals
in precursor is significant. In general, an annealing
temperature for crystallization should be increased to
increase the surface diffusion length of the constituent
metal ions. However, a higher annealing temperature
may cause secondary phases such as Fe oxides.

Several techniques that enhance crystal growth
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utilizing characteristics of Bi, such as a liquid phase
epitaxy, a surfactant epitaxy, were reported 2324, In this
study, we propose a method that uses BIG underlayers
for Bi2.5:NIG thin films. We consider that enhancing
diffusion of constituent metal ions during the crystal
growth can be achieved without increasing annealing
temperature by increasing Bi content. This is because we
believe that the reason the crystallization temperature
decreases when the Bi composition is increased?® is
because the diffusion length of ions during crystallization
increases. If this idea is correct, it should improve the
crystallinity of the garnet crystals grown on the GGG
substrate in the early stages and thus the crystallinity of
the entire thin film. In addition, since BIG has the same
lattice constant as that of Bi2.5:NIG, which is also
important factor to increase crystallinity of Bi2.5:NIG
thin films.

In this paper, we report on the improvement of
crystallinity and MO effects of Bi2.5:NIG thin films with
BIG underlayer grown on glass and GGG substrates.

2. Experiment

In this study, we used MOD solutions containing metal
carboxylates with 4% dissolved in organic solvents.
Specifically, we used the MOD solutions with
compositionsof Nd:Bi:Fe:Ga=2:1:4:1,Nd:Bi: Fe
=05:25:5,Nd:Fe=3:5,Nd:Fe=3:5and Bi: Fe=
3 : 5, produced by Kojundo Chemical Laboratory Co., Ltd.,
Sakado, Japan, to prepare BilGal:NIG, Bi2.5:NIG,
NdsFes012 (NIG) and BIG, respectively. The glass
substrates used were “EAGLE XG glass substrates with
(10 mm x 10 mm % 0.7 mm) (from Corning Inc., Corning,
NY, USA)”. The “GGG (100) single-crystal substrates (10
mm X 10 mm X 0.5 mm) (from SAINT-GOBAIN,
Courbevoie, France)”.

In the fabrication process, MOD solutions were spin-
coated onto substrates at 3000 rpm for 30 seconds. The
coated films were then dried at 100°C for 10 min,
followed by pre-annealing and final annealing processes.

For the buffer layer (Bi1lGal:NIG), the coating and pre-
annealing process was repeated three times, with each
cycle involving pre-annealing at 430 °C for 10 min. After
the final coating cycle, a final annealing was performed

NIG 1 layer
NIG 1 layer
BIG 1 layer BIG 1 layer BIG 2 layer
Buffer Buffer Buffer Buffer
Glass Glass Glass Glass
Sample A Sample B Sample C Sample D
Bi1Ga1:NIG BIG NIGx1/BIGx1 NIGx1/BIGx2
§ Bi2.5:NIG
Bézlfygr'f 5 layers B2 ENIG Bi2.5:NIG
BIG 1 layer e 5 layers
Buffer Buffer 6 layers BIG 1 layer
Glass Glass GGG(100) GGG(100)
Sample E Sample F Sample G Sample H
Bi2.5:NIG Bi2.5:NIG/BIG Bi2.5:NIG Bi2.5:NIG/BIG

Fig.1 Schematicillustration of samples prepared by
MOD method.
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at 650 °C for 3 hours in ambient air.

For the subsequent garnet films (e.g., Bi2.5:NIG, NIG,
and BIG), whether deposited on top of the buffer layer or
directly on the substrate, pre-annealing was conducted at
450 °C for 10 min, followed by final annealing at 640 °C
for 3 hours in ambient air as well.

To avoid confusion, hereafter we will refer to the
Bi1Gal:NIG layer as a “buffer layer”.

We defined “1 layer” as a film obtained by a single
coating of MOD solution, whose thickness is 20 nm — 40
nm, depending on the composition. We also defined “2
layers”, “5 layers” and “6 layers” as films obtained by two,
five and six repetitions of the spin coating of MOD
solutions and pre-annealing, respectively. An annealing
for crystallization was subsequently carried out. The
annealing of the BIG underlayer was carried out
simultaneously with the overlying film.

Various structures were prepared, with samples A-F
on glass substrates and samples G — H on GGG
substrates (Fig.1). Buffer layers were used for samples A-
F, with BIG single layer for samples B, C, F, and BIG
double layer for sample D. NIG single layer was added in
samples C and D. Bi2.5:NIG was deposited in multiple
layers for samples E and F, while Bi2.5:NIG and
Bi2.5:NIG/BIG films were prepared on GGG substrates
for samples G and H. Sample A was a buffer layer, which
was used for a reference of the garnet structure, and
sample B was prepared to show that BIG with the garnet
structure cannot be obtained with the annealing process
described above. Sample C was prepared to examine the
role of BIG underlayer, sample D tested its thickness
effect on film formation. Samples E-H assessed the BIG
underlayer’s impact on crystallinity and magneto-optical
properties.

The samples were evaluated using the following
characterization techniques: X-ray diffraction (XRD) to
identify crystal phases, a MO spectrometer to measure
Faraday rotation angle, cross-sectional transmission
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Fig. 2 XRD patterns obtained using Cu-Ka
radiation (A = 0.154 nm) for sample A (Bi1Ga1l:NIG),
sample B (BIG), sample C (NIGx1/BIGx1), and
sample D (NIGXx1/BIGX2).
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Fig. 3 Faraday spectra measured under a magnetic
field of 2.6 kOe for sample A (Bi1Gal:NIG), sample B
(BIG), sample C (NIGx1/BIGx1), sample D
(NIGx1/BIGx2), and 150-nm-thick NIG film.

electron microscopy (TEM) and energy-dispersive
spectroscopy (EDS) to analyze microstructure and
composition, ferromagnetic resonance (FMR) to assess
magnetic uniformity, and atomic force microscopy (AFM)
to observe surface morphology. These measurements
were essential to comprehensively understand the
structural, magnetic, and MO properties of our samples.

3. Results and discussion

3.1 NIG/BIG thin films on glass substrates

Figure 2 displays the XRD patterns for samples A-D,
obtained using Cu-Ka radiation (A = 0.154 nm), along
with reference data for BIG and Bi2FesO9 (BFO) 2627, Tt
can be observed that buffer layer (sample A) has a
polycrystalline garnet structure. In addition to a garnet
structure (closed circle marks), a secondary phase was
found in sample B (cross marks) that was estimated to be
BFO. Since buffer layer was expected to exhibit a garnet
structure, the BFO structure is formed from the BIG
layer. For sample C, an NIG layer with BIG underlayer,
the XRD pattern indicated diffraction pattern of garnet
structure, and no secondary structure was observed.
However, in sample D, an NIG layer with double BIG
underlayers, diffraction pattern of BFO was observed in
addition to the garnet structure.

Figure 3 shows the Faraday rotation spectra measured
under a magnetic field of 2.6 kOe of samples A — D, and
a 150 nm-thick NIG film was prepared the same way in
our laboratory and used as a reference. This is just to
show that the contribution of NIG to the overall Faraday
rotation angle 1is negligible and thus does not
significantly affect the experimental results. All spectra
of samples A-D exhibited characteristics of the Bi-
substituted iron garnet. Sample A has a peak of Faraday
rotation angle of 6r = — 0.44° at 503 nm, which is
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consistent with that of buffer layer. Samples C and D
exhibited 6 = —1.19° and 6r = —0.72° at 521 nm,
respectively. In the visible light region, Bi-substituted
garnet films usually exhibit a Faraday rotation peak
around 500 - 530 nm, and the rotation angle gradually
decreasing as the wavelength increases. With increasing
Bi content, the peak shifts to longer wavelengths, and
BIG shows a peak around 530 nm, with a Faraday
rotation angle of 30°/um. However, in sample B, both the
peak wavelength and the Faraday rotation angle are
almost the same as those of sample A, which does not
indicate the formation of BIG. This result suggests that
the BIG under layer was not crystallized properly under
annealing conditions of 640 °C, which is consistent with
XRD results showing existence of a secondary phase, and
with the fact that BIG can be typically crystallizes at a
temperature as low as 490 °C 29, On the other hand,
Faraday rotation angle of sample C, consisting of a single
BIG underlayer and a single NIG layer above buffer
layers, was larger than that of sample B. In addition, a
peak position of the Faraday spectrum for sample C is
located around 520 nm, which is close to the peak of the
Bi2.5:NIG. This means that apart from the small
Faraday rotation angle of the NIG added to sample B,
there is another reason for the large rotation angle. We
consider that the observed increase in the 6r can be
attributed to the formation of a Bi-substituted garnet
structure from the NIG layer and BIG underlayer.
Considering that sample C has the garnet structure
without secondary phases as observed in XRD
measurement shown in Fig.2, the Bi-substituted garnet
should grow epitaxially on the buffer layer. Therefore, it
is considered that Nd3* in the NIG layer diffused to the
interface between the BIG underlayer and the buffer
layer. This diffusion raised the crystallization
temperature at the interface, enabling crystallization to
occur at 640 °C and achieved crystal growth.

However, in the case of sample D which has double

3 Sample F
- (Bi2.5:NIGx1/BIG)
A 8 5% Q — o O o
N & 8 3I¥T g
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2
22}
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Fig. 4 XRD patterns obtained using Cu-Ka

radiation A\ = 0.154 nm) for sample E (Bi2.5:NIG)
and sample F (Bi2.5:NIG/BIG).
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Fig. 5 (a) shows TEM cross-sectional image of
sample F (Bi2.5:NIG/BIG), (b) presents TEM cross-
sectional image used for TEM-EDS elemental
mapping, (c) provides schematic illustration of
material composition at different cross-sectional
positions indicated in (b), while (d) and (e)
respectively display elemental mappings of Nd and
Bi.
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Fig. 6 Faraday spectra measured under a
magnetic field of 2.6 kOe for sample E (Bi2.5:NIG)
and sample F (Bi2.5:NIG/BIG).

BIG underlayers, the Faraday rotation angle became
smaller than that of sample C, although the amount of Bi
was larger. However, the Faraday rotation angle of
sample D remains larger than that of the buffer layers,
indicating that a Bi-substituted iron garnet structure is
formed above the buffer layers. The decrease of Faraday
rotation angle can be understood from the fact that a
secondary phase, BFO, was observed by XRD. If the
considerations regarding sample B are correct, it is
believed that the thicker BIG layer in sample D
prevented Nd ions from sufficiently diffusing to the
surface of the buffer layer. As a consequence, BFO was
found in XRD measurement.

26

Based on this result, a single layer of BIG underlayer
is used for Bi2.5:NIG thin film in the next experiment.

3.2 Bi2.5:NIG/BIG thin films on glass substrates

Figure 4 shows the XRD patterns obtained using Cu-
Ka radiation A = 0.154 nm) of samples E, F, and
literature values of BIG and BFO. It was found that all
peaks can be identified as a garnet structure except for a
small peak at 260 = 23° that may be due to the secondary
phase BFO. We considered that the secondary phase was
formed due to excessive MOD solution at the edge of the
samples when the MOD solution was spin coated.

Comparing intensities of 420 diffraction peaks, sample
F has a higher intensity and a narrower full width at half
maximum (FWHM) than sample E. The FWHM of 420
peaks are 0.27° and 0.24° for samples E and F,
respectively. This result suggested the crystallinity of
sample F was higher than that of sample E.

Figure 5 shows TEM cross-sectional images and
elemental mappings of sample F. In the buffer layer,
numerous crystal grains with an approximate diameter
of 25 nm were observed. In the Bi2.5:NIG/BIG layer,
columnar crystal grains extended from the buffer layer
surface to the sample surface, and bright areas around
50 nm in size were also observed. The improved
crystallinity of Bi2.5:NIG/BIG in sample F compared to
Bi2.5:NIG in sample E suggests a potential interaction at
the interface. In TEM images (Fig. 5), the boundary
between BIG underlayer and Bi2.5:NIG layers appears
indistinct, which could indicate such interdiffusion. This
observation aligns with our earlier statements regarding
the role of Bi in enhancing crystal growth and promoting
interlayer interaction, thereby improving crystallinity
through interdiffusion. Another important point is that
without interdiffusion, the BIG underlayer cannot have
a garnet structure, and as a result, the Bi2.5:NIG layer
cannot have a garnet structure either. Figures 5(b) and
(¢) show TEM cross-sectional image of sample F
measured for elemental mappings and a schematic
illustration of the sample structure. Figures 5(d) and 5(e)
shows elemental mappings of Nd and Bi measured for the
area shown in Fig.5(b). Comparing the intensities of Nd

Sample H (Bi2.5:NIG/BIG)

400
GGG 400
GGG 800

T

>
=3
=l >
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Sample G (Bi2.5:NIG)
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57 58 59 60 61

20 30 40 50 60 70
20 (degree)

Fig. 7 26/w scan measured using Cu-Ka radiation A
=0.154 nm) for sample G (Bi2.5:NIG) and sample H
(Bi2.5:NIG/BIG) on GGG (100) substrates.
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and Bi at different cross-sectional positions, it’s evident
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Fig. 8 FMR spectra of samples G (Bi2.5:NIG) and H
(Bi2.5:NIG/BIG), measured under in-plane magnetic
field applied to the samples at 9.09 GHz.
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Fig. 9 Faraday spectra measured under a
magnetic field of 2.6 kOe for sample G (Bi2.5:NIG)
and sample H (Bi2.5:NIG/BIG).
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Fig. 10 Cross-sectional TEM images for (a) sample
G (Bi2.5:NIG) and (b) sample H (Bi2.5:NIG/BIG).

that for Nd concentration, the order is as follows: buffer
layer > Bi2.5:NIG layer> BIG underlayer. In contrast, for
Bi concentration, the order is: BIG underlayer >
Bi2.5:NIG layer > buffer layer. Hence, BIG underlayer
maintains a high concentration of Bi.

Figure 6 shows Faraday spectra measured under a
magnetic field of 2.6 kOe for samples E and F. The peak
for sample F appears at a longer wavelength compared to
sample E, likely due to its higher Bi content. At the same
thickness, sample F exhibits a maximum Faraday
rotation angle of 6r = —5° at wavelength around 520 nm,
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Fig. 11  Surface structure for (a) sample G
(Bi2.5:NIG) and (b) sample H (Bi2.5:NIG/BIG)
observed by AFM.

compared to 6 = —2.9° for sample E, an increase of
approximately 72 %. The 6 per unit thickness was
improved from 16.7 °/pm to 31.5 °/pm by introducing BIG
underlayer. In the spectral structure, sample E shows an
interference peak at around 570 nm, which is not
observed in sample F. Given the similar film thicknesses,
this difference is likely due to variation in refractive
index. As will be discussed later for samples E and F
fabricated on single crystals, the BIG underlayer reduces
void formation in the film, and because BIG and
Bi2.5:NIG have higher refractive indices than air, the
presence of voids would affect the overall index, causing
this interference effect. However, determining precise
optical constants by ellipsometry for films on glass
substrates is challenging, so further study is required.

Notably, the difference in Faraday rotation angle
between samples E and F at 520 nm is around 2°, which
far exceeds the expected increase of 0.3° due to the
insertion of BIG underlayer. This suggests that the
significant increase in 6 is mainly due to a combination
of interference effects and improved crystallinity.

To further confirm the role of the BIG underlayer in
improving the MO effect and crystallinity, the same
experiment was conducted on GGG (100) substrates, and
a simulation of the MO effects was performed.

3.3 Bi2.5:NIG/BIG thin films on GGG substrates

Figure 7 shows the XRD patterns obtained using Cu-
Ka radiation A\ = 0.154 nm) for samples G and H
prepared on GGG (100) substrates. Diffraction peaks
indexed as 400 and 800 of the thin films were observed
on the low angle side of those of the GGG (100) substrate,
indicating that thin films with a garnet structure were
grown along. FWHMs of 800 peaks of sample G and
sample H were measured to be 0.27° and 0.2°
respectively, indicating that the peaks of sample H are
sharper than those of sample G. As in the case of sample
F prepared on glass substrate, the crystallinity of the film
on the single substrate was improved by introducing BIG
underlayer.

To evaluate the quality of the garnet thin films, FMR
measurement?931) was also carried out. Figure 8 shows
the FMR spectra of samples G and H, measured under an
in plane magnetic field applied to the samples at 9.09
GHz, where the EPR signals originated to the GGG
substrates have been subtracted. The black line shows
measured signal, which is differential form of the FMR
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signal. The red line shows integral of measured FMR
signals, indicating a microwave absorption. By
comparing the resonance linewidths (AH) of samples G
and H, with sample G at 247 Oe and sample H at 173 Oe,
it is evident that sample H exhibits better magnetic
uniformity which indicate sample H has better
crystallinity. The narrower XRD peaks (Fig. 7), and the
FMR linewidth (Fig. 8) confirm the improvement in
crystallinity when introducing BIG underlayer. This
suggests better structural and magnetic ordering and
enhanced MO properties. Similar results were observed
for glass substrates, where the BIG underlayer also
contributes to improved crystallinity and magnetization
properties. The consistency of these results across
diffferent substrates (GGG and glass) underscores the
fundamental role of the BIG underlayer in promoting
crystallinity, demonstrating its effectivenes regardless of
the substrate material, while reinforcing its significance
in improving the overall film quality and performance.

Figure 9 shows the Faraday spectra measured under a
magnetic field of 2.6 kOe of samples G and H. The peak
of the Faraday spectra at around 520 nm of samples G
and H were measured to be 2.8° and 4.2°, respectively. It
is clearly seen that sample H has larger Faraday rotation
per unit thickness around 27.8°/um, which is larger than
18.5°/um for sample G. For samples prepared on single
crystal GGG substrates, the introduction of the BIG
underlayer increased the Faraday rotation angle by more
than 50%.

To investigate whether the improvement in MO effects
is solely due to the increase in Bi concentration, we
simulated the Faraday spectra for the Bi2.5:YIG/BIG
film and the Bi2.5:YIG film with the same film structures
of the samples G and H. Faraday rotation spectra were
calculated by the matrix method3? using the dielectric
tensors of BIG and Bi2.5:YIG?. For the calculations, we
used the dielectric constant tensor of Bi2.5:YIG, which
has the same Bi composition as Bi2.5:NIG, but we believe
this true as the MO effect is fundamentally determined
by the Bi composition. Simulations can be considered as
an ideal case, and it showed that the Faraday rotation
angles at the peaks were 23.7°/pm and 26.7°/pm for
Bi2.5:YIG and Bi2.5:YIG/BIG thin films, respectively.
This difference is 12.7%, which is smaller than that of
50.3% between Bi2.5:NIG and Bi2.5:NIG/BIG thin films
obtained experimentally. From this result, it 1is
considered that the Faraday rotation angle of sample G
is smaller than the ideal value. On the other hand, the
value of sample H agrees well with the simulation result.
From this, it is considered that the insertion of the BIG
underlayer improved the crystallinity of the
Bi2.5:NIG/BIG thin film, resulting in an ideal magneto-
optical effect.

Figure 10 shows TEM cross-sectional images of
samples G and H grown on GGG (100) substrates. It is
evident that the cross-sectional images of the Bi2.5:NIG
thin film prepared directly on the GGG substrate (sample
G) displayed numerous white regions, particularly at the
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interface with the substrate. This observation indicates
that a significant number of pores were formed during
decomposition of metal carboxylates and the growth of
the Bi2.5:NIG film along the GGG substrate surface,
which can hinder uniform film growth. These issues are
mitigated when the BIG underlayer is introduced
promoting better crystal growth and more densification.
Meanwhile, after the introduction of a BIG underlayer
(Sample H), the white regions at the interface with the
substrate were significantly reduced. Compared to
Sample G, Sample H exhibited a more uniform
crystalline structure and demonstrated improved
crystallinity.

The surface structure of samples G and H observed in
a 20 pm X 20 pm area by AFM are shown in Fig.11. The
roughness of the sample G and sample H is 3.143 nm and
3.708 nm, respectively. The diameter of crystal grains on
the surface for sample G and sample H is 0.5 pm and 1
um, respectively. Sample H forms larger grains on the
surface compared to sample G. Which confirms that the
introduction of BIG underlayer promotes crystal growth
and increases the grain size of sample H in the in-plane
direction at the interface, resulting in larger grains on
the surface of the epitaxial film.

4. Conclusion

In this study, we attempted experiments to enhance
the crystallinity and MO effect of Bi2.5:NIG thin films by
introducing BIG underlayer. First, by investigating
NIG/BIG films, we confirmed that the BIG underlayer
could crystallize at 640 °C through interdiffusion
between BIG underlayer and NIG layer. The distance for
interdiffusion was around 25 nm. This experiment
provided feasibility for the preparation of Bi2.5:NIG/BIG
film. On glass and GGG (100) substrates, by introducing
BIG underlayer, Bi2.5:NIG/BIG films exhibit an
improved crystallinity and MO effects compared to
Bi2.5:NIG films. The Faraday rotation angle at around
520 nm significantly increased from 16.7°/um to 31.5°/pm
on glass substrates and from 18.5°/um to 27.8°um on
GGG substrates. Simulation of the Faraday spectra
indicate that the enhancement in MO effect of the film
structure is due not only to the increased concentration
of Bi3* but also an improvement in the MO effect of the
Bi2.5:NIG layer. By examining the cross-sectional and
surface structures, we observed that Bi2.5:NIG/BIG film
exhibits larger grain size on surface and fewer pores at
the interface. This suggests that the introduction of BIG
underlayer increases the mutual diffusions of Nd3* and
Bi3+ and promotes crystal growth at the interface, leading
to an enhancement in the crystallinity and MO effects of
the Bi2.5:NIG/BIG film.
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