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  AAddjjaacceenntt  TTrraacckk  IInntteerrffeerreennccee  
iinn  HHeeaatt--AAssssiisstteedd  MMaaggnneettiicc  RReeccoorrddiinngg  

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

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

 
  We examine here the adjacent track interference (ATI) problem that arises when writing in an adjacent track for 
heat-assisted magnetic recording combined with shingled magnetic recording (shingled HAMR). For ATI, the bit error 
rate is a function of readout track width. We calculate the bit error rate and the minimum normalized readout field 
for various readout track widths. The factors affecting ATI are grain temperature and grain volume. We compare ATI 
and writing sensitivity for all combinations of 2 and 4 Tbpsi, and 6 and 9 grains/bit under the conditions of constant 
grain volume and constant grain height. For constant grain volume, 4 Tbpsi shingled HAMR is less advantageous than 
2 Tbpsi shingled HAMR in terms of ATI due to the higher grain temperature caused by the smaller grain pitch. The 
grain number per bit must be lower and the grain height must be greater to be able to improve ATI for 4 Tbpsi shingled 
HAMR. We show there to be a loss of writing sensitivity for 4 Tbpsi shingled HAMR due to a statistical factor caused 
by the lower grain number per bit and the higher thermal stability factor resulting from the larger grain volume. 
 
KKeeyy  wwoorrddss:: HAMR, ATI, grain temperature, grain volume, grain number, thermal stability factor 

 
 

11..  IInnttrroodduuccttiioonn  
 

  Heat-assisted magnetic recording (HAMR) shows 
potential as a next-generation magnetic recording 
method that achieves high recording capacities. HAMR 
is a recording technique in which the medium is heated 
to reduce coercivity during the writing period. 
  Information stability when writing in the adjacent 
track, namely adjacent track interference (ATI), is an 
important characteristic for HAMR1) as well as in 
conventional magnetic recording. 
  We have previously examined ATI for 2 Tbpsi and 9 
grains/bit HAMR combined with shingled magnetic 
recording (shingled HAMR). We evaluated the error 
distribution using the expected value of the 
magnetization rather than the bit error rate2), and noted 
that when the recording layer is thin, ATI worsens, since 
the grain volume is smaller. ATI worsens as the thermal 
gradient decreases. Since the thermal gradient 
decreases as the Curie temperature decreases, ATI 
worsens as the Curie temperature decreases. 
  In this paper, we examine ATI on shingled HAMR. 
With ATI, the bit error rate is a function of readout track 
width. We calculate here, for various readout track 
widths, the bit error rate and the minimum normalized 
readout field that must be readable without error after 
writing in the adjacent track. ATI and writing sensitivity 
are compared for all combinations of 2 and 4 Tbpsi, and 
6 and 9 grains/bit under the conditions of constant grain 
volume and constant grain height, since the factors 
affecting ATI are grain temperature and grain volume. 
 

 

22..  CCaallccuullaattiioonn  MMeetthhoodd  aanndd  CCoonnddiittiioonnss  
 

22..11  MMaaggnneettiicc  pprrooppeerrttiieess 
  The temperature dependence of the medium 
magnetization 𝑀𝑀!  was calculated by employing mean 
field analysis3), and that of the medium anisotropy 
constant 𝐾𝐾"  was assumed to be proportional to 𝑀𝑀!

# 4). 
𝑀𝑀!(𝑇𝑇$, 𝑇𝑇) is a function of the Curie temperature 𝑇𝑇$ and 
temperature 𝑇𝑇.  𝑀𝑀!(𝑇𝑇$ = 770	K, 𝑇𝑇 = 300	K)  = 1000 
emu/cm3 was assumed for FePt, a potential HAMR 
medium material due to its large 𝐾𝐾" and relatively low 
𝑇𝑇$ . Based on this assumption, the 𝑀𝑀!  value can be 
calculated for all values of 𝑇𝑇$ and 𝑇𝑇. 
  We have introduced an HAMR medium parameter, 
namely, the medium anisotropy constant ratio 𝐾𝐾"/
𝐾𝐾%"&'5) in place of 𝐾𝐾", since the 𝐾𝐾" value at the storage 
temperature is a function of 𝑇𝑇$, which is strongly related 
to the writing property. 𝐾𝐾"/𝐾𝐾%"&' is the intrinsic ratio of 
the medium 𝐾𝐾" to bulk FePt 𝐾𝐾", which is independent 
of 𝑇𝑇$, and is valid for any temperature from zero Kelvin 
to Curie temperature. 
  The 𝐾𝐾"(𝑇𝑇$, 𝐾𝐾"/𝐾𝐾%"&', 𝑇𝑇) value is a function of 𝑇𝑇$, 𝐾𝐾"/
𝐾𝐾%"&' , and 𝑇𝑇 . 𝐾𝐾"(𝑇𝑇$ = 770	K, 𝐾𝐾"/𝐾𝐾%"&' = 1, 𝑇𝑇 = 300	K)  = 
70 Merg/cm3 was assumed for bulk FePt. Using this 
assumption, the 𝐾𝐾"  value can be calculated for all 
values of 𝑇𝑇$, 𝐾𝐾"/𝐾𝐾%"&', and 𝑇𝑇. No intrinsic distribution 
of 𝐾𝐾" was assumed. However, there was a fluctuation in 
𝐾𝐾" caused by 𝑇𝑇$ variation. 
  The 𝑇𝑇$  value can be adjusted by changing the Cu 
composition 𝑧𝑧 for (Fe(.*Pt(.*)+,-Cu-. 
 
22..22  IInnffoorrmmaattiioonn  ssttaabbiilliittyy 
  We assumed the medium to be granular. One bit has 
𝑚𝑚  grains in the cross-track (row 𝑖𝑖 ) direction and 𝑛𝑛 
grains in the down-track (column 𝑗𝑗) direction, i.e., there 
are 𝑚𝑚× 𝑛𝑛 grains/bit. 

                                             
Corresponding author: T. Kobayashi (e-mail: kobayasi 
@phen.mie-u.ac.jp). 
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  The information stability for ATI was estimated using 
the grain error probability 𝑃𝑃6), 
   

  𝑃𝑃 = 1 − exp@−𝑓𝑓(𝑡𝑡	expC−
.!"##/

01
D1 + 2$

2%"##
F
#
GH, (1) 

  (|𝐻𝐻3| < 𝐻𝐻'455)    
taking account of the shape anisotropy 𝑀𝑀!𝐻𝐻6/2 using a 
self-demagnetizing field 𝐻𝐻6 where 𝑓𝑓(, 𝑡𝑡, 𝐾𝐾"455, 𝑉𝑉, 𝑘𝑘, 𝑇𝑇, 
and 𝐻𝐻3 are respectively the attempt frequency7), time, 
the effective anisotropy constant, the grain volume, the 
Boltzmann constant, the grain temperature while 
writing in the adjacent track, and the writing field. 
𝐾𝐾"455 = 𝐾𝐾" −𝑀𝑀!𝐻𝐻6/2, 𝐻𝐻6 = 8𝑀𝑀!arctan	(𝐷𝐷#/(ℎ√2𝐷𝐷# + ℎ#)), 
𝑉𝑉 = 𝐷𝐷 × 𝐷𝐷 × ℎ  where 𝐷𝐷  and ℎ  are respectively the 
grain size and height. However, 𝐻𝐻6 does not affect the 
results, as reported in a previous paper8), since 𝐾𝐾" ≫
𝑀𝑀!𝐻𝐻6/2 . Therefore, the magnetostatic field from 
surrounding grains can also be ignored. It was assumed 
that there is no exchange coupling between grains. 
  To evaluate the grain error distribution, we calculated 
the expected value of the magnetization 𝐸𝐸[𝑀𝑀!], 
   
  𝐸𝐸[𝑀𝑀!] = (1 − 𝑃𝑃)𝑀𝑀! + 𝑃𝑃(−𝑀𝑀!) = (1 − 2𝑃𝑃)𝑀𝑀!. (2) 
   
The 𝐸𝐸[𝑀𝑀!] value was averaged over one row of grains as 
   

  𝐸𝐸[𝑀𝑀!7] = 
∑ (#$%&!")(#!"()$!",			,,-	.)
%
"&'

/
 (3) 

   
at a readout temperature of 330 K after writing in the 
adjacent track, since there is a temperature distribution 
in the cross-track direction. 
  The bit error rate bER was also calculated by 
employing 𝑃𝑃. For example, for 4 grains/bit, the 1 grain-
error bit error rate 4bER1 is expressed as 
   
  4bER1 = 𝐸𝐸𝐸𝐸+𝑃𝑃+(1 − 𝑃𝑃#)(1 − 𝑃𝑃8)(1 − 𝑃𝑃9) +	∙	∙	∙ 
          +𝐸𝐸𝐸𝐸9(1 − 𝑃𝑃+)(1 − 𝑃𝑃#)(1 − 𝑃𝑃8)𝑃𝑃9, (4) 
   
the 2 grain-error bit error rate 4bER2 as 
   
  4bER2 = 𝐸𝐸𝐸𝐸+#𝑃𝑃+𝑃𝑃#(1 − 𝑃𝑃8)(1 − 𝑃𝑃9) +	∙	∙	∙ 
          +𝐸𝐸𝐸𝐸89(1 − 𝑃𝑃+)(1 − 𝑃𝑃#)𝑃𝑃8𝑃𝑃9, (5) 
   
the 3 grain-error bit error rate 4bER3 as 
   
  4bER3 = 𝐸𝐸𝐸𝐸+#8𝑃𝑃+𝑃𝑃#𝑃𝑃8(1 − 𝑃𝑃9) +	∙	∙	∙ 
          +𝐸𝐸𝐸𝐸#89(1 − 𝑃𝑃+)𝑃𝑃#𝑃𝑃8𝑃𝑃9,  (6) 
   
and the 4 grain-error bit error rate 4bER4 as 
   
  4bER4 = 𝑃𝑃+𝑃𝑃#𝑃𝑃8𝑃𝑃9,   (7) 
   
where 
   

  𝐸𝐸𝐸𝐸0 = 1, if 
∑ (#!"()$!",			,,-	.)0!"

(
!,"

(1×/)(#()$*,			,,-	.)0*(
 ≤ 𝐸𝐸:;, (8) 

   
and 
   

  𝐸𝐸𝐸𝐸0 = 0, if 
∑ (#!"()$!",			,,-	.)0!"

(
!,"

(1×/)(#()$*,			,,-	.)0*(
 > 𝐸𝐸:;, (9) 

   

where 𝑇𝑇$<  and 𝐷𝐷<  are respectively the mean Curie 
temperature and the mean grain size. Errors occur in 
some grains of a bit. We assumed that if the ratio of 
∑ 𝑀𝑀!7=(𝑇𝑇$7= ,			330	K)𝐷𝐷7=

#
7,=  to (𝑚𝑚 × 𝑛𝑛)𝑀𝑀!(𝑇𝑇$<,			330	K)𝐷𝐷<

#  in 
Eqs. (8) and (9) is greater than the error threshold 𝐸𝐸:;, 
the bit will be error-free after writing in the adjacent 
track, where the numerator ∑ 𝑀𝑀!7=(𝑇𝑇$7= ,			330	K)𝐷𝐷7=

#
7,=  is 

the surface magnetic charge of the grains that are 
magnetized in the recording direction, and the 
denominator (𝑚𝑚 × 𝑛𝑛)𝑀𝑀!(𝑇𝑇$<,			330	K)𝐷𝐷<

#  is the total 
surface magnetic charge. 𝑀𝑀!7= , 𝑇𝑇$7= , and 𝐷𝐷7=  are 
respectively the magnetization, the Curie temperature, 
and the grain size of the 𝑖𝑖𝑖𝑖-th grain. The total bit error 
rate 4bER is the summation of each bit error rate 4bERk 
as follows 
   
  4bER = Σk 4bERk.   (10) 
   
  The calculation bit number was 107. The criterion 
determining whether or not information is stable was 
assumed to be a bER of 10-3. 
  The normalized readout field 𝐻𝐻( which is a magnetic 
field from grains can roughly be represented by 𝐸𝐸:; as 
   
  𝐻𝐻( = 2𝐸𝐸:; − 1,   (11) 
   
since 𝐸𝐸:;  equals one when almost all grains are 
magnetized in the recording direction, and equals a half 
when almost half of grains are magnetized. The 
minimum normalized readout field, that must be 
readable without error after writing in the adjacent 
track, can be estimated by 𝐸𝐸:; to have a bER of 10-3. 
 
22..33  GGrraaiinn  aarrrraannggeemmeenntt  aanndd  tteemmppeerraattuurree 
  We examined ATI for all combinations of 2 and 4 Tbpsi, 
and 6 and 9 grains/bit. 
 
TTaabbllee  11 Calculation conditions for adjacent track 
interference. 

 
 
  The conditions used when calculating the 𝑃𝑃 value are 
summarized in Table 1. We assumed the intergrain 
spacing Δ? to be 1.0 nm regardless the grain number 
per bit and the recording density. The grain size 
distribution was log-normal with a standard deviation 
𝜎𝜎@/𝐷𝐷<  of 15 % for 𝐷𝐷< , and the 𝑇𝑇$  distribution was 
normal with a standard deviation 𝜎𝜎A$/𝑇𝑇$<  of 2 % for  
𝑇𝑇$< . The attempt frequency 𝑓𝑓(  is a function of the 
Gilbert damping constant 𝛼𝛼7). We used an 𝛼𝛼 value of 
0.1. Time 𝑡𝑡 and the writing field 𝐻𝐻3 were assumed to 
be 1 ns and −10 kOe, respectively. For simplicity, a 
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thermal gradient 𝜕𝜕𝜕𝜕/𝜕𝜕𝜕𝜕 of 12 K/nm was assumed to be 
uniformly constant in the cross-track direction.
  Figures 1 and 2 respectively show the grain 
arrangement and temperature for 2 and 4 Tbpsi.

(a)

(b)
FFiigg.. 11 Grain arrangement and temperature for (a) 6 and 
(b) 9 grains/bit in 2 Tbpsi shingled HAMR.

(a)

(b)
FFiigg.. 22 Grain arrangement and temperature for (a) 6 and 
(b) 9 grains/bit in 4 Tbpsi shingled HAMR.

  The 𝐷𝐷< value was determined by
  

  𝐷𝐷< = ! 3
1×/

− Δ?, (12)
  
where 𝑆𝑆 is the bit area. The bit aspect ratio is 𝐷𝐷A/𝐷𝐷B = 
𝑚𝑚/𝑛𝑛 where 𝐷𝐷A = 𝑚𝑚(𝐷𝐷< + Δ?) , 𝐷𝐷B = 𝑛𝑛(𝐷𝐷< + Δ?) , and 
𝐷𝐷< + Δ? are the track width, the bit length, and the 
grain pitch, respectively. The bit areas 𝑆𝑆 are 323 and 
161 nm2 for the recording densities of 2 and 4 Tbpsi, 
respectively.
  The writing temperature of the grains at the track 
edge in the writing track was assumed to be 𝜕𝜕$< + 2𝜎𝜎A$, 
taking account of 𝜎𝜎A$ where 𝜕𝜕$< = 750 K. Based on this 
assumption, almost all grains in the writing track are 
heated to above their Curie temperatures during the 
writing period.
  The bER value is a function of readout track width. We 
therefore calculated the bER and the 𝐻𝐻( values for 
readout rows 𝑚𝑚C of 1 (𝑖𝑖 = 1), 2 (𝑖𝑖 = 1 and 2), and 3 (𝑖𝑖 = 
1, 2, and 3).

22..44 WWrriittiinngg sseennssiittiivviittyy
  There are various calculation methods for researching 
HAMR writing properties: micromagnetic calculation 
using the Landau-Lifshitz-Gilbert (LLG) equation, 
applying the Landau-Lifshitz-Bloch (LLB) equation, and 
a model calculation9) that we have proposed using the 
Néel-Arrhenius model with Stoner-Wohlfarth grain. The 
𝛼𝛼 value at the writing temperature is an important 
medium parameter. However, the 𝛼𝛼 value and its 
temperature dependence for FePt near the Curie 
temperature are not currently known. The reported 
calculation results using all methods are therefore for 
reference only. However, they are useful for researching 
the effects on the writing property of changing the
calculation parameters.
  We examined the 𝐻𝐻3 dependence of the signal to 
noise ratio SNR, employing a micromagnetic calculation 
using the LLG equation where the magnetic properties 
used here change with temperature. The temperature 
dependence was calculated using mean field analysis.
We believe that the use of the LLG equation that 
includes the temperature dependence of magnetic 
properties is a suitable replacement for the LLB 
equation. We also examined the 𝐻𝐻3 dependence of bER 
using our model calculation, with the aim of grasping the 
physical implications of the writing property in HAMR.
  The grain arrangement and the medium properties 
are the same as those for the ATI calculation. The 𝛼𝛼
value used here was 0.1 without temperature 
dependence. The linear velocity 𝑣𝑣 was 10 m/s. For 
simplicity, the thermal gradients 𝜕𝜕𝜕𝜕/𝜕𝜕𝜕𝜕 of 12 K/nm and
𝜕𝜕𝜕𝜕/𝜕𝜕𝜕𝜕 of 0, respectively, were assumed to be uniform in 
both the down-track and cross-track directions. The 
writing field was assumed to be spatially uniform, the 
direction to be perpendicular to the medium plane, the 
recording frequency to be 𝑣𝑣/(2𝐷𝐷B), and the rise time to 
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be zero. The demagnetizing field was included, but the 
magnetostatic field during writing was neglected. 
  In the LLG calculation, the output signal, media noise, 
and media SNR were calculated using a sensitivity 
function10), which is the same as the cross-track width of 
the simulation region, a magnetoresistive read head 
with a 15 nm shield-shield spacing, and a 4.0 nm head-
medium spacing for 2 Tbpsi and 6 grains/bit shingled 
HAMR with 𝐷𝐷B of 14.7 nm. Since the SNR value is also 
affected by the resolution of the read head, we changed 
the shield-shield spacing to (𝐷𝐷B/14.7) × 15 nm for other 
calculations. We used a pattern consisting of 1536 grains 
for the down-track direction, and we used 32 patterns for 
the SNR calculation. 
  In the model calculation, the resolution corresponds to 
infinity. The calculation bit number was 106. 

 
33..  CCaallccuullaattiioonn  RReessuullttss  

 
33..11  CCoonnssttaanntt  ggrraaiinn  vvoolluummee 
  The factors affecting ATI are 
(1) grain temperature 𝑇𝑇 in effective thermal stability 
factor 𝐾𝐾"455(𝑇𝑇)𝑉𝑉/(𝑘𝑘𝑇𝑇), and 
(2) grain volume 𝑉𝑉 in 𝐾𝐾"455𝑉𝑉/(𝑘𝑘𝑇𝑇). 
  The 𝑇𝑇 value for a small grain number per bit and/or a 
low recording density is easy to reduce, since the grain 
pitch 𝐷𝐷< + Δ? increases. 
  The 𝑉𝑉 value is also easy to increase, since the grain 
area 𝐷𝐷<

#  increases. 
  We first examined ATI under the condition of constant 
grain volume 𝑉𝑉  of 110 nm3. This condition is 
summarized in Table 2 for 2 and 4 Tbpsi, and 𝑚𝑚× 𝑛𝑛 = 
3 × 2 = 6 and 3 × 3 = 9 grains/bit. 
 
TTaabbllee  22 Calculation conditions under the condition of 
constant grain volume 𝑉𝑉 = 110 nm3. 

 
 
  The grain height (recording layer thickness) ℎ for 4 
Tbpsi and 9 grains/bit was assumed to be 10.5 nm. The 
grain aspect ratio ℎ/𝐷𝐷< is therefore relatively large at 
3.2 and the 𝐾𝐾"455𝑉𝑉/(𝑘𝑘𝑇𝑇) value rises to a high value of 
113, which is sufficiently large for 10 years of archiving8). 
The ℎ/𝐷𝐷< value decreases as the grain number per bit 
and/or the recording density decreases. The ℎ  and 

ℎ/𝐷𝐷< values for 2 Tbpsi and 6 grains/bit are only 2.7 nm 
and 0.43, respectively, and the 𝐾𝐾"455𝑉𝑉/(𝑘𝑘𝑇𝑇) value is 105, 
which is slightly smaller than 113 due to shape 
anisotropy. 
  Figure 3 (a) shows the number of bits plotted against 
the expected value of magnetization 𝐸𝐸[𝑀𝑀!7]  averaged 
over one-row grains after writing in the adjacent track 
for 4 Tbpsi and 9 grains/bit. It also shows the grain error 
distribution. The negative 𝐸𝐸[𝑀𝑀!7] represents more than 
half of 3 grains errors, since the number of one-row 
grains 𝑛𝑛  is three. The peaks in the figure represent 
grain error for the grains with the mean Curie 
temperature. The grain error increases in the order of 
the 1st (𝑖𝑖 = 1), 2nd (𝑖𝑖 = 2), and 3rd (𝑖𝑖 = 3) rows, since the 
temperature increases in this order. Significant 
information degradation can be seen even in the 2nd (𝑖𝑖 
= 2) row grains. 
 

 
(a) 

 

 
(b) 

FFiigg..  33 (a) Number of bits plotted against expected value 
of magnetization 𝐸𝐸[𝑀𝑀!7]  and (b) bit error rate as a 
function of error threshold 𝐸𝐸:; and normalized readout 
field 𝐻𝐻( after writing in adjacent track in 4 Tbpsi and 9 
grains/bit shingled HAMR. 
 
  The bER value as a function of 𝐸𝐸:; for various readout 
rows 𝑚𝑚C is shown in Fig. 3 (b). The second horizontal 
axis is the 𝐻𝐻(  value estimated using Eq. (11). The 
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readout grain numbers are 𝑚𝑚C × 𝑛𝑛 = 1 × 3 = 3, 2 × 3 = 
6, and 3 × 3  = 9 grains for 𝑚𝑚C  of 1, 2, and 3, 
respectively. With no ATI, the bER declines with 
increasing readout grain number, since the probability 
of a simultaneous error is statistically low. On the other 
hand, the grain temperature increases in the order of the 
1st (𝑖𝑖 = 1), 2nd (𝑖𝑖 = 2), and 3rd (𝑖𝑖 = 3) rows. As a result, 
the bER value increases as the 𝑚𝑚C  value increases. 
There is no 𝐻𝐻( greater than 0 that satisfies bER of 10-3 
for 𝑚𝑚C of 2 and 3. 
  The row-grain temperature dependence of bER for 𝑚𝑚C 
of 1 in 2 Tbpsi is shown in Fig. 4 (a), and that in 4 Tbpsi 
is shown in Fig. 5 (a). The inserted scale indicates the 
grain temperature at the 1st (𝑖𝑖 = 1), 2nd (𝑖𝑖 = 2), and 3rd 
(𝑖𝑖 = 3) rows as shown in Figs. 1 and 2. Although the 
grain volumes are the same, the bER value for 6 
grains/bit (2 readout grains) is larger than that for 9 
grains/bit (3 readout grains) due to a statistical factor. 
The bER values for 2 and 4 Tbpsi are almost the same, 
as shown in Figs. 4 (a) and 5 (a), since the grain volumes 
are the same. However, the grain temperature for 2 
Tbpsi is clearly lower than that for 4 Tbpsi due to the 
larger grain pitch. 
 

 
(a) 

 

 
(b) 

FFiigg..  44 (a) Row-grain temperature dependence of bit error 
rate and (b) minimum normalized readout field 𝐻𝐻( for 
various numbers of readout rows 𝑚𝑚C  under the 
condition of constant grain volume 𝑉𝑉 = 110 nm3 in 2 
Tbpsi shingled HAMR. 

 
(a) 

 

 
(b) 

FFiigg..  55 (a) Row-grain temperature dependence of bit error 
rate and (b) minimum normalized readout field 𝐻𝐻( for 
various numbers of readout rows 𝑚𝑚C  under the 
condition of constant grain volume 𝑉𝑉 = 110 nm3 in 4 
Tbpsi shingled HAMR. 
 
  As the temperature decreases, the bER value for 6 
grains/bit tends to saturate. When the temperature is 
sufficiently low, errors are caused by clusters of small 
grains. The grain number per bit may increase at that 
time, and the bER value may be lower. This problem is 
a subject for future study. 
  Figures 4 (b) and 5 (b) respectively show the minimum 
normalized readout field 𝐻𝐻(  for various numbers of 
readout rows 𝑚𝑚C in 2 and 4 Tbpsi. The temperature at 
the 1st row (𝑖𝑖 = 1) is obviously lower than that at the 2nd 
row (𝑖𝑖 = 2). However, Fig. 4 (b) shows the 𝐻𝐻( value for 
𝑚𝑚C of 2 (𝑖𝑖 = 1 and 2) to be greater than that for 𝑚𝑚C of 1 
(𝑖𝑖 = 1) for a statistical reason. The 𝐻𝐻( values for 2 Tbpsi 
are considerably larger than those for 4 Tbpsi, as shown 
in Figs. 4 (b) and 5 (b) due to the lower grain temperature, 
as shown in Figs. 4 (a) and 5 (a). 
  The temperature difference between 6 and 9 grains/bit 
or 2 and 4 Tbpsi is relatively small. However, ATI is 
markedly affected by this difference, since temperature 
is a strongly impacting parameter. Temperature 𝑇𝑇  is 
related to the effective anisotropy constant 𝐾𝐾"455(𝑇𝑇) and 
the denominator 𝑇𝑇  in the effective thermal stability 
factor 𝐾𝐾"455(𝑇𝑇)𝑉𝑉/(𝑘𝑘𝑇𝑇), and 𝐾𝐾"455(𝑇𝑇)𝑉𝑉/(𝑘𝑘𝑇𝑇) is a variable 
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in the exponential function shown in Eq. (1) when 
calculating the grain error probability. 
  The above results are confirmed by the results 
illustrated in Figs. 6 and 7, which show the number of 
bits against 𝐸𝐸[𝑀𝑀!7] in 2 (9 grains/bit) and 4 (6 grains/bit) 
Tbpsi, respectively. The grain error distribution for 4 
Tbpsi and 6 grains/bit is worse than that for 2 Tbpsi and 
9 grains/bit. 
  These results show that, assuming constant grain 
volume, 4 Tbpsi shingled HAMR has a disadvantage over 
2 Tbpsi shingled HAMR in terms of ATI due to the higher 
grain temperature caused by the smaller grain pitch. 
 

 
FFiigg..  66 Number of bits plotted against expected value of 
magnetization 𝐸𝐸[𝑀𝑀!7] for 𝑉𝑉 = 110 nm3 in 2 Tbpsi and 9 
grains/bit shingled HAMR. 
 

 
FFiigg..  77 Number of bits plotted against expected value of 
magnetization 𝐸𝐸[𝑀𝑀!7] for 𝑉𝑉 = 110 nm3 in 4 Tbpsi and 6 
grains/bit shingled HAMR. 
 
  Figure 8 shows the writing field 𝐻𝐻3 dependence of (a) 
SNR calculated using the LLG equation and (b) bER 
using our model for 2 and 4 Tbpsi, and 6 and 9 grains/bit. 
Since HAMR requires the medium to be heated to reduce 
coercivity at the time of writing, the coercivity of the 
medium can be reduced by any amount. However, as 
explained below, a relatively large 𝐻𝐻3 is necessary. 
  The information stability for 10 years of archiving has 
been discussed employing the Néel-Arrhenius model 
with Stoner-Wohlfarth grain, 
   

  𝑓𝑓(𝑡𝑡	exp D−
.!"##/

01
F.   (13) 

   
The Néel-Arrhenius model is valid for any time from the 
picosecond order to more than 10 years, since the 
attempt period 1/𝑓𝑓( has a value in picoseconds for the 
HAMR granular medium. The information stability for 
10 years of archiving is extrapolated as a stack of 
phenomena in picoseconds. We therefore believe that the 
Néel-Arrhenius model is valid for analysis of the HAMR 
writing process. In fact, our model calculation using this 
model can almost entirely explain the results of LLG 
simulation as shown in a previous paper9) and as shown 
in Fig. 8. In our model, the Boltzmann factor, 
   
  exp C− .!"##/

01
D1 + 2$

2%"##
F
#
G,  (14) 

   
in the Néel-Arrhenius model is interpreted as a grain-
magnetization reversal probability for each attempt, and 
the writing property of HAMR can be understood in 
terms of the Boltzmann factor and 𝑓𝑓( during the writing 
period. 
 

 
(a) 

 

 
(b) 

FFiigg..  88 Writing field dependence of (a) signal to noise ratio 
and (b) bit error rate under the condition of constant 
grain volume 𝑉𝑉 = 110 nm3 in 2 and 4 Tbpsi, and 6 and 9 
grains/bit shingled HAMR. 
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  Although the Boltzmann factor approaches unity at 
near 𝑇𝑇$, 𝑓𝑓( falls to a small value7). The opportunity for 
magnetization reversal in the recording direction is 
small. Although the 𝑓𝑓(  value rises at a temperature 
slightly lower than 𝑇𝑇$, the Boltzmann factor falls to a 
low value. The likelihood of magnetization reversal is 
thus low. A relatively large |𝐻𝐻3|  value (𝐻𝐻3 < 0)  is 
needed for the Boltzmann factor to increase. Therefore, 
the reason that a relatively large 𝐻𝐻3  is required in 
HAMR is that the writing sensitivity is determined not 
by the coercivity but by the thermal stability factor 
modified by 𝐻𝐻3, 
   
  .!"##/

01
D1 + 2$

2%"##
F
#
.   (15) 

   
  Figure 8 shows that if the grain numbers per bit are 
the same, the writing sensitivities are almost the same 
for 2 and 4 Tbpsi in the relatively small 𝐻𝐻3 region in 
which normal write-error (WE) is dominant. WE results 
from the magnetization not switching in the recording 
direction, and occurs during writing. WE affects all the 
grains in a bit. The Boltzmann factor during the writing 
period is a key factor in WE9). Since the grain volumes 
are the same, the Boltzmann factors are also almost the 
same. Therefore, if the grain numbers per bit are the 
same, the writing sensitivities are almost the same. For 
a statistical reason, the SNR value for 6 grains/bit is 
smaller than that for 9 grains/bit, which means that the 
writing sensitivity for 6 grains/bit is worse than that for 
9 grains/bit. 
  On the other hand, the SNR values for 4 Tbpsi are 
smaller than those for 2 Tbpsi in the relatively large 𝐻𝐻3 
region in which the influence of erasure-after-write 
(EAW) is strongly evident. EAW consists of grain 
magnetization reversal in the opposite direction to the 
recording direction. This is caused by the change in 
writing field direction at the end of the writing time. 
EAW thus occurs after writing. EAW affects the grains 
at the bit boundary. The Boltzmann factor at the end of 
the writing time is a key factor in EAW9). Since the 
Boltzmann factor increases as the |𝐻𝐻3| value (𝐻𝐻3 < 0) 
increases, EAW is strongly evident in relatively large 
𝐻𝐻3 regions. EAW also occurs more in 4 Tbpsi due to the 
higher grain temperature caused by the smaller bit 
length. 
 
33..22  CCoonnssttaanntt  ggrraaiinn  hheeiigghhtt 
  Next, since ATI is worse in 4 Tbpsi shingled HAMR, 
we examined ATI under the condition of constant grain 
height ℎ of 10.5 nm. This condition is summarized in 
Table 3 for 2 and 4 Tbpsi, and 𝑚𝑚× 𝑛𝑛 = 3 × 2 = 6 and 
3 × 3 = 9 grains/bit. 
  The 𝐾𝐾"455𝑉𝑉/(𝑘𝑘𝑇𝑇) value reaches to 267 for 2 Tbpsi and 
9 grains/bit. As mentioned below, this large 𝐾𝐾"455𝑉𝑉/(𝑘𝑘𝑇𝑇) 
value is very useful in reducing ATI. 
 
 
 

TTaabbllee  33 Calculation conditions under the condition of 
constant grain height ℎ = 10.5 nm. 

 
 
 

 
(a) 

 

 
(b) 

FFiigg..  99 (a) Row-grain temperature dependence of bit error 
rate and (b) minimum normalized readout field 𝐻𝐻( for 
various numbers of readout rows 𝑚𝑚C  under the 
condition of constant grain height ℎ  = 10.5 nm in 2 
Tbpsi shingled HAMR. 
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(a) 

 

 
(b) 

FFiigg..  1100 (a) Row-grain temperature dependence of bit 
error rate and (b) minimum normalized readout field 𝐻𝐻( 
for various numbers of readout rows 𝑚𝑚C  under the 
condition of constant grain height ℎ  = 10.5 nm in 4 
Tbpsi shingled HAMR. 
 
  The row-grain temperature dependence of bER for 𝑚𝑚C 
of 1 in 2 Tbpsi is shown in Fig. 9 (a). The bER values for 
6 and 9 grains/bit are almost the same for temperatures 
above 680 K. Figures 9 (b) shows the minimum 𝐻𝐻( for 
various numbers of readout rows 𝑚𝑚C. The 𝐻𝐻( value for 
9 grains/bit is very large for 𝑚𝑚C  of 2, since the bER 
value is sufficiently small at the 1st and 2nd rows, as 
shown in Fig. 9 (a), due to the large 𝐾𝐾"455𝑉𝑉/(𝑘𝑘𝑘𝑘) value, 
and since the grain number is large. 
  In contrast, Fig. 10 (a) shows the row-grain 
temperature dependence of bER for 𝑚𝑚C of 1 in 4 Tbpsi. 
The bER value for 6 grains/bit in Fig. 10 (a) becomes 
smaller than that for 6 grains/bit in Fig. 5 (a) when the 
ℎ value was increased to 10.5 from 6.3 nm. The bER 
value for 6 grains/bit becomes smaller than that for 9 
grains/bit for temperatures above 630 K, due to the 
larger grain volume. Therefore, the 𝐻𝐻(  value for 6 
grains/bit is relatively large for 𝑚𝑚C of 2, as shown in Fig. 
10 (b). 
  The above results are confirmed by the results shown 
in Figs. 11 and 12, which respectively show the number 
of bits against 𝐸𝐸[𝑀𝑀!7]  in 2 (9 grains/bit) and 4 (6 
grains/bit) Tbpsi. No errors can be seen in the 1st (𝑖𝑖 = 1), 

2nd (𝑖𝑖 = 2) rows for 2 Tbpsi, as shown in Fig. 11. On the 
other hand, there is a clear error in the 2nd (𝑖𝑖 = 2) row 
for 4 Tbpsi, as shown in Fig. 12. 
  As a result, ATI was improved as shown in Figs. 6 and 
11 after the ℎ value was increased from 4.4 to 10.5 nm 
for 2 Tbpsi and 9 grains/bit, and as shown in Figs. 7 and 
12 from 6.3 to 10.5 nm for 4 Tbpsi and 6 grains/bit. 
Although a larger ℎ/𝐷𝐷<  is necessary to improve ATI, 
the larger ℎ/𝐷𝐷< value appears to make it too difficult to 
manufacture a recording layer. 
 

 
FFiigg..  1111 Number of bits plotted against expected value of 
magnetization 𝐸𝐸[𝑀𝑀!7] for ℎ = 10.5 nm in 2 Tbpsi and 9 
grains/bit shingled HAMR. 
 

 
FFiigg..  1122 Number of bits plotted against expected value of 
magnetization 𝐸𝐸[𝑀𝑀!7] for ℎ = 10.5 nm in 4 Tbpsi and 6 
grains/bit shingled HAMR. 
 
  Even if the larger ℎ/𝐷𝐷<  value can be achieved, the 
writing sensitivity is expected to be worse. The 
improvement in ATI indicates a deterioration in writing 
sensitivity, since ATI means writing in the adjacent 
track. Figure 13 shows the 𝐻𝐻3 dependence of (a) SNR 
and (b) bER for 2 and 4 Tbpsi, and 6 and 9 grains/bit. 
The reason for the difference in writing sensitivity 
between [2 Tbpsi, 9 grains/bit, ℎ = 4.4 nm] seen in Fig. 
8 and [2 Tbpsi, 9 grains/bit, ℎ = 10.5 nm] seen in Fig. 13 
is the difference in grain volume. The difference in 
writing sensitivity between [4 Tbpsi, 6 grains/bit, ℎ = 
6.3 nm] and [4 Tbpsi, 6 grains/bit, ℎ = 10.5 nm] is also 
due the difference in grain volume. As expected, the 
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writing sensitivity worsens as the grain volume 
increases, due to rising thermal stability factor. 
Although ATI is small for 2 Tbpsi and 9 grains/bit, as 
shown in Figs. 9 and 11, the writing sensitivity becomes 
worse, as shown in Fig. 13. 
 

 
(a) 

 

 
(b) 

FFiigg..  1133 Writing field dependence of (a) signal to noise 
ratio and (b) bit error rate under the condition of 
constant grain height ℎ = 10.5 nm in 2 and 4 Tbpsi, and 
6 and 9 grains/bit shingled HAMR. 
 
  In short, as far as we have examined, 9 grains/bit is 
suitable for 2 Tbpsi shingled HAMR where 𝐷𝐷< = 5.0 nm, 
ℎ  = 4.4 nm, ℎ/𝐷𝐷<  = 0.89, and 𝑉𝑉  = 110 nm3, taking 
account of the results in Figs. 4, 8, 9, and 13. And 6 
grains/bit is suitable for 4 Tbpsi where 𝐷𝐷< = 4.2 nm, ℎ 
= 10.5 nm, ℎ/𝐷𝐷<  = 2.5, and 𝑉𝑉  = 184 nm3, taking 
account of the results in Figs. 5, 8, 10, and 13. 
 
 
 
 
 
 
 
 
 
 
 

  The writing sensitivity for 4 Tbpsi is worse than that 
for 2 Tbpsi due to the smaller grain number per bit and 
the larger grain volume. 

 
44..  CCoonncclluussiioonnss  

 
  We examined ATI on shingled HAMR for all 
combinations of 2 and 4 Tbpsi, and 6 and 9 grains/bit. 
  As far as we have examined, 9 grains/bit is suitable for 
2 Tbpsi shingled HAMR where the mean grain size 𝐷𝐷< 
= 5.0 nm, the grain height ℎ = 4.4 nm, the grain aspect 
ratio ℎ/𝐷𝐷< = 0.89, and the grain volume 𝑉𝑉 = 110 nm3. 
And 6 grains/bit is suitable for 4 Tbpsi where 𝐷𝐷< = 4.2 
nm, ℎ = 10.5 nm, ℎ/𝐷𝐷< = 2.5, and 𝑉𝑉 = 184 nm3. First, 
the writing sensitivity for 4 Tbpsi shingled HAMR is 
worse than that for 2 Tbpsi due to the smaller grain 
number per bit. Second, since the grain temperature is 
higher for 4 Tbpsi due to the smaller grain pitch, the 𝑉𝑉 
value must be larger in order to improve ATI. As a result, 
the writing sensitivity is even worse, since the thermal 
stability factor increases as the 𝑉𝑉  value increases. 
Therefore, 4 Tbpsi shingled HAMR has an intrinsic 
disadvantage over 2 Tbpsi shingled HAMR in terms of 
ATI. 
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 HHiigghh SSaattuurraattiioonn MMaaggnneettiizzaattiioonn CCaallcciiuumm--ZZiinncc SSppiinneell FFeerrrriittee  
PPrreeppaarreedd bbyy RRaappiidd CCoooolliinngg 

 
J. Hashimoto, K. Kakizaki, K. Kamishima

Graduate School of Science and Engineering, Saitama Univ., 255 Shimo-Okubo, Saitama 338-8570, Japan

To obtain a high magnetization Ca-Zn-based spinel ferrite, we investigated the synthesis conditions and magnetic 
properties of samples with compositions of Ca: Zn: Fe = 0.5: 2.5: 16-x (x = 1, 2, 3, 4, 5, 6, and 7) sintered at 1300°C and 
then cooled under different conditions (-200°C/hour or quenched in water). Quenching the sample at x = 3 resulted in 
the best sample with the highest magnetization of 146 emu/g at T = 1.8 K. We estimated the Fe2+ amount and molar 
ratio of the sample by using thermogravimetry/ differential thermal analysis (TG/DTA). The large lattice constant 
implied that the spinel contained Ca2+ ions at its transition metal sites, which possibly led to a cationic distribution 
contributing to the high magnetization.

KKeeyy wwoorrddss:: Ca-Zn-based spinel ferrite, high magnetization
 

11.. IInnttrroodduuccttiioonn 
 

Ferrites are well-known ferrimagnets, which can be 
classified into two groups.  The first is cubic spinel 
ferrites with chemical formulae of MeFe2O4, in which Me 
is a divalent cation like Mn, Co, and Zn.1) The second is 
hexagonal ferrites, including a practically important 
magnet BaFe12O19 (M-type ferrite). M-type ferrite has S-
blocks (2Fe3O4)2+ and R-blocks (BaFe12O11)2- alternately 
stacked up in the hexagonal c-axis. The structure of an 
S-block is identical to that of the cubic spinel ferrite. The 
intercalation of neutral S-blocks (2MeFe2O4)0± to M-type 
ferrite is possible to form another kind of hexagonal 
ferrite, W-type, with the chemical formula of 
BaMe2Fe16O27. A kind of W-type hexagonal ferrite was 
reported to have a high coercivity of about 2 kOe and a 
saturation magnetization higher than that of M-type
ferrite by about 10%.2), 3)

On the other hand, calcium-doped M-type hexaferrite 
was reported with a high coercivity of HC ~ 5 kOe.4) This 
report motivated us to attempt to sinter samples having 
compositions of Ca: Sr: Zn: Fe = z: 1-z: 2: 16 at 1250°C for 
5 hours in order to confirm the effect of adding CaO on 
the magnetic properties of Sr-based Zn2W-type ferrite. At 
z = 1, we failed in synthesizing the W-type ferrite but 
obtained a mixed phase of spinel, Ca3Fe15O25, and α-
Fe2O3, which exhibited a high magnetization of about 50 
emu/g at room temperature at 15 kOe.

To the best of our knowledge, Ca-based spinel ferrites 
have not been reported except for CaxZn1-xFe2O4 and 
CaxFe3-xO4.5), 6) Non-substituted CaFe2O4 does not adopt 
a spinel structure but an orthorhombic structure with the 
space group of Pnma.7) Moreover, the magnetizations of 
Ca3Fe15O25 and α-Fe2O3 at room temperature at 15 kOe 
are relatively small; the former is about 15 emu/g, and 
the latter is about 0.5 emu/g.8), 9)

The mixed-phase sample at z = 1 (Ca: Zn: Fe = 1: 2: 16) 
suggests the existence of high-magnetization spinel 
ferrites doped with Ca2+ and Zn2+. To reduce the α-Fe2O3

phase, we attempted to produce samples having 
compositions of Ca: Zn: Fe = 1: 2: 16-x (x = 0, 1, 2, 3, 4, 5, 
6, and 7) at 1300°C for 5 hours, and the cooling rate was 
-200°C/hour. Figures 1 and 2 show the X-ray diffraction 
patterns of these samples. Although the diffraction peaks 
of α-Fe2O3 were reduced by changing x, those of 
Ca3Fe15O25 remained in all these samples. This 
preliminary experiment suggested the need to stabilize 
the spinel phase and prevent the formation of the 
Ca3Fe15O25 phase, which led us to decrease the ratio of 
Ca/Zn. 

The objective of this study is to synthesize the highest 
magnetization Ca-Zn-based spinel ferrite by changing 
the compositions.

Corresponding author: K. Kamishima 
(e-mail: kamisima@mail.saitama-u.ac.jp)

FFiigg.. 11  XRD patterns of Ca: Zn: Fe = 1: 2: 16-x samples 
sintered at 1300°C and cooled at -200°C/hour in air. 
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22.. EExxppeerriimmeennttaall PPrroocceedduurree 

The calcium-zinc spinel ferrite samples were
synthesized by solid state reaction. The starting 
materials of CaCO3, ZnO, and α-Fe2O3 were mixed in a 
wet-ball-milling pot for 24 hours at Ca: Zn: Fe = 0.5 : 2.5 : 
16-x. The mixed powders were dried and pressed into 
disks at 1 t/cm2. The pressed samples were sintered at 
1300°C for 5 hours. After being sintered, they were cooled 
at -200°C/hour in air or quenched in water.5) Finally, they 
were ground into powders with a mortar.

The crystallographic phases of the samples were 
confirmed by using an X-ray diffractometer (Bruker, D8 
Advance Eco). The magnetization was measured by using 
a vibrating sample magnetometer (Tamakawa, TM-
VSM2130HGC) and a superconducting quantum 
interference device magnetometer (Quantum Design, 
MPMS 7). The elemental analysis of the samples was 
performed by energy-dispersive X-ray spectroscopy 
(EDX) with an X-ray detector (Bruker, Quantax 630M-
129) in a scanning electron microscope (Hitachi High-
Tech Science Corp., SU-1510) because the sublimation of 
ZnO possibly reduced the amount of zinc in the 
samples.10) In order to estimate the amount of divalent 
iron in a sample, we used a thermogravimetric and 
differential thermal analyzer (Hitachi High-Tech Science 
Corp., TG:SⅡ EXSTAR 6200 TMA).

33.. RReessuulltt && DDiissccuussssiioonn 

Figures 3 and 4 show the X-ray diffraction patterns of 
the calcium-zinc spinel ferrite samples sintered at 
1300°C and cooled in air. Although the secondary phases 

of Ca3Fe15O25 and α-Fe2O3 were observed at 0 ≤ x ≤ 6, the 
peak intensity of Ca3Fe15O25 was drastically reduced
compared to the case of Zn/Ca = 2 in Figs. 1 and 2. A 
decrease in the ratio of iron cations reduced the peak
intensities of Ca3Fe15O25 and α-Fe2O3 phases. It implies 
that the spinel structure became unstable due to
excessive Fe3+ ions compared to Ca2+ ions.

FFiigg.. 22  XRD patterns of Ca: Zn: Fe = 1: 2: 16-x samples sintered at 1300°C and cooled at -200°C/hour in air 
(expanded).

FFiigg.. 33  XRD patterns of Ca: Zn: Fe = 0.5: 2.5: 16-x samples 
sintered at 1300°C and cooled at -200°C/hour in air.
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Figure 5 shows the lattice constants of the spinel phase 
in these calcium-zinc spinel samples, where the solid line 
indicates the lattice constant of ZnFe2O4 (8.44 Å).11)

Although the lattice constants of some samples were 
larger than that of ZnFe2O4, the variation with 
increasing x was irregular. Therefore, this result 
suggests that Ca2+ ions were disorderly included in the 
spinel structure independent of x.

Figure 6 shows the saturation magnetization of these 
calcium-zinc spinel samples at room temperature. The 
maximum value was 46 emu/g at x = 1, where the sample 
contained the secondary phases of α-Fe2O3 and 

Ca3Fe15O25. Although the sample at x = 7 exhibited 
almost the single spinel phase, it had the smallest 
magnetization. It indicates that the iron ratio of the 
spinel was reduced together with the decrease of α-Fe2O3. 
Therefore, it does not seem easy to obtain the high 
magnetization spinel just by changing the amount of Fe3+

ions. The formation of these secondary phases seemed to 
result from the decomposition of the samples associated 
with the relatively slow cooling process at -200°C/hour. 
In order to prevent this possible decomposition, we 
attempted to quench samples after sintering.

FFiigg.. 55  Lattice constants of Ca: Zn: Fe = 0.5: 2.5: 16-x
samples sintered at 1300°C and cooled at -200°C/hour 
in air.

FFiigg.. 66 Saturation magnetization of Ca: Zn: Fe =
0.5: 2.5: 16-x samples sintered at 1300°C and
cooled at -200°C/hour in air.

FFiigg.. 44  XRD patterns of Ca: Zn: Fe = 0.5: 2.5: 16-x samples sintered at 1300°C and cooled at -200°C/hour in air 
(expanded).
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Figure 7 shows the X-ray diffraction patterns of the 
calcium-zinc spinel ferrite samples sintered at 1300°C 
and quenched in water. The secondary phase of α-Fe2O3 
was observed at x = 0, and the single phase of spinel was 
at 1 ≤ x ≤ 7. These quenched samples did not exhibit the 
Ca3Fe15O25 phase but consisted of the main spinel phase 
with high crystallinity in contrast with the samples 
cooled at -200°C/hour in air. The lattice constants of 
these quenched spinel samples were larger than that of 
ZnFe2O4, as shown in Fig. 8. This result implies that the 
spinel structure contained Ca2+ ions with an ionic radius 
of about 1 Å, larger than those of transition metal 
cations.12) 

Figure 9 shows the saturation magnetization of the 
quenched samples at room temperature. The 
magnetization values were higher than those of the  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
samples cooled at -200°C/hour in air as shown in Fig. 6. 

These quenched samples had main spinel phases with 
larger lattice constants and higher magnetizations, 
which implies that the structure of the high 
magnetization calcium-zinc spinel is stable at high 
temperatures. In order to examine the intrinsic 
magnetization of these samples at low temperatures, we 
used a superconducting quantum interference device 
(SQUID) magnetometer. 

Figure 10 shows the magnetization of the quenched 
samples measured at H = 70 kOe and T = 300 K and 1.8 
K. The maximum value was 146 emu/g at x = 3, larger 
than that of Zn2+-ion-doped magnetite (black line).13) The 
highest-magnetization sample consisted of the single 
spinel phase, as shown in Fig. 7. 

FFiigg..  88  Lattice constants of Ca: Zn: Fe = 0.5: 2.5: 16-x  
samples sintered at 1300°C and quenched in water. 

FFiigg..  99  Saturation magnetization of Ca: Zn: Fe = 
0.5: 2.5: 16-x samples sintered at 1300°C and 
quenched in water. 

FFiigg..  1100  Saturation magnetization of quenched 
samples measured at T = 300 K and 1.8 K. 

FFiigg..  77  XRD patterns of Ca: Zn: Fe = 0.5: 2.5: 16-x 
samples sintered at 1300°C and quenched in water.  
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Figure 11 shows the temperature dependence of 
magnetization of the quenched samples with Ca: Zn: Fe 
= 0.5: 2.5: 16-x (1 ≤ x ≤ 4). There was only one TC for each 
sample, demonstrating that these quenched samples 
consisted of the single phase of spinel 
crystallographically and magnetically. A decrease in the 
Fe3+ amount by x = 1 reduced the Curie temperature by 
TC of about 30°C. 

The quenched samples had low electric resistivities of 
about ~ 10-2 Ω∙cm, suggesting the existence of Fe2+ ions 
(as in magnetite Fe3O4 with a similar resistivity of  1 × 
10-2 Ω∙cm).14) In order to estimate the Fe2+ amount, we 
attempted thermogravimetry/differential thermal 
analysis (TG-DTA) experiments.    

Figure 12 shows the TG-DTA result of the sample at x 
= 3 (Ca: Zn: Fe = 0.5: 2.5: 13) sintered at 1300°C and 
quenched in water. The increase in mass was about 
1.39 % of the starting weight of the sample. The energy 
dispersive X-ray spectroscopy (EDX) analysis of this 
sample showed that the composition of the sample was 
Ca: Zn: Fe = 0.5: 2.13: 13. Thus, assuming the increase 
came from the oxidization from Fe2+ to Fe3+, we estimated 
the molar ratio in the sample as Ca2+: Zn2+: Fe2+: Fe3+: O2- 
= 0.5: 2.13: 2.129: 10.871: 21.0655. The ratio can be 
normalized as the chemical composition of spinel ferrite. 
If Ca2+ ions are all located at transition metal sites, the 
ratio is Ca2+: Zn2+: Fe2+: Fe3+: O2- = 0.095: 0.405: 0.404: 
2.064: 4. 

The magnetization of this sample was 146 emu/g at T 
= 1.8 K and H = 70 kOe. Thus, the Bohr magneton per 
this chemical formula unit was calculated to be 6.07 μB. 
Assuming that the spins at octahedral B sites are 
antiparallel to those at tetrahedral A sites in the spinel 
structure, the distribution of each ion can be estimated  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
as follows, 
(Zn2+0.405Fe3+0.587□0.008) A 

[Fe2+0.404Fe3+1.477Ca2+0.095□0.024] BO2-4 
(□: vacant lattice). 

On the other hand, if Ca2+ ions are all located at O2- 
sites, the ratio is Ca2+: Zn2+: Fe2+: Fe3+: O2- = 0.093: 0.395: 
0.395: 2.016: 3.907. In this case, the distribution of each 
ion can also be estimated as follows, 
(Zn2+0.395Fe3+0.573□0.032) A 

[Fe2+0.395Fe3+1.443□0.162] B Ca2+0.093O2-3.907 
(□: vacant lattice). 

Here, Fe2+ ions in the quenched sample are considered 
to occupy B sites, as in magnetite, because the low 
electric resistivity of the sample implies the hopping 
conduction caused by mixed-valence iron cations at B 
sites. It is also empirically known for Zn2+ to occupy 
tetrahedral A sites.11) Then, the possible distributions of 
Ca cations need considered. The ionic radius of Ca2+ (1 Å) 
is much larger than those of transition metal ions (Zn2+, 
Fe2+, Fe3+ : 0.6 ~ 0.78 Å) and it seems to be too large to 

occupy tetrahedral A sites for Ca2+ ion. Actually, the 
coordination number of a calcium cation is reported to be 
above six. 12) Thus, both of the above estimations reflect 
the strong tendency for Zn2+ ions to occupy tetrahedral A 
sites, and the two possible extreme cases are considered 
for Ca2+ ions to occupy either transition metal sites or 
oxygen sites. However, if all Ca2+ ions were located at O2- 
sites (the latter case), its lattice constant might be 
smaller than the lattice constants in Fig. 6 due to the 
smaller ionic radius of Ca2+ ion than that of O2-. On the 
other hand, it is also unlikely that all the Ca2+ ions 
occupy octahedral B sites because of the significant 
difference in the ionic radii between Ca2+ (1 Å), Fe2+ 
(0.780 Å), and Fe3+ (0.645 Å).12) Therefore, even a small 

FFiigg..  1111  Temperature dependence of magnetization of 
quenched samples with Ca: Zn: Fe = 0.5: 2.5: 16-x. 

FFiigg..  1122   TG-DTA of Ca: Zn: Fe = 0.5: 2.5: 13 sample 
sintered at 1300°C and quenched in water. 
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substitution of Ca2+ for transition metal cations at B sites 
is expected to expand the lattice constant. Thus, the 
quenched spinel possibly took the distribution between 
the two cases mentioned above. 
  

44..  CCoonncclluussiioonn  
 

Our attempts to synthesize Ca-Zn-based W-type 
ferrites led us to discover a high magnetization spinel 
phase as a by-product possibly not corresponding to the 
stoichiometry of spinel. We found the synthesis condition 
of the spinel with the composition at Ca: Zn: Fe = 0.5: 2.5: 
16-x by sintering at 1300°C and quenching in water. The 
best sample was obtained with composition of Ca: Zn: Fe 
= 0.5: 2.5: 13 (x = 3), and the saturation magnetization 
was 146 emu/g at T = 1.8 K. Although the expansion of 
the lattice constant implied that the spinel contained 
Ca2+ cations at its transition-metal sites, the distribution 
was not completely determined.  

Further work needs to be done to determine the exact 
cation distribution to understand the high intrinsic 
magnetization. 
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DDeevveellooppmmeenntt  ooff  BBiiFFeeOO33--bbaasseedd  mmuullttiiffeerrrrooiicc  tthhiinn  ffiillmmss  wwiitthh  llaarrggee  ssaattuurraattiioonn  
mmaaggnneettiizzaattiioonn  aanndd  ppeerrppeennddiiccuullaarr  mmaaggnneettiicc  aanniissoottrrooppyy  

--  TThhee  eeffffeecctt  ooff  tthhee  CCoo  ssuubbssttiittuuttiioonn  aaggaaiinnsstt  FFee  oonn  mmaaggnneettiicc  pprrooppeerrttiieess  --  
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High saturation magnetization and perpendicular magnetic anisotropy are required for ferromagnetic / 
ferroelectric thin films to apply magnetic recording such as magnetic writing elements of magnetic wire memory, which 
is a next-generation device with very high recording density. To realize the magnetic properties, substitution of Co 
against Fe in (Bi1-xBax)FeO3 and (Bi1-xLax)FeO3 thin films were investigated. In the (Bi,Ba)(Fe,Co)O3 thin films, both 
Ba and Co substitution up to several tens at% had contribution to increase the saturation magnetization. The high 
saturation magnetization was obtained in (Bi,Ba)(Fe,Co)O3 thin films with the total composition of Ba and Co of around 
60 at%. Further increment of Ba and Co substitution decreased the saturation magnetization because the formation 
of the BiFeO3 phase is hindered by an excess amount of Ba and Co with larger ion radius than Bi and Fe. Co 
substitution up to 20 at% had contribution to increase the perpendicular magnetic anisotropy. In the (Bi,La)(Fe,Co)O3 
thin films, the effect of La substitution was not large to increase the saturation magnetization and perpendicular 
magnetic anisotropy, however the effect of Co substitution up to 30 at% was large to increase the saturation 
magnetization and perpendicular magnetic anisotropy. 
 
KKeeyywwoorrddss:: Multiferroic thin films, Element substitution, Saturation magnetization, Perpendicular magnetic 
anisotropy, New magnetic recording devices 

 

11..  IInnttrroodduuccttiioonn 

Increasing the recording density of hard disk drives 
(HDDs) has contributed to the development of 
information society for a long time. Recently, energy-
assisted magnetic recording technologies for HDDs, such 
as thermally-assisted magnetic recording1) and 
microwave-assisted magnetic recording2) have been 
widely studied in order to decrease the switching field for 
magnetic writing. However, these days, the increment 
ratio of the recording density in HDDs is becoming 
gradually slow. In this regard, the newly proposed 
magnetic memory with magnetic nanowires is a hopeful 
device with a very large capacity. However, magnetic 
writing in this memory is problematic. Suppose this 
memory will use a magnetic writing head of HDDs for the 
magnetic writing. In that case, the power consumption 
for the magnetic writing will become huge because this 
memory will need many magnetic writing heads with the 
same number of magnetic nanowires.  

In recent years, magnetization reversal by an 
electric field has attracted attention as a method for 
reducing the power consumption of writing, for which 
various materials and methods have been studied3)-10). 
One of the fascinating materials for this process is 
multiferroic (ferromagnetic/ferroelectric) materials, 
which can control the magnetization direction only by 

applying an electric field. BiFeO3 (BFO), which has 
antiferromagnetism and ferroelectricity at room 
temperature, is well-known as a typical multiferroic 
material11). It has been reported that ferromagnetism 
and ferroelectricity can be obtained in (Bi1-xBax)FeO3 
(BBFO) in which a part of Bi of BFO is substituted by 
Ba12). In addition to this result, it has been reported that 
in the thin films, a part of Bi (A-site) or Fe (B-site) was 
substituted by La or Co in order to introduce the 
ferromagnetism in BFO13)-17). For the past few years, we 
have fabricated high-quality BiFeO3-based 
ferromagnetic/ferroelectric thin films by using pulsed 
DC reactive sputtering method18), which is effective for 
deposition of oxide and nitride thin films of suppression 
of arc discharged during sputtering. As a result, 
saturation magnetization (Ms) of about 90 emu/cm3 was 
obtained in the BBFO thin film19), 1.5 times higher than 
that of BBFO thin films prepared by radio-frequency 
(RF) (13.56 MHz) sputtering method20). The reason for 
this improvement was the acceleration of the BiFeO3 
phase crystallization. In addition, although the Ms of the 
(Bi,La)(Fe,Co)O3 (BLFCO) thin film fabricated by the 
pulsed DC reactive sputtering method was not so high 
(i.e., 70 emu/cm3), it had a large coercivity of about 4.0 
kOe with the direction to the perpendicular film plane 
and perpendicular magnetic anisotropy21,22).  

Here, a new writing method, "Magnetization 
transfer by an electric field,” is proposed for magnetic 
memory with magnetic nanowires. Consider the 
laminated film with magnetic interactions between the 
ferromagnetic thin film (magnetic nanowire) and the 
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multiferroic (ferromagnetic/ferroelectric) thin film; in
which, the magnetization reversal of the metallic 
ferromagnetic thin film (magnetic nanowire) via 
magnetization reversal of the multiferroic 
(ferromagnetic/ferroelectric) thin film is performed by 
applying an electric field to the laminated film. This 
method will be useful for magnetization reversal by an 
electric field in magnetic memory with magnetic 
nanowires, because of the simple structure of writing 
elements and the reduced power consumption of writing
process.

To realize the "Magnetization transfer by an electric 
field,” in the laminated film with the ferromagnetic thin 
film and the multiferroic thin film, a multiferroic thin 
film with high Ms and perpendicular magnetic anisotropy
are needed. So, we have to induce the perpendicular 
magnetic anisotropy in BBFO thin films or increase the 
Ms in BLFCO thin films. Here large Ms and
perpendicular magnetic anisotropy were not observed in 
(Bi,La)FeO3 thin films. This indicates that the Co 
substitution against Fe seems to induce the 
perpendicular magnetic anisotropy and increase the Ms. 

In this study, we focused on the Co substitution 
amount against Fe in (Bi,Ba)(Fe,Co)O3 (BBFCO) thin 
films and BLFCO thin films, and we investigated the 
effect of the Co substitution amount against Fe on the 
magnetic properties including Ms and perpendicular 
magnetic anisotropy.

22.. EExxppeerriimmeennttaall PPrroocceedduurree  

Multilayers of Ta (5 nm)/ Pt (100 nm)/ (Bi1-xMx)(Fe1-
yCoy)O3 (M: Ba, La) (200 nm) were deposited onto a 
thermally oxidized Si wafer using a ultrahigh-vacuum 
(UHV) sputtering system. The Ba concentration x was 
varied from 0.22 to 0.78. The Co concentration y was 
varied from 0 to 0.36. The Ta seedlayer, Pt underlayer,
and (Bi1-xMx)(Fe1-yCoy)O3 layer were deposited at room 
temperature, 400 °C, and 695 °C, respectively. The film 
thickness and deposition temperature of the Ta seedlayer 
and Pt underlayer were optimized to obtain a strong 
(111) orientation of the Pt underlayer23). The very high 
frequency (VHF) (40.68 MHz) plasma irradiation24)
during the reactive pulsed DC sputtering deposition of 
(Bi1-xMx)(Fe1-yCoy)O3 thin films were performed with an 
electric power of 5 W to obtain the crystal grain growth 
of the BiFeO3 phase. The frequency of the DC pulse was 
fixed at 100 kHz. Here, the duty ratios between 
sputtering ON and OFF were 3 and 2, for example, the 
time of sputtering ON was 6 µs, and that of OFF was 4 
µs for 100 kHz. The sputtering power of the pulsed DC 
was fixed at 150 W. The compositions of the fabricated 
(Bi1-xMx)(Fe1-yCoy)O3 thin films were analyzed by energy-
dispersive X-ray spectroscopy (EDS). The 
crystallographic orientations and crystalline structures 
of the fabricated (Bi1-xMx)(Fe1-yCoy)O3 thin films were 
analyzed by X-ray diffraction (XRD) analysis. The 
magnetization curves of (Bi1-xMx)(Fe1-yCoy)O3 thin films 

were measured using a vibrating sample magnetometer 
(VSM) with the application of an in-plane/out-of-plane
magnetic field to the film surface. The demagnetizing 
field perpendicular to the film plane was canceled in the 
out-of-plane magnetization curves.

33.. RReessuullttss aanndd DDiissccuussssiioonnss

33..11 ((BBii,,BBaa))((FFee,,CCoo))OO33 tthhiinn ffiillmm 
Figure 1(a) shows the dependence of the Ms on the 

Ba concentration in A-site for the BBFCO thin films with 
the Co concentration on B-site as 0, 20, and 36 at%
(BBFC0O, BBFC20O, and BBFC36O). With increasing 
the Ba concentration, Ms increased, attributed to the 
transformation from the antiferromagnetic phase to the 
ferrimagnetic phase12). The mechanism explains that a 
part of Fe3+ with a large magnetic moment is converted 
to Fe4+ with a small magnetic moment by substituting a 
part of Bi3+ with Ba2+ to maintain the balance of valences 
in the lattice. After the Ms showed maximum value at a 
certain value of the Ba concentration, the Ms decreased. 
This is due to the inhibition of the formation of the 
BiFeO3 phase19), because the diameter of ion Ba2+ is 1.21 
times larger than that of Bi3+. The Ba concentration,
which showed the maximum Ms value, was not the same 
among every BBFCO thin film with different Co 
concentrations. With increasing the Co concentration 
from 0 to 36 at%, the Ba concentration which showed the 
maximum Ms value, decreased from 55 to 36 at%. From 
these data, the suitable amount of Ba and Co substitution 
for obtaining high Ms is found to be around 60 at%. 

Figure 1(b) shows the dependence of the Ms on the 
Co concentration in the BBFCO thin films with a certain 
value of Ba concentration which showed the maximum 
Ms value for each BBFCO thin film. With increasing Co 
concentration up to 20 at%, Ms increased. This indicates 
that the Co substitution of Fe (B-site) up to 20 at% in 
BBFCO thin films was effective to increase the Ms. The 
decrease in Ms in the BBFCO thin films with the Co 
concentration of more than 20 at% was due to the 
inhibition of the formation of the BiFeO3 phase. The 
reason of these changes will be discussed later in this 
section.

Figure 2(a) shows the dependence of the in-plane Hc//

and out-of-plane Hc⊥ on the Co concentration in the 
BBFCO thin films with a certain value of Ba          

Fig.. 1 Dependence of saturation magnetization on the (a) 
Ba and (b) Co concentration in BBFCO films.
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FFiig.. 2 Dependence of (a) Hc and (b) Hc⊥/Hc// on Co 
concentration in BBFCO films.

concentration which showed the maximum Ms value for 
each BBFCO thin film. Figure 2(b) shows the dependence 
of the ratio between Hc// and Hc ⊥ , indicating the 
perpendicular magnetic anisotropy, on the Co
concentration in the BBFCO thin films. With increasing
the Co concentration up to 20 at%, Hc// decreased and Hc

⊥ increased slightly. Therefore, Hc⊥/Hc// also increased 
slightly. By further increasing the Co concentration to 
more than 20 at%, Hc//, Hc⊥, and Hc⊥/Hc// were constant. 
From these results, it can be stated that the Co 
substitution of Fe (B-site) up to 20 at% will have been
effective in increasing the perpendicular magnetic
anisotropy in BBFCO thin films. However, the effect of 
the Co substitution on the perpendicular magnetic 
anisotropy was smaller than that on the saturation 
magnetization.

Figure 3 shows the in-plane and out-of-plane 
magnetization (M-H) curves measured by VSM with the 
magnetic field of parallel and perpendicular to film plane 
in BBFCO thin films with Ba and Co concentration of 55 
and 0 at% (BB55FC0O), 43 and 20 at% (BB43FC20O), 
and 36 and 36 at% (BB36FC36O), respectively. These 
films showed the maximum Ms value for BBFCO samples 
with each Co concentration. The clear ferromagnetic (M-
H) curves are shown. Here, a clear ferroelectric (P-E) 
curve measured by a ferroelectric tester with the electric 
field perpendicular to the film plane of the BBFC0O thin
film was also shown in the previous work19). These 
indicate that this film had a multiferroic property with 
ferromagnetism and ferroelectricity. 

Figure 4 shows the dependence of the (a) Hc and (b) 
squareness (S=Mr(remnant magnetization)/Ms) on the 
VSM measuring angle between magnetic field and film 
plane of BBFCO samples which are shown in Figure 3.
The Hc and S measured with 0 degree indicates the in-
plane Hc and S, and those with 90 degrees indicate the 

Fig.. 3 In-plane and out-of-plane magnetization curves of 
BBFCO films with various Co concentration.

Fig.. 4 Dependence of coercivity (a) and squareness (b) on 
the VSM measuring angle between magnetic field in 
BBFCO films.

out-of-plane Hc and S. To recognize the magnetic
anisotropy of these films, the dependence of the Hc and S
of Stoner-Wohlfarth single-domain particle on the angle 
between the magnetic field and easy or hard axis are also
shown in these figures. With increasing the angle, the Hc

and S decreased, and the lowest Hc and S were obtained
at 90 degrees for BB55FC0O thin film. This tendency is 
a little similar to the case of Stoner-Wohlfarth single-
domain particle with the easy axis of 0 degree. For 
BB43FC20O and BB36FC36O thin films, with increasing 
the angle, the S also decreased. However, the Hc

increased with increasing the angle, and the highest Hc

were obtained at 90 degrees for these films. This 
tendency is a little similar to the case of Stoner-
Wohlfarth single-domain particle with an easy axis of 90 
degrees. This indicates that BB43FC20O and 
BB36FC36O thin films had somewhat perpendicular 
magnetic anisotropy. The reason for the increase of 
perpendicular magnetic anisotropy by Co substitution 
should be discussed in a future study by using e.g.,
synchrotron radiation. However, we can say these 
magnetic properties of BB43FC20O thin film cause it to 
be a suitable candidate for novel magnetic devices. 

The reason for the increase of saturation 
magnetization by Ba substitution in A-site and the 
decrease of saturation magnetization by excessive Ba 
substitution are as described in Figure 1 (a). Here, the             

FFiigg.. 55 XRD profiles of BBFCO films on Ta/Pt layer with 
various Co concentration.
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factors of the increase of saturation magnetization by Co 
substitution up to 20 at% and the decrease of saturation 
magnetization by excessive Co substitution of more than 
20 at% will be considered from the XRD analysis. Figure
5 shows the XRD profiles of BBFCO thin films with 
various Ba and Co substitutions. In the case of the BBFO
thin film, by substituting with Ba, which has an ionic 
radius 1.22 times larger than that of Bi, the BBFO lattice 
became 0.5 % larger with Ba substitution of 10 at%19). 
Based on this, from the diffraction peak positions of 
BB49FC0O, BB43FC20O, and BB36FC36O, it was found 
that the BBFCO lattice became 0.25 % larger with Co 
substitution of 20 at%, and as a result, it was estimated 
that the ion radius of Co was 1.06 times larger than that 
of Fe3+. This value is almost the same as the low-spin Co2+
ion radius (1.08 times larger than that of Fe3+). Therefore, 
the increasing factor of saturation magnetization by Co 
substitution in B-site may be the transformation from the 
antiferromagnetic phase to the ferrimagnetic phase,
which had Fe3+ with a large magnetic moment and Co2+
with a small magnetic moment. In the case of 
Bi(Fe,Co)O3, it is known that weak ferromagnetism is 
exhibited instead of ferrimagnetism by the Co 
substitution with Fe14),17), but the thin film of this 
material had a polarization direction and a 
magnetization direction perpendicular to each other (in-
plane magnetization). This is different from this BBFCO 
thin film, which tended to have a polarization direction
and a magnetization direction parallel to each other 
(perpendicular magnetization). Therefore, it is 
considered that the mechanism to increase the 
saturation magnetization by the Co substitution is 
different depending on the presence or absence of 
elemental substitution at the A-site. Here, in order to 
obtain a large saturation magnetization in BBFCO of 
ferrimagnetic material, it is considered that the number 
of Fe3+ with a large magnetic moment and the sum of Fe4+
and Co2+ with a small magnetic moment should be 
roughly equal. This agrees that a suitable amount of Ba 
and Co substitution to obtain high Ms is nearly around 
60 at% as mentioned in Figure 1(a). Here, to form ideal 
Ferrimagnetism, Fe3+ and (Co2+ or Fe4+) should be
arranged alternately. However, in BBFCO thin film, 
these arrangements were not controlled, and there were 
four combinations of adjacent B-site ions: Fe3+ and Co2+, 
Fe3+ and Fe4+, Fe4+ and Co2+ Fe3+ and Fe3+, and they are 
considered to be randomly arranged. Therefore, the 
saturation magnetization of BBFCO thin film seems to 
be about half of the ideal (maximum expected) saturation 
magnetization. We believe that, in the future, a further 
increase in saturation magnetization can be realized by 
controlling the arrangement of ions to arrange ideal 
magnetic moments. The reason for the decrease in the 
saturation magnetization when the Co substitution 
amount exceeds 20 at% in BBFCO is the large strains in 
the lattice of the BBFCO thin film and the inhibition of 
the formation of the BiFeO3 phase, because of the large 
amount of substitution with large ion radius of Ba2+ and 

Fig.. 6 Dependence of saturation magnetization on the (a)
La and (b) Co concentration in BLFCO films.

Co2+. An example of this is shown in the XRD profile of
the BB57FC34O thin film.

33..22 ((BBii,,LLaa))((FFee,,CCoo))OO33 tthhiinn ffiillmm 
Figure 6(a) shows the dependence of the Ms on the 

La concentration in A-site for the BLFCO thin films with 
Co concentration on B-site as 0, 5, 12, 17, and 28 at%
(BLFC0,BLFC5O, BLFC12O, BLFC17O, and BLFC28O).
With increasing the La concentration up to around 50
at%, Ms increased a little. With further increasing the La 
concentration, the Ms decreased a little. This tendency is 
different from the case of BBFCO thin films. The reason 
for this difference will be discussed later in this section. 
Here, the La concentration dependence of Ms seems 
smaller than that of the Co concentration. 

Figure 6(b) shows the dependence of the Ms on the 
Co concentration in the BLFCO thin films with the La 
concentration of around 50 at%. With increasing the Co 
concentration, Ms increased. This indicates that the Co 
substitution of Fe (B-site) in BLFCO thin films was very 
effective in increasing the Ms compared with the case of 
BBFCO thin films, especially the case of Co 
concentration of more than 20 at%. The reason for this 
difference will also be discussed later in this section.

Figure 7(a) shows the dependence of the in-plane Hc//

and out-of-plane Hc⊥ on the Co concentration in the 
BLFCO thin films with the La concentration of around 
50 at%. Figure 7(b) shows the dependence of the ratio 
between Hc// and Hc⊥, which indicates the perpendicular 
magnetic anisotropy on the Co concentration in the 
BLFCO thin films. By the Co substitution, Hc// decreased 
drastically, and with the Co substitution of more than 
10%, Hc// became a constant value of about 2 kOe. On the 

FFig.. 7 Dependence of (a) Hc and (b) Hc⊥/Hc// on the Co 
concentration in BLFCO films.
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Figg.. 8 In-plane and out-of-plane magnetization curves of 
BLFCO films with various Co concentration.

other hand, Hc⊥ clearly and gradually increased up to 4 
kOe with increasing the Co concentration. Therefore, Hc

⊥ /Hc// also increased clearly with increasing the Co 
concentration. From these results, it can be inferred that
the Co substitution of Fe (B-site) will have considerable 
effect in increasing the perpendicular magnetic
anisotropy in BLFCO thin film. 

Figure 8 shows the in-plane and out-of-plane 
magnetization (M-H ) curves measured by VSM with the 
magnetic field of parallel and perpendicular to film plane 
in BLFCO thin films with the La concentration of around 
50 at% and the Co concentration of 0, 5, 12, 17, and 28
at%, respectively. These films showed the maximum Ms

value for BLFCO samples with each Co concentration. 
The clear ferromagnetic (M-H ) curves are also shown. 
The ferroelectric (P-E ) curve measured by a ferroelectric 
tester with the electric field of perpendicular to film plane 
of the BLFC28O thin film was also shown in previous 
work22). This indicates that this film had a multiferroic 
property with ferromagnetism and ferroelectricity. 

Figure 9 shows the dependence of the (a) Hc and (b) 
S on the VSM measuring angle between magnetic field 
and film plane of BLFCO samples which are shown in 
Figure 8. The Hc and S decreased with increasing the 
angle, and the lowest Hc and S were obtained at 90 
degrees for BLFC0O and BLFC5O thin films. This 
tendency is similar to the case of Stoner-Wohlfarth 
single-domain particle with the easy axis of 0 degree. For 
BLFC12O and BLFC17O thin films, with increasing the 
angle, the S also decreased. However, the Hc increased 
with increasing the angle, and the highest Hc were 
obtained at 90 degrees for these films. This indicates that 
BLFC12O and BLFC17O thin films had somewhat 
perpendicular magnetic anisotropy. With increasing the 
angle, the Hc and S increased, and the highest Hc and S
were obtained at 90 degrees for BLFC28O thin film. This 
tendency is similar to the case of Stoner-Wohlfarth 
single-domain particle with an easy axis of 90 degrees. 
This indicates that BLFC28O thin film had clear 
perpendicular magnetic anisotropy. The reason for the 

Fig.. 9 Dependence of coercivity (a) and squareness (b) on 
the VSM measuring angle between magnetic field in 
BLFCO films.

increase of perpendicular magnetic anisotropy by the Co 
substitution should be discussed in a future study by 
using e.g., synchrotron radiation, but we can say these 
magnetic properties of BLFC28O thin film cause it to be 
a suitable candidate for novel magnetic devices.

Different tendencies of change of the saturation 
magnetization between La substitution in A-site and Co 
substitution in B-site will be considered. The further 
increase of saturation magnetization by excessive Co
substitution of more than 20 at% will be considered. The 
mechanism of the saturation magnetization
independence by La substitution may be that the large 
magnetic moment Fe3+ did not change to a small 
magnetic moment of Fe4+ because the valence balance in 
the lattice did not change even if a part of Bi3+ was 
substituted by La3+. This is not the same situation as 
BBFCO thin films. On the other hand, the increasing
mechanism of the saturation magnetization by Co 
substitution may be the transformation from the 
antiferromagnetic phase to the ferrimagnetic phase,
which had Fe3+ with a large magnetic moment and Co2+
with a small magnetic moment. This is the same 
situation as BBFCO thin films. The reason for the further 
increase in the saturation magnetization when the Co 
substitution amount exceeded 20 at% in BLFCO in films
is the small strains in the lattice of the BLFCO thin film 
and the formation of the BiFeO3 phase. This is due to the 
small difference of ion radius between La3+ and Bi3+ (La3+
is 0.99 times against Bi3+). This is not the same situation 
as BBFCO thin films.

44.. CCoonncclluussiioonn 

In this study, we fabricated (Bi1-xMx)(Fe1-yCoy)O3 (M: 
Ba, La, x: 0.22 - 0.78, y: 0 - 0.36) multiferroic thin films 
deposited by pulsed DC reactive sputtering method using 
a UHV sputtering system. We investigated the effect of 
the Co substitution amount against Fe in 
(Bi,Ba)(Fe,Co)O3 thin films and (Bi,La)(Fe,Co)O3 thin 
films on the magnetic properties such as saturation 
magnetization and perpendicular magnetic anisotropy. 
With increasing the Co concentration up to 20 at%, 
saturation magnetization and perpendicular magnetic 
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anisotropy increased in (Bi,Ba)(Fe,Co)O3 and 
(Bi,La)(Fe,Co)O3 thin films. Especially in the case of 
(Bi,La)(Fe,Co)O3 thin films, the Co concentration of more 
than 20 at% was also effective. The reason for the 
increase of saturation magnetization on Co substitution 
is the transformation from the antiferromagnetic phase 
to the ferrimagnetic phase, which had Fe3+ with a large 
magnetic moment and Co2+ with a small magnetic 
moment. Furthermore, the reason for the further 
increase of saturation magnetization on Co substitution 
of more than 20 at% in (Bi,La)(Fe,Co)O3 thin films is the 
small strains in the lattice of the (Bi,La)(Fe,Co)O3 thin 
film and the formation of the BiFeO3 phase. These 
magnetic properties with high saturation magnetization 
and perpendicular magnetic anisotropy are suitable for 
novel magnetic devices. 
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    Ultra-compact electric vehicles (EV) have recently begun to be sold instead of general vehicles with gasoline 
engine to new transportation recently. However, as the outer plate of an ultra-compact EV has low rigidity, the road 
noise that a tire generates by rotation and the wind noise generated by the projection shape of the vehicle transmit 
to the inside. It is thought that this interior noise deteriorates ride comfort for passengers. Therefore, we have been 
investigating a system for actively controlling noise transmitted from the outside with control sound generated by a 
giant magnetostrictive actuator on the ceiling of the cabin instead of a speaker installed in the vehicle. The control 
sound forms a wall in the cabin. The giant magnetostrictive actuator is required to produce sufficient thrust, less 
distortion, and delayed sound waves. In this paper, we studied giant magnetostriction force and performed a 
frequency analysis on the frequency of the harmonics generated when 100 to 500 Hz of control sound was output. 
 
KKeeyywwoorrddss::  ultra-compact EV, giant magnetostrictive actuator, finite element model, electromagnetic field analysis, 
road noise, output characteristics, magnetostriction force 

  
 

11..  IInnttrroodduuccttiioonn  
    

  In recent years, the ultra-compact electric vehicle 
(EV) which is one-or two-seater begins to be sold instead 
of general vehicles installed gasoline engine to new 
transportation. Because the ultra-compact EV is a small 
and wright electric vehicle, it is a characteristic that 
there is little impact on the environment. Therefore, it 
is expected that the use of the ultra-compact EV spreads 
to urban and areas where public transport is not 
maintained for new transportation tools. However, as 
the outer plate of the ultra-compact EV has low rigidity, 
the road noise that a tire generates by rotation and the 
wind noise to be generated from the projection shape of 
the vehicle transmits to the inside vehicle. It is thought 
that this interior noise causes deterioration of the ride 
comfort for the passenger1). In the general vehicle, 
soundproofing by sound-absorbing materials is installed 
interior of the vehicle. Furthermore, it is some luxury 
vehicle has active noise control (ANC) system by control 
sound generated speaker which is installed in the 
cabin2), 3). 
  On the other hand, it is difficult to install 
soundproofing by sound-absorbing materials and ANC 
system for the ultra-compact EV, because there is a 
limit to the interior space. The demand for 
ultra-compact EVs is expected to increase in the future. 
However, the research and development of noise control 
systems as noise countermeasures for ultra-compact 

EVs have not been enough. 
  We have studied on active control system for 
transmitted noise from outside by control sound 
generated by giant magnetostrictive actuator on the 
wall surface in the cabin instead of vehicle installation 
speaker4)-6). The features of our proposed system, the 
control sound form wall surface in the cabin is 
generated by giant magnetostrictive actuator.  
  In this system, the output control sound forms the 
giant magnetostrictive actuator is required sufficient 
thrust, less distortion, and delay of the sound wave. To 
maximize the noise reduction performance of the system, 
it is important to manufacture an actuator that can 
output signals accurately in the operational frequency 
range. Therefore, we considered the frequency response 
of magnetostriction force which is obtained by using 
electromagnetic field analysis. The magnetostriction 
force generated a sharp change of giant 
magnetostrictive material by the magnetic field. In this 
paper, we studied giant magnetostriction force and 
frequency analysis of the frequency of the harmonic 
which was generated when the 100 to 500 Hz which is 
road noise frequency range7)-9) of control sound was 
output. 

  
22..  DDeessiiggnn  ooff  tthhee  ggiiaanntt  mmaaggnneettoossttrriiccttiivvee  aaccttuuaattoorr  

ccoonnssiiddeerriinngg  tthhee  oouuttppuutt  ooff  llooww  ffrreeqquueennccyy  ccoonnttrrooll  ssoouunndd  
    

  Demand for the ultra-compact EV is expected to 
increase. However, the ultra-compact EV has urgent 
issues of countermeasure for lack of comfort by the 
interior noise. Therefore, we have been studying on new 
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FFiigg..  11  ANC system for ultra-compact EV using  
giant magnetostrictive actuator. 

 
 
 
 
 
 
 
 
 
 
 
 
 
            FFiigg..  22  Schematic of experimental apparatus  
             for noise reduction. 
 
ANC system for the ultra-compact EV for the 
countermeasure of interior noise by the giant 
magnetostrictive actuator which is installed on the wall 
to reduce the impact on inside space and weight of the 
vehicle as shown Fig. 1. The noise control target of this 
ANC system is 100 to 500 Hz of the road noise that a 
tire generates by rotation. This system outputs control 
sound by the giant magnetostrictive actuator which is 
installed on the wall in the vehicle. And the value of the 
sound control effect is muted most at the position of the 
passenger’s ears. 
  Fig. 2 shows schematic of ANC apparatus. In this 
system, the condenser microphone is installed under the 
inside vehicle for measured road noise (Sensor 1) and 
measured road noise data by Sensor 1 is input to the 
digital signal processor (DSP). The measured road noise 
is phase compensated by an adaptive filter using the 
LMS algorithm and output as a control signal. The 
control signal is amplified and input to the giant 
magnetostrictive actuator. And the control sound is 
output by wall surface vibration using the giant 
magnetostrictive actuator which is installed on the flat 
sharped part of the vehicle. 
  In this ANC system, the noise reduction value at the 
passenger’s ears position (Sensor 2) is effect to sound 
field in the vehicle consisting of control sound from wall 
surface vibration by the giant magnetostrictive actuator 
and road noise transmitted through the vehicle. In 

addition, the distortion and delay of the output 
frequency of the giant magnetostrictive actuator 
influence ANC system quality. In order to increases the 
noise reduction by ANC, the performance of the giant 
magnetostrictive actuator that is able to accurately 
output the signal of the control sound generated by the 
DSP is important in addition to the output of the control 
sound for noise and the phase compensation considering 
the sound field in the vehicle. 
  In our proposed ANC system, it is necessary to use a 
highly accurate and output control sound performance 
giant magnetostrictive actuator to create the ANC 
system for the ultra-compact EV that is able to noise 
reduction at the passenger’s ears position in the vehicle. 
In this paper, as a design of the giant magnetostrictive 
actuator considering the output of low-frequency control 
sound, an electromagnetic field analysis using a finite 
element model was performed on the magnetostriction 
force and frequency characteristics. In this analysis, the 
frequency of the AC current flowing through the coil 
was single frequency at the road noise frequency range 
to be controlled, and we confirmed the distortion of the 
magnetostriction force. 

  
33..  TThhee  ssttrruuccttuurree  ooff  ggiiaanntt  mmaaggnneettoossttrriiccttiivvee  aaccttuuaattoorr  aanndd  

mmaaggnneettoossttrriiccttiioonn  ffoorrccee  bbyy  tthhee  ggiiaanntt  mmaaggnneettoossttrriiccttiivvee  
mmaatteerriiaall 

    
33..11  TThhee  ssttrruuccttuurree  ooff  ggiiaanntt  mmaaggnneettoossttrriiccttiivvee  aaccttuuaattoorr  
  Fig. 3 shows the structure of the giant 
magnetostrictive actuator and the dimensions of each 
part. The giant magnetostrictive actuator is constituted 
columnar magnetostrictive material, the permanent 
magnet which is around magnetostrictive material, 
bobbin, and solenoid coil. The permanent magnet was 
used to apply a bias magnetic field to magnetostrictive 
material10). Fig. 4 shows the giant magnetostrictive 
material and coil. The coil was connected AC source and 
a magnetic field was generated by the current flowing 
through the coil. The giant magnetostrictive material 
was stretched by the magnetic field, and the control 
sound was output by the wall surface generated 
transmit vibration by the shaft and spring. Other 
constitution components and materials of the actuator 
were shown in Table 1. 

 
33..22  TThhee  ggeenneerraatteedd  mmaaggnneettoossttrriiccttiioonn  ffoorrccee  bbyy  tthhee  ccuurrrreenntt  
fflloowwiinngg  tthhrroouugghh  tthhee  ccooiill  ffrroomm  tthhee  AACC  ssoouurrccee..  
  Fig. 5 shows the longitudinal direction cut model of 
the giant magnetostrictive actuator. The permanent 
magnet which is around the giant magnetostrictive has 
an N pole on the shaft 1 side and an S pole on the 
opposite side. In this consideration, the generated giant 
magnetostriction force on the surface in contact with 
shaft 2 was a negative value. Because, from Fig. 5, the x 
axis direction has the origin on the shaft 1 side and the 
right direction is positive. Therefore, the direction in 
which the shaft is pushed out by the stretched giant 
magnetostrictive material is negative. Permanent  
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Filter by LMS algorithm  

Giant magnetostrictive
actuator

Sensor 1

ロードノイズ

風切り音

Road noise generated by rotating tires
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  FFiigg.. 33 Internal components of giant magnetostrictive 
        actuator.

FFiigg.. 44 Giant magnetostrictive material and coil.

TTaabbllee 11 Details of giant magnetostrictive actuator.

magnets are used as bias magnets in the 
magnetostrictive actuator. Therefore, the giant 
magnetostrictive material has magnetostriction force 
constantly by the effect of the magnetic field from the 
permanent magnet even though no AC current through 
the coil. Then, when the AC through the coil, the giant 
magnetostriction force generated by the constantly
working giant magnetostrictive material increases or 
decreases. And the giant magnetostriction force causes 
shafts 1 and 2 to transmit the vibration to the wall 
surface, thereby transmitting the vibration to the wall 
surface. Outputs sound waves due to vibration.

33..33 AAnnaallyyssiiss mmooddeell aanndd mmaatteerriiaall cchhaarraacctteerriissttiiccss ooff tthhee 
ggiiaanntt mmaaggnneettoossttrriiccttiivvee mmaatteerriiaall 

In this study, we considered the giant 
magnetostriction force for output low-frequency control 
sound using the finite element model of the giant 
magnetostrictive actuator as shown in Fig. 6 by 
electromagnetic field analysis by using JMAG Designer 
Version 16.0 (JSOL Corporation). The giant 
magnetostrictive actuator output the displacement due
to the axial strain of the giant magnetostrictive
material. Therefore, the giant magnetostrictive material

FFiigg.. 55 Direction of magnetostriction force and 
permanent magnet pole.

 

 
 
FFiigg.. 66 Size of giant magnetostrictive material by  
      electromagnetic field analysis.

was Terfenol-D with a length of 70 mm and a diameter
of 4 mm. And the permanent magnet was magnetized in 
the axial direction to be applied in the axial direction of
the giant magnetostrictive material. There is 0.5 mm air 
area between the giant magnetostrictive material and 
permanent magnet. The used coil conductor diameter 
was 0.5 mm and 201 turns. And the resistance was 2 Ω 
and inductance was 0. 282 mH.
  In this analysis, the material characteristics of giant 
magnetostrictive material were used value of the 
magnetic field and magnetic flux density according to 
research by Sugawara et al10) as shown Fig. 7 and result 
of size change by the external magnetic field of 
magnetostrictive material according to research by 
Mori11) as shown Fig. 8. And the young’s modulus of 
giant magnetostrictive material is 26.5 GPa.

In this consideration, we carried out 
three-dimensional analysis. The number of divided 
elements was 266855 and the number of nodes was 
45689. In the establishment of electromagnetic field 
analysis, the analysis time increment was 50 μs, the 
step number was 1000 and the shaft 1 and giant 
magnetostrictive material were considered eddy 
current.

44.. TThhee ccoonnssiiddeerraattiioonn ooff oouuttppuutt cchhaarraacctteerriissttiiccss bbyy bbiiaass 
mmaaggnneett mmaatteerriiaallss 

  
  Among the elements of the giant magnetostrictive 
actuator, we considered the giant magnetostriction force 
and magnetic flux density when the materials of the 
permanent magnet will be changed by electromagnetic 
field analysis. The magnetostrictive force from giant 
magnetostrictive material calculated using Hooke’s law
by magnetostriction which was calculated magnetic flux 
density, poisson’s ratio, and young’s modulus.

Shaft 1 Spring CoilShaft 2

Giant magnetostrictive materialPermanent magnet

Giant magnetostrictive
material

Coil

N S

xShaft 1

Shaft 2

70 mm

Φ
4 
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m
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FFiigg..  77  B-H curve of magnetostrictive material. 
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          distortion. 
 
  In this section, we compared the magnetostriction 
force and magnet flux density of two types of permanent 
magnets, a ferrite magnet FB5B (0.45 T) and a 
neodymium sintered magnet NEOREC27UX (1.1 T).  
Both magnets were manufactured by TDK Corporation. 
We analyzed magnetostrictive force and magnetic flux 
density when the AC voltage was changed the frequency 
applied to the coil from 100 to 500 Hz following road 
noise frequency band. In this analysis, the sampling 
frequency was 20 kHz and the voltage amplitude was 3 
V. 

Fig. 9 shows one of the analysis results of the giant 
magnetostriction force. In this figure, the red line is a 
ferrite magnet and the blue line is a neodymium 
sintered magnet. In this analysis result, the value of 
magnetostrictive force was negative. Because the x axis 
direction was from the shaft 1 side as the origin and the 
right direction was positive. From the results, both 
ferrite and a neodymium sintered magnet have giant 
magnetostriction force generated by giant 
magnetostrictive material that stretches and drives the 
shaft. Compared with the result of ferrite and a 
neodymium sintered magnet, the magnetostriction force 
is larger for neodymium sintered magnets, which have a 
larger residual magnetic flux density value. And, the 

 
 
 
 
 
 
 
 

  
  
FFiigg..  99  Time histories of analyzed magnetostriction force of  

200 Hz. 
 
 
 
 
 
 
 
 
 
 

  
  

FFiigg..  1100  Magnetostriction force of each frequency. 
 
 
 
 
 
 
 
 
 
 

 
 

FFiigg..  1111  Half amplitude of current value in the circuit for  
each frequency. 

 
result of a ferrite magnet, the wave shape was distorted 
as the magnetostriction force became smaller, and the 
distortion was larger than the result of the neodymium 
sintered magnet. 

Moreover, Fig. 10 shows both amplitude values of the 
magnetostriction force at each frequency. From the 
result, the magnetostriction force was approximately 60 
N for ferrite magnets from 100 to 500 Hz. On the other 
hand, the magnetostriction force was approximately 90 
N for neodymium sintered magnets from 100 to 500 Hz. 

The Fig. 11 shows the half amplitude of current value 
in the circuit for each frequency about decrease in the 
magnetostriction force due to the increase in the 
frequency of the alternating current. From the Fig. 11, 
the alternating current value decreases as the frequency 
increases. Therefore, we considered that the decreases 
of the magnetostriction force is affected by inductance to 
voltage in the actuator.  

Furthermore, the Fig. 12 shows Average value of iron 
loss for whole actuator each frequency. From the result, 
as the frequency increased, the iron loss of the entire 
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FFiigg..  1122  Average value of iron loss for whole actuator each  
frequency. 

 
actuator also increased. However, the maximum iron 
loss value is lower than 0.004 W. Therefore, we 
considered that the decreases of the magnetostriction 
force is less impact for iron loss. 

  
55..  SSppeeccttrruumm  aannaallyyssiiss  ooff  ggiiaanntt  mmaaggnneettoossttaarriiccttiioonn  ffoorrccee 

  
  In the previous section, we compared the 
magnetostriction force of two types of permanent 
magnets, a ferrite magnet, and a neodymium 
sinteredmagnet. From the result, a ferrite magnet, the 
wave shape was distorted as the magnetostriction force 
became smaller, and the distortion was larger than the 
result of the neodymium sintered magnet. In this 
section, we considered harmonic wave by spectrum 
analysis using Fourier transform for the 
magnetostriction force. 
  Fig. 13 shows the results of spectrum analysis. From 
Fig. 11 (a), the frequency of AC is 100 Hz. Therefore, the 
frequency of the harmonic wave was 200 Hz, 300 Hz, 
400 Hz, and 500 Hz in the magnetostriction force. And 
Fig. 13 (b) to (e), the magnetostriction force has 
distortion by a harmonic wave as Fig. 13 (a). Moreover, 
both a ferrite and neodymium sintered magnet has 
magnetostriction force has distortion by harmonic wave. 
  Fig. 14 shows the frequency of AC and the single 
amplitude value of harmonic waves. From the results, 
the single amplitude value of the magnetostriction force 
is larger for neodymium sintered magnets, which have a 
larger residual magnetic flux density value. And, 
compared with ferrite and neodymium sintered magnet, 
the neodymium sintered magnet has a smaller single 
amplitude value of the harmonics. Therefore, it is less 
distortion in the magnetostriction force. In this 
investigation, we found that the quality of output sound 
from the giant magnetostrictive actuator is affected by 
the bias magnetic field in the actuator. 
  In our proposed ANC system, when the voltage 
applied to the giant magnetostrictive actuator becomes 
large, the harmonics wave of the control sound also 
becomes large, which may cause a decrease in the noise 
reduction effect and the sound quality of the masking 
audio. Therefore, it is important to select to giant 
magnetostrictive material and a permanent magnet for 
the development of the giant magnetostrictive actuator 
for the ultra-compact EV. 

 
 
 
 
 
 
 
 
 
 

(a)  100 Hz 
 
 
 
 
 
 
 
 
 
 

(b)  200 Hz 
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FFiigg..  1133  Spectrum of harmonic wave for each permanent  
magnet. 
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(b)  Standard frequency of 200 Hz 
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(c)  Standard frequency of 300 Hz 
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(d)  Standard frequency of 400 Hz 
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FFiigg..  1144  Harmonic wave amplitude for each permanent  

magnet. 

66..  CCoonncclluussiioonn 
  

  In this paper, we studied the characteristics of 
magnetostriction force which is obtained by using 
electromagnetic field analysis for the giant 
magnetostrictive actuator for the ultra-compact EV. We 
considered the giant magnetostriction force for output 
low-frequency control sound using the finite element 
model of the giant magnetostrictive actuator by 
electromagnetic field analysis and harmonic wave by 
spectrum analysis for the magnetostriction force. 

In this analytical study, we indicated the giant 
magnetostriction force and magnetic flux density when 
the materials of the permanent magnet will be changed 
by electromagnetic field analysis in the elements of the 
giant magnetostrictive actuator. From the results, the 
magnetostriction force is larger for neodymium sintered 
magnets, which have a larger residual magnetic flux 
density value. And the consideration on the harmonic 
wave for the magnetostriction force, the neodymium 
sintered magnet has a smaller single amplitude value of 
the harmonics. Therefore, it is less distortion in the 
magnetostriction force. From the results, we found that 
the quality of output sound from the giant 
magnetostrictive actuator is affected by the bias 
magnetic field in the actuator. 
  In the design of the magnetostrictive actuator, the 
natural frequency of each element is considered to affect 
the output characteristics in future. And also, we are 
changing material with higher magnetic permeability. 
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