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Study on Development of Negative Magnetostrictive Soft Magnetic
Material for Bimorph-Type Power Generation
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H. Abe 2P, T. Goto P, M. Naoe ®, K. I. Arai® and K. Ishiyama ™"
) Graduate School of Engineering, Tohoku University., Aramaki Aza-Aoba 6-6, Aoba-ku, Sendai, Miyagi 101-0062, Japan
b) Research Institute of Electrical Communication, Tohoku University., Katahira 2-1-1, Aoba-ku, Sendai, Miyagi 980-8577, Japan
) Research Institute for Electromagnetic Materials, Narita 9-5-1, Tomiya, Miyagi 101-0047, Japan

This paper describes the development of a negative magnetostrictive soft magnetic film and its application
as a bimorph-type power generation device based on electromagnetic induction. The authors focused on amorphous
Sm-Fe films combining soft magnetic properties and a large negative magnetostriction constant A with in-plane
rotating field annealing in particular, a Sm content of 14 at.% enabled us to obtain a minimum coercivity and high
negative A by in-plane rotating field annealing. To fabricate a cantilever for the bimorph-type device, negative
magnetostrictive Smi4Fess film and polycrystalline Fez7Co7s film (positive magnetostrictive) were deposited on the
front and back of thin glass substrate, respectively. The cantilever demonstrated a larger output voltage than a
unimorph-type device using one side of Fe27Co7s film. We believe that by increasing the cross-sectional area and the

number of coil turns, intermittent operation of small devices is feasible.

Key words: energy harvesting, vibration power generation, inverse magnetostrictive effect,
soft magnetic material, magnetic thin film, negative magnetostrictive material
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Fig. 1 X-ray diffraction pattern of SmFe
with different compositions of Sm.

450
00 [ e
350 |
300
250 |
200 F
150 |
100 [
50 ¢ *
0: . . . ]
0 20 40 60
Sm content (at%)

Fig. 2 Sm content dependence of coercivity
in as-deposited SmFe films.
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Fig. 4 Annealing temperature dependence
of coercivity of Sm,,Feg; film.
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Fig. 5 Magnetostriction properties:
as-deposited Sm, Feg; film shown as
black circles and annealed
Sm,,Feg film (at 150 °C)
as red circles, respectively.
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applied tensile or compressive stress to films.
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Magnetic heating properties of hollow Fe3O4 nanoparticles with magnetic
vortex structure
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Hollow-structured FesOs nanoparticles, with an increased surface area compared to solid counterparts, show
promise in cancer therapy through potential applications in magnetic hyperthermia and drug delivery via
encapsulation. This study investigates the shell thickness-dependent heating efficiency of hollow Fe3O4 nanoparticles
with a magnetic vortex structure less prone to magnetization reversal. Using the solvothermal method, we maintained
a nearly constant inner diameter (230 nm) while varying shell thickness (400 nm, 530 nm, and 720 nm in outer
diameter denoted as H400, H530, and H720) by adjusting only the outer diameter through a change in reagent ratio
and heating temperature. Under an applied AC magnetic field of 270 kHz, 429.5 Oe, the specific absorption rate (SAR)
values of H400, H530, and H720 samples (calculated based on the initial temperature rising rate observed during the
time interval of 0 to 30s) were 265.1, 130.2, and 120.9 W/g, respectively. These findings, supported by DC hysteresis
loss experiments and micromagnetic simulations of AC hysteresis loss, indicate that particles with thinner shells at
the same inner diameter exhibit enhanced heating efficiency due to a stable magnetic vortex structure and significant
hysteresis loss. This highlights the potential utility of hollow nanoparticles with thin shells as a particle shape for
magnetic hyperthermia.

Key words: magnetic hyperthermia, hollow FesO4 nanoparticles, magnetic vortex structure, heating efficiency
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(b)

Fig. 1 (2) Magnetic vortex structure of particles associated with hollow structure!?. The color of the arrows indicates the degree

of spin direction along the magnetic field in the [100] direction, with the red and blue spins oriented parallel and antiparallel to

the magnetic field, respectively. The vortex structure of the spins is counterclockwise. (b) Shape of magnetic particles with

hollow structure.
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Fig. 2 Synthesis procedure of hollow structured FesO4 nanoparticles using solvothermal method.

Table 1 Synthesis conditions of hollow FesO4 nanoparticles.

Outer diameter (nm) 400 530 720
Heating temperature (‘C) 220 230 230
Heating time (h) 12 12 12
Reagent ratio (NHsAc : FeCls + 6H20) (mol/L) 0.6:0.06 0.75:0.1 2.25:0.1

Table 2 Size of the synthesized hollow nanoparticles.
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Fig. 3 XRD patterns for three samples H400, H530, H720,
and bulk Fe3O4.
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Fig. 4 Morphology of three samples observed by (a) SEM
and (b) TEM.
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Fig. 5 Magnetization hysteresis loops at 300K for hollow

nanoparticles with varying shell thickness.
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Fig. 6 Experimental setup for measuring heat efficiency

of magnetic particles under AC magnetic field.

Table 3 Information of drive coil.

Outer diameter (mm) 42
Inner diameter (mm) 30

Pitch (mm) 32
Number of turns 4
14
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Fig. 7 Temperature increase in samples containing
hollow magnetic nanoparticles with outer diameters of
400 nm, 530 nm, and 720 nm, as well as a control sample
with only water, when subjected to an applied AC
magnetic field (270 kHz, 429.5 Oe).
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Fig. 9 Simulation results of hollow magnetic
nanoparticles (H400, H530, H720) under AC magnetic
field at 500 kHz frequency and 1000 Oe magnetic field

amplitude.
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Fig. 10 Area of hysteresis loops obtained from simulation
results of hollow magnetic nanoparticles (H400, H530,
H720) when AC magnetic field is applied.
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Bi, Ga substituted Eu garnets at room temperature
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It is expected that ferromagnetic resonance frequency increased at compensation point for an angular
momentum. In this study, EuBi2FesxGaxO12 thin films prepared by metal-organic decomposition method were
characterized by magneto-optical measurements and ferromagnetic resonance measurements. Compensation points
for magnetization and an angular momentum were found at Ga compositions of 1 — 1.1 and 0.9 — 1, respectively.
Gyromagnetic ratio was increased at Ga compositions of 1.

Keywords: Metal-organic decomposition method, Bi-substituted rare earth iron garnet, Gyromagnetic ratio, Angular

momentum compensation composition, Ferromagnetic resonance, High frequency property
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Fig. 1 A schematic illustration of coordinate
system used in the experiments and analysis of
FMR.
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Fig. 2 XRD patterns of EuBisFes-«GaxO12 thin
films prepared on GGG (100) substrates.
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Fig. 3 Calculated value by the least-squares
method and experimental data
of EuBi2FesxGaxO12 thin films prepared on
GGG (100) substrates.
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Fig. 4 Faraday spectra of EuBizFes<GaxO12
thin films prepared on GGG (100) substrates.

2 T
1
1
|
@ Experimental Data !
1t i
- Fitting data ' “‘-.__
"o e @ ]
Y 9 : o
Kl |
Sy I
1
_‘: - -Magnetization
-1 r - o --- ! compensation
- [ J ! composition
I
-2 PR S T T | 1 1
0 0.5 1 1.5 2

Ga content x
Fig. 5 Faraday rotation angle and Ga content
of substitution around 520 nm
of EuBi2Fes-xGaxO1z2 thin films.

86 Transaction of the Magnetics Society of Japan (Special Issues) Vol.8, No.2, 2024

INDEX



DR,
Or ()
_re’w? z Nifi{ (woi +8)? —w? —T}?
Znme i=—a,d Woi [(woi +A)? —w?+ Fiz]z + 4w2T;?

(woi = A)* —w?* = T}? } ®)

[(woi —A)?—w?+ l“l-z]2 + 42T}
TEREINDZEEZFHLTROEZEEATHD 19, e 138
T-OER, mITETOERE, NIXGHEA A UBE, 0y (=
wo  A) 1T PR & ERREOIBT R F—, wy (33
WE B XX—, f AT E AR OES) T
WE, T ITEBOBEIRTH . £, i(=a,d) X, ald/\
A A MBI O IZUmEAEY A 2RI, =FL, x=0

OWO7 7 75 —[AllEfA-1.4 FEL LT, Ga BHREKRFIEE
FHE L F72, AL Ga¥* D 90%73 4 KD kD Fe¥*
BB S 9L L7-. Ga [BHE 0~1 OFFL, Ga BiE
1.1~2 DL TZRY NLOIEARKEELTWS Z & 2D
M5B, ZORERE, WEEYA b ENREY A N OBKE
— A FOBNPKIE L2 L2 RTHOTHD. LN
ST, Ga [BHE 1~1.1 ORICIEROEALINTERT S RME
MERLR D FET D EE2LND. £, Bohiz7 77
T —[EHEA D Ga BEHEEKFEIZONWTIE, EBRT—HI1Z
EH2EFRHDLLOOTHEMANBAE->TNDZ LR

—0 deg
—10deg
—20 deg
—30deg
—40 deg
—50deg
—60 deg
—70deg
80 deg
—90 deg
P

di/dH
di/dH

di/dH

1 2 3 4 5 6 7 1 2 3
Magnetic Field (kOe)

Magnetic Field

1 2 3 4 5 6 7
Magnetic Field (kOe)

4 5 6
(kOe)

(d) x=1

O e

PR T SR N R S T N S S P BT 1

di/dH
di/dH

(e) x=1.1

e

PR SR S N T ' PR S S I S N T S S R

(f) x=1.2

di/dH

1 2 3 4 5 6 7 1 2 3
Magnetic Field (kOe)

Magnetic Field (kOe)

4 5 6 7 1 2 3 4 5 6 7
Magnetic Field (kOe)

4

(h) x=1.4

(i) x=1.5

(9) x=1.3
q

PR TR U N SN TR SR N SN SR PR BT |

di/dH
di/dH

di/dH

W

1 2 3 4 5 6 7 1 2 3
Magnetic Field (kOe)

Magnetic Field (kOe)

4 5 6 7 1 2 3 4 5 6 7
Magnetic Field (kOe)

(j) x=2

di/dH

1 2 3

4 5 6 7

Magnetic Field (kOe)

Fig. 6 FMR spectra of (a)x=0, (b)x=0.5, (c)x=0.9, (D)x=1, (e)x=1.1, (Dx=1.2, (g)x=1.3, (h)x=1.4, ()x=1.5, and
(§)x=2 of EuBi2Fes-«GaxO12 thin films prepared on GGG (100) substrates.
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Fig. 7 The angle of magnetic field application £
dependence of resonance magnetic field Hes of
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GGG (100) substrates.

Table 1 KA1, Ku, Ketr and yof EuBiz2FesxGaxO12 thin
films deduced from FMR analysis.

K

Ga content (><103/e(rlg/cm3) (><103{e(rug/cm3) (X10° oq/om®)  (MHL/00)

0 -25.9 20.6 -96.1 2.51
0.5 -14.8 -12.2 -55.7 2.46
0.9 -8.49 -17.7 -29.6 2.60
1 -0.0941 -2.18 -3.23 4,72
1.1 -0.00717 -0.350 -0.368 4.19
1.2 - - - -

1.3 0.695 -0.958 -2.95 3.74
1.4 1.36 1.20 -3.76 3.67
1.5 -2.15 -3.61 -17.2 4.95
2 —_ —_ — —
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Fig. 8 Effective magnetic anisotropy constant
Kett and gyromagnetic ratio y
of EuBi2FesxGaxO12 thin films.
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6. &

MOD %% T GGG(100) #= R 112 (100) Ed & L 7=
EuBisFesxGax012 (x=0, 0.5,0.9, 1, 1.1, 1.2, 1.3, 1.4, 1.5, 2)
A ERL U7, EROEFHRIE ORSE, A ToMEICRs
T, 520nm fHTICE— 2 273 2 MBI 72 SR Bl &
FrEHI—F Y bOT 7 T —REEAT FABELR
2. £, 77 9T =AY MLOEANYERLIZZ &
5, Ga [E#E 1~1.1 OB IERORBHAL T DR
EREDTFET S B2 b5, FMR HIE DTS F
5, Ga BH#iE 0.9~1 CHAEBNRMEMRNTFET D L5
2D, £z, GaEfES 097025 1ITHCLZET A
T, y M9 4.7 MHz/Oe Db D & Hb_TH 1.9 128
mLi-.

A [E], Bi BN 2.0 &E Bi BHREET—F% > M
JEIZ I T, IR CRALAI R A 1 OV IR B A A AR
PELNDZ WD TORTIENTE. &b, fiE
BN EAMERATE Ty OB SN, Bi BEEEHE T —
X v b OE R O RTEEMEN R ST,

I AW O—EE, JSPS ZEMAR R F ¥ IPISBP-
120208805), 4 i BARFARIAMEL « > AT LHFSEATITR
WeD a2 T CEBS .
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