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Magneto-optical properties of isotropic Co-MgF; granular film and their
application to optical-probe current sensor
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In recent years, the spread of power semiconductor devices such as SiC/GaN that can enable high speed switching has contributed to
the miniaturization and increasing efficiency of the power electronics systems. The optical-probe current sensor proposed by our group
has an ultra-compact probe, so in-situ measurement of switching current is possible. In this paper, to improve the sensitivity of the Co-
MgF> granular film with an in film-plane magnetization used as a Faraday element of this sensor, we fabricated the isotropic granular
film in all directions by reducing the demagnetizing effect in perpendicular to the film-plane. This is achieved by reducing the magnetic
dipole interaction between cobalt nano particles in the granular film. In this case, this film is easily magnetized in perpendicular to the
film-plane, and it has high transmittance for infrared light. We confirmed that the figure of merit(°/kA +m'+dB) defined as the Faraday-
rotation angle per unit transmission loss was increased. In fact, the signal-to-noise ratio of the optical-probe current sensor with isotropic

granular film was significantly improved.

Keywords: Faraday effect, nano particles, granular film, thin film, co-evaporation, magnetic dipole interaction, current sensor

1. ZL®HIZ

SiC /U —di8 KT, ek Si HEERICHT, 10 f%
BEMMET, VBN, F2, 2= —J ik
WKV T —VEROBENNSL, BERAL v TF 7N
WHEE IpoTz. TS = H =T EOFBEIIEHIRTE
7%, Turn ON/OFF {823 L U@ K ORI > 7222
D, BB/ ERLERICES LTS, FICERHA
BRI T TlE, A v N—F — DRk & BRI
LoT, WHBEBNDBKRIFIZHIKE AL TN D2 KU —F
PNA ADWERNNED AL v F o TR O EEE I & -
T, WM EEER T 2 A NR—ORGFFHEBEI AL TV
L. mi OV RAER T, SEERS ORENEICEDE
TOM 02, W 2 A NN— L OIS RIC L 2 EiRE
JESATDOFLINNEL B 70 EORENRE SN TWND Y . N
AN— DR FHIEE L, ARERIEIC L D BRI
a2 b—a VERIEIEH SN TWA R, FERHECZER
R fRE DS M OER A TFEY 20552 TR0
FEOEOEEHCEN D, L LARD, EWEEHIC 2
5L, RSN TV BEBLROER I, BT v
—T 4 U7 L D EREHE R S ORIBR, AL Y
— X AN LD ERIEA~OF U, FEHEER A X2 X 5E
BT OEL, EWVo o8 RN D 0, EfE BT A R
B2 2 L RHELVORBURTH S,

FEHOIINT 7 A SO EE LR 7 7 T 5

—REFP LI T v —T iR oD ZREREL TS,

AL, AL o E—=F U 2RNFEEALELS, a2 T

Corresponding author: M. Miyamoto (e-mail: miyamotom(@citizen.co.jp).

0 —7 B LOME IR LTV A - O BRGSO S B
A RDOEBEZ T2, £z, WO To—TE2HT5
7o, Zefi s finensm < JRATic B % in-situ FH28FTRE T
HDH., INFETIRBFEINTVDERFELDOER (KR &
UYL, BUYHERTELT, A EERA v N Y T AR
—F v MERBELHNSENTEZOD | T—F v bR
BHIE WA R KROFR TH D0, 7 = U tER Tl
B IR ASE 2 BT 5 2 & D, By PHFETLELT
AT DT m—THEIERT 2LERH 58 = &0
WEOSEICHIRDN B D 9 R EOREND D, EIRERE
PEAR K& < 10 BEIZbIC L A N EBDNETH 5.

T4, Kobayashi 23 L7=iF@EiR~ b U » 7 AFZ
WIS BT R AN L ) VT =2 T Wi,
e GHz DL B TRRENEILNS 2 A9 5 72 o i JE e 5 HR A W4+
ENBMEICTH S, AL LI RoEfiNEZ B LIZ%
4, 100MHz A ORGSR EZH L, 0.1~%0 100 A B2
OFH THRHEREZFov v n®e2Ens. ko 7
T =a T —ETE, BAJESHTEVOT 7 77 —hRITR
TV, HEOFBERNMEN D, BN R 5 e
AN E L, KER (R (SR 2 M 1314y
TR,

FHODPRELC& Co F/hit% MgFe~ kU w7
AT LTz Co-MgFe 75 == 7 —fi%, Co & Mg D7
AL AR T R L — DFEWTHSBEN BAF 12 Th Y, B
BRSSO D 9. AL T, L0 ERERE
WA A HE L, Jeo ASt - A5#E 7R & FEE OB NI R
A BT [ DK E 72 RSN L Db s S iz A3 2
7T =27 — NG, Co T /R ORI &RL1 [ EERE
ZENCHIET 5 Z L IC ko T 3 RIS D /5 =
27 —REBRR L. Zhickv, XolEfT i Th oIk

22 Transaction of the Magnetics Society of Japan (Special Issues) Vol.7, No.1, 2023



MK U CHRE AL LS < 72 h, HALEER, HAd
WHEKNTZV 07 7 77 —EliEA & L CTER S LR
¥ (Figure of merit) 23K BH- L7z, F£70, EEOE
WAHANZ RN T, IEROmANBRE A2 G277 ==
T —M & T SN N sET 5 2 & AR L.

2. RT0—JEBRE U DEELEBE

21 RTO—JEFRtEUYOER

Fig. 1 [0 7 u—7 &Rt o VoK eE =4, EiC
SLD (Super luminescent diode) J&JR, U > 7 HIF 5,
oty R, By RRLORED N (P EBED S
Wepksy) A BRAS HIC AW L BICEBMIEST 27 70
4 OO SN TEY, BIEEME, WEmRAL 7
7 A4 3 (PMF : Polarization Maintaining Fiber) (2L > T
SN TWD T, B ORI OV TR
5. JEPEIZ SLD %‘fﬁﬁb‘t ?1%, DFB (Distributed feedback)
L= =L ERTEEEEN T — T, ab—L AR
WELNZ LI XY, PMF F12%E L TRt R TE 27
DThHD. Fiz, PLMERET 1550 nm ZRIRL TSR,
JEBE TR v b, BEE R Z M Th D Z &
L, R THWEZ 7 T =2 7 —fR Z 0 Em CiEime
N <, SEOFIRBENR N ENBLHETH D, SLD IR

t-Sensor head-,

|
‘| sLp

..................

M\
iy
onpuSe
JOLITN.

ilo
PBSL| Phase bias [PBS2 =
— i

..............

<. Differential .-
amplifier

Iso.: Isorator, Pol.: Polarizer, Cir.:Circulator, HWP: Half-wave plate,
QWP: Quater-wave plate, PBS: Polarization beam splitter, FR:
Faraday rotator, PD: Photo diode, AMP: Amplifier

Fig. 1 Configuration of optical-probe current sensor
and propagation route of polarized light.

Co-MgF, granular film

Fig. 2 Appearance of sensor head with diameter of 125
pm.
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Table 1 Co-evaporation conditions for granular film.

Sample (A) (B) (©)
Evaporation Co:0.5 Co:0.5 Co:0.5
rate (A/s) MgF, : 1.0 MgF, : 1.5 MgF, : 2.0
Rate ratio
Co: MgF, 1:2 1:3 1:4
Substrate
temperature 450
9]

Substrate 1
rotation (rpm)
gaac)k pressure <5.0x10%

= Current probe calibrator - =

1
; q Rogowski-Coil
1

Optical-probe
Current sensor

‘\

Granular film
Sensor head

L 100A
difdt =370 Alps

¢ 0.5 mm
conductor

Fig. 3 Current measurement set-up.
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Fig. 4 TEM images of Co-MgF2 granular film at
different evaporation rate ratio. Composition and
average diameter of cobalt nanoparticles are
indicated.
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Fig. 5 XPS narrow-band spectrum of Co-MgFs
granular film with different evaporation rate ratio.
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Fig. 6 Magnetization curves and Faraday-loop of Co-MgF2 granular film with different evaporation rate ratios.
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Table 2 Estimation of magnetic dipole interaction
energy between nanoparticles on Co-MgF2 granular
films.
Sample (A) (B) ©)

Co particle

concentration F 10.2 6.1 4.8

(vol.%)

Co particle diameter d

(nm)

Interparticle distance

(nm)

Magnetic dipole

interaction energy E,.,
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12.1 8.8 73

16.5 14.1 12.6
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Fig. 7 Faraday rotation angle per unit film thickness
and transmittance of Co-MgF2 granular film.
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Fig. 8 Figure of merit of Co-MgF2 granular film.
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Fig. 9 Current measurement results of optical-probe
current sensor with Co-MgF2 granular film. Previous
(a) and latest (b) studies with different figures of
merit.
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—EE T m — 7B ICE M, FEERIC LR
TROMEZITHT2FERT, 7SIV ADINEH BN D5 E R L
LD THhD, ZZTHEALEY T =27 —E, 3EHC)
DFEMT, BEEZ 82mm OEIIZHEL-HDOTHD. Ik
e LT, MEICER L 72 HhErE S FOM W75 75 =
a2 7 —EOHMFER O LIz, 77 =2 T —EoMEER
FiZX->T, 57 SN eofE B R Sz, JIEMIC
Rons /A X%, 287 o 7HENAT 51, SLD S
MBELD A R, U v ZRTWE 2T 26
EHIED B L TWD. FRICHRFRTEL S /A X1, PiW
& SRtDESZID Z ETHRELTWDA, P, STt
DMEINTREREEFEONLAREDN ) A AL LTS, ARERTIX
FICYATLAZMBEHL TS0, SN o kiirs 7=
o 7 ORI RUEIRORIZL SO THS. MK
@ Rogowski Coil (SN kb =53dB) & kbfz LC SN gy,
BH, BV ADIES ENDIZEBWNT, EAOELIUT I
<, BURERERMEONE. BROSLD ERY A—1L—
k di/d¢= 370 [A/psliZ %L 1.6 MHz FREE /Y L, A
< &b T ORE O FRIEENC s U CIRRIEEE < R TE T
W5,

5. FEH

IR = ABER O RAT: D SFEEIR D A A v T T
BoWIMI LY, EROBRROBEW CIIEM 25
WL 72> C&E Tz, FAAL L E—F U ARBD TS,
BN REE CRIFTEHI I RE 7R e T — T B L O
ElhEEBRE L, BEvIRTFELTHNWD Y F=a2F—K
OMEREFREI LA X o7 AR T, HEROERESROTE
WS VEEZ AT DN L Co-MgFe 77 =2 7 —J&
WL, ARG EEF LSt =27 —FL L
TG EIlONT T 7 77 —H 7L L TOMRRIERIGERN R
R L7z, LTS Oz mLard.

1) BREEZ 450 C—E & L, Co aHREA K FsH
TR, mAMKETEN S LD ST =2 5 —K
W& b Lz,

2) TEM &, XPS Ofiins Co-MgFe 77 =2 7 —fi
B LTS CoF /R, IRIEEERETH Y,
MgFs & B < HOEEL TV D Z & Ao Tz,

3) BB AAER =X —DHEEN D, SH S
T = 2 7 — T EE R O EAEA OIK TIZ XV
SIZINNT U, SRR ik &3 — Il 72 -
TVWHHDEZZLND.

4)  GoNE%HME CoMgFe 77 = 2 7 — B mNR
RGMEEFETDHHO LT, MRS E <, EEE
DOBFFHNANT S SN i) EAFRD ST,
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UEDX DT, &M CoMgF: 77 =a 7 — & i 4
52T, EBROBERHNT SN A KIEICSETDHZ L
oLz, 77 =27 —X, oS sisuttr ki
DRIFEE & B MIREEIC & > T, BRI N
D A%RIE, WEELET RO BUREE O REb A X B &
T, BHEAIC DWW T HRFT AT, T 5 mdE(bx B
LT,
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