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Observation of voltage-induced large magnetocapacitance effect in magnetic
tunnel junctions
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Magnetocapacitance (MC) effect has attracted much attention due to their
potential applications as highly-sensitive magnetic sensors, high-frequency devices and energy
storage materials. The MC effect has been observed in multiferroic materials, spintronic devices and

magnetic supercapacitors. Here we focus on magnetic tunnel junctions (MTJs) in spintronic devices,
and we report a new phenomenon, in which the tunneling magnetocapacitance (TMC) increases with
biasing voltage in MgO-based MTJs. We have observed a maximum TMC value of beyond 300%, which is the

largest voltage-induced TMC effect ever reported for MTJs. We have found excellent agreement
between theory and experiment using extended Debye-Frohlich model. Based on our calculation, we
predict that the TMC ratio could reach 1000% in MTJs. Our work has provided a new understanding on
AC spin-dependent transports in spintronic devices, and the results reported here may open a novel
pathway for spintronics applications.



B X C—19,. F—19—1., Z—19 (i38)

1. WFZEBIAE Y D =

IR, B2 R0 X v Z U A(=EBREE OPEBIET DR T ¥ /3T ¥ U AMO) ISR,
EEEM R A X AEY | REESEME~OICHBERF SN TWD Z L, ENSL
TREREAZED TS, FTH, 2 BORMEROBINIARE O HEZR(IEE 2 nm)23 e E 7z
R b FELGMTIIE, BRI TERZ b RUBERF v S ¥ U A(TMO R 2R~ d 2 &
DOREMNHFEDED 5N TE T, TMC ZHR &1, 2 BOBIHEROBALN AT TH D L& C»n
RELRY, KHTThDHEE C WIS RDBGETHD, Fx /30 ¥ ApHCIEERED
EHICL > TEA v E—=F U ANERTLI LD K A4 Zbb BT, 2k v BEk
EAb(=m SIN L - SIHEB. NIZ /A RADBEBTLH, S6IT, B AER ERFICEATLHE
B EMHEEOBIIINAZENE LD Z ENDLHEB N LR TE 5, 2NHICLD, TMC
RN R DI ) A R« BT 34 ZARIO 720 O HEFHIEMTIT /2 0 155,

TMC Zh3R1E, 2002 FATAMRAREFTIC LY RSz, L L, K 10 4 TMC Hid i OoMs
Fr WRTH S0%FRRIEICHE E > Tz, 2O LD 72, 2015 FITARFEMAEE HiX. MgO ~X—
ADMTI ZHNWDZ & T, TNETTHRKRERD 155%D TMC thA2BHIT 5 Z LITmh LT,
Z D%, 2017 FZ Fes04 & FHW 2 MTIIZEBWTH b 2 RV T v 230 & AGTMC)Zh 3 % %6
U7, iTMC Zh5E &, MREER OB AT TH D L& C/NEL 20 | K TTh D & X
CHRELIMRDBLETH D, Z 2 TH TMC Hold 10%FRE & /N SUMEZ RT 28 BRI Z &1,
FFICHEMEBELZEINT S & TMC te3m B2 2 & nbhoTz,

2. WO HD

Z 2T, AWFFERRETIE, MgO N— 2D MTJ 2B\ T, TMC 2RO BERFM 2 25
NRHZ LT, TRNETTRAROBEFEERMEA S ¥ XV X o ARORBEZBFET L &I,
ZFDAN=AXLERAT D, AFFEREOHEE 1L, R A SR ERMEBRE TOA Y 4 A
;7 AT D MR R AR D L & bis, RIEREFTBETEREA T Y O FEE
ZWA T - R AR 2 L HIFFTE B,

3. WFFED kL

HMEmEE~Y 7R br ANy ZAEE 2R WT, B8 b Si EARK EIZ Ta/CosoFeso/IrMn/
CO5oFeso/Ru/C040F€4oB20/MgO/CO40FC40B20/T3/R11 75‘ 5*%52 é j/l/ %) MTJ fi’(ﬁ@é L/ 71,:0 %%iﬂ%g%&f
1% 2x108Torr T B, ANy XD Ar T AJFE 1L 1.0 mTorr F2E & L7z, CosoFesoBao SRR E D
BT 3 nm, MgO Mt DOFEEIX 2 nm & Liz, RFORE—=2 7137+ b V7T 7 4
—EEA AV T EERV, BEAEREE 1800 pm? & L7z, NZ—=1 T, CosuFesBa I
WME B R T A A 54 B 728, 1x109Torr, 310°C., 4h D5 TR T EVLER(F Nk H
= 4.5 kOe)Z1T->7-, TMC Zh&, WTNZ, b U FIVBCKBHT(TMR) 2 ORI E 2 1T A 4
U -1E A U, ERECRAEIE 20 Hz—1 MHz & U7z, S REIIESS I 1.4k0e & L7z, fREIIN
EIREEIL 200 mV & L7z,

4. WF7ERk R

HDOIZ, Br/A T A TO TMC & TMR O BEFEEFEEZ T T=, ZOREE, TMR [3JE I
AT —E T 105%% R~ L=, — 5T, TMC I 60Hz THR KR E 72V | 96%% 7~ LT-, = Z T,
JEW A 60 Hz IZ[EE L. TMC OEFRIFMEZ <72, X 112 TMR & TMC OEFKGFEE R
T, BIENKE S RDHITHEV, TMR TV T 5, —FH T, TMCIZEr AL T AHETIE TR S
D, BT ATIEERT 2, bbb, BEICHLTEANR MEZRTZENDND, 2T
EIEFHE TMC W ROBUANZARE) L7 Z & 2 BT 5, 72, TMC TR KT 102%IZZE L, fEk
DEKRETHD 17% % KREL BT,

RIT, ZOBEFHE TMC DA =X L%k TMR ™C
BT D7, BERNRRE 21T 572, “or 1 L
ETAIE A FII 5 & . it /3 ) 7 wvjk ovmeomy| 4

L Yoc = —~ 40l

SN L, EW B EEENZELST
By ZHUCE D v R 2 U ARNENT D L
EZOND, AFETIE, /EROTFT A -7
L—U v bET A, 4 REA%SY 73T
LI(QBA) % HV -, QBA 1348 B8 T TR

S 80 ]
VTR ETZRT B0 BWIEEE & 30 ] s 184 mV \ ‘F ]
Tb\éo 2(3)@\’-@“2???%%%(:%”'5 ﬂ?’? 20——1184 mv S 40+ 102% 1

53% |

- TMR=105%1 £

Resistance (Q
5 8.8 ¢
~
[\e}
3
<
Capacitance (nF
5 3
~
o
3
<
o
o
X

NV B ADEARF M TR, R R & 1000 500 0 500 1000 1000 500 0 500 1000
SHEREERAN—F AT T NS, Magnetic field (Oe) Magnetic field (Oe)
2L BCEATIR BB ISR 1T D F v 3 v 4 € 1 TMR & TMC OB E K

> A DBIERANE & on T, BALCEATIRED



EXT, RV ORMHERIZE T A RIA B UH
TDILFERT X MZENEL D T L
b, AV UERNEL D, TORAE U EHE
WCEDFH /RN HF L ATAE TN H
VAEMEND, AEUF XU H AT
XE/WﬁF)7B#ﬁ@ﬂ /BRRUN
L. B TIREE TIZ A B U F v R #
/x#@mﬁww\/&/x (%t L CESNC
BN D EEZT72(X 2(c)) K 2(0) LY., FEBRr
FER L HEBEMEENR WA RTZEND
MNh, ZDOLE, 200mV OEVVEETILF
YRUERAITND, ZORDBAE
Xy \THURAZHKTH, ZHNITLY
E3K%¢i5u;*ﬂ4721iTMcﬁ
EHT5, DbEXy, BEFEEIC
IMC@mhuiﬁm&@@Fﬁfmwm
LA Uy U U ZAOHBUCERTT S
ZEDBBHLMNI /0T,

S BT, MTJ % faifb L7 S, X412
R XD, JAEEE 160 Hz, HUMELE 92
mV@*@TT3%%%EKéTMC%%ﬁ
JW¢§> LRI LT, TMC i, & 545

DEEFRPEANTEML ., HRKIEZRT,
it1Mcw@ﬁFﬁﬁ@iH&ﬁwmu
Tl RKEREEFZRT b5, 2
AU DOEEBRAEFRIL, Bk N 7l A
VAR R 7 NMERET L, TN - T
L—U b /WIMx<T, ¥7EA ¥
BAaB0 ANT-Y % VTS L SR ER
%tﬁw*ﬁ%?bto;hi/%/%T

BIFHZAE 7Y v I RERRELES
iTMC%% k%&%%%&if L x
BT 5, £, AEGRHEICLD L R

%@%ﬁ;@k%&th%mméz
& T, 1000% %825 TMC g s 2
ELHALMNIR ST, ZTOEKRA TMC i,
FEFIRE2NVE < (~ps)72 D &L E Al (~
MHz)IZ> 7 b5 2 LB LMNTRo T2,

BERT X XU H AR MTI o~ /L
FT7xzuaAf vy IMEIOBRI 5T, T 2B
T, WK ) VT =25 —, R E
NGV ARE T AE NV T A
RA—IN—=F X & Gi¥~T aiER 7
DA IR THKRW TR TWD
ZF DM, BET ) — e Ra T A A
INPAVANESRNOE =1 VINCY: 35 RV RPN
TR0 OMifgic e FARr UL
MR O EIE GRS ID R U7
IV FIZB W T BRI TE Y, ME

HEAE TR

Capacitance (nF)

X v/ EUR
(REVF /080 R)

Capacitance (nF)

X 2 ()L ATIRIEL (D)L TATIRREIZ IR IT D% v X
THRUADETARGE ., (BALR ATIRIED AL L Fp /X
DI [ SEE AT VIS

140———

R
=
—
<
(@)

N
o
o

TMC (TMR) (%)
g T

S (o2}
o

. L ; I . I h
-800 -100 0 100 200
Vbc (MV)
[ 3 TMC k& TMR LB AR A7

500 . T .
30Hz 160 Hz 400 Hz A
400- 4 Exp. ® Exp. ¢ Exp. 4
—Cal. . —Cal. |
g
%
0 L 1 L E L 1 L
-200 -100 0 100 200
Vpc mV)

4 i b L7z MTT 128135 TMC ke TMR o
EERAE

DELEND R THORERENY 2 RETWD, 2, FNRBSNDH ., 2 b D855

SR B & B SR BRI S RIRF I 72 R TR STV s Z &wg @m&%ﬁ%%m
9% ECTHHEBREN, 5%, MT] 28 otix WE - MEL - 7351 22T AR T v X Z v
AR DT DK %ﬁf% iz i@ﬁt&‘%ﬁMM%m\%#ﬁéﬁé%wkﬁﬁ

VC\‘% z)o



8 8 3 1

H. Kaiju, M. Fujioka and J. Nishii 139

Realization of Novel Nanoscale-Junction Devices using Magnetic Thin-Film Edges 2019

The Journal of The Institute of Electrical Engineers of Japan 730-735
DOl

10.1541/ieejjournal .139.730

R. Msiska, S. Honjo, Y. Asai, M. Arita, A. T. Fukuchi, Y. Takahashi, N. Hoshino, T. Akutagawa, 116

0. Kitakami, M. Fujioka, J. Nishii and H. Kaiju

Tunnel Magnetocapacitance in Fe/MgF2 Single Nanogranular Layered Films 2020

Applied Physics Letters

082401(1-5)

DOl
10.1063/1.5139702

H. Kaiju 59

Voltage-induced Magnetocapacitance Effect in Magnetic Tunnel Junctions 2020

Materia Japan 191-198
DOI

10.2320/materia.59.191

H. Kaiju, T. Misawa, T. Nagahama, T. Komine, O. Kitakami, M. Fujioka, J. Nishii and G. Xiao 8

Robustness of Voltage-induced Magnetocapacitance 2018

Scientific Reports

14709(1-10)

DOl
10.1038/s41598-018-33065-y




Asaka Tsujie, Yoshinori Hara, Takashi Yanase, Toshihiro Shimada, Taro Nagahama

116

NiCo204 films fabricated by reactive molecular beam epitaxy and annealing in various oxygen
atmospheres

2020

Applied Physics Letters

232404(1-5)

DOl
10.1063/5.0008677

Shoma Yasui, Syuta Honda, Jun Okabayashi, Takashi Yanase, Toshihiro Shimada, and Taro Nagahama

15

Large Inverse Tunnel Magnetoresistance in Magnetic Tunnel Junctions with an Fe304 Electrode

2021

Physical Review Applied

034042(1-7)

DOl
10.1103/PhysRevApplied.15.034042

H. Kaiju and T. Nagahama 141

Principle and Recent Advances in Tunnel Magnetocapacitance Effect 2021

IEEJ Transactions on Fundamentals and Materials 270-278
DOI

10.1541/ieejfms.141.270

T. Nakagawa, K. Ogata, Y. Nakayama, G. Xiao, and H. Kaiju 118

Sign Inversion Phenomenon of Voltage-induced Tunnel Magnetocapacitance 2021

Applied Physics Letters

182403(1-5)

DOl
10.1063/5.0050304




34 10 16
Gang Xiao
224
2019
Gang Xiao
1
2019
Gang Xiao
7
2019
MBE NiCo204
67

2020




H. Kaiju, T. Nagahama, 0. Kitakami, J. Nishii, and G. Xiao

Magnetocapacitance Effect in Spintronic Devices

The 6th Japan-Korea International Symposium on Materials Science and Technology 2019

2019

R. Msiska, S. Honjo, Y. Asai, M. Arita, A. T. Fukuchi, Y. Takahashi, N. Hoshino, T. Akutagawa, O. Kitakami, M. Fujioka, J.
Nishii and H. Kaiju

Experimental and Theoretical Study on Tunnel Magnetocapacitance in Fe/MgF2 Nanogranular Films

The 6th Japan-Korea International Symposium on Materials Science and Technology 2019

2019

SASAKI, Yuma; MSISKA, Robin; MISAWA, Takahiro; MORI, Sumito; KOMINE, Takashi; HOSHINO, Norihisa; AKUTAGAWA, Tomoyuki;
FUJIOKA, Masaya; NISHII, Junji; KAIJU, Hideo

Electric and magnetic properties in Ni78Fe22/Mgq3(M=Al, Er)/Ni78Fe22 nanoscale junction devices utilizing magnetic thin-film
edges

The 13th Pacific Rim Conference of Ceramic Societies

2019

Asaka Tsujie, Takashi Yanase, Toshihiro Shimada, Taro Nagahama

Epitaxial Growth of NiCo204 Films by Reactive Molecular Beam Epitaxy Method

The 3rd Functional Matrial Symposium

2019




Yuma Sasaki, Robin Msiska, Takahiro Misawa, Sumito Mori, Takashi Komine, Norihisa Hoshino, Tomoyuki Akutagawa, Masaya
Fujioka, Melbert Jeem, Madoka Ono, Junji Nishii, and Hideo Kaiju

Junction Area and Bias Voltage Dependence of MR Ratio in Ni78Fe22/Mg3(M=Al, Er)/Ni78Fe22 Nanoscale Junction Devices
Utilizing Magnetic Thin-film Edges

2019 International Symposium of Research Institute for Electronic Science (RIES) Hokkaido University & Center for Emergent
Functional Matter Science (CEFMS) National Chiao Tung University

2019

Y. Sasaki, R. Msiska, T. Misawa, S. Mori, T. Komine, N. Hoshino, T. Akutagawa, M. Fujioka, J. Nishii, H. Kaiju

Molecular nano-spintronic devices utilizing magnetic thin-film edges

Industry-UCB-UEC-Keio Workshop 2019

2019

Asaka Tsujie, Andrea Fernandez, Lora Veneracion, Takashi Yanase, Toshihiro Shimada, Taro Nagahama

The crystal structure and magneto-transport properties of NixCo3-x04 films

80

2019

Y. Sasaki, R. Msiska, T. Misawa, S. Mori, T. Komine, N. Hoshino, T. Akutagawa, M. Fujioka, J. Nishii, and H. Kaiju

Ni78Fe22/Mg3(M=Al, Er)/Ni78Fe22 nanoscale junction devices utilizing magnetic thin-film edges

The 3rd Workshop on Functional Materials Science

2019




H. Kaiju, T. Nagahama, 0. Kitakami, J. Nishii, and G. Xiao

Magnetocapacitance effect in magnetic tunnel junctions

14th Hokkaido University-Nanjing University-NIMS/MANA Joint Symposium

2018

Y. Sasaki, R. Msiska, T. Misawa, S. Mori, T. Komine, N. Hoshino, T. Akutagawa, M. Fujioka, J. Nishii and H. Kaiju

Molecular nano-spintronic devices utilizing Ni78Fe22 thin-film edges

14th Hokkaido University-Nanjing University-NIMS/MANA Joint Symposium

2018

Y. Sasaki, R. Msiska, T. Misawa, S. Mori, T. Komine, N. Hoshino, T. Akutagawa, M. Fujioka, J. Nishii, and H. Kaiju

Ni178Fe22/A193/Ni78Fe22 nanoscale junction devices utilizing magnetic thin-film edges

The 19th RIES-Hokudai International Symposium

2018

Taro Nagahama, Yuki Goto, Masato Araki, Takashi Yanase, Shimada Toshihiro, Masahito Tsujikawa and Masafumi Shirai

FABRICATION OF METASTABLE B2 Fel-xSnx FILMS BY EPITAXIAL GROWTH ON MgO(001)

23rd International Colloquium on Magnetic Films and Surfaces ICMFS

2018




Msiska Robin

2018

Xiao Gang

42

2018

Msiska Robin

Ni78Fe22/A1g3/Ni78Fe22

79

2018

2018




Asaka Tsujie Takashi Yanase Toshihiro Shimada Taro Nagahama

The crystal structure and magnetotransport properties of CoxFe3-x04 films and CoxFe3-x04 / MgO or AIOx / FePt multilayers

79

2018

G1

2018

H. Kaiju, T. Misawa, T. Nagahama, T. Komine, O. Kitakami, M. Fujioka, J. Nishii and G. Xiao

Voltage-induced Magnetocapacitance in Magnetic Tunnel Junctions

2019 Joint MMM-Intermag Conference

2019

Y. Sasaki, R. Msiska, T. Misawa, S. Mori, T. Komine, N. Hoshino, T. Akutagawa, M. Fujioka, J. Nishii, H. Kaiju

Electric and magnetic properties of Ni78Fe22/Alq3/Ni78Fe22 nanoscale junction devices utilizing magnetic thin-film edges

2019 Joint MMM-Intermag Conference

2019




Gang Xiao

2019

Gang Xiao

224

2019

K. Ogata, Y. Nakayama, G. Xiao, and H. Kaiju

Voltage-induced large magnetocapacitance effect in MgO-based magnetic tunnel junctions

International Microprocesses and Nanotechnology Conference

2020

K. Ogata, Y. Nakayama, G. Xiao, and H. Kaiju

Observation and theoretical calculation of voltage-induced large tunnel magnetocapacitance

The 4th International Symposium for The Core Research Cluster for Spintronics

2021




12

2021

s , Gang Xiao,

44

2020

s , Gang Xiao,

MgO

2020

2020

Fe304(001)/Mg0(001)/Fe(001) MR

68

2021




Asaka Tsujie, Yoshinori Hara, Takashi Yanase, Toshihiro Shimada, and Taro Nagahama

NiCo204 Thin Films Prepared by Reactive Molecular Beam Epitaxy and Annealing under High Pressure Oxygen Atmosphere

65th Annual Conference on Magnetism and Magnetic Materials

2020
Fe304/Mg0/Fe
/
2021
0
HP

https://ww.kaiju.appi.keio.ac.jp/

(NISHIT Junji)

(60357697) (10101)




(NAGAHAMA Taro)

(20357651)

(10101)




