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» Introduction

» Calculation method

» Electronic structures and magnetism
in bulk and at surfaces/thin films

» Control of magnetism

by tuning atomic-layer alignments and by external electric field

Basic: Density functional theory and Kohn-Sham equation

o

. . .
,0.°0, °0° @° ‘o
.

Many-body problem for electrons 0 0T S Te e
°0. ‘00 .0' 0 0.
HW(Ry, Ry, 571,73, ) = EW(Ry, Ry, 571,73, )

(D Adiabatic (Born-Oppenheimer) approximation

(@Non-interacting one particle approximation
Kohn-Sham equation (one-electron equation)

V2
-5t (1) + vxc(n(M) | Py (r) = & Py (1)
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Basic: Case of non spin-polarized systems Basic: Case of spin-polarized systems
Kohn-Sham equation in one-electron approximation

Kohn-Sham equation in one-electron approximation
V2
[— 5+ vy(n(r)) + vxc(n(r),m(r))] b (X) = &p,oPp,(T)

V2
[— 5t vr(n(r) + vxc (n(r))] Pp(r) = & ¢p(r)
f f
Local Spin Density Approximation (LSDA)

Local Density Approximation (LDA)

EPN[n]= [n(r)e2 (n(r)
ES ]~ I"(T)EQGA (n(r),Va(r)) Electron density
Electron density Ny 5 Ny 5
n)~ Y [ons O + ) |61 @)
b=1 b=1

=m(r) + ny(r)

n(r) = W@)Alp)
N
~ DI + (oI + = Y I8P
b=
1 m(r) = () (1)

Basic: Variational principle method Basic: SOC and Second variational method
Spin-orbit coupling
1 1dvZ, AZ I ) [ : Angular momentum operator
-1

A l
L-6=E)|.
§=%0 (l G : Dirac operator

fsoc =327 ar \

Cut-off of basis Eigenvalue problem

<Kmax
Yo = ) Cussolbirco) © | Alus) = enlino)
G Basis
(D Redefine basis by the KS eigenfunctions
[¥p) = Co1lPp,1) + Co,il1hp,)

g

Example: Linearized Augmented Plane Wave basis
Interstitial
PO @ Generate SOC matrix
MT sphere A = Ays + Asoc (DEigenvalue problem
Prr6o() = . |:>
- 1 PN _ _
D i+ 6t (1) + Buo (i + @i, (]i% ) —(Hks 0, ) Lo (Ags + Hsoc) W) = eplp)
0 His I, I

Li etal., PRB 42, 5433 (1990).
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E. Wimmer t.al., PRB 24, 864, (1981); PRB 26, 4571 (1982)




Input electron density

Nin (I‘)

Kohn-Sham equation

e
T R g e

V2
—5 v (nin () + ch(nm(l'))] Db (1) = &p Pp (1)

BZ N(sEp)
I

2.

k b=1

¢b,k|2 - nout(r)

Output electron density

SCF: Input and output electron densities should be identical.

N(<Ep)

Erotal =

€p

i=1

Kohn-Sham eigenvalues

1
—ﬂﬁmwmm+2fmmm—mAm%®w

Double counting term

1
- Ez Zqu( ;4)
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Coding: Program

Flowchart
Initial n;,(r)

Input iy (r) |—' Compute ¥{(r)

B L T kepoint Taop!

| Solve KS equations
| s VS a Yk

Determine Ey

Mix i, (1), 1, (r) o ‘

=

an, (r)+(1-am, (r)

i ‘ Qutput 11,,,(r)

epoit o]

o Ko /OLASSISCE =

subroutine sub_flapw
urite(ofh,'(/,1x,3)"') ‘Self-consistent field iteration ...°

it-1,itnax
11x,3,15)') 'iterations', it

self_loop:
write(

load charge density
call wrtdop('load")

check neutrity and generate potential
call fix_charge
call gen_potential

generate H and s matrixes and eigen-problem
k_loop: do k=1,nkpt
call gen_hsmatrix
call get_eigen
. k_loop

got fermi energy
call got_fermi

generate charge density
k_loop: do k=1,nkpt
call gen_charge
op
et charge distance and check
call get_distance(distance)
f(distance. 1. converged) cxit s1f_loop
mixing charge density and save
call mix_charge(distance)
call wrtdop('save')
do self_loop

calculation of totale energy
call get_tote

calculation of band structure and dos
call get_band
call get_dos
arite(ofh,'(/,1x,a)") "... completed"

atur
end

Coding: Execut

Charge distance :

A= éfcell\ (nout(r) - nin(r))z dr

r

|[kohji@re:

I

d27 work]$ Flchk

** Total energy
total energy for
*** Charge distance

distance
distance
distance
distance
distance
distance
distance
distance
distance
w

of
of
of
of
of
of
of
of
of

charge
charge
charge
charge
charge
charge
charge
charge
charge

FLAPW calculations

it= 9: -75.9859985662 htr

densities for i 1: 15.418023 me/bohr#**3
densities for i 2: 12.714097 me/bohr**3
densities for i 3 10.269848 me/bohr#**3
densities for i 4: 2.465512 me/bohr**3
densities for i 58 1.862776 me/bohr**3
densities for i 6: ©.3263891 me/bohr**3
densities for i 7 ©.086428 me/bohr**3
densities for i 8: ©.879364 me/bohr**3
densities for i s ©.825358 me/bohr**3

were done
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Coding: Implementatio

fully-relativistic
semi-relativistic
non-relativistic

GW
all-electron full potential model GW
sX-LDA
all-electron muffin-tin time-dependent DFT
all-electron PAW optimized effective potentials (OEP )
. LDA+U
pseudopotential self-interaction corrections ( SIC )
—— beyond LDA

(—— generalized gradient approximations ( GGA)
{—— local density approximation ( LDA)

VZ

[—7 + vn + Vxc|Por = EpxPoi

non-periodic
periodic
symmetry

non-spin-polarized —|

spin-polarized —

Gaussians (GTO )
atomic orbitals <— Slater type (STO)

N

numerical ( Dmol )
plane waves
lane waves ( FLAPW
augmentation < P ( )
spherical waves (LMTO,ASW )

numerical
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» Introduction

» Calculation method

» Electronic structures and magnetism
in bulk and at surfaces/thin films

» Control of magnetism

by tuning atomic-layer alignments and by external electric field

mo: Band structure of non-magnetic system

fce Cu (non spin-polarized system)
Kohn-Sham equation
V2
—— +Vn + Ve [Pvk) = bkl Pok
2 xe ! ) S ! ) Wave function of system
/ \ W)= Conlorni)
kD
6, 6 T T
7 3R 4 3 4
5 A
] = &
= 0 % 0
2 >
% -3f Zg N 2 3 1
5 b2~ A ]
2 o i :
-9t b=1 3 -9 " n ]
w L T X r 0 2 4 6
k in Bloch function Density of states, D(g)
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Demo: Band structure of ferromagnetic system

Energy (eV/states)

Kohn-Sham equation

VZ
-5 tve Vet b k) = Ep | Dpokcr)

2
- tve + Vye Db k) = Ep il Do)

fce Co (spin-polarized system)

spin-up state

spin-down state

g Magnetic moment

6, 6, T T
3& 1 3t

o \__4 0 &F

= D

S 1l |
= Z ’
- \ 17 e

o ol |

L L

€F
m= f D:(e)de

£)

] - Lle(z)de

W L r X r -2 -1 0 1

k in Bloch function Density of states, D(g)

Demo: Band structure of Pt with SOC

Energy (eV)

Pt (non spin-polarized system)

Without SOC With SOC
Hys|dpr) = bl Pok) (Axs + Hsoc) 1¥b,k) = bkl ¥b k)
sf s
2F 2k
3 e
TR NN
; [}
-4} 2 L
S
al AN 4

£
2

r X W r

k in Bloch states

r X W T
k in Bloch states

Demo: Band structure of antiferromagnetic system
fce Mn (spin-polarized system)

Kohn-Sham equation

2 AFM

Y
-5 tvat Vaet|Pn k1) = Ebset| Poyier)
VZ
-5 tva t Uy | Pbkt) = Ep il Ppicr)

6 /\/ 6
3k \[ \ 3t 1t g 1
z 0\\2 AR 0 Z | [=
>
Pl
oo O-<ITEIR)s
of \ / 1o | |
-9 i _Q,Mnl i | Mn2 i
w L r X W r -2 0 2 2 0 2
k in Bloch state Density of states, D(g)

Spin-orbit coupling-induced properties

Fundamental properties

O Magnetic spin/orbital and dipole moments
O Exchange interaction

O Magnetocrystalline anisotropy (MCA)

O Dzyaloshinskii-Moriya interaction (DMI)

Conductivity External field
O Anomalous hall conductivity O Magnetic field
O Spin/orbital Hall conductivity O Electric field

O Magneto-optical conductivity

Dynamics Spin textures
O Magnetic damping constant O Non-collinear magnetic
O Spin-orbit torque structures
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. H He
Question: — e s E
Why do ferromagnetism Li|Be B|C|N|O|F |Ne
appear only in Fe, Co T (B o e
and Ni? Na Mg Al|Si| P | S |Cl|Ar
K [Ca|Sc|Ti| V [Cr|Mn|Fe|Co|Ni Cu|Zn|Ga|Ge|As|Se | Br|Kr

Rb|Sr| Y |Zr|Nb|Mo| Tc|Ru/Rh|Pd|Ag|Cd| In |Sn|Sb|Te| I |Xe

Cs|Ba|La|Hf| Ta| W|Re|Os| Ir | Pt |Au|Hg| T1|Pb| Bi|Po| At|Rn

- Magnetic order
Fe

Transition Cr,
emperature(K) stru

ystal Number of
cture valence
bee 8

DOS (/eV-atom) DOS (/eV-atom)

DOS (feV-atom)

on-metals

Band structures of transi
N=4 N=6 N=10
Cr (bee) anti- Ni (fec)

1 4r bonding 4[ q
3p 1 3t 4 b ]
2t 4 2} bonding 4 2F 4
1+ 4 1F 1k 4

-6 -4 -2 0 2 4 -6 -4 -2 0 2 -6 -4 -2 0 2 4
T T T T T T T T T T 5T T T T T
Zr (hep) Mo (bee) Pd (fee)
L 1l 14 i
3 4 3t 4 3k 4
2F 4 2k - 2F 4
-6 -4 -2 0 2 4 -6 -4 -2 0 2 4 -6 -4 -2 0 2 4
5T T T T T T T T T T T T T T T
Hf (hep) W (bee) Pt (fce)
3r 1 3p 43 4
2k 4 2F 42 4
1k (\LJ 17\M 41 \ i
-6 -4 -2 0 2 4 6 -4 -2 0 2 4 6 -4 -2 0 2 4

Energy (eV) Energy (¢V)

Energy (eV)

Trends in band structures in
transition metals

1) Bandwidth
Wid < i < psd

2) Density of states at £y

D¥(Ep) > D*(Ey) > D(E5)

1. Kiibler, Theory of itinerant electron magnetism (Oxford University Press, Oxford, 2000)

Ferromagnetic 1043
Co Ferromagnetic 1388 hep 9
Ni Ferromagnetic 627 fee 10
Magnetism in transit etals
Non-spin polarized
V (beo) Fe (beo) Alalalalalala] v [wlslwle]sle]s]s
— 4 H He|
g —
= Li|Be B|C|N|O|F [Nel
33 3 il X
= Na[Mg AFM FM Allsi|p|s|cl|ar
o -
E 2| 2 K |Ca|Sc|Ti| V [Cr[Mn|Fe|Co|Ni|Cu Zn | Ga|Ge|As| Se|Br|Kr
g‘ Rb| Sr| Y | Zr [Nb[Mo| Tc |Ru|Rh| Pd|Ag|Cd| In|Sn|Sb|Te| I [Xe|
i . B R
5
=] Cs|Ba|La|Hf Ta|W|Re|Os| Ir | Pt|Au Hg| T1|{Pb| Bi|Po| At|Rn|
8 6 4 2 0 2 4 -8 6 4 2 0 2 4
Energy (eV) i ;i R A
Spin polarized n_x L
. . 3d 4d |®
v \ 6=
2 R — £
L =
5 Minoyity \/V' u %
3 Majority 20 0
2 .
3 2 J g
§ | Q‘u — _ Stoner criteria
z 1\ o ID(E)>1
! ,A | 05 \ A
Z \ \ / .
A / Li NaAl KSc FeNi ROY  Pd
LDA results 8 -6 -4 2 0 2 4 1. Kilbler, Theory of itinerant electron magnetism
Energy (eV) (Oxford University Press, Oxford, 2000)

Band structures and spin polarizati

Density of states (/eV-atom-spin)

Density of states (/eV-atom)

Spin-polarized

.| Majority

Mminority

‘I Vbulk

G T2
Energy (V.

monolayer

metal layers
LDA results

2 f\\ /,

NG
/
A

A
\\

1

3 3 2

> o 1 ¢
Energy (V)

)

2
5

1

Energy (cV)
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Ferromagnetism in transition-metal layers

Magnetic moment (assumed FM)
P ;

Monolayer on Ag(001)

local moment (g |
~

TRV o mn @ @
Zr Nb Mo Tc%%ﬁl
Pt

W Ta W Re

bandwidth

Energy difference between FM and AFM

S —

=
g . manolayer
E .
£ b

S W

E monplyar .
S0 on Ag(001) e s

A
% b AT, - S. Bliigel, Phys. Rev. Lett. 68, 851(1992)

Ti V. Cr Mn Fe Co Ni

Magnetocrystalline anisotropy (MCA)

MTIJ device

. v'Non-volatility
_ 1 ) v'Large capacity
Ferromagnetic v'High-speed
Many Applications
* MRAM

* Magnetic sensor

Insulator

Ferromagnetic

[1] S. Yuasa, et al., Nature Materials 3, 868 (2004).

In-plane MCA Advanced | Out-of-plane MCA |

applications

N 58 5

How to design
thin films with large PMCA

Effect of substrates to magnetism

Magnetic flm
Substrate Fe(001) monolayer
Bulk Ag Bulk W
A — — — ] T
_ A Minority.{
£ 2f 1 E2r 1 e 4
g g g
g g A |2
: d ] - j F
gt 1 & 1 =4 :
Majority
gl 1 1 1 1 1 1 1 L L L L
% -3 0 3 6 -6 -3 0 3 6 6 -3 0 3 6
Energy (eV) Energy (eV) Energy (eV)
Fe/Substrate Stability of magnetic structures
Fe/Ag(001) Fe/W(001) — "
T — —— —
el B =
g 2+ B % 2F 1 t
g g g
%} @ e 1
£ of g "/: B 2 -2t e E
&
M - M -
-6 -4 -2 0 2 4 -6 -4 -2 0 2 4 . ) . 24452 (2005
Energy (eV) Encrgy (V) P. Ferriani et.al., Phys. Rev. B 72, 024452 (2005)

Magnetocrystalline anisotropy

' bbb

Hgoc =6l o

SOC strength, £~50 meV for 3d-metals

Magnetocrystalline anisotropy energy

Emca = E(>)—E(M)

~0.1 meV/atom

Ey\ica <0 in-plane MCA

- - - -

Force theorem
~ {E[p(, > mo(_>)]7 E[po > mO(T)]}

D) El,km} PN @ @ -

i€o’ i€o”

Eyca> 0 : Perpendicular MCA
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MCA energy in 3d transition metal monolayers

Perpendicular MCA

bddddd

System  Method Eyca (meV)
% Fe(001) FLAPW-GGA  +0.50
FLAPW-LDA +021
Co(001) FLAPW-GGA  — 149
FLAPW-LDA — 142
Ni001) FLAPW-GGA —0.77
FLAPW-LDA — 164

(a=ac,)

R. Wu, AJ. Freeman, J. Magn. Magn. Mater.
200, 498(1999)

Encrgy (e¥)

Fe M1

Perpendicular MCA at Fe/MgO(001) interface: The

Eyca=E()—EM

Eyica (meV/a?)
Free-standing 019
Fe monolayer
Fe/MgO 1.28
Au,/Fe;/MgO 0.94

LDA

Nakamura etal., PRB 81, 220409, (2010)

L)

Origin of interfacial PMA

Week
hybridization

Effect of substrates to MC

Table 2
Calculated MCA energies for selected transition magnetic thin
Eyca=E()—-E) films * .
System Method Eyea (meV)
Co/Cu(001) FLAPW-LDA-ST-UR [46] —0.38
FLAPW-LDA-SC-RL [44.45] —0.36
FLAPW-LDA-ST-RL [42.43] —0.09
Perpendicular MCA FLAPW-GGA-TQ-RL [41] — 061
SKKR-LDA-UR [47] —0.38
@ é é) @ @ é) Experiment [35] —037
Y Cu/Co/Cu(001)  FLAPW-LDA-ST-UR [46] — 001
° FLAPW-GGA-TQ-RL [41] +0.54
g SKKR-LDA-UR [48] +085
2 Experiment [35] +01
a Co/Cu(l 1 1) FLAPW-LDA-ST-RL [48] — 030
Co/Pd(00 1) FLAPW-LDA-ST-RL [76] — 091
Y Co/Pd(111) FLAPW-LDA-ST-RL [76] +025
Y Pd/Co/Pd(001) FLAPW-LDA-ST-UR [118] +0.56
Ni/Cu(001) FLAPW-LDA-ST-UR — 0.69
Y 2Ni/Cu(00 1) FLAPW-LDA-ST-UR +0.33
Y 3Ni/Cu(0 0 1) FLAPW-LDA-ST-UR +0.08
4ANi/Cu(0 0 1) FLAPW-LDA-ST-UR — 006
Cu/Fe/Cu001) SKKR-LDA [119] — 041
LMTO-LDA [120,121] — 043
Y Fe/Au(001) FLAPW-LDA [122] +0.57
SKKR-LDA [123] +0.56

R. Wu, AJ. Freeman, J. Magn. Magn. Mater. 200, 498(1999)

Fed,, — O p, hyb

ation at Fe/MgO interface

energy . . energy
Anti-bonding
Fe —_
>
P { dz
S
&
(6]
Week
hybridization — A
i Bonding
Fe/MgO interface
Urano and Kanaji, J. Phys. Soc. Jpn. 57,3403, (1988 )
Li and Freeman, Phys. Rev. B 43, 780, (1991) Fe o)
Meyerheim et.al., Phys. Rev. B 65, 144433, (2002) X
monolyar in MgO

Shimabukuro, Physica E , 42, 1014 (2010).
Nakamura et.al., PRB 81, 220409, (2010)
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» Introduction

» Calculation method

» Electronic structures and magnetism

in bulk and at surfaces/thin films

» Control of magnetism

by tuning atomic-layer

alignments and by external electric field

MCA of 3d transition metal thin films with five-atomic-layer

Epyica (meV/a?)

Fe|-O—=0- 0= 0=
Mn, Co, or Ni| -@—@ -0~ @@
r[ 020 O 0%

Hotta et.al., PRL110, 267206 (2013)

Assumed

v' Bce-layer stacking

v' Surface-layer to be Fe

v’ Symmetric atomic alignment along z-
axis

| Pur Fe five-layer film

It shows no perpendicular MCA

Control of M

CA by tuning atomic-layer alig

Interfaces, superlattices, multilayers

Q99 99O
Q99 Qo9
Q09 Q9
90 99
2909 Q99
) )
O9 Q09
%00 000

T3 2 Y Y 7 K K

H

Li|Be

e00 Thin films with large
soo perpendicular MCA,
consisting of only 3d metals

Ga|Ge| As| Se| Br|Kr|

Rb|Sr| Y | Zr [Nb|Mo| Te[Ru[Rh| Pd| Ag|Cd|

In |Sn|Sb|Te| I |Xe|

Cs|Ba|La | Hf| Ta| W [Re|Os| Ir | Pt|Au|He|

TI|Pb| Bi| Po| At|Rn|

MCA of 3d transition metal thin films with seven-atomic-layer

Fe
Mn, Co, or Ni

Fe

Eyca(K) (meV)

o

Energy (V)
°

°

°

7-layer

=
S

| Fe film

o

11T v v VI

Hotta et.al., PRL110, 267206 (2013)

2
V%

A candidate for perpendicular MCA

—

(X+M)2 M

Fe/Fe/Ni/Fe/Ni/FeFe film
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Search for 3d thin films with giant perpendicular MCA

Upper limit for perpendicular MCA in 3d thin films

T T T T T T T T

3L @Guess

Fe,/Ni/Fe/Ni/Fe/Ni/Fe,
®Guess

S ol Fe/NifFe/NifFe, ®Guess |
o
£ (@Full search
=
19}
s
5]
1 [ -
- Pure Fe thin films
Fe,/Ni/Fe,
@DFull search
0 L L L L L L | L L . N

T

T T
Fe,/Ni/Fe/Ni/Fe/Ni/Fe/Ni/Fe, ©Guess |

Fe,/Ni/Fe/Ni/Fe/Fe/Fe/Ni/Fe/Ni/Fe,

Fe,/Ni/Fe/Ni/Fe/Ni/Fe/Ni/Fe/Ni/Fe,

7 9
Number of layers

Hotta et.al., PRL110, 267206 (2013)

E-field (Voltage)-control of magnetism

Electric field

at the nano-scale with a
low-energy power
consumption

Magnetic field

/Currents

(5 Electrons

Charge

leading to semiconductor
technology

Magnetization
or spins

v'Non-volatile
v'Large capacity

v'High-speed
v'Low power

(meVia?)

Eye

4
0.2

Search for 3d multilayer films with giant perpendicular MCA

15
errrer/P
Co-Fe/MgO model & FFCCFE/
L 10 | FeCCR/ prccrry
& rrccer) [revecss grerery
@ FCCCCC/® CCCCFF/! FFFCI
~ cccroc/@FRCCCc/ Cocerny Ecrcm/.m#u
4 05 F ((cccr/‘crccc F(Frrc;.CFFFFF/
S ((ccrc/ Feccre/ [EFrCCe/ @
B cecere g rece LR g e
g2 oo Kol g rerice) Crcrrrs/
= p e 2
0 ] Cecrre/ ceecre) Torrrre/
Mg & Ecrcce/ @ oroE et/
o0 0.5 & cceece Gereogreetre) Loy
. Secsanc
PMCA s enhanced Fe 4o | et i
double-layer stacking @ cereee/ Ferrec/
15 ® ccrrcc/  crrce/
o 1 2 3 a 5 6
m (Cog,,Fe,/MgO) 64 independent clusters
N yra— m
2N-1 IR P
o o w17 G i (13i6)
Buca@G) = ) Cafe ) : g0
FFFFFF =0 0 @345
o2pindy 2oty 3oty tooty ooty 23560
owai i234
. 1Y w_,..u e
& 000 ‘. e )% a 50
013y 1539 30 Jﬁf.! @ (350
25) 30 ( 2
cerrer 5 ) 1536 31 (156) 47 (12560 63 (3456)
02 R R R T T R
v, w) ‘ Atomic-layer cluster o
o

Nakamura, et.al., J.Magn. Magn. Mater. 537, 168175 (2021)
Nawa, et.al., Comput. Mater. Sci. 219, 112032 (2023)

Example: voltage-assist magnetization switching

1
sy )

Eyc)

B
=7
==

VARV,

Voltage-assist
o

—L 1
e ]

2025/2/4
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Control of magnetism of metal thin films by electric field

» Magnetocrystalline anisotropy (MCA) Magnetocrystalline anisotropy
Weisheit ctal., Science 315, 349 (2007)
Maruyama et.al., Nature Nanotech. 4, 349 (2009) —
Duan et.al., PRL101, 137201 (2008) s
Nakamura et.al., PRL102, 187201 (2009); PRB 80, 172402 (2009) e -
Tsujikawa et.al., PRL102, (2009) B

MgO/Fe/Au(001)

{# Positive
Voltage

» Curie temperature (T)
Chiba et.al., Nat. Mater. 10, 853-856 (2011)
., PRL114, 107202 (2015)

Maruyama et.al., Nature Nanotech. 4, 349 (2009)

Oba et.;

» Dzyaloshinskii-Moriya interaction (DMI)
Nawaoka etal., Appl. Phys. Express 8, 063004(2015)
Nakamura et.al., (2015) MgO/Co/Pt(111)

Curie temperatures

» Magnetic moments
Obinata et.al., Sci. Rep. 5, 14303 (2015)

» Magneto-optical conductivity
Hibino etal., (2015)
Nakamura et.al., J. Korean Phys. Soc. 63, 612 (2013)

Chiba et.al., Nat. Mater. 10, 853-856 (2011)
» Magnetic dumping

Okada et.al., Appl. Phys. Lett. 105, 052415 (2014)

» Magnetic phase-transition (bcc Fe vs fcc Fe)
Gerhard etal., Nat. Nanotech., 5, 792 (2010)

> etc.

Modification of band structure of Fe monolayer by electric field
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Electric-field-induced charges at surfaces/interfaces

»Redistribution in charge/spin densities at surfaces/interfaces by E-field.
Duan et.al., PRL101, 137201 (2008),
Nakamura et.al., PRL102, 187201 (2009); PRB 80, 172402 (2009),
Tsujikawa et.al., PRL102, (2009).

Fe 4 : 1.0
AN=N 1y - Nyepg] 0-001
monolayer 1WA zero . Fe surface 4,
Am_- ), s /’\
= AV\ 0.000 S A .
; ‘! ’:; VV
:ﬂ—zc J-0.001 = S -20 0.5
2 S —40 -1.0
-40 4-0.002 Vs -
60
-60 ] s. c S,
-3 0 3 R N 6
Position along z-axis (A) Position along z-axis (A)
Modification of MCA energy at Fe/MgO(001)
Eyca =E(=)—EM o -
Vi
—
. ‘ T T T {100 rem}
14l Theory | Petyirace {1,500 rem)
H g0 (90 rmj
ke, L)
A (50 nm)
~ o
S 1.2f 1 Mnmu .
N o0 Experiments
%
E ] g 200V [t
P =
o £
LL]E 2
0.8t 4 f
Z
=
0.6} 1 N |
& L el
L I L L ¥ e ————————
-1 0 1 2 800 600 -400 200 0 200 400 600 800
External E-field E,,, (V/A) Magnetic field(Oc)
Nakamura et.al., PRB 81, 220409 (2010) Shito et.al., Appl. Phys. Express 2, 063001 (2009)

2025/2/4

11



Modification of Curie temperature of Co/Pt(111)

Oba et.al., PRL114, 107202 (2015)
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» Electronic structures and magnetism
in bulk and at surfaces/thin films

» Control of magnetism
by atomic-layer alignments and external electric field

bbb

2025/2/4

12



