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Spintronic Design Course

Spintronic  Design   Magnetic control II

Kohji Nakamura
Mie University

Mie University 
Computational Materials Design (CMD@) Workshop

Outline
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 Calculation method
 Electronic structures and magnetism 

in bulk and at surfaces/thin films
 Control of magnetism 

by atomic-layer alignments and external electric field
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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

Many-body problem for electrons

െ
∇ଶ

2 ൅ 𝑣ୌሺ𝑛 𝐫 ሻ ൅ 𝑣ଡ଼େሺ𝑛 𝐫 ሻ 𝜙௕ሺ𝐫ሻ ൌ 𝜀௕ 𝜙௕ሺ𝐫ሻ

Kohn-Sham equation (one-electron equation)

① Adiabatic (Born-Oppenheimer) approximation

ℋ෡௘𝛹 𝑹ଵ, 𝑹ଶ, ⋯ ; 𝒓ଵ, 𝒓ଶ, ⋯ ൌ 𝐸 𝛹 𝑹ଵ, 𝑹ଶ, ⋯ ; 𝒓ଵ, 𝒓ଶ, ⋯

②Non-interacting one particle approximation
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Basic: Case of non spin-polarized systems

𝑛 𝒓 ൌ 𝜓 𝒓 𝑛ො 𝜓 𝒓

Electron density

Local Density Approximation (LDA)

Kohn-Sham equation in one-electron approximation

െ
∇ଶ

2 ൅ 𝑣ୌሺ𝑛 𝐫 ሻ ൅ 𝑣ଡ଼େሺ𝑛 𝐫 ሻ 𝜙௕ሺ𝐫ሻ ൌ 𝜀௕ 𝜙௕ሺ𝐫ሻ
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Basic: Case of spin-polarized systems

Electron density

Kohn-Sham equation in one-electron approximation

Local Spin Density Approximation (LSDA)

െ
∇ଶ

2 ൅ 𝑣ୌሺ𝑛 𝐫 ሻ ൅ 𝑣ଡ଼େሺ𝑛 𝐫 , 𝑚 𝒓 ሻ 𝜙௕,ఙ ሺ𝐫ሻ ൌ 𝜀௕,ఙ𝜙௕,ఙሺ𝐫ሻ

𝑛 𝒓 ~ ෍ 𝜙௕,↑ 𝒓 ଶ
ே↑

௕ୀଵ

൅ ෍ 𝜙௕,↓ ሺ𝒓ሻ ଶ
ே↓

௕ୀଵ

𝑚 𝒓 ൌ 𝑛↑ 𝒓 െ 𝑛↓ 𝒓

ൌ 𝑛↑ 𝒓 ൅ 𝑛↓ 𝒓

Basic: Variational principle method

𝜓𝒌,ఙ 𝒓 ൌ ෍ 𝐶𝒌ା𝑮,ఙ|𝜙𝒌ା𝑮,ఙൿ
ழ௄ౣ౗౮

𝑮

Cut-off of basis

Basis

E. Wimmer et.al., PRB 24, 864, (1981); PRB 26, 4571 (1982) 

Interstitial

MT sphere𝜙𝒌ା𝑮,ఙ 𝒓 ൌ

𝑒௜ 𝒌ା𝑮 ⋅௥⃗

෍ 𝐴௟,ఙ 𝒌 ൅ 𝑮 𝑢௟,ఙሺ𝑟ሻ ൅ 𝐵௟,ఙ 𝒌 ൅ 𝑮 𝑢ሶ ௟,ఙሺ𝑟ሻ 𝑖𝑌௟ሺ𝒓ሻ
௟೘ೌೣ

௟ୀ଴

െ
𝜕

𝜕𝑟ଶ ൅
𝑙 𝑙 ൅ 1

𝑟ଶ ൅ 𝑣௟ୀ଴,ఙ 𝑟 െ 𝐸௟,ఙ 𝑟𝑢௟,ఙ 𝑟 ൌ 0

Int.
MT

Example: Linearized Augmented Plane Wave basis

𝐻෡୏ୗ|𝜓𝒌,ఙൿ ൌ 𝜀௕|𝜓𝒌,ఙൿ

Eigenvalue problem

Basic: SOC and Second variational method

|𝜓௕⟩ ൌ 𝐶௕,↑|𝜓௕,↑ൿ ൅ 𝐶௕,↓|𝜓௕,↓ൿ

𝐻෡ௌை஼ ൌ
1

4𝑐ଶ
1
𝑟

𝑑𝑉௟ୀ଴
ఙ

𝑑𝑟 𝑙መ ⋅ 𝜎ො ൌ 𝜉ሺ𝑟ሻ 𝑙መ௭ 𝑙መି
𝑙መା െ𝑙መ

𝐻෡ ൌ 𝐻෡୏ୗ ൅ 𝐻෡ୗ୓େ

② Generate SOC matrix

① Redefine basis by the KS eigenfunctions

③Eigenvalue problem

Spin-orbit coupling

𝐻෡୏ୗ ൅ 𝐻෡ୗ୓େ |𝜓௕⟩ ൌ 𝜀௕|𝜓௕⟩

𝑙መ : Angular momentum operator

𝜎ො : Dirac operator

ൌ
𝐻෡௄ௌ

↑ 0
0 𝐻෡௄ௌ

↓ ൅ 𝜉ሺ𝑟ሻ 𝑙መ௭ 𝑙መି
𝑙መା െ𝑙መ

Li et.al., PRB 42, 5433 (1990).
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Basic: Self-consistent field (SCF)

𝑛୧୬ 𝐫

SCF: Input and output electron densities should be identical.

෍ ෍ 𝜙௕,𝒌
ଶ

ே ஸாಷ

௕ୀଵ

஻௓

𝒌

→ 𝑛୭୳୲ 𝒓

Input electron density

Output electron density

Kohn-Sham equation 

െ
∇ଶ

2 ൅ 𝑣ୌሺ𝑛୧୬ 𝐫 ሻ ൅ 𝑣ଡ଼େሺ𝑛୧୬ 𝐫 ሻ 𝜙௕,𝒌ሺ𝐫ሻ ൌ 𝜀௕ 𝜙௕,𝒌ሺ𝐫ሻ

Basic: Total energy

𝐸୘୭୲ୟ୪ ൌ ෍ 𝜀௕

ே ஸாಷ

௜ୀଵ

െ
1
2

න𝑣ு 𝐫 𝑛 𝐫 𝑑𝐫 ൅ ෍ න 𝑣௑஼,ఙ 𝐫 െ 𝜀௑஼,ఙ 𝐫 𝑛ఙሺ𝐫ሻ𝑑𝐫
ఙ

Double counting termെ
1
2

෍ 𝑍ఓ𝑉஼,ఓ 𝐑ఓ
ఓ

Kohn-Sham eigenvalues 

 )(1 ri
inn

)()1()( rr i
in

i
out nn  

Coding: Program

Flowchart
Initial nin(r)

Coding: Execution

∆ൌ
1
Ω න 𝑛୭୳୲ 𝒓 െ 𝑛୧୬ 𝒓 ଶ

ୡୣ୪୪
𝑑𝒓

𝐂𝐡𝐚𝐫𝐠𝐞 𝐝𝐢𝐬𝐭𝐚𝐧𝐜𝐞 ∶ 
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Coding: Implementation

fully-relativistic
semi-relativistic
non-relativistic

all-electron full potential
all-electron muffin-tin
all-electron PAW
pseudopotential

non-periodic
periodic

symmetry plane waves

plane waves ( FLAPW )

atomic orbitals Slater type ( STO )
Gaussians ( GTO )

numerical ( Dmol )

numerical

augmentation
spherical waves ( LMTO, ASW )

beyond LDA
generalized gradient approximations ( GGA )
local density approximation ( LDA ) 

GW
model GW
sX-LDA
time-dependent DFT
optimized effective potentials ( OEP )
LDA+U
self-interaction corrections ( SIC )

non-spin-polarized
spin-polarized

െ
𝜵𝟐

𝟐 ൅  𝒗𝐇   ൅  𝒗𝑿𝑪 𝝓𝒃,𝒌 ൌ 𝜺𝒃,𝒌𝝓𝒃,𝒌

 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

Demo: Electron density

1A 2A 3A 4A 5A 6A 7A 1B 2B 3B 4B 5B 6B 7B 0
1 2

H He
1s 1s2

3 4 5 6 7 8 9 10

Li Be B C N O F Ne
2s 2s2 2s2 2s2 2s2 2s2 2s2 2s2

2p 2p2 2p3 2p4 2p5 2p6

11 12 13 14 15 16 17 18

Na Mg Al Si P S Cl Ar
3s 3s2 3s2 3s2 3s2 3s2 3s2 3s2

3p 3p2 3p3 3p4 3p5 3p6

19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36

K Ca Sc Ti V Cr Mn Fe Co Ni Cu Zn Ga Ge As Se Br Kr
4s 4s2 4s2 4s2 4s2 4s 4s2 4s2 4s2 4s2 4s 4s2 4s2 4s2 4s2 4s2 4s2 4s2

3d 3d2 3d3 3d5 3d5 3d6 3d7 3d8 3d10 3d10 4p 4p2 4p3 4p4 4p5 4p6

37 38 39 40 41 42 43 44 45 46 47 48 49 50 51 52 53 54

Rb Sr Y Zr Nb Mo Tc Ru Rh Pd Ag Cd In Sn Sb Te I Xe
5s 5s2 5s2 5s2 5s 5s 5s 5s 5s 5s 5s2 5s2 5s2 5s2 5s2 5s2 5s2

4d 4d2 4d4 4d5 4d6 4d7 4d8 4d10 4d10 4d10 5p 5p2 5p3 5p4 5p5 5p6

55 56 57 72 73 74 75 76 77 78 79 80 81 82 83 84 85 86

Cs Ba La Hf Ta W Re Os Ir Pt Au Hg Tl Pb Bi Po At Rn
6s 6s2 6s2 6s2 6s2 6s2 6s2 6s2 6s 6s 6s2 6s2 6s2 6s2 6s2 6s2 6s2

5d 5d2 5d3 5d4 5d5 5d6 5d9 5d10 5d10 5d10 6p 6p2 6p3 6p4 6p5 6p6

4f14

87 88 89

Fr Ra Ac
7s 7s2 7s2

6d
58 59 60 61 62 63 64 65 66 67 68 69 70 71

Ce Pr Nd Pm Sm Eu Gd Tb Dy Ho Er Tm Yb Lu
6s2 6s2 6s2 6s2 6s2 6s2 6s2 6s2 6s2 6s2 6s2 6s2 6s2 6s2

5d 5d 5d

4f2 4f3 4f4 4f5 4f6 4f7 4f7 4f8 4f10 4f11 4f12 4f13 4f14 4f14

90 91 92 93 94 95 96 97 98 99 100 101 102 103

Th Pa U Np Pu Am Cm Bk Cf Es Fm Md No Lr
7s2 7s2 7s2 7s2 7s2 7s2 7s2

6d2 6d 6d 6d

5f2 5f3 5f4 5f5 5f6 5f7

8

bcc Na: (110)

fcc Al: (100)

bcc V: (110) fcc Cu: (100) Diamond C: (110)

NaCl: (100)

fcc Ar: (100)

Demo: Band structure of non-magnetic system

Density of states, D()
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k in Bloch function
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fcc Cu (non spin-polarized system)

0 2 4 6
−9

−6

−3

0
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6

Kohn-Sham equation

F

En
er

gy
 (e

V
/s

ta
te

s)

b=1

b=2,3,4

|𝜓⟩ ൌ ෍ ෍𝐶௕,𝒌|𝜙௕,𝒌ൿ 
௕𝒌

Wave function of system
െ

∇ଶ

2 ൅ 𝑣ୌ ൅ 𝑣୶ୡ |𝜙௕,𝒌ൿ ൌ 𝜀௕,𝒌|𝜙௕,𝒌ൿ
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Demo: Band structure of ferromagnetic system
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−3
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Kohn-Sham equation

−2 −1 0 1 2
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−6

−3

0
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6

F

k in Bloch function
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er
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 (e

V
/s
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Density of states, D()
W L  X 

fcc Co (spin-polarized system)

𝑚 ൌ න 𝑫↑ 𝜺 𝑑𝜀
ఌಷ

ିஶ

െ න 𝑫↓ 𝜺 𝑑𝜀
ఌಷ

ିஶ

Magnetic moment

Majority-
spin

Minority-
spin

spin-up state

spin-down state

െ
∇ଶ

2 ൅ 𝑣ୌ ൅ 𝑣୶ୡ,↑|𝜙௕,𝒌,↑ൿ ൌ 𝜀௕,𝒌,↑|𝜙௕,𝒌,↑ൿ

െ
∇ଶ

2 ൅ 𝑣ୌ ൅ 𝑣୶ୡ,↓|𝜙௕,𝒌,↑ൿ ൌ 𝜀௕,𝒌,↓|𝜙௕,𝒌,↑ൿ

Demo: Band structure of antiferromagnetic system

−2 0 2
−9

−6

−3

0

3

6

fcc Mn (spin-polarized system)

െ
∇ଶ

2 ൅ 𝑣ୌ ൅ 𝑣୶ୡ,↑|𝜙௕,𝒌,↑ൿ ൌ 𝜀௕,𝒌,↑|𝜙௕,𝒌,↑ൿ

െ
∇ଶ

2 ൅ 𝑣ୌ ൅ 𝑣୶ୡ,↓|𝜙௕,𝒌,↑ൿ ൌ 𝜀௕,𝒌,↓|𝜙௕,𝒌,↑ൿ

Density of states, D()

En
er

gy
 (e

V
)

W L  X 

k in Bloch state

W

Mn1

−2 0 2

Mn2

AFM
Kohn-Sham equation

−9

−6

−3

0

3

6

Demo: Band structure of Pt with SOC

k in Bloch states

Pt (non spin-polarized system)

Without SOC
𝐻෡୏ୗ|𝜙௕,𝒌ൿ ൌ 𝜀௕,𝒌|𝜙௕,𝒌ൿ 𝐻෡୏ୗ ൅ 𝐻෡ୗ୓େ |𝜓௕,𝒌ൿ ൌ 𝜀௕,𝒌|𝜓௕,𝒌ൿ

k in Bloch states

With SOC

Spin-orbit coupling-induced properties

Fundamental properties
 Magnetic spin/orbital and dipole moments
 Exchange interaction
 Magnetocrystalline anisotropy (MCA)
 Dzyaloshinskii-Moriya interaction (DMI)

External field
 Magnetic field
 Electric field

Spin textures
 Non-collinear magnetic 

structures

Conductivity
 Anomalous hall conductivity
 Spin/orbital Hall conductivity
 Magneto-optical conductivity

Dynamics 
 Magnetic damping constant
 Spin-orbit torque
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Magnetism

Magnetic order Transition 
Temperature(K)

Crystal 
structure

Number of 
valence

Fe Ferromagnetic 1043 bcc 8

Co Ferromagnetic 1388 hcp 9

Ni Ferromagnetic 627 fcc 10

Question: 
Why do ferromagnetism 
appear only in Fe, Co 
and Ni?

1A 2A 3A 4A 5A 6A 7A 1B 2B 3B 4B 5B 6B 7B 0
1 2

3 4 5 6 7 8 9 10

11 12 13 14 15 16 17 18

19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36

37 38 39 40 41 42 43 44 45 46 47 48 49 50 51 52 53 54

55 56 57 72 73 74 75 76 77 78 79 80 81 82 83 84 85 86

Al

Xe

Se Br

S

In Sn Sb

Bi

ArCl

Po At Rn

Te I

Cs Ba La Hf Tl PbTa W Re

Cd

Os Ir Pt Au Hg

Ru Rh Pd Ag

F

Cu Zn Ga Ge

PSi

Ne

Rb Sr Y Zr Nb Mo Tc

As KrV Cr Mn Fe Co Ni

Na Mg

K Ca Sc Ti

8

H

Li Be

He

B C N O

Band structures of transition-metals

Nv=4 Nv=6 Nv=10

J. Kübler, Theory of itinerant electron magnetism (Oxford University Press, Oxford, 2000) 

D3d(EF) > D4d(EF) > D5d(EF)

W3d < W4d < W5d

Trends in band structures in 
transition metals

2) Density of states at EF

1) Bandwidth
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−6 −4 −2 0 2 4
0

1

2
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5

−6 −4 −2 0 2 4
0

1

2

3

4

5

Ti (hcp)

Zr (hcp)

Hf (hcp)

Cr (bcc)

Mo (bcc)

W (bcc)

Ni (fcc)

Pd (fcc)

Pt (fcc)

bonding

anti-
bonding

Energy (eV)

D
O

S 
(/e

V
-a

to
m

)
D

O
S 

(/e
V

-a
to

m
)

D
O

S 
(/e

V
-a

to
m

)

Energy (eV) Energy (eV)

–8 –6 –4 –2 0 2 4
0

1

2

3

4

5

–8 –6 –4 –2 0 2 4
0

1

2

3

4

5

Magnetism in transition metals

1A 2A 3A 4A 5A 6A 7A 1B 2B 3B 4B 5B 6B 7B 0
1 2

3 4 5 6 7 8 9 10

11 12 13 14 15 16 17 18

19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36

37 38 39 40 41 42 43 44 45 46 47 48 49 50 51 52 53 54

55 56 57 72 73 74 75 76 77 78 79 80 81 82 83 84 85 86

8

H

Li Be

He

B C N O

Na Mg

K Ca Sc Ti V Cr Mn Fe Co Ni

Ne

Rb Sr Y Zr Nb Mo Tc

As Kr

Rh Pd Ag

F

Cu Zn Ga Ge

PSi

Ta W Re

Cd

Os Ir Pt Au Hg

Ru

Cs Ba La Hf Tl Pb Bi

ArCl

Po At Rn

Te I

Al

Xe

Se Br

S

In Sn Sb

V (bcc) Fe (bcc)

LDA results

Energy (eV)

D
en

si
ty

 o
f s

ta
te

s (
/e

V-
at

om
)

Non-spin polarized

–8 –6 –4 –2 0 2 4
0

1

2

3

4

5

Energy (eV)

D
en

si
ty

 o
f s

ta
te

s (
/e

V-
at

om
-s

pi
n)

Spin polarized

Majority
Minority

AFM FM

3d 4d

ID(EF)>1

ID
(E

F)

Stoner criteria

J. Kübler, Theory of itinerant electron magnetism
(Oxford University Press, Oxford, 2000) 

Band structures and spin polarization in transition-metal layers

xy,yz

–4 –3 –2 –1 0 1 2 3 4
0

1

2

3

4
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z2

x2-y2xy

–4 –3 –2 –1 0 1 2 3 4
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V(001) monolayer

Spin-polarized
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5

Majority Mminority

Energy (eV)

D
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Energy (eV)

LDA results
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V bulk

D
en

si
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s (
/e
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Energy (eV)
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Ferromagnetism in transition-metal layers

Fe Co

Ru Rh

Os Ir

ba
nd

w
id

th

3d

4d
5d

S. Blügel, Phys. Rev. Lett. 68, 851(1992)

Ti V Cr Mn Fe Co Ni

E
=

E A
FM

-E
FM

(m
Ry

) Free-standing 
monolayer

monolyar
on Ag(001)

Energy difference between FM and AFM

Magnetic moment (assumed FM)

Monolayer on Ag(001)

Effect of substrates to magnetism

Substrate

−6 −3 0 3 6
−4

−2

0

2

4
Bulk Ag

−6 −3 0 3 6
−4

−2

0

2

4
Bulk W

D
O
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(/e
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)

D
O
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(/e
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)

−6 −4 −2 0 2 4
−4

−2

0

2

4

−6 −4 −2 0 2 4
−4

−2

0

2

4

Energy (eV)

Fe/W(001)Fe/Ag(001)

Energy (eV)

PD
O

S 
(/e

V-
at

om
)

FeAg Fe
W

PD
O

S 
(/e

V-
at

om
)

Fe/Substrate

Fe(001) monolayer

−6 −3 0 3 6
−6

−4

−2

0

2

4

6

Energy (eV)

D
O

S 
(/e

V-
at

om
)

Majority

Minority

P. Ferriani et.al., Phys. Rev. B 72, 024452 (2005)

Stability of magnetic structures

Energy (eV)Energy (eV)

Substrate

Magnetic film

Magnetocrystalline anisotropy (MCA)

In-plane MCA

How to design 
thin films with large PMCA 

MTJ device

Advanced
applications 

Out-of-plane MCA

• MRAM
Many Applications

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

[1]

Ferromagnetic

Insulator

Ferromagnetic
• Magnetic sensor

Non-volatility
Large capacity
High-speed

𝐻ௌை஼ ൌ 𝜉 𝑟  𝑙 ⋅ 𝜎

Magnetocrystalline anisotropy

SOC strength,  ~50 meV for 3d-metals

𝐸ெ஼஺ ൌ 𝐸 → െ 𝐸 ↑

ൌ ෍ ෍ 𝜀௜,𝒌 → െ ෍ 𝜀௜,𝒌 ↑
௜∈௢ᇴ௜∈௢ᇲ𝐤

Magnetocrystalline anisotropy energy

Spin-orbit coupling

Force theorem

       0000 ,, mm  EE EMCA > 0 : Perpendicular MCA

EMCA < 0 : in-plane MCA
~0.1 meV/atom
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MCA energy in 3d transition metal monolayers

(a=aCu)

Perpendicular MCA

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

(meV)

Effect of substrates to MCA

Perpendicular MCA

Su
bs

tra
te

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

𝐸ெ஼஺ ൌ 𝐸 → െ 𝐸 ↑

(meV)

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

EMCA (meV/a2)

Free-standing 
Fe monolayer 0.19

Fe/MgO 1.28

Au3/Fe3/MgO 0.94

Nakamura et.al., PRB 81, 220409, (2010)

Fe

O

LDA

Origin of interfacial PMA

Week 
hybridization 

O pz

Fe dz2 

𝐸ெ஼஺ ൌ 𝐸 → െ 𝐸 ↑

Fe dz2 – O pz hybridization at Fe/MgO interface

Fe

O

Week 
hybridization 

O pz

Fe dz2 

dz2

EF

energy energy

Fe 
monolyar

pz

O
in MgO

Urano and Kanaji, J. Phys. Soc. Jpn. 57, 3403, (1988 )
Li and Freeman, Phys. Rev. B 43, 780, (1991)
Meyerheim et.al., Phys. Rev. B 65, 144433, (2002)

Anti-bonding

Bonding
Fe/MgO interface

2.
07

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

xz, yz

xy, x2-y2 
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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

Control of MCA by tuning atomic-layer alignments

Interfaces, superlattices, multilayers

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

1A 2A 3A 4A 5A 6A 7A 1B 2B 3B 4B 5B 6B 7B 0
1 2

3 4 5 6 7 8 9 10

11 12 13 14 15 16 17 18

19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36

37 38 39 40 41 42 43 44 45 46 47 48 49 50 51 52 53 54

55 56 57 72 73 74 75 76 77 78 79 80 81 82 83 84 85 86

Te XeIn

W

Sn Sb

Bi

ArCl

Po At RnCs Ba La Hf Tl PbTa Re

Cd

Os Ir Pt Au Hg

Ru Rh Ag

F

Cu Zn Ga Ge

PSiAl

Se

I

S

Ne

Rb Sr Y Zr Nb Mo Tc Pd

As KrV Cr Mn Fe Co Ni Br

Na Mg

K Ca Sc Ti

8

H

Li Be

He

B C N O

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

1 2 3

−1

0

1

2

E M
C

A
(m

eV
/a

2 )

Mn
Co

Ni

I II III

Pur Fe five-layer film

It shows no perpendicular MCA

Fe

Fe
Mn, Co, or Ni

Assumed
 Bcc-layer stacking
 Surface-layer to be Fe
 Symmetric atomic alignment along z-

axis

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

Assumed
bcc-layer stacking
surface Fe layer
symmetric structure 

along z-axis

1 2 3 4 5 6

Mn
Co

Ni

I II III IV V VI

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

E M
C

A
(m

eV
/a

2 )

Fe

Fe

Mn, Co, or Ni

7-layer 
Fe film

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

−0.6

−0.3

0.0

0.3

0.6
−5

0

5

10

15

20

Ni x2-y2

 M 

En
er

gy
 (e

V
)

E M
C

A
(k

) (
m

eV
) 

(X+M)/2

Ni xy

Fe/Fe/Ni/Fe/Ni/FeFe film
A candidate for perpendicular MCA

0

1

-1
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5 7 9 11 13
0

1

2

3

⑤Guess

Search for 3d thin films with giant perpendicular MCA

Number of layers

E M
C

A
(m

eV
/a

2 )

Fe2/Ni/Fe/Ni/Fe2

Pure Fe thin films
Fe2/Ni/Fe2

Fe2/Ni/Fe/Ni/Fe/Ni/Fe2

Fe2/Ni/Fe/Ni/Fe/Ni/Fe/Ni/Fe2

Fe2/Ni/Fe/Ni/Fe/Ni/Fe/Ni/Fe/Ni/Fe2

Fe2/Ni/Fe/Ni/Fe/Fe/Fe/Ni/Fe/Ni/Fe2

Upper limit for perpendicular MCA in 3d thin films

②Full search

①Full search

③Guess

④Guess

⑥Guess

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

Search for 3d multilayer films with giant perpendicular MCA

(6)
(5)
(4)
(3)
(2)
(1)
L

Mg
O

Co-Fe/MgO model

CCCCCC/

CCCCCF/
CCCCFC/

CCCCFF/
CCCFCC/

CCCFCF/
CCCFFC/

CCCFFF/

CCFCCC/
CCFCCF/

CCFCFC/

CCFCFF/

CCFFCC/ CCFFCF/

CCFFFC/

CCFFFF/

CFCCCC/

CFCCCF/

CFCCFC/

CFCCFF/

CFCFCC/

CFCFCF/

CFCFFC/

CFCFFF/

CFFCCC/

CFFCCF/
CFFCFC/

CFFCFF/

CFFFCC/
CFFFCF/

CFFFFC/

CFFFFF/

FCCCCC/

FCCCCF/
FCCCFC/

FCCCFF/

FCCFCC/

FCCFCF/

FCCFFC/

FCCFFF/

FCFCCC/

FCFCCF/

FCFCFC/

FCFCFF/

FCFFCC/

FCFFCF/

FCFFFC/

FCFFFF/

FFCCCC/

FFCCCF/

FFCCFC/

FFCCFF/

FFCFCC/

FFCFCF/
FFCFFC/

FFCFFF/

FFFCCC/

FFFCCF/
FFFCFC/

FFFCFF/

FFFFCC/

FFFFCF/

FFFFFC/

FFFFFF/

-1.5

-1.0

-0.5

0.0

0.5

1.0

1.5

0 1 2 3 4 5 6

E M
C

A
(m

eV
/a

2 )

m (Co6-mFem/MgO)

Manis (μB)

E M
C

A
(m

eV
/a

2 )

(a)

0 5 10 15 20 25 30 35 40 45 50 55 60
−0.26

−0.13

0.00

0.13

0.26
3-body 4-body2-body1-body 5-body

C


Atomic-layer cluster 

 𝐸ெ஼஺ 𝜎௡ ൌ ෍ 𝐶ఈ𝜉ఈ

ଶಿିଵ

ఈୀ଴

𝜎௡  


0
1
2
3
4
5
6
7
8
9

10
11
12
13
14
15

(1)
(2)
(3)
(4)
(5)
(6)

(12)
(13)
(14)
(15)
(16)
(23)
(24)
(25)
(26)


16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31

(34)
(35)
(36)
(45)
(46)
(56)

(123)
(124)
(125)
(126)
(134)
(135)
(136)
(145)
(146)
(156)


32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47

(234)
(235)
(236)
(245)
(246)
(256)
(345)
(346)
(356)
(456)

(1234)
(1235)
(1236)
(1245)
(1246)
(1256)


48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63

(1345)
(1346)
(1356)
(1456)
(2345)
(2346)
(2356)
(2456)
(3456)

(12345)
(12346)
(12356)
(12456)
(13456)
(23456)
(123456)

64 independent clusters

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

PMCA is enhanced Fe 
double-layer stacking

E-field (Voltage)-control of magnetism

Electric field

Magnetic field
/Currents

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

Charge

Magnetization
or spins

leading to semiconductor 
technology

Electrons

Non-volatile
Large capacity
High-speed
Low power

EMCA

Example: voltage-assist magnetization switching

Voltage-assist
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Control of magnetism of metal thin films by electric field

 Magnetocrystalline anisotropy (MCA)
Weisheit et.al., Science 315, 349 (2007)  
Maruyama et.al., Nature Nanotech. 4, 349 (2009)
Duan et.al., PRL101, 137201 (2008)
Nakamura et.al., PRL102, 187201 (2009); PRB 80, 172402 (2009) 
Tsujikawa et.al., PRL102, (2009)
….

 Curie temperature (TC)
Chiba et.al., Nat. Mater. 10, 853-856 (2011) 
Oba et.al., PRL114, 107202 (2015)

 Dzyaloshinskii-Moriya interaction (DMI)
Nawaoka et.al., Appl. Phys. Express 8, 063004(2015)
Nakamura et.al., (2015)

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

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

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

 Magnetic phase-transition (bcc Fe vs fcc Fe)
Gerhard et.al., Nat. Nanotech., 5, 792 (2010)

 etc.

MgO/Fe/Au(001)
Negative 
Voltage

Positive 
Voltage 

MgO/Co/Pt(111)

Negative 
Voltage

Positive 
Voltage 

Curie temperaturesCurie temperatures

Magnetocrystalline anisotropyMagnetocrystalline anisotropy

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

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

–9 –6 –3 0 3 6 9
–80

–60

–40

–20

0

–1.0

–0.5

0.0

0.5

1.0

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).

–3 0 3

–60

–40

–20

0

–0.002

–0.001

0.000

0.001

V S
（
V
）

n,m
(a

-2)

n
m

Position along z-axis (Å)

Eext

Position along z-axis (Å)

S- S+

n=n1V/Å-nzero

VS

V S
（
V
）

n, (10
-3/a

2)

C

Fe 
monolayer Fe surface

Eext

＋―

Modification of band structure of Fe monolayer by electric field

–0.9

–0.6

–0.3

0.0

0.3

0.6

0.9

En
er

gy
 (e

V
)

M X 

1

3
3

5

5*

5

1

4

1 V/Å
Zero field

Minority-spin

1: dz2 (m=0)      3: dx2-y2 (m= 2)
4: dxy (m= 2)   5, 5*: dxz,yz (m= 1)

Change in band structure around Fermi level–4 –2 0 2 4
–4

–3

–2

–1

0

1

2 Minority-spin

DOS (states/eV spin)

En
er

gy
 (e

V
)

Majority Minority

EF

EF

MCA energy modification[100]
[001]

External E-field

(a=5.45a.u.)

Modification of MCA energy at Fe/MgO(001)

–1 0 1 2

0.6

0.8

1.0

1.2

1.4

E M
C

A
（
m

eV
/a

2 ）
External E-field  Eext (V/Å)

Nakamura  et.al., PRB 81, 220409 (2010)

Theory

Shito et.al., Appl. Phys. Express 2, 063001 (2009)

-200V

+200V

Experiments

𝐸ெ஼஺ ൌ 𝐸 → െ 𝐸 ↑



2025/2/4

12

600 700 800 900
0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

Modification of Curie temperature of Co/Pt(111)

M
/M

s
T (K)

5 V/nm

5 V/nm

MgO/Co/Pt(111)MgO/Co/Pt(111)

+



Pt
Co

Pt

MgO

Co/Pt(111)Co/Pt(111) Theory Experiments

TC 830 320

TC 20K 10K

 0.26 0.18

0.2V/nm

Agreed with experiments qualitatively

𝑀 ∝ 1 െ 𝑇
𝑇஼

ൗ
ఉ

Co 2~3原子層

Oba et.al., PRL114, 107202 (2015)

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

Summary

Spintronic  Design   Magnetic control

Outline
 Introduction
 Calculation method
 Electronic structures and magnetism 

in bulk and at surfaces/thin films
 Control of magnetism 

by atomic-layer alignments and external electric field


