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(5-1) Magnetic moment: spin, orbital

Origin of magnetism Most of magnetism in materials comes from the contained
electrons.

main orgin of magnetism

electron:spin angular momentum

like being supposed to rotate on its own axis magnetic field
two different spin states e Sy N
l /J;l inan electron, | | T ES T

different energy levels
2 for external magnetic field

note) The orbital angular |

A/\
momentum appears from Q\/\Cﬁ 0,.A7.2%, ...

the orbit motion of electrons




(5-1-1) Orbital magnetic moment
Coulomb gauge
An electron in a magnetic field along z-axis V-4=0
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(5-1-2) Spin magnetic moment
Spin angular momentum

Stern-Gerlach, anomalous Zeeman’s effect,
Doublet of the D-line in sodium

Zeeman’s energy term in Dirac equation

)7) = = =
c o-H=u2s-H=gu,s -H
2mc
- - A
spin angular momentum  u, =—gu,s — —>S
(T h
2™ Ly
SZ ’/ns>:< h h (S) :S(S_I_l)
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Dirac equation (as a reference, see Appendix 4)
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(5-2) Zeeman energy, spin-orbit interaction

2
L(*+£Z) v+ s H=VxA
2m C 2mc

Zeeman energy

_Non-relativis{ic

2
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ho =~ € >
4+ > O - (gradV)X[p‘F_Aj} A & -(gradV x p)

72 — Spin-orbit interaction
. 2
+ — div(grad V) |¢, = (g e )¢L

Darwin term

Coulomb interaction
£+ | and its relativistic

. correction
@1 | Wave function of
P, = , (Two electron terms)
@, ) 2-component spinor




(5-3) Interaction between magnetic carriers:
magnetic dipole interaction

Magnetic dipole term in Breit’s interaction

Emagnetic dipole __ 62 61 ) 62 B 3(61 ) i:12 )(&2 ) le)

Breit o 2 2 3
4dm-c 1,

Interaction between atomic magnetic moments

dipole _ e’ /_ji 'ﬁj _3(:&1' le)(ﬁ] RU)

1 2 2 3
/ Adm-c R




(5-4) Control of magnetization

»Dynamical control
» Statistical control

Tunnel magnetoresistance (TMR)

electrical resistance

@ R
P Electrode [fix] RA
# — (magnetic metal)
e

—— Tunnel barrier

T (Oxide) -
# ™ Electrode [free]

(magnetic metal)

Barrier
insulator

Magnetic
metal

Magnetic
Anisotropy
Energy (MAE)




Driving forces in dynamical control of magnetization

~External magnetic field Effective MF: H,,;

(by current)

Precession

Injection of spin
j P Spin-transfer

olarized current current
_p Dumping torque
Fixed layer Non-mag. Free layer force Magnetization M
M, M, Current

/ % Spin polarized current
,f 'f i Problem: Disturbing compactness,
>

1 energy consumption,
Spin polarized current | Conservation law of

Joule heating, etc.
(spin) angular momenta Electric field (Voltage)

Heﬁ:Hext_I_Hstt +H +H

Expectation: ultra-low energy consumption, non-volatile property,
compactness(high density memory), enough high speed in reading&writing

shape aniso



11

Landau—Lifshitz—Gilbert equation (LLG-equation)

dM - - - dM IM (M M
—:—y(MxHeff)+iMx——77(9)ﬂB X x — 11X
dt M. dt eV M. M. M,
precessional term dumping term spin transfer torque

M :Magnetization vector at free layer Vo4 :Gilbert magnetic damping factor

—_

) :gyromagnetic factor M :Magnetization vector at fixed layer

fix

17(6) :spin transfer efficiency

Ccry—aniso

J. C. Slonczewski, Journal of Magnetism and Magnetic Materials 159 (1996) L1-L7



(5-5) Magnetic anisotropy energy: Shape magnetic |

magnet shape, electron orbital anisotropy (SMA)

in-plane contribution

Magnetostatic contribution S

1 [mR)-mR) R (R~ R)|A(R,)- (B~ R,)]| 20 sauarelat

Eyg=— Z 3 -3 5 Shape aniso.
¢ RiaRj Rl] Rl'j

This depends on the arrangement of magnetic
atoms, not so depend on electric field.

Electronic structure contribution

perturbation of spin-orbit interaction,
MA appears from an anisotropy of orbitals

It 1s important to see the behavior of each angular orbitals. Magnétocrystalline
Anisotropic occupation of electrons leads to MA. anisotropy (MCA)
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Origin of MCAE in electronic structure (7, =¢7.5

*spin-orbit coupling contribution from band electrons matrix element
: 0 Clyz) =1
(A) 2nd perturbative contributions R
2 2 x| (322 = 1?|l,|yz) = V3
‘ 0 gzu ‘ _‘ 0 gxu ‘ ryllelez) =1
o,u &, —&, v | (32% = r?lly|zz) = V3
_ (xyllylyz) =1
unqg?upéiew =@  In the case of Fe element (22 — yzy\ﬁy\a:z> _
O ¥ £>0 Couplings—> I -
out-of-plane in-plane

contribution contribution

- - i T e T
(B) Existence of partly- yz

occupied degenerate levels' & mcosé
Low dimentional system D. S. Wang, R. Wu, and A. J. Freeman, Phys. Rev. B 47,14932 (1993).

occupie
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2nd perturbative contributions (more general)

e AN i CA Y Py

g, — &, No E
— spin F
2 ‘<OT|€z|”T>‘2 _KOT |£x|”¢>‘2 ‘E')ip exchange
+(&) Z St splitting

) . Fe
. 2 ‘ 2 | ex
|- (5)2;‘<OT| |”¢(>J¢_E?| ) T4
flip — | _— ?
terms —(5)2Z‘<0¢ |€Z|MT>L _Ki% |€x|UT>‘ Er >¢ Zr)?cah“ange
) o,u g —& splitting

These contributions can be
expected in Pd and Pt systems.
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(5-6) Summary of density functional approach
on magnetic anisotropy energy

Magnetocrystalline Shape magnetic
anisotropy (MCA) anisotropy (SMA)
Force theorem approach Atomic magnetic moment

- o

Grand canonical force theorem approach Spin-density



Density functional theory(DFT)with MDI

i m=h=e=1 (Atomic unit)

Eln(r)] = Z:dr%l (r)(—gvzj'ﬂik (r) kinetic energy

A e S fas 0 o o) )

classical electronic external exchange-
static energy potential correlation energy

4 pMDI Magnetic dipole-dipole
energy

2m
Potential except Magnetic dipole-

magnetic dipole-  dinple potential
dipole effect

Kohn-Sham e, MDI B
equation (——V + Vet 41V Vi = €ty



MDI energy through spin density
MDI {m(r) - (r - ') H{m(r') - (r - 1)}
Espy = //dr r { T r’P _3

r—r1/|°

B = [drm@) He. R0 = -HE) o
(0x,0y,0,) Pauli matrix
Self-consistent procedure

This estimation is based on spin density:
Spin Density Model (SDM)



Magnetic field Hi{(r

-~ Fe square alignment
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Shape Magnetic Anisotropy Energy (SMAE)

From magnetic dipole interaction(MDI) SMAE = EI201] _ pl100
Continuum approach (CA) M : Total magnetization
[001] 1oo] 1 M? () : Volume of magnetic material
MAE = Eyip;” — Empr = 5H0 o . it
2 Q Uo : Permeability of vacuum
Discrete approach (DA) [1,2] m(R;) : Atomic magnetic moment
£
o e? m(R;) -m(R;) _m(R;)-(R;-R;)m(R,) - (R; —R))
Evpr = 52 Y B S
Ri,Rj ij ij

Spin density approach (SDA) [3]

e’ m(r;) - m(ry) m(ry) - (r; —r;) m(ry) - (r; — r3)
m —_ —_
Enipr = 4m?2c? .U drydr, [ Ir; —p[3 3 Ir; — 1 |° ]

» High precision shape magnetic anisotropy from spin density
distribution: magnetic interface/surface

[1] H. ). G. Draaisma and W. J. M. de Jonge, J. Appl. Phys. 64, 1988.
[2] L. Szunyogh et al, Phys. Rev. B 51, 9552, 1995.
[3] T. Oda and M. Obata, J. Phys. Soc. Jpn. 87, 064803, 2018.




Magnetic anisotropy energy (MAE)
MAE=SMAE + MCAE
SMAE=E,, [100]-E,,, [001] MCAE=E,,..[100]- E,[001]
Total Energy(Energy Functional: SDFT)
E[n(r),m(r)] = Eyp [m(r)]+ Egper [1(r), m(r)]
Kohn-Sham equation

VR0 0,0 = 50,0

Grand-canonical force theorem (GCFT) for MCAE

.GCFT .GCFT

§E§I£)FT = 2255211: MCAE

k
» Atom-resolved
GCFT _ ,GCFT 0 .0
2 = fue (€ = Hy) = o (€ — 1) > k-resolved
m 0 = i f ti

SAME: Shape magnetic anisotropy energy Ju »Ju : Fermifunction

MCAE: Magnetocrystalline anisotropy energy

GCFT: D. Li et al., Phys. Rev. B 88, 214413 (2013);
|. Pardede et al., J. Magn. Magn. Mater., 500, 166357 (2020).
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Interactions and eigenvalues

» Hamiltonian H=—%V2 +V () +Vp (1)

VT () =V (1) + V0 (1) + ¥, (1) + V. (r)o, + V! (r)%

eff on
|

Vo0l (r) = ZflL, Xy Exchange int.
I Spin-orbit int. Depend on only

SDI /.\ _ yydi relative angle
Vi (1) =H™(r)- o between spins
Dipole field

(parallel spin)

» Eigenvalues for a given potential

g Ot {_%vz + VS () + V! (r)} ® (r) =&, (r)

m : a given magnetization direction (non-collinear with SOI)

0
VT R 00 =00

m . magnetization (collinear cal. Without SOI)

21
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MagnetoCrystalline anisotropy energy (MCAE)
» k-resolved MCAE
EQ?DFGTCFT Z i (e AR _ f : Fermi function

>Atom-resolved MCAE
Egrl)STCFT Z fae (e ™ ll'l)‘<Z]a Cka>

(K,a

» Atom-resolved and k-resolved MCAE

;IJSTCFT I k) Zfzk (ep lLl)‘<Z]a (Dzk>‘2

|. Pardede et al., J. Magn. Magn. Mater., 500, 166357 (2020).



Magnetic Anisotropy Energy (MAE)

For ferromagnets

[ /I

MAE = —

Ex or Ey Ez
F-TOTAL ENERGY

MAE=E[100]— E[001]

MAE >0 : perpendicular anisotropy

For antiferromagnets

= B - oY

Ez or Ex Ey
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MAE from d-d interaction for Fe-multilayers

In-plane lattice constant R O ™ j
MgO 4.21A T \ dlpolt:;-layer.dat u::2 :
B i | | |
Fe % N | |
. ‘ A o -1000 f : : :
1.32A © I I I
& -} . \.\ .
= -1500 | e | |
o o 3 AL e
o) ! =
-2000 | l . |
‘ BCT-structure % | 6.5A |\
Tl | | =
@) 9 < 2500 | ! ! 9A Ny
s I I :
| | |
Fe: 2.96 pg(interface) 3000 ! n !

2.63 py(inside)

Number of Fe layers

FeCo layer

>6.3A in-plane In-plane MAE increases
< 6.3 A out-of-plane

Y. Shiota et. al., Appl. Phys. by ZSO_BOOHJ/mZ per Fe_layer

Exp., 4, 043305(2011). Ref.)L. Szunyogh et al., Phys. Rev. B, 51, 9552, (1995)
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Magnetic anisotropy: MCA, in-plane, perpendicular

10.0 — MAE of the (001) surfaces . _
- - E[100]-E[001] 829 , | EI110-E[001] 7-51”0 Z Q g
11mJ/m?— "1 = n
ZF\ 5,20
0.40mJ/m* & | vor } L10-FePt regular
K +0 a4 B b w N 1 alloy(LDA)
> Pt capping 3 2 -; I | MAE
layer £, [t | | 261meva,
drastically £ |*” ceaa | 2:724meV
ehnhances 20t perpendicular | *P. Ravindran et.al,
the MCAE. [ : : I (2001).
4.0 _ magnetlc anISOtrOpy _ bTO et al, (2005).
f

Fe/Pt PUFe/Pt PUFe/Pt, Fe/Pt PUFe/Pt PUFe/Pt, Tsujikawa etal.
(2008, 2009)

oot SO At s

Fe/Pt(001) — Pt/Fe/Pt(001)

dipole: -0.32mJ/m?



(5-7) Magnetic Anisotropy (MA),
Voltage-Controlled Magnetic
Anisotropy (VCMA):

»Fe/MgO interface

26



Energy (eV)
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Typical interface Fe/MgO
on Magnetic anisotropy and its electric field effect

Starting from the Fe monolayer, ...

(a) Fe(1ML)
15 j \ '

15;.-\ -“"0(

—

(out-of-plane) M-bar

\ P P b T §
2
o5 \/ ‘
L 1 [ band are above
' i the Fermi level
15 L | L Noin-plan contribution

MAE= 1.23mJ/m? (=[1.51 | -0.28), slope rate= 12fJ/Vm Tsujikawa and Oda

Let us learn the electronic structure for getting the knowledge of MCA.
41 t Perpendicular Near
d,
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Electronic structure of the interface Fe/MgO: Band

Ex. Fe(5ML)/MgO(5ML)

oBo P-dhybridization =// \/~ ":; Z %

L7T1 MCAE= I s> o

: :2 1.54 md/m? Q-.! \\ Y & ; /\ >

Bt D ¢ —\ "r\ > AR

44 N\ & - "

" ' , 2

7OV
L M X r M X T

v X
The p-d hybridization - 1 -02¢
pushed up the energy B A 1 04l
level of 32%-r2, vanishing i
r

>

M X Ir M X T
3z2-r2 gold-yz red-xz blue-xy green-x2-y2

its component at the
Fermi level.

Such electronic structure kept the large out-of-plane MCA.



EIectronlc structure of the interface Fe/MgO: DOS

| tota 3d-orbital — |
o T iz — | 15

1 0.5

0
-0.5
| 1 -1

1 0.5
0
1-0.5

1 05
0

2 -15 -1 05 0 05
Energy(eV)



)

2

E

t' mJ/m

perp Fe

MAE and VCMA in Fe/MgO interface (Exp.)

Fe/MgO interface was found as a multi-functional one:

» High TMR ratio
» Large perpendicular magnetic anisotropy (PMA)

» Large voltage-controlled magnetic anisotropy (VCMA)

Cr/Fe/MgO

0.56
0.54
0.52
0.50
0.48
0.46
0.44
0.42
0.40

0.38

0.36
-500 -400 -300 -200 -100 0 100 200 300 400 500

Electric field (imV/nm)

VCMA coefficient (fJ/Vm)

“0”

30

“1”

il

4~5ML 5~6ML 6~7ML
400 — T+ T r T ' 1 r T T T 7
@ nonlinear
@ linear
300 i? o
200 | o
o
® o
100 o o
o
ob——v v sl s
035 040 045 050 055 0.60 065 070 075

T. Nozaki et al., Phys. Rev. Appl. 5, 044006 (2016)

t', (nm)



MAE: Interface Cr/Fe/MgO

Qcr OFe QMg 00

Structure-I

Vacuum
Vacuum
ESM

Structure-II F(;al AIoning

N i s : effect was
T_>: - investigated.

T

MAE (MCAE+SMAE
a (A) ( | VCMA |MCAE (SOI) SMAE (mJ/m?) ( )/ M )
Structure a) |Evm | (mi/m?) (mJ/m°)
Cr DA SDA SOl + DA | SOl + SDA

Structure-l [1] | 2.88 | 85 | 0.586 | —1.353 |—1.336| —0.763 | —0.750
Structure-11[1] | 2.88 | 89 | 1.280 | —1.097 |—1.053| 0.183 0.227

Exp. [2] 2.88 | ~300 — — — 0.651 [~ 0.500

[1] 1. Pardede et al., Crystals 10, 1118 (2020)

I. Pardede et al., IEEE Trans. Magn. 55, 2860581 (2018)

[2] T. Nozaki et al., Phys. Rev. Appl., 5, 044006 (2016)
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Interface Fe/MgO (Structure-Il) : MCA

0.6

i :@ ik %n\m@
L7 B0 LA R

' M XTX YT M XTX YI M X TIX Y

]

ky (2m/a)
S o ©
i = P -F-
ST ¢
2y
‘K
B
WO N LN
(mJ/m?2)

0 =
/ -5.0 E
-0.4-02 0 0.2 0.4 -0.4- 7
- | 1 ] T 1 —].D
ky (2n/a) (Structure-l) 1, o 5 05 o4
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Interface Fe/MgO (Structure-Il) : SMA

spherical : Fe; — 7 Structure SMAE (mJ/m?)

. Feg =—

. Feg — |

: Fey — DA SDA
quadrupole : Fej N
. Feg .

N Feg Je—

Structure-l | —1.353 |—1.336

Structure-ll | —1.097 |—1.053

\Fe,

prolate Reduction isnot so much
b f in this case.
0.5
0 ;“Im‘_.-'mw-mm-.....-.. _ l
o5 L e ]

0 0.5 1 1.5
radial distance (Bohr)

radial spin density

(W]

I. Pardede et al., Crystals 10, 1118 (2020)



Strain effect on MAE and VCMA
in Fe/I\/IgO interface

Electrostatic potential (€V)

10

W

(]
T

1
W
T

—
o
T

-
W

"MCAE' TE —m— A
_I_

. GCFT

0.253 V/nm —

0.507 V/nm —

(=]

10 15 20 25 30 35 40
distance along the z-direction (A)

1.68
1.66
1.64
1.62

MCAE (mJ/m?)
o

1.58
1.56

(b)

. Slop VCMA

-
7. - VCMA

-0.2 0 0.2 04

Electric field (V/nm)

-0.4 0.6

-200

e (a — Ay, )/aFe'

PR YRV VU NNV YO U [N ST W N W [N ST ST WO W [N ST ST S W Y

-2 0 2 4
re(70)

I. Pardede et al., Crystals 10, 1118 (2020)
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Strain effect in the Fe-Cr mixing system

The system different from the previous page

(o
S
y ’:\
AS,M §
Py
5
As -

VCMA (£J/Vm)

Energy (eV)

l. Pardede et al., IEEE Trans. Magn. 55,

0.15

0.1
0.05 [

~0.05
“01f
~0.15
o2t

DOS (States/eV/cell)

Fe Cr

MgO

|
-8 -7 -4.9 -42 -3.1-21 -1
77Fe(%)

2860581 (2018).

0 03 07 1.7 3.8

(a) -8.0%

(b) -3.1% (c) 0.0%

(d) 3.8%

| TR B

-0.3 0 03

-03 0 03

-03 0 03

03 0 03

MAE: k-resolved ma

p at -3.1%

04

0.2

-0.2

-0.4

M
I
| . | X
| 1 | | 1
-0.4 0.2 0 0.2 0.4
kx

15

40

-5

20

15

10

MAE(K) (mJ/m?)

-10
-15

-20



MAE (mJ/m?)

VCMA at the compressive strain (-3.1%)

MAE: Layer resolved

1.6

1.4 +
1.2

1L
0.8 -
0.6 +
04+
0.2 -

0

—-0.2

T T T T T T T T

E=0V/nm mm
E =0.468 V/nm mmm

Cr7 Cr6 Crb Cr4d Cr3 Fed Cr2 Fe3 Crl Fe2 Fel O1 Mgl

Atom T

0.4

-0.4

v

} - —— o
Q

VCMA: k-resglved (k-mildp)

2

1.5

1

105
10
1-05
-1

-1.5

MAE(K) (mJ/m?)
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(5-8) Magnetic anisotropy of thin film:
Ni/Co/Ni multilayer

|. Pardede et al., J. Magn. Magn. Mater., 500, 166357 (2020).
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Large PMA Ni/Co/Ni layer

Potential for STT-MRAM
U High PMA

(JHigh spin polarization
U Low damping constant

Ni cap 0 02
(ML)  <BS8SRSSER0H Rt

+++++

-------
................
.........................
lllllllllllllllll

llllllllllllllll

--------------------------------------

Ni 3ML

Co/Ni multilayer

S. Andrieu et al, Phys. Rev. Matt., 2:064410 (2018).
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Ni/Co/Ni layer

Experimental systems

Au (111) 10nm

10 x
Co (111) 1ML

Au (111) 2nm

The structural models of SDFT approach

(a) Top view (b) Side view

y vacuum

...
N
Co .&.
. 90
Ni ..Q..

vacuum

39



MAE (mJ/m?)

40

Atom- and k-resolved MCAE: Au/[Ni(t,; )/Co(1ML)], /Ni(t\; )/Au

Aut A
Auz .. @' .Au4 o

MAE = E[010] — E [001]

0.6 ¢ ‘ : ‘
E — Au3 . . Aus
50 N=1 @ "o "@ "0 @

4 3 MLs 0 PMA Co-Ni

0.3 + interface
0.2 £ :
0.1 -
0
—0.1
02 | MAE = E[100] — E [001]

—0.3 c \ | | \ \ | ! \ | | \ \ |

L

Atom

Not-symmetrized (Bare) 3 Positive:
20

10~ [ Negative:

I" and M points

5
-0
5

MAE(K) (mJ/m

DL L
<o b O

AulAu2Au3Nil Ni2 Ni3 Col Ni4 Ni5 Ni6 Au4Aub5Aub

15 along the I'-K line

I T

=

| T
dtotal

|
o — RO
I

1

o =

DOS (States/eV /cell)

z

I
[

(@) —
I % E I
S8
w
Q
[~}
1
[\V)

|. Pardede et al., J. Magn. Magn. Mater.,

500, 166357 (2020).



High spin polarization

DOS(States/eV /cell)

Spin polarization (%)

40

30

20

10

o

-50

-100

| Minority —

Majority —

Energy (eV)

SP at Ep(%)

70 %

41

u tni ML
r c2MLs & ]
* : ilﬁ%a + ]
r cAMLs = ]
- -— Exp. + 7
K ]
L /r-"' ]
LA
‘_
— f,/ —
| | |
1 2 3



TE(total energy) and GCFT on MCAE

1 Both methods provide

3+ (a) - similar value on MCAE.
) L . — % " .

1L i

0 | | |

3 - (b) / _
2 L _
TE : [100]-]001] &

MCAE (mJ/m?)

GCFT : [100]-[001] X
I - |o10]-[o01] 4+
n | | |
C

g L (c) 1
9 L _
1 _|
0 | | |

0 1 2 3



Empty symbols: Spin density approach (SDA)

MDI contribution to SMAE

Filled symbols: Discrete approach(DA)

Larger difference
between SDA and DA

0 L T
02 L =
A O e — '
— 04 L Y _,:__"“————-? SDA -
e L . T — ]
= N iﬁ"rr 2 o —b %
= —06 A T DA .
=] : - prolate |
~ 08EFE N-3 —o —A E
2 .
= -1 - T -
oo r ]
12 ¢ 2
14 L .
o 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 -
0 1 2 3 4 5
tn; (ML) oblate

!

spherical : Nil ——

quadrupole E

radial spin density

__________

1L ]
0 | 0.5 | 1 1.5 | 2
radial distance (Bohr)
There are

quadrupole contribution
to SMAE.

The prolate (oblate) shape of

spin density leads a decrease (an increase) of the in-plane anisotropy



Total magnetic anisotropy (MAE): Au/Ni/Co/Ni/Au )

4 w | t,=3 MLs MAE=
'MCAE(Total-Energy _
5 'MCAE Band-Enelsg% MC AFE +
_ | MAE(MCAE - SDI) % _________ :
=R . D i . SMAE
= i
= ] MAE = 0.65 mJ/m%/N
> i === .
; 0 e * Exp. (Gottwald et al.)
i ‘.\A\A KegeD = 0.6 mJ/m?/N
—1f P P—
0 1 2 3 LI
Number of Multilayers N 4| ‘ \{x_\!
] Au (111) 10nm

JPositive MAE indicates a PMA. F o ;
OFor N = 3, the MAE reaches to 0 pf——  EmE
, V. 7 4 [ty ame ]

the value of 2 mJ/m?. o e o am

0 | 3 A

K_ D[mlim"2]

M. Gottwald et al, IOP Conf. Ser. *"monolavers
Mater. Sci. Eng 12, 012018, (2010).



MAE = E[010] — E [001]

Layer resolved MCAE M o [010
The potential of spin-orbit coupling (SOC) £ o« [001]

h . ., - -\ >NRashba
HSOI — 4m2020'(grad V(T)XP)OCM'(EX]() !oczjtentijl
induce

Moo (K)o B -(ExE)  Agoy(K)oc &,
o Energy splitting of SOC is

oC (ey Xe, )‘k oC ]fX proportional to the linear
Term.

_{g(kX)+g(— X)}:go(}) Using E;‘D’FGTCFT ([,k)

Non-symmetrized Symmetrized As shown

(MCAE(k,)+MCAE(~k, )} = sym(MCAE)( ) | inthe next

1
2 pages,




ty=2 MLs, N = 1

Co-1

No symmetrization

Symmetrized

[No symmetrization
- Symmetrized]

w

MCAE (m]/m?)

MCAE (m]/m?)

MCAE (m]/m?)
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(5-9) Electric polarization revers
effects on the interface of
magnetic anisotropy

>Pt/Co0/Zn0 interface
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Interface: magnetic metal and dielectric insulator (Exp.)

magnetlc anlsotropy change by electric polarization switching

l +P: Low resistive state

Ssdssanil® §
o | fre -
i | MgZnO t —P: High resistive state

== [nterface

P: electric polarization

'fooooocﬂﬁo

) CoPt3

350k (A)

» Theory: “Multi-ferroic-like” 0
» Experiment: ”New type MTJ” 250}

g 200k
X

(621 D -1 f—\ & 150

Co ! - N . 1002
Mgzno ¢ I MoZn F'

50F
CoPt CoPt
0||||I||||I||||I||||I||||I||||I||||
LRS HRS 0 50 100 150 200 250 300 350

Temperature [K]

M. Belmoubarik et al., Appl. Phys. Lett.109, 054423(2016).

2K

2005
-EFC >

100

k.

+EFC

-200 0 200
Bias [mV]
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Interface: magnetic metal and dielectric insulator (DFT)

Low resistive state(LRS) PtCoO/(ZnO)n-|CznO

Polarization
whole

interface

High resistive state(HRS)

'» (a) 2

Zn0O

h Vo T

L
(=)
R B L

Polarization | _, h WA
whole :‘ : Hh
| 1 IS} o
L] g &Il |
! P_ E"]S_‘ UL H
. 1 T L !
interface i Zn _20f
(@) 0.02 :
B - -10 -5 0 5 10 15 20 25
0.01 - 4 z-coordinate [A]
’ 1 D(z) = ¢,E(2) + P(2)
SRR — N

—0.01 .

M | e
_0 02 | |

An =n(P-)—-n(P+)

||| 2
|

T Pt-2 Pt-l

MAE(SOI, int)
0.25 meV/cell

0.44 mJ/m?

-2.16 mJ/m?
-1.23 meV/cell

Vac. Vac.

Metal
Insulator

Throughout the slab
D(z) =0
For each layer

P(z) = —¢,E(2)

Electron density [-|e] / A3

oo M. Al-Mahdawi et al., Phys. Rev. B 100, 054423 (2019).



(C) Co, P*
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(5-10) Rashba parameter
in the magnetic interface
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Properties of Rashba type in the magnetic

| interface
Previous formula
h R R R ~ . —
Hyo =——6-(grad V(#)x p)oc M -(Ex k)
4m-c
Rashba Hamiltonian CE = dp€,
i < 2
Hy =G, (kx6)=-ayk,o, __h
o, = E
w R 4m202
Using the GCFT formula, —

Z 5gm ,GCFT eZ Barrier
insulator

<M >:__Z A — E T Magnetic

Y metal

I <M505R >1 MS : Spin moment in Bohr magneton (mu_B)

my 115 . Spin moment at 'th atom
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Averaged Rashba parameter in the magnetic interface

(a)

(MsaRr)i (;aBmeVA}
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Summary

(5-1) Magnetic moment: spin, orbital, localized and itinerant

(5-2) Zeeman energy, Spin-orbit interaction

(5-3) Interaction between magnetic carriers: magnetic dipole
interaction

(5-4) Control of magnetization

(5-5) Magnetic anisotropy energy: electron orbital, magnet shape

(5-6) Summary of density functional approach on magnetic
anisotropy energy

(5-7) Magnetic anisotropy, Voltage-controlled magnetic
anisotropy

(5-8) Magnetic anisotropy of thin film

(5-9) Electric polarization revers effects on the interface of magnetic
anisotropy

(5-10) Rashba parameter in the magnetic interface



(Appendix 1)
Imposing the electric field
perpendicular to
surface/interface
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Al-1. Imposing electric field
Energy functional
E[n,V]=K[n]+E_[n]- jdr

variation with the to static potential

ESM (effective screening medium) method >/
(M.Otani and O.Sugino,Phys.Rev.B73,115407,2006)

8<">\w<r>\ + [ dFln, (F)+n, (YW ()

v

Poisson equation
V-[e(r)VIV(r) =—4m,,(r)
[g(r)V]G(r) =—-4rxo(r —7")

slab

I
|
1
|
1
|
I
|
: |
7 2 0 Zs

V(r)= [dF'G(F, 7 )n,, (7 )

variation with the orbital

v

Kohn-Sham equation

4
2

FVE) Y+, (F)}% ()= £,9,(7)

5 | aby

5 | aby

5 | al

-Zo

0

Zo

periodic boundary condition

Total energy representation by the Green’s function

Eln)=K[n |+ E,

+ j j drdri'n, (F

”drd

H (7

Jn.(7')

—> —»,)1 —>’
1



A1-2.

Usual first-principles approach
Electrostatic potential (solution of
Poisson’s equation) ;

v, ()= jG* (7 F”
G(f,f’):%

-

In practical, the above is calculated with
the Fourier transformation

Vy(F)= ) 4—”n(G) e’

g(#0) g

This procedure can not be applied for
the system on which the electric field is
imposed because of the breaking for the
periodic boundary condition.
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Imposing the electric field
on a slab

vacuum vacuum

slab
— 4 —-gylz—z2'
G(g“,Z,Z’):—ﬂ-e gH| |
28,

VH(QPZ):LZIZ dZ’G(guazazl)ﬁ(gH’Z')

For small g

G(§’Z=Z’):;—ﬂ_2”‘ B

+ :
9 Green’s function

/ \g for a charged sheet

>
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Al-3. ESM method (when the electrode is placed at one side of the cell.)
(M.Otani and O.Sugino,Phys.Rev.B73,115407,2006)

electrostatic potential  V(r) = [dF'G(F,#')n,,(¥")

o Vi (g,2) 2=2, =0 lif z<z
boundary condition { 5 &(z)=9 .
—V,(g,2)..,=0 o 1f z 2>z,
Oz
the contribution
/ A _ z—z' 4 _ zy—z—2' . .
G(g”,z,z ): 2 el 2T (e _—~— from mirror image
28, 28, charge
! —| <~---- + . .
| imaginary electrode
< ---- 4

vacuum




Al-4. Electric filed induced in
scannmg tunnel microscope (STM)

i measure the tunnel current
(A /
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(Appendix 2)
Single spin-state valley

in the surface states of
T1/Si(111) and T1/Si(110)
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TI/Si(111)-1X 1 surface

normal direction
on mirror plane

top view
C3V Y |

mirror plane

T1 Thallium (adsorption atom)

side view Qi Ssilicon

. Y Y (diamond structure)

TI(1ML)/Si(24ML)/H(1ML)

Sakamoto, Oda, Kimura et al., Phys.Rev. Lett., 102 (2009) 096805.
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Full spin-orbit interaction other than the Rashba term

h

2 2
Am~c

Hgy = 6-(grad V(F)Xﬁ) (

%‘Hsm (9,;)

(HSOI):&'{O_Z;@(];)X];}_I_ 531(];)

G / “

hd

-
Rashba term  (Zeeman term)

. 1 o .
@ -(r)= E exp(ik -r)u -(r)

q n°N IR S q _
o, = A0 e driu (r)‘ VV(iFr) — a =ae,
- h*N 1dv ., _ - .

B, (k) ~ di = (F)(Du_ (7))

2 2
dm cCeeell  y dr

Sakamoto, Oda, Kimura et al., Phys.Rev. Lett., 102 (2009) 096805.




Surface band structure in TI/S|(111)




5

Spin splitting of TI/Si(111)1 X 1surface band

Q

Binding energy (eV)
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Sakamoto, Oda, Kimura et al., Phys.Rev. Lett., 102 (2009) 096805.




Wave vector dependence of spin direction:
Voltical spin polarization
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Wave vector dependence of electron spin direction: Tl site

Q
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Atomic orbital components in the eigenstates at K

Kpoint  (C-)n Ty () Sy @) Si@Qew) @)

;0.105 ;0.028

I, -1.53¢V  -0.047

I,-1.73¢V  -0.068 o002 40090 40024 $0.002
C T, site
C, double group <£Z>Si(2) . 0.02" Good quanturTl state of€Z ,
: RO 3.15A
Tl : p,—1 Py ‘.T-l--l,-. Si(1),» | 3.11A
" % I
- :‘ o S 2
basis function of atomic orbital 2.38A ) :13(52&
Tl site, Si(2) Si(1) site '
Lo b+ v, -w)B) - {(x-iv)e, 28} A. Araki, T. Nishijima,
I {(x—iy)a, Z,B} {Z(Z, (x+iy),3} M. Tsujikawa and TO,

J. Phys.: Conf. Ser.,
L, : za, (x+iv)B) (x+iv)a, (x—iv)B) 200 (2010) 062001,



-1.0

Binding energy (eV)

Single spin-state valley with vertical spin direction

Angle resolved photoemission . _{
spectroscopy(ARPES) =

e o &
w oo W

— —
© ) o

TICx MLYSI(111)

K. Sakamoto et al., Nat. Commun., 4, 2073, doi: 10.1038/ncomms3073, (2013)
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Spin-splitting of the surface Tl/Si(110)

Structure ARPES
Exk=35.96 eV
upper |
ower
o
(] z
(o 2 <
(o X0 |
o-9 [ 4] Ex=35.78 eV ]
-0.04 eV -0.13 eV -0.22 eV "7
N i

E. Annese, et al., PH{/A;.’ Rev. Lett.,
117, 16803(2016)
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Single spin-state valley with in-pane spin direction

ky (A7)

Intensity (arb. units)

-04 02 00 02 04
Ky (A7)

0.6 0.0
Binding energy (eV)

Intensity (arb. units)

0.6 0.0
Binding energy (eV)

Binding energy (eV)

X r X’
I
]

E. Annese et al., Phys. Rev. Lett., 117, 16803(2016)
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Interpretation of Spin-orbit interaction

ot A4 92

H, =219 { L Gy« p}:zyf.{ LGy« ,3}

2mc 2. 2mce 2 | 2mce

Bohr magneton

HSOI —

Effective magnetic field

Hy, = oxVV(r);p= oxXVV(r)i
SOI 4m202 { ( )} p m 4mC'2 { ( )} p
h . 1= _ Effective wave number
Hyy =—e——— (GXp)-—VV(r)
dm°c e

Effective electric dipole Electric field



(Appendix 3)
Spin and orbital magnetic
moments
in an electronic structure
calculation
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Spin and orbital magnetic moments

spin magnetic moment

ms{pin,k = _luB <mk (’7)>1

orbital magnetic moment expansion with the local basis
molrb,k — _ﬂB <€k>l LPia (r) = Z ng (r[)Rfm,l(Z (r)
Im

(4), :<€k>1PW+<€k>1VB

i)y = 2IH ],
< k>1,VB:Zf< "B> kpq< ;‘Tl>

ipq

U= | 8,0, (I dr (Y500

L

ysenley) >

T. Oda and A. Hosokawa, Phys. Rev. B, 72, 224428 (2005)



Atomic magnetic moments in CoPt and FePt

spin (Ug) orbital(py)
r.=2.5 a.u.
USPP AE USPP AE
Co 1926 1.91 1.803 0.102  0.11 0.089
CoPt [001]
Pt 0.377 0.38 0.394 0.061 0.07 0.056
CoPt [110] Co 1.929 1.809 0.069 0.057
Pt  0.377 0.398 0.078 0.073

Fe 3.016 293 2891 | 0.067 0.08 0.067
FePt [001]
Pt 0.338 0.33 0353 | 0.046  0.05 0.042

FePt [110] Fe 3.020 2.893 0.062 0.061
Pt  0.340 0.355 0.059 0.055

AE: Sakuma,JPSJ(1994), Ravindran ef al.,PRB(2001)



(Appendix 4)
Approximation in Dirac equation
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(eq. in stationary-state)

Dirac equation (part 2) po—ih—2— s p =&
o(ct) C

Coupled equations for the large and small components;

c(&, D+ g EjgoS

0(5', p+ g ngpL

(g —mc® + eA, )gpL

(g +mc” + ed, )gpS »

Eliminate the small component;

(g—mc2 —|—eAO)g0L 262(5,ﬁ+£2j
c

(g +mc’ + eA, )_1 (&, P+ c ngoL
c

Commute the parts with underline:



Dirac equation (part 3)

(8—m02 +eAO)¢L =c’ (8+mc2 +eA0)_1 (6,[5+32
c

For not heavy elements, the eigenvalue at valence electrons i1s
larger than the rest energy by a small value. Therefore, we cant
take a following approximation;

\ , &'+er, £+mc’ +ev,
g'=—mc”, T <<< 1

mc ~ 2mc”

Using this approximation, the equation for the large component;
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Formula 1 (gz’, [;) - Scalar product
Using following general properties;

(5,B).C)=(B.C)+il6.BxC)
H=VxA
We obtain the following formula related with Zeeman term;

N A ° . e - > he .
(G,er—Aj (p+ Aj —I——(G H)

C C C

(O‘( —epA, ))[cr p+— A] [(—eﬁAO),ﬁ+£le+i[5,(—eﬁAo)x(ﬁ+£Z)j
c c

C

! -1 !
62(5+mcz+er)1:L(l+g +€le) :L(l—g +eAO+ ..... j
2m 2mc 2m

) 1 g'+ed )’ 1 &' +ed
cz(g+mcz+eA0) :4m262(1+ 2m020j = (1— — 4. j

= [(—efoAO),ﬁ +—Aj + [i&x (—epA,), p +Ele
C
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Formula 2

(5'+eAO)g0L:
( ’ )
&' +ed ] e - fie -
1- L R—| p+=A| +—\6.H }o, +
( 2mc” j 2m (p c j 2mc( )%

| ... e~ | . L. e~
{41%262 ((_epAo)ap"'zAj"' 4me? (lax(—epAO),p "‘;Aj}%

Taking the leading terms in the approximation;
the approximation formula in (5-3).



(Appendix 5)
Spin-orbit splitting in the heavy
element
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Eigenvalues of Pb atom Ref. State:

(in Ry energy unit) (Kr Core)(5d)"°(6s)*(6p)?
nt Jj all electron pseudo ( AE )
AE(d)
5d 3/2 -1.6734 -1.6733 (+0.0001) | 0.1912
5d  5/2 -1.4823 -1.4821 (+0.0002) |2.601 eV
6s 172 -0.9016 -0.9014 (+0.0002)
6p 12 -0.3547 -0.3545 (+0.0002) [ 4E_(p)
6p 32 -0.2440 -0.2439 (+0.0001) | 0-1106
1.505 eV

These values are in gooi agreement with the grevious data. 2P _104eV
=2 =L
AEL =B p iR 1) 4o 2 ap
2 2041 % A% =1.00eV
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Band dispersion of fcc Pb

band dispersion (fcc-Pb) a=9.35 a'u'(eXp')

USPP (RAPW)
r: -11.55 (-11.4)
L: -7.92 (-8.2)

413 (-4.5)
K: -6.61 (-6.7)

244 (2.8)

0.93 (-1.2)
W:-6.43 (-7.2)
X: -6.52 (-6.7)
{10 328 (-3.6)

energy (eV)

r A xZw Q L A ¢ X K X

At T point, 4E
Thick lines: Fully-Relativistic 5d: 2.50 eV
Thin lines: Scalar-Relativistic 6p: 3.38 ¢V



Band dispersion of fcc noble metals, Au

band dispersion (fcc-Au)

r A X Zw Q L A T ) K X
Au: a=7.71 a.u.(exp.)
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Band dispersion of fcc noble metals, Pt
band dispersion (fcc-Pt)

10 _ 110
5T 5
S
L
=
=] L. =
= 0 A 0
-
b
5 f 5
-10 F 1-10

r A X Zw Q L A T ) K X
Pt: a=7.41 a.u.(exp.)
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(Appendix 6)
Kohn-Sham equation,
variational principles,

Car-Parrinello molecular dynamics,
fully relativistic pseudo potential
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Density functional theory: Kohn&Sham eqution
Variational principles

Eln(r)] = Eln(0)] - 4l nw)ar - N, )
SF
on(r) B
Kohn&Sham equation === Flectron density

1 OCC.
{—EV +V e (r)}\P (rH)=¢g%¥.(r) n()= Z‘\P (r)‘
[
Electron potential e D (is50N equation
Vi () = Vi ()4 = [ g o 2

! XC
+

|r—1r'| on(r)

0
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Car-Parrinello Molecular Dynamics for Noncollinear Magnetism

* Bispinor Wave Functions for Single Electron States
o _(¢k1(’”)j
(1) =

D (1) Soft part Augmented part
’ (hard part)
* Density Matrix /

Pus (=D i A8 (1) B (1) + 20, (B | B X s 1)}

Inm

= (1), +m, (), +m, ()T, £ ()T,

1 0 Charge density n(r)
unit matrix %=, 4 Spin density vector m (r)
0 1 0 —i 1 0
Pauli matrix o = o = l o, =
1 0 i 0 0 -1

n(r)=py +pPx
m(r)=2Rep, m,/(r)=-2Imp, m(r)=p,; —p,



» Total Energy(Energy Functional)

E, [(@ LR }=D [ (D, |(—%V2 G+ V) ch>+%” () g

|7 =7

+.‘-V1;in (rn(r)dr + E . [n(r),m(l”)] + Ul [{R’}]

Ve (=2 Vi(r=R) ¥, =(Z|ﬂi>l)§331<ﬂ,f Ijﬁo

ZIZJ
| RI o RJ |

1
UnliR 1= 22 m(r)=| ()|

B,(r) D, 0,,@) V()

These quantities are transferred from an atomic reference
configuration. The pseudo potential is the ultra-soft type.

* Density Functional for the Exchange-Correlation Term.
Local spin density approximation(LDA),
Generalized gradient approximation (GGA,PW91)
Van der Waals density functional (vdW-DF)
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« Lagrangian (Car-Parrinello Molecular Dynamics)
.. 1 .
L=m, ka<q)k D, )+ EZM1R12 _Eroz[{q)k}a{Rz}]
k 1
+2Ak€(<q)k |S| q)€>_5k€)
kl

* Molecular Dynamics (Euler-Lagrange equation)

me®, (r) :_H(Dk(l’)‘FZLAM SO, (r)

k

.. oS
M R, :F,+ZAM (D, |—|D) \
kt

OR,
H:1 oF,, $.(r)| (HI1 HI2
fi 0D, 5.0 ) \H21 H22

. aE tot

F =
' OR,
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Install to the plane wave method ()

spinor wave function

D (1)
D, (r) =
() (¢k2(’")j

density matrix

Pop (=2 [i A s (1) +2.0 s (B, | O XD, |5,

Ipq

spinor type projector function

B,()=b, . (NY;"(r)) p={juxz

L em+ Y2 (1) (1=m)e. (0
TTUATT YY) = Vil |+ Y,
= —0—1<0 ’ 2[+1 0 20+1) 1
Lo b (-m+] v 1 l+m% 0
I Yl o | Y,
B 21 +1 0 21 +1 |
K=(>0

TO and A. Hosokawa, PRB, 72, 224428 (2005)




Install to the plane wave method (ll)

nonlocal potential

Vit :Z|IB;>D;3)I <ﬂ]§ |

Ipq
transfer from the atomic generation code

B,(r) D) 0y 5(r) Vi (r)

Kohn-Sham equation
H®, (r)=¢,8 ®,(r)

H:(—%V2j00+l7eﬂ+]Z:|ﬂ;>D;q<,B;| S=1+%Iﬂq’>q§q<ﬂ,ﬁl
ZN):(V;;Z"(M J 2y (r)]oowjf () ——i(r):

r=r! m(r)
I 0 I N . 5EXC M _ 5EXC
Dy =D + 2 Qs Vg )y dr V(=580 V() =2

TO and A. Hosokawa, PRB, 72, 224428 (2005)
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(Appendix 7)
Magnetic anisotropy:
shape magnetic anisotropy
and
magnetocrystalline anisotropy
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Method: Density functional calculation ”

Pseudopotential : fully relativistic ultrasoft
Wave function :two component spinor form
Exchange correlation

generalized gradient approximation (GGA)
Energy cut-off : wave function 30 Ry, density 300 Ry

TO, A. Pasquarello, and R. Car, Phys. Rev. Lett. 80, 3622 (1998);
TO and A. Pasquarello, Phys. Rev. B 70, 134402 (2004);
TO and A. Hosokawa, Phys. Rev. B, 72, 224428 (2005).

Magnetic Anisotropy Energy (MAE) From

the total energies
MAE =— = — —

Ex or Ey

Ez
TOTAL ENERGY (density functional calculations)

MAE >0 : perpendicular anisotropy
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Quadrupole atomic spin density distribution
at interface/surface

MgO(5ML)/Fe(xML)/MgO(5ML)-IcMgO(1x1)
4

4
CA (tFe:e)g’X : ~O 3mJ/m2 3 Fel : spherical
35 CA y 3.0 :quadrupole ............ .
i Fe3 : spherical
3| SDA ® 3 - quadrupole - J
Eost £ 25
g N
3 2 £
% sl 3 15
< g |
5 A
I+ .
DA : Discrete approach '
. 0.5
0.5 CA : Continuum approach > |
,L—i.  SDA:Spin-density approach| oy e T
0 2 4 6 8 10 12 14 0 0.5 1 1.5 2
IFe (A) radial distance (Bohr)
2.18 216 217 216 2.26 130 1.47 147 1.30 226 2.16 217 2.16 218 Interface Fe/MgO Supresses
o Interface: quadrupole: Large
Inside : quadrupole: Small
00 00t Y% oot ™ 2008 %728 P %000 00s % 000 Y o0s

TO, |. Pardede, et al., IEEE Trans. Magn. 55, 1300104 (2018).



(Appendix 8)
Spin-orbit interaction:
Rashba effects
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(5-5) Spin-orbit interaction
noo. o=
D) G-(grad V(I/')Xp) o Pauli’s matrix
4m*c? T ———
7 AV r The effect is emphasized
V(iry~——— gradV(r)~——— at surface/interface:
r dr T pecoming not spherical.

HSOI —

Hyy=¢lo=c(l.0 + gyay +/0.0.) 1 S

n? 4y connects orbital and =
s(r)= spin spaces /. NN

/4m262r dr

2
Biot-Savart law L TH
in the classical Due to the surface/interface

electromagnetics the inversion symmetry breaks.

spin-orbit interaction .. y°® . b off
ESJ'O=/125-§=%{j(j+1)—s(s+1)—z(z+1)} =P Rashba effect, etc.
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(5-5-2) Spin-texture in the reciprocal space: Rashba

2 dimensional free electron with spin-orbit interaction effect 1
n — Ldv
H = ——V + 0 - (0[ X p) <grad V(r)= (r) >
2m rodr
Plane wave ¢ = Lez/? ik *e i' """" i N
SV s
WK - 272 L /.
H = +0'-( xk)zhk +az(k><0')
2m 2m
h’k’ . .
= 2m +az(kx0y_kyax) k_(k ‘I‘k
—l(0k+7r/2)/2
WK oo L ( j
= (04 B € l +7
E, . +ak = Jo (G, +712))2

1 1
V2 V2 e
212 - o0 +712)12
E_:hk —a.k go];:Le”‘"”L L
2m z \/5 \/5 \/_ i O t712)/2
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(5-5-3) Spin-texture in the reciprocal space: Rashba

effect 2
+ = A\ .
<§0;; o (0;; > — (_ S1n eka COS gk 90) Au(111) surface: ARPES
R
- |~ —\ — . S 110meV
<g0]; o gol;> = (sin 6, ,—cos b, ,0) = oal L i ¢
st L !
> Y Q 1
h’ ma.\ K (ma) 0.2 H"‘-\" ! |
E+ =—| kt 2Z — 2Z E; . a\ﬁ r,"ff
T 2m h 2m\ " £ L\ g
ool A\
e W\
-0.4 . \_ﬁ,/
-0.2 -0.1 | 0 | 0.1 0.2
k, (A1)

» High resolution

Lashell et al., Phys. Rev. Lett.
77,3419 (1996)

’ES: Angle Resolved
Photoelectron Spectroscopy
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(5-5-4) Spin-orbit interaction 2

4mhzcz 5_{(§V(F))Xﬁ}

_ 7 (_8_1/)(0 -0 )+c7 o, +Ga—V—Ga—V
4m’c’? Oz Py = Oy Pe)T O Ox By Oy P oy T ox P

|
Normal Rashba term

HSOI —

General Rashba term  Effective in-plane potential gradient

Spin-orbit interaction (Rashba term + )
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(5-5-5) Electric field effects in electronic structures of

the surface/interface

Orbital coupling between the
H = — T states of different angular
g =€ B &
qguantum number Al==1.

» Stark effect

Electric dipole

» Rashba (SOI) effe;_;[ Modification of the

~ S\ A Rashba effect.

HSOI:_e : 2((7><p)°E ashba errec
dm~c

» Electron depletion (accumulation)

When imposing the EF, for PDOS ~ 1 states/eV

Induced change in the number of electrons ~0.01 ~0.01 eV

Induced change in the number of electrons ~0.1 ~0.1 eV

by lattice constant, or modification surface/interface, etc.
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(Appendix 9)
The other handouts 1:involving
the dynamical control of
magnetization



106

Trade-off property in magnetic memory

One of necessary condition

Non-volatile @/
A =

A =60

(ten years) /kBT

Heat energy

/KUV becomes small, loosing memory

= small thermo-stability

Trade-off

\KUV Becomes large, increasing the
barrier for magnetization reverse

= large threshold of magnetization reverse

—

g—

V

Magnetic anisotropy energy of
magnetic memory

Magnetic anisotropy energy
U per volume

Volume of magnet



Driving forces in dynamical control of magnetization

~External magnetic field Effective MF: H,,;

(by current)

Precession

Injection of spin
j P Spin-transfer

olarized current current
_p Dumping torque
Fixed layer Non-mag. Free layer force Magnetization M
M, M, Current

/ % Spin polarized current
,f 'f i Problem: Disturbing compactness,
>

1 energy consumption,
Spin polarized current | Conservation law of

Joule heating, etc.
(spin) angular momenta Electric field (Voltage)

Heﬁ:Hext_I_Hstt +H +H

Expectation: ultra-low energy consumption, non-volatile property,
compactness(high density memory), enough high speed in reading&writing

shape aniso



Schematic diagram of magnetization reversal in
imposing electric field

For ideal perpendicular
magnetization

Electric
Field E

E>0
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(5-9) Voltage-induced spin torque ~~ [T e

T T T T
-1,000 -500 0

Kerr ellipticity, f, (a.u.)

mo@aooem) | | eesess
=200V Polyimide (1,500 nm) /
I L I B B N NN
— 200V A MgC {10 nm}
o0 , Fe (2—4 ML) eeseeee
A M(Sﬂ I'IITI) L N B I N
Cr (10 nm)
/ < 2 R T / [ 20mm
S : ~ . : . Mg0 (001) su Magnetic field ITO (1 mm) % 24
13
IS 1
I 1
'3 \f\~ MgO/Fe/Au(001)
I ‘\z 1
| = 1
1= 1
| I T T - T 1
1-1,000 0 1,000
: Magnetic field (Oe)
I

T T 1
500 1,000

E =—uM.H._ +%K” ry—| +=K,| =

mag

T. Maruyama et. al., Nature Nanotech. 4, 158 (2009)



(5-6) Spin transfer torque

110

Spin current
produced in fixed layer

dM

N, =—™"c—I M
dt
Fixed layer
M

fix

4
s A

> Spin torque provided
to free layer

S free X (M free x M fix )

Non-mag. Free layer

-

M free

%

Spin polarized current

>
Conservation law of
(spin) angular momenta

J.C. Slonczewski, J. Magn. Magn. Mater. 159, L1 (1996).
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Dynamics of the magnetization on the free layer

]
:I
n

)
e

Moment in an applied field along z with no anisotropy

a=0
— a b Low current C High current, d High current,
| 1 '] T — Applicd field —damped motion —>stable precession —switching
,:/“ { RN B i /‘
10 \ ’!,{ . —— 2 \_
MW T
VA i = y
Ny AN Initial
0.0 1 _‘( T 7171 1.0 Magnetization
WAFF ] Yy
(7~ = 0.0
1.0 V~~ A Lo
1.0 -1
0.0 1.0
X

Thin-film sample with biaxial anisotropy, easy axis in-plane along x, hard direction along z

g Stable precession h switching

M. Bauer et al., Phy. Rev. B61, 3410-3416(2000)
D.C. Ralph, M.D. Stiles, J. Magn. Magn. Materials 320, 1190 (2008)



Shreshold current (derived from LLG equation)

I = 2e o
n n(0)

M
VyOMS£H+Hk+ SjociMS
external anisotropy 2 77(0)

diamagnetism

V' Free layer volume

O about 0.01
q . .
0) = Anisotropy function
(0) A+ Bcosd by

@ : the angle between the directions of spin current
and fixed magnetization js

D.C. Ralph, M.D. Stiles, J. Magn. Magn. Materials 320, 1190 (2008)



(Appendix 10)
The other handouts
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Elements for controlling the MAE and EF
variation in thin magnetic layers

Magnetic materials and interfaces.

Fe Fe/Pt Fe/Pd Fe/Au MgO/Fe Fe/Ni
MgO/FeCo MgO/Co2FeAl (Huesler alloy)
Mn3Ga Mn3Ge  enitcreporss, 6 30048 (2016).

Number of magnetic layers, layer-stacking alignment, etc.

(Fen /N 1 ) p Ref.) K. Hotta et al., Phys. Rev. Lett., 110, 267206 (2013).

Insulating materials: larger dielectric constant : ¢&,

insulator/Fe ¢.(Mg0)=9.8~10

Magnetic interaction with neighboring layers.

Exchange bias between ferro- and antiferr-magnets.



Threshold to magnetic anisotropy transition

Spin

Fil ms E, E, E +E, 1:;[(;;]2 rotgtion
(mJ/m?) (mJ/m?) (mJ/m?) v (£3/Vm) EF

(V/nm)

MgO/Fe/Pd(001) 036  -034  0.02 130 @
MgO/Fe/Pt(001) 118 032 -1.50 615 2.4
MgO/Fe/Au(001) 096  -025 071 18 -40.2
MgO/Fe(2ML)/Au(001) 211 -057  1.54 114 13.5
MgO/Pd/Fe/Au(001) 0.68  -028  -0.96 -388 2.5
MgO/Pt/Fe/Au(001) 152 028 124 846 1.5
MgO/Au/Fe/Au(001) 206  -026  1.80 -196 9.2

MgO/Pt/Fe(3MLYAu(001)  0.69  -1.17  -0.48 633 C0s8)
MAE(g)~ E, + E. +y Ae r

gc — _(Eb +Es)/7/

M. Tsujikawa et al., JAP, 111, 083910 (2012).
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(5-1) Electronics structure: Ferromagnetism,

One electron approx.

2m

(nkO') : quantum number
Y  _(r): wave function
€ o - €igenvalue

n

n :band index

k :wave number

O :spinindex (G :T,\L)

Anti-Ferromagnet(AF

{_ _2v2 +V (r)}\PnkJ (r) = &, ¥ ko () g

Anti-ferromagnetism

Band dispersion

gnkT gl’lk\l«

\ /

&
Ferromagnet(F)

gnkT 7 gnki«

gnkT

gnkT — nk

NA
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(5-1-2) Electronics structure: Density of states

Density of states(DOS) Ferromagnet(F)
n(g) — 225(5 — gnka) Majority spin state  Minority spin state
o n(e)  ny(e)

n,(6)=> 6(e—¢,,) \
O :spin index (G :T,\L)

/ gF
Spin-up state Spin-down state :  Effective

& n\é . potential
T( ) ¢( ) R ;
\ / Anti-Ferromagnet(AF) PP i

NVAREUA
XY

[states/(energy unit)/cell]




Desigh on magnetic anisotropy in magnetic materials

» Parameters for controlling MAE and its EF effect

MAE YRV, E,

Ag(electric field) Ag(electric field)

vacuum TAE 'T Ag dielectric

constant

Ferromagnet I thickness Insulator
I vicinity I Ferromagnet

Substrate metal effect I

Substrate metal
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Proto-type of the magnetic device for a voltage driven MRAM 19

Magnetization switching using voltage pulse
Y. Shiota, T. Nozaki, F. Bonell, S. Murakami, T. Shinio and Y. Suzuki. Nat. Mat.. 11. 39(2012)

| a c 410
0 i
60 ] |

pulse

o
L35
2
aﬁ
=
3
Epulse
Resistance ()
w w
o0 0
o o
{ ]

Au i Hos
------ — | -l
l o 1 2 3 4 5 370 - |
- Time (ns) 1
' ' 360 —_—
C_onsumptlon energy ratio | 1 o o o0 1000
with respect to a typical device Magnetic field (Oe)
of spin-transfer-torque driven
MRAM(similar scale) b
b Epyise= ~10 V nm™!
4051 Initial state = AP
400 5000000000000000000000000¢
~ 395
e |
et 390j
§ 3851
7 3801
* 3751 S. F.S.
370 A
365 0000000000000000000000000

0w 20 3 40 50 | -
Number of pulse Macro-spin model simulation



1
the chain-axis

120

example: Isolated iron chain
-MAE=3.23 meV/Fe

* Easy axis: parallel to

red: mag. perpendicular to the axis
blue: mag. parallel to the axis

=
-----
N
-

(z direction). — 37242
‘ (m =0)
0.5 F ]
" = A _—7 XY,X?-y?
_________ R '- (m==2)
: """"""" {E& -;

M. Tsujikawa and TO,
J. Phys.: Condens.
Matter,

21, 064213 (2009);
J. Compt. Theor. Nano.
6, 2597 (2009). 1

dipole: 0.05meV/Fe

>
O
>
>0
| -
Q
C
L

-05 F

-
-
-------------

»
-

-

-~
q.q'"

-
e

| contribution to the
perpendicular

]
-
- ‘II.
-------

-
BN~
------

Y2

I

contribution to the parallel
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Magnetic dipole-dipole interaction (MDDI)

Classical magnetic interaction n
J
Edipole _ ui .uj _3(l’li Ry)(u] Rz])
i R3
i R
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MDDI: Ferromagnetic 1D-chain and 2D-square lattice

» 1D-chain
¢ Cyp’(3 1 C. =4.804
Edd(9)24mzcz 1\;3 (Ecoszﬁ—aj N

Eq@Ryd] m=e=1 c¢=137.

M : Magnetic moment in g
q : Lattice constant in ag

EY. . =0.08 meV/Fe

> 2D-dimensional case

2D Madelung constant approach
Ref.) L. Szunyogh et al., Phys. Rev. B, 51, 9552, (1995)

2D square lattice %@@6969 E{,; =0.15 meV/Fe

: 2 o 321;!71?&
j— a f— .
Edd (9) — e2 > CM;U 2C()S2 9_1 CM 903362 |
4m’c a 2 M : Magnetic moment in pg

q - Lattice constant in ag

EyO)[Ryd] m=e=1 ¢=137.
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MDDI: Antiferromagnetic 2D-square lattice

@ T Perpendicular anisotropy
//\ ) K dd

Eyiap =—0.082 meV/Mn
=42
a=2.83A
Note)

EX . =-0.175 meV/Mn (SDA)

MAE

SDA: Spin density approach (see Appendix 7).
TO, I. Pardede et al, IEEE Trans. Magn., 55(2), Art. Num. 1300104, (2019).
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MAE of Fe-chain/Pt(664) surface
-3.23 meV/Fe -2.25 meV/Fe 1.19 meV/Fe

parallel to
the chain

—

o

bare - /
Fe-chain Fe-chain/Pt(111) Fe-chain/Pt(664)
perpendicular to the chain

515 O

hybridization of 3d orbitals between Fe
and Pt atoms

0.8 —— before relaxation

AN |

\

90 -e0 -30 0 30 &U a0
¢(degree)  Jtomic relaxation

yz orbital

0.4 r

0.0

exp. -80°
(Repetto et al., 2006)

" E(0)-E(0) (meV/Fe atom)



Al1-5. Applying the electric field (EF) on iron chain

990

D

5.23a.u(2.77A)

Atomic distance in
the chain on Pt(11

LESM

V 2
E,-E, (in electric field) —e—
E,-E; (in electric field) ——
E,-E; (in no electric field) —a—
3.40 g '
3.10
)
L 280
2
g 250 |
g 220 fg.:::g:::%;;::gh._‘ -
=
1.90
1.60 R

1
-0.20 -0.10 0.00
Number of added electrons

1
0.20

Anisotropy of orbital moment (ug) | ; .

e

Energy (eV)

-0.2e +0.0e

+0.2e

\

125

variation of
d(3z%-r2) band

kZ kZ

EF dependence depends on the orbital dlrectlon

\

causes variations of MAE

M. Tsujikawa and TO, J. Phys.: Condens. Matter, 21, 064213 (2009)
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A1-6. Imposing the electric field (EF) on iron chain (part 2)

10

1.1x10"V/m
0.25 F y 0.40 3.22
0.20 | 0.60 iy
0.36 | 3.18 ®
0.15 - 0.40 % %
S 010y 0.20 £ 082} 3.14 8

S 005 Sy Ro)
()] . Q O
£ 000} 0.00 g = 0.28 { 3.10 E
> | - a—’ =
LluJ 0.05 -0.20 w o 024t 3.06 8
5 -0.10 | = &
-0.15 | -0.40 Z 0.20 3.02 E
:gig i 0.60 0.16 , ) ) . . . . . 4 2.98 (?J-

020 -0.10 0.00 0.10 0.20 -0.2 -0.1 0.0 0.1 0.2

Number of added electrons Number of added electrons

B o100
O +o.087
[ +o.0z3
[ +o.000
[ -o.032
B -o.087
B 0.0
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Voltage-Controlled Magnetic
Anisotropy:

» A few examples



MAE and EF effects(comparison with exp.)

428

S. Haraguchi et. al., J. Phys. D: Appl. Phys. 44, 064005 (2011). M. Weisheit et. al., Science 315, 349 (2007).

—_—

N

MAE [Pt/Fe/Pt(GGA)] (i J/m

7900 1 242 fJ/Vm /

1 =100

7600 | Pd/Fe/Pd(001)1|~3°0

7400 ¢

7200 | #7120 fJIVm

6900 r ‘///’ 1 -1100
Pt/Fe/Pt(001)

1 -600

1 -850

-10 -5 0 5
Electric field (V/nm)

»Pd/Fe/Pd(001)

MAE: -425 w/m? (E=0.0 V/nm)

EF-effect: -21.2 fJ/Vm

»experiment
EF-effect: -602 fJ/Vm

F. Bonell et al., APL, 98, 232510(2011).

m

—

—

MAE [Pd/Fe/Pd(GGA)] (i J/m?)

—| EF-effect=-21.2 %10 fJ/Vm=-212 fJ/Vm

2

1 2nm FePd A |

T

-
/
/

& Coercivity / %

Ratio of slopes

MgO &, =10 (low frequency limit)

@compa rable
-602 fJ/Vm (exp.)

These signs of slopes and the ratio are in good qualitative agreement with the

available experimental data.
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EF-Induced modulation on density

Pd(OOl)/Fe/Pd Pt(001)/Fe/Pt

(a) — E (c)
@(/ﬂ vacuum ESM

(1) '(c)@) — 7 |®

_EIectrostatlc p‘oten‘;l_kal

-9.6V/nm

/ 1 0.006

'Induced electron en5|ty \

a.000

\ 9.6V/ nm

- -0.006 . Y
screenlng B et S ma | ==
/ Majority-spin /\\
&) P Minority-spin 1 0012

Pd(5) Pd(4) Pd (3) Pd{2 1 Fe Pd(c) i i 1 1

E Pt(4) Pt3) Pt2) Pt(1) Fe Pt(c)
7 4

» The electric field is screened in a few number of surface layers.
»>|n these layers, EF effects are induced.

S. Haraguchi et. al., J. Phys. D: Appl. Phys. 44 (2011) 064005.
Effective Screening Medium(ESM method): Otani et al., PRB 73,115407 (2006).



E

V (eV)

lectric field dependence of MAE in Pt(001)/Fe/Pt/MgO filf}
11A ESM ———g—{l—LJQ—Q-

s Metal | MgO | ESM
{EF-induced electron density
(6=-022V/A)-(¢=0.00V/A)
| electrostatic potential (5:_0,22\/ / A)
In MgO layers, the applied EF
_— 3.3 times smaller than vacuum
-15 -10 -5 OZ(A) 5 10 C\IE 4.0 :
2 |
slope: 227 fJ/IVm o |
w- |
. |
3.1 times larger than T~ !
that in Pt/Fe/Pt(001)(GGA) ;

-03 -02 -0.1 0.0

(74 fJ/Vm) 0.1
\_ I 740 fJ/Vm I Electric field(x10'® V/m) [1 010 v/ m]
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