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(5-1) Electronics structure: Ferromagnetism,

One electron approx.

{_ ﬁvz +V (r)}qjﬂkg (l‘) = gnkaLPnkO' (I‘)
2m

Anti-ferromagnetism
Band dispersion

E
gnkT gnk¢
(nkg) : quantum number /
Y., (r) : wave function F
E o - €igenvalue
Kk :wave number & E
2 R nk}

O : spin index (O' :T,\L)

&
Anti-Ferromagnet(AF) \/
€kt = €kl
k13
(5-1-2) Electronics structure: Density of states
Density of states(DOS) Ferromagnet(F)
Majority spin state  Minority spin state
nr)=>> 8(e—&y,)
o nk nT (g) n\L (8)
n, (0= 8~ éy,) \
nk
O : spin index (O‘ =T,~L) Ex
Spin-up state Spin-down state i E—ff—t """"
! ectlive
n']* (‘9) n¢ (‘9) potential
\ / Anti-Ferromagnet(AF) V(r) ________

\

EF

/

DOS

DOS
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(5-2) Magnetic moment: spin, orbital, localized and
itinerant

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

main orgin of magnetism

electron: spin angular momentum

like being supposed to rotate on its own axis magnetic field
two different spin states i A
! h in an electron, o
~ different energy levels —. V¥V
2 for external magnetic field | e

spin-up state spin-down state

note) The orbital angular
momentum appears from 0,a,2nh, ..
the orbit motion of electrons

(5-2-2) Orbital magnetic moment Cg.“f:”;b gauge

An electron in a magnetic field along z-axis

1 e ) e =] o
H=—1I| D+—A V(F =—1hV A=—H(-YyeE +Xx€E
2m(p+cj+<) p JHEye )
2 2 2
}[:_h_szr_esz xi—yi . £ H2 (x2+y2)+V(F) (e>0)
2m 2imc{ oy ~ox) 8&mc ~ -
OH e (ho no) eH ., .,  Hl-H=-u-H
e (0 O) )
oH 2mc\ 1 oy I OX ) 4mc
" lame| ° 4mc’
2 2
orbital magnetic Ly =— € H2 <x2+ 2>:_ € H2 <r2>
R 4 diamagnetic moment
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(5-2-3) 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

he ~ ~

——o0 -H = 2§ - = -H

e o Hy = QugS

spin angular momentum ,fls = —guB§ ——>S
h h
2™ M=y z

s,m.) =1 2, . (S) =s(s+1)
_E s> s :_E

Dirac equation (as a reference, see Appendix 4)

{po"'%A pl(gf_j % )—p3mC}‘P:O

. o 4 X 4 matrixes
p, = in P> P3,

o(ct) _(gx oj _(ay 0] _(az oj
- ., 0 o 0 o, “7 o o, 77 0 o,
p=-1n— i

ar ;01:(0 lj ,02:((-) IJ /03:[1 Oj

~ I 0 I 0 0 -1
—eA, (=V ()
Ao scalar potential P @, = Zl
A vector potential Y = > — ((DL) 2
D5 Ds | P
D




(5-3) Zeeman energy

2
L(|T)+E,5J v s h H=VxA
2m C 2mc

Zeeman energy

+L25-{(gradV)x(ﬁ+%Aj}

4m?c

e Spin-orbit interaction
+ ———div(grad V )|p, = (g —mc 2)(0L

8m?ic?

arwin term

_ ?, Wave function of
oL ?, 2-component spinor

(5-4) Distance and interaction between magnetic
carriers, magnetic and crystal structures

Magnetic dipole term in Breit’s interaction

2 — [y p— A — A
E magnetic dipole __ € Gl ) O-2 B 3(0-1 ) r12 )(02 ) I.12)
Breit o 3

2.2
4m-c I

Interaction between atomic magnetic moments

[ dipole _ e’ 4 'ﬁj —3(y 'Rij )(ﬁ, 'Rij)
! 4m?c? R’
ij
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(5-4-2) Magnetic dipole-dipole interaction (MDDI)

Classical magnetic interaction

E dipole _ BB =3( ’ﬁij )(u,— 'liij)
1 R3
ij

(5-4-3) MDDI: Ferromagnetic 1D-chain and 2D-square

> 1D-chain lattice

2 2 —
E,(0)= e2 - CMfl 3 cos? 01 C.M - 4'894 _
4 2 M : Magnetic moment in

m’c’ a
Ew(@IRyd] m=e=1 c¢=137.

a . Lattice constant in ag

Edl . =0.08 meV/Fe
H=3uy a=2774A

> 2D-dimensional case

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

2D square lattice  EREDEHBBEP  EX =0.15 meV/Fe

L o e
= a=>~2. 7
Eyw(0) = ez P CM;u (ECOSZO—lj Cu 9-03.362 -
4m°c” a 2 2 M : Magnetic moment in i

a : Lattice constant in ag

Eu(@I[Ryd] m=e=1 c¢=137. 12




(5-4-4) MDDI: Antiferromagnetic 2D-square lattice

@ Perpendicular anisotropy
a ,X

E.\: =—0.082 meV/Mn

H=42u,
{ a=2.83A

‘X Note)
T E.\. =—0.175 meV/Mn (SDA)

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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(5-5) Spin-orbit interaction
h

Hooi == 6-(grad V(I x ) & Pauirs matrix
4m-c —
72 The effect is emphasized
V(r)~—-—— gradV(r)~——— at surface/interface:
r

becoming not spherical.

Heoy=¢l-0 =500+ ,0,+1,0, 1

P : ‘:

»> gy connects orbital and /. (’ ™/
Amiclr dr spin spaces ______

2 H

Biot-Savart law ] T

in the classical
electromagnetics

s(n=
—

Due to the surface/interface
the inversion symmetry breaks.

== Rashba effect, etc.

spin-orbit interaction
El =105 =§{j(j +1)—s(s+1)— (L +1)]
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(5-5-2) Spin-texture in the reciprocal space: Rashba

2 dimensional free electron with spin-orbit interaction effect 1
2
H :_—V2+5'(&Xﬁ) o_ioc<gradV(r):ldV(r)r>
2m rodr
Plane wave Q. = Lellz.r u, oc €, i """" E NS
< Ja u, P e
kL (. =\ Rk’ _ Vat
H = O"(OCX )= +ozz(k><0')Z
2m 2m
n’k? . _hoie
oy +a, (kxcry — kyax) k =(k,, ky =,k +K
h2k2 1 e 1 —I(6’k+7r/2)/2
E, = 5 +a,k P = \/ae ﬁ pi(G+m/2)/2
m
2k 2 o ICRRE
E_ _ h k —azk (DIZ_ _ 1 e|k.r 1 B
2m \/5 \/E \/’ pi(G+m/2)/2

(5-5-3) Spin-texture in the reciprocal space: Rashba
effect 2

+ _ .
" > - (_ S1n Hk , COS ‘9k 90) Au(111) surface ARPES

(o

<¢1Z_ ‘5“ g0k_> = (sin 6, ,—cos 6, ,0)

2 2 2 2
-5
- 2m h 2m\ %

Binding Energy (eV)
] ]

ky iA_:LJ

» High resolution

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

ARPES: Angle Resolved
Photoelectron Spectroscopy

71




(5-5-4) Spin-orbit interaction 2

s vk b

4m?c?

- (Wj(ap—op)w Moo, |40, Y0, X
4m2C2 az Xry y X z a( y @ X X@ y& z

|
Normal Rashba term

HSOI =

General Rashba term  Effective in-plane potential gradient

Spin-orbit interaction (Rashba term + )
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(5-5-5) Interpretation of Spin-orbit interaction

ﬁzcz&' (Fv ()< p}
=222 9L vhepl-2 7oL (i)

HSOI -

Bohrmagneton Effective magnetic field
h = hol R
H = oxVV ()¢ p=— oxVV(r) D
o =i XV (D} p= L {5 IV (D))
H h (_} _}) ﬁv ___ Effective wave number
=—€———=\oXP)— r
SOI am3c? P e ()

Effective electric dipole Electric field




(5-5-6) Electric field effects in electronic structures of

the surface/interface

> Stark effect Orbital coupling between the

_ v states of different angular
HED =—€r- Eext fi
—_— quantum number Al==1.
Electric dipole

> Rashba (SOI) effect Modification of the

HSOI —_p — (6 v p*) E’eXt Rashba effect.
4m-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.

19

(5-6) Spin transfer torque

Spin current > Spin torque provided
produced in fixed layer to free layer
dM 1ree 7 7 a
stt Zd—thC - Istree ><('vlfree X Mﬁx)

Fixed layer Non-mag. Free layer

— —

M fix M

7
27 ¥V

Spin polarized current | Conservation law of
(spin) angular momenta

free

J.C. Slonczewski, J. Magn. Magn. Mater. 159, L1 (1996). 20




(5-7) Magnetic anisotropy energy:
electron orbital, magnet shape

in-plane contribution

Magnetostatic contribution ICCCoTl

L& [MR)MR) [MR) R -Rp[InR)) - (R - R)]| 22 50vare =
Eio=— z 3 -3 < Shape aniso.
c ﬁi’ﬁi Rij Rij

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

Electronic structure contribution

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

It is important to see the behavior of each angular orbitals.
Anisotropic occupation of electrons leads to MA. 21

MAE from d-d interaction for Fe-multilayers

In-plane lattice constant 0 ' | ' i'(,g —
MgO 4.21 A _ "dipolg-layerdat'ui:2z m
' T 500} ! !
o "o E!
N o = -1000
® , 132A 2 !
1 o o 1
1.32A © 150 4
@ < .
o
-2000 |
. BCT-structure % :
g I I
. . <C -2500 | |
= | I .
| | |
Fe: 2.96 yg(interface) 3000 ! | ’

1 2 3 4 5 6 7 8 9

2.63 pg(inside)

FeCo layer

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

Y. Shiota et. al., Appl. Phys. by 250_300"1J/m2 per Fe_layer

Exp., 4, 043305(2011). Ref.)L. Szunyogh et al., Phys. Rev. B, 51, 9552, (1995)

Number of Fe layers




Origin of MAE in electronic structure

=¢1-G

matrix element

SOI

*spin-orbit coupling contribution from band electrons

(A) 2nd perturbative contributions

(x| ]yz) =1
(22 — |l |zy) = 2
2 X[ B2 = lalyz) = V3
‘ 0,¢,|u, ‘ ‘<0¢‘£x‘u¢>‘ (xylte |1‘,)—1
MAE =E, - E, ~ (&) Z — (e — yllalys) =1
&y — & v | (327 — 1%y |az) = \/_
_ (wyltylyz) = 1
| > (@ ~Bllrz) = 1
unqgeupie

L

£>0

Couplings—> I

=)

in-plane
contribution

out-of-plane
Ep

contribution

oceupigd band 1

= 322 —rzh

T

L - T

(B) Existence of partly- yz X’ —y*
occupied degenerate levels| £ mcos 4

Low dimentional system D. S. Wang, R. Wu, and A. J. Freeman, Phys. Rev. B 47,14932 (1993)

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

= Easy axis: paraI1IeI to
the chain-axis Fx

(z direction).

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

05 f

Energy (eV)
[\

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

| contribution to the
perpendicular

0.5 F - \ Z
Matter, ’y
21, 064213 (2009); m==+1
J. Compt. Theor. Nano.
6, 2597 (2009). 1 ‘, Am=0
r 4 —_—

dipole: 0.05meV/Fe

contribution to the parallel

Emcosé

r, Am==]




(5-8) Magnetic anisotropy: in-plane, perpendicular

10.0 . MAE of the (001) surfaces
84 E[100]-E[001] 829 E[110]-E[001] 75! s
2 O F 843 T A
11mJ/m?*— "
2 =~ 6.0 \ 5.20 513
0.40mJ/m* & ol ol .0 B | LliFePtregular
2 i alloy(LDA)
% 1 MAE
E : _ 2.61me\~,
g 0.0 55 GGA LDA [-000 2.724meVP
-2.0 pe rpendicular‘ 1 @P. Ravindran et.al,
- -‘ . . (2001).
4.0 magnetlc anlsotropy 1 5TO et.al, (2005).
i

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

TR ot e

Fe/Pt(001) —> Pt/Fe/Pt(001)

dipole: -0.32mJ/m? 24

MAE of Fe-chain/Pt(664) surface

-3.23 meV/Fe -2.25 meV/Fe 1.19 meV/Fe
parallel to v 2
the chain y .

—

bare

Fe-chain Fe-chain/Pt(111) Fe-chain/Pt(664)

perpendicular to the chain

51y, O

o0 o

hybridization of 3d orbitals between Fe
and Pt atoms

o
4

——— before relaxation

AN :

)

90 -60 -30 0 30 ko 90
¢(degree)  ‘3tomic relaxation
M. Tsujikawa A. Hosokawa, and TO, Phys. Rev. B, 77 (2008) 054413

yz orbital

o
s

o
o

o
S

exp. -80°
(Repetto et al., 2006)

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




Trade-off property in magnetic memory

KUV becomes small, loosing memory
= small thermo-stability

Trade-off
E . K 3 KUV Becomes large, increasing the
E KX barrier for magnetization reverse

. = large threshold of magnetization reverse
One of necessary condition

_ . Magnetic anisotropy energy of
Non-volatile A @/ magnetic memory
— Magnetic anisotropy energy
A 260 (ten years) /kBT KU per volume

Heat energy V  Volume of magnet

21

Driving forces in dynamical control of magnetization
Effective MF: H

[ External magnetic field
(by current)

Precession

Injection of spin
! P Spin-transfer

olarized current current
_p Dumping torque
Fixed layer Non-mag. Free layer force agnetization M
M M e Current

, ‘ Spin polarized current

" 'f ﬂ' Problem: Disturbing compactness,

1 energy consumption,
Spin polarized current | Conservation law of

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

Heff = Hext + Hstt + Hshape+ H

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

aniso




Schematic diagram of magnetization reversal in
imposing electric field

EN == . K=
E = . Electric == = =

Field E

E>0

For ideal perpendicular KX

magnetization K 29

—
ITO (100 nm)
Polyimide (1,500 nm)
MgO (10 nm)
Fe (2—-4 ML)

— 200V
—— 200V A

(5-9) Voltage-induced spin torque WJ e

Au (50 nm}

- I S A o N 4 e

a L" == Cr (10 nm) '_f—'
e / L E_'  — Mg (10 nm} [ 20mm

g —— ). H MgO (00T} su Magnetictield |70 (1 mmy * 24

= 13 ;

—1 1 e 1 -

H ! s, MgO/Fe/Au(001)

=2 - i An

IR 1
1=1,000 0 1,000

dM - -~ oM dM _ B
__}/MXHPﬁ+_X_ ﬁ":_ 1 VEma
dt ' MS dt #OM‘S g
2 2
1 M. 1 M
E,.. =—tM.H, +=K, V) —=| +=K,| —
-2 M, 2 (M,

T. Maruyama et. al., Nature Nanotech. 4, 158 (2009) 30




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

990

-0.2e

+0.0e

+0.2e

2
>
5.23a.u(2.77A)
Atomic distance in
the chain on Pt(11 1 e 1
— A
>
o
> 0 : . ..
o2 variation of
2 d(3z2-r?) band
LLl
NE—"" _1 ]
20 a.u. —
ScE S N e T 7?&
E) {if no electric field) & my(z/m,(x}(in no electric fie )A‘
3.40 3 N S
%" :"; _2
o ! X, X . X
& zeof TEu Z Z Z
%2-50 A 5 EF dependence depends on the orbital direction
‘2: 2oy ’ ::::‘?‘:‘:_@."‘A ’ %
1.90 ‘*{j:‘a 0.19 % *
1.60-0.20 090 000 0.0 o.;cms z causes variations of MAE
Number of added electrons
M. Tsujikawa and TO, J. Phys.: Condens. Matter, 21, 064213 (2009) 31
A1-6. Imposing the electric field (EF) on iron chain (part 2)
10
. L1x10" Vi -
0.20 [ | 060 ?
0.15 ¢ 1 0.40 2 S
@ 010} 2 €
% 6,05 1 1020 - E E
E 000} 1 0.00 5_“2 %5 e
uF -0.05 | | non = 5 =
) 0.20 E 5
.0.15 | 1 -0.40 = E
£
:g:zg T I -2;60 016} . . L 208 &
020 -0.10 0.00 010 0.20 0.2 -041 0.0 0.1 0.2

Number of added electrons

H 0.100
& +0.067
[ +v.032
[ +v.000
O -0z
B o057
M o100

MNumber of added electrons

32




MAE and EF effects(comparison with exp.)

S. Haraguchi et. al., J. Phys. D: Appl. Phys. 44, 064005 (2011).

M. Weisheit et. al., Science 315, 349 (2007).

' — Fel
€1 212 fJVm T t b - s KL
2 7600 ¢ Pd/Fe/Pd(OOl).] = z i 5 == = o g
z < = a8
8 7400 | ‘ | § .E =14 4nm/,/—"’.:4"
8 7200 | 720 fJ/Vm a0 & | 71 re :
z , g {_Fert  EERS S
fo DN 1
B mﬁ "E
Electric field (V/nm) Ratio of slopes Vpa ~—0.27
»Pd/Fe/Pd(001) Vpt
MAE: -425 wJ/m? (E=0.0 V/nm) ._
EF-effect: -21.2 fJ/Vm MgO &, ~ 10 (low frequency limit)
>experiment EF-effect=-21.2 x 10 fJ/Vm=-212 fJ/Vm
EF-effect: -602 f.l/Vm @comparame
F. Bonell et al., APL, 98, 232510(2011). -602 fJVm (exp.)
These signs of slopes and the ratio are in good qualitative agreement with the 33
available experimental data.

EF-Induced modulation on density

K5

® —

vacuum

9D — 7 |10

'Induced electron ensity

Pt(001)/Fe/Pt

INS3

-9.6V/nm

/
N

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

9.6
- N %
screening
/ Majority-spin

Minority-spin

z

e

Pi(4) PY3) Pt2) Pi{1) Fe Pt
z

»The electric field is screened in a few number of surface layers.

»>In 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).




Electric field dependence of MAE in Pt(001)/Fe/Pt/MgO film
11A ES|M __Q (1——JQ—Q-

Metal | MgO | Y

§ § o i | {EF-induced electron density
0oty L ﬂ f\ [\ ﬂ; 7| (7 =-022v/A)-(z =0.00v /A)
| ALY

/, electrostatic potential (7 —=—0.22v/A)

Ap (e/A)
! [=]

In MgO layers, the applied EF
3.3 tlmes smaller than vacuum

slope: 227 fJ/Vm

3.1 times larger than
that in Pt/Fe/Pt(001)(GGA)

74 £J/Vm 68 2z 01 0D
( ) 740 fJ/Vm Electric field(x10'° Wm] [10 Vlm]

Interface: magnetic metal and dielectric insulator (Exp.)

magnetic amsotropy change by electric polarization switching
. I I

L 2 & M- |
PPN

P: electric polarization

l +P: Low resistive state

MgZnO t —P: High resistive state

== |Interface

»Theory: “Multi-ferroic-like” _
» Experiment: “New type MTJ” 2505_

b g200¢

(a) m ( )1{\ : o
100

ManO fﬂl- ManO f"‘.

CoPt _ CoPt of
LRS HRS 0 50 100 150 200 250 300 350
Temperature [K]

M. Belmoubarik et al., Appl. Phys. Lett.109, 054423(2016). 36

12005
=

J100%

0
-200 0 200
Bias [mV]




Interface: magnetic metal and dielectric insulator (DFT)

Low resistive state(LRS)

PtCoO/(ZnO)n-lcZnO

MAE(SOI, int)

Polarization ' = 0.25 meV/cell
whole » AL UVELENS | 0.44 m)/m?2
: P+ e —p"
I i 2
interface. 1 ZnO L p,ggo £% [-2.16 mJ/m
! N -1.23 meV/cell
High resistive state(HRS) of |
Polarization , _, > AR
whole :‘ ’%,_Im x
interface! Zn ~ 20 ; E
(@) 0.02 : 25k ; [
0

0.01

4 0.00

5 10 15 20 25
z-coordinate [A]

D(z) = e,E(2) + P(2)

. An =n(P-)—n(P+)

Y [ Te—y oy —

. ¥l
002515 Pl Co O

—-0.01

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

—

dM

w7

—

dM
dt

dumping term

o
M

S

(5-10) Landau-Lifshitz—Gilbert equation (LLG-equation)
| M M
G

X
eV M, (M ]

spin transfer torque
:Gilbert magnetic damping factor

Mﬁx
Mﬁx

(M xﬁeff)+ M x

X

S
precessional term

:Magnetization vector at free layer

M

Y :gyromagnetic factor

(04

—

M :Magnetization vector at fixed layer

fix
17(0) :spin transfer efficiency

—

Heff = H +Hshape +H

cry —aniso

J. C. Slonczewski. Journal of Magnetism and Magnetic Materials 159(1996)L1-L7
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Dynamics of the magnetization on the free layer

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

g stable precession h Switching

M. Bauer et al., Phy. Rev. B61, 3410-3416(2000)

Moment in an applicd field along z with no anisotropy
a b Low curment C High current, d High current,
Applied field —siamped motion —sstable precession —sswitching
hu B A/ | <A A7y
\ B
ot 5. o B e S
Initial T )
Magnetization |_ - {
T 71 | \
— > /
— j,
=

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

39
Shreshold current (derived from LLG equation)
2e « M o
c T L lqus H+Hk+ > |oc Ms
h 77(0) external a@nisotropy 2 ) 77(0)
diamagnetism
V Free layer volume
' about 0.01
no) = ﬁcosﬁ Anisotropy function
@ : the angle between the directions of spin current
and fixed magnetization M,
40

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




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

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

< 410
l a o4
T 8 g ' '
MgO (15 nm) ,_‘_ S ‘:é 390 \ I|
o ;% e | l
l 0 1 2 3 4 5 370 ‘ | /
= Time (ns)
Consumption energy ratio 1 e
with respect to a typical device Magnetic field (Oe)
of spin-transfer-torque driven 500
MRAM(similar scale) b
Epuke'— -1.0V nm™?
4051 |nitial state = AP
400 4 60000000000
~ 395
< 3901
g 385
G 380
=375
370

]
365 00000000000

0 10 20 30 40 50
MNumber of pulse
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(5-11) Design on magnetic anisotropy in magnetic

materials

» Parameters for controlling MAE and its EF effect

Ag(electric field)

vacuum TAE

Substrate metal I

Ferromagnet I thickness Insulator
vicinity 1 Ferromagnet

effect I

MAE YRV, E,

Ag(electric field)

T Ag dielectric

constant

Substrate metal 42




Elements for controlling the MAE and EF
variation in thin magnetic layers

—

Magnetic materials and interfaces.
Fe TFe/Pt Fe/Pd Fe/Au MgO/Fe Fe/Ni
MgO/FeCo MgO/Co2FeAl (Huesler alloy)
Mn3Ga Mn3Ge ;i.gn':/.lf:‘f :egoftssgzglgfzt; I(5016).

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

(Fe n/Nl m )f 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. 43

Threshold to magnetic anisotropy transition

spin

Film S E, i E, i Eb+E52 ZI(;:E rotation
(mJ/m*) (mJ/m?) (mJ/m*) EF

Y (1/Vm) (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 18 402
MgO/Fe(2ML)/Au(001) 211 -057  1.54 114 13.5
MgO/Pd/Fe/Au(001) 0.68  -028  -0.96 2388 25
MgO/Pt/Fe/Au(001) 1,52 028 124 846 1.5
MgO/Auw/Fe/Au(001) 206  -026  1.80 -196 9.2

MgO/Pt/Fe(3ML)/Au(001)  0.69  -1.17  -0.48 633 C08)
MAE (¢) ~ E, + E_ + y As 1

gc = _(Eb + Es)/7/

M. Tsujikawa et al., JAP, 111, 083910 (2012).




Summary

(5-1) Electronics structure: DOS

(5-2) Magnetic moment: spin, orbital, localized and
itinerant, spin-texture

(5-3) Zeeman energy

(5-4) Distance and interaction between magnetic
carriers, magnetic and crystal structures

(5-5) Spin-orbit interaction, electric field effcts

(5-6) Spin transfer Torque

(5-7) Magnetic anisotropy energy: electron orbital,
magnet shape

(5-8) Magnetic anisotropy: in-plane, perpendicular

(5-9) Voltage-induced spin torque

(5-10) Landau-Lifshitz—Gilbert equation

(5-11) Design on magnetic anisotropy in magnetic

materials
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(Appendix 1)
Imposing the electric field
perpendicular to
surface/interface

46




ESM (effective screening medium) method

Al-1. Imposing electric field (M.Otani and 0.Sugino,Phys.Rev.B73,115407,2006)

Energy functional -
Eln,,V1=Kn,]+E,n,]-| df‘;(—”WV(F)F + [ dFn,(F)+n, (MM (T)
/\ﬂ-

variation with the to static potential variation with the orbital
7 v |
Poisson equation Kohn-Sham equation

V- [e(FVN(F) = —4an, (F)

1 .
— VPV () +Vy V(7 |8, (F) = 2,4, (F
V[g(F)V]G(f"):_47[5(F_F') |: Zv + (r)+ NL+ Xc(r):|¢a(r) ga¢a(r)

slab 5 lab| 5 1abj slal

|
I
! i

7, ~Ia 0 Z ~Zo 0 Zo

Z,
V(r)= J dr'G (F, ) tot( ) periodic boundary condition

Total energy representation by the Green’s function

E[n,]=K|[n,]+E, [ne]+l”o|ro|r'ne (F)G(F,F')n,(F')

+ [[drdrm, (F)5 (7, F)n, (F ”n 41
A1-2. Imposing the electric field
Usual first-principles approach on aslab
Electrostatic potential (solution of
Poisson’s equation) ; vacuum vacuum
VH (r G F F hr slab
1

-g)|z-7

G(g,z,z’):;—gﬂe
I

(gu> ) dz’G(g”,z z)n(gH, z)

G(r,r") \F F

In practical, the above is calculated with

the Fourier transformation
For small gH

4 ~\ AI§T
P olg.1.1)-

This procedure can not be applied for 9 Green’s function
the system on which the electric field is & foracharged sheet
imposed because of the breaking for the
periodic boundary condition.

> 48




Al1-3. 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) = [di'G(F,7)n,(F")

o VH(g”aZ) =1, =0 1 ifZSZl
boundary condition < 5 e(2)=49 .
—V,(g,,2),..=0 o if z2>7
H g|| Z=—0
0z
the contribution
' 7-1 A g (22,-2-7
G(gH,Z,Z ): g ol 27 gmaat) _— from mirror image
29, 29, charge

T S—— |_‘-‘V'_ —
! = <«---- F . .
. . imaginary electrode

—| <===-l-

vacuum slab |
. —| <---
5 i
°Z0 0 E i
%
ZI
0)

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

‘{ I‘i measure the tunnel current
® /
:I: L

£
Scale of electric field f{f
~10° —10""V/m <%




(Appendix 2)
Single spin-state valley

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

51

TI/Si(111)-1X 1 surface

normal direction
on mirror plane

top view

Cyy

mirror plane

T] Thallium (adsorption atom)
side view Qi Ssilicon

(diamond structure)

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

Sakamoto, Oda, Kimura et al., Phys.Rev. Lett., 102 (2009) 096805. 52




Full spin-orbit interaction other than the Rashba term

oo o
Ho =ﬁa-(gradV(r)x p)

4m-c (%‘HSOI‘%)

(Hgoy) =51, (K)xK |+ &-B,(K)

- /

W\ -
Rashba term  (Zeeman term)

o (F)= %exp(il? P (F)

- AN ) L ) _} _»
Gy = | AP U (F) VV(F) i ue
4meC Q cell n
Bn(k)zTI dr——{u (M) (V) ~(r)}
4meC Q cell r dr nk "

Sakamoto, Oda, Kimura et al., Phys.Rev. Lett., 102 (2009) 096805. 53
Surface band str
3

b,

54




Binding energy (eV)

'Il'll'l'l(Il'll'll'lll'll'll'l”l!'ll'll'l

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

II5Il'l”I!'Il'll'll!ll'll'll'll[llll

Binding energy (eV) O

A
Spin-resolved ph
a o

M; Clear splitting of

Spin-resolved photoemission intensity
Q !
(( DPrlas ae e
L h
1 st !

States at K ]Illl]lll:lt]ll !'Izlalilllllllll

" A
w‘y ¥ k‘Q--./‘I“'\‘_jﬂ"

= = N\
r\_-l.u, AN

A %
\_& T — K:10
! lm""'l"\"\._ -187
mﬁm[ﬁﬁlnnlnn

electron levels in spin -&&_10
-18°

25 20 15 1.0 05 0.0
Binding energy (eV)

K, Spin splitting along
Rashba direction

25 20 15 1.0 05 0.0
Binding energy (eV)

Normal to
Rashba direction

Sakamoto, Oda, Kimura et al., Phys.Rev. Lett., 102 (2009) 096805.
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Wave vector dependence of spin direction:

Voltical spin polarization

26




Wave vector dependence of electron spin direction: Tl site

o]

_"_IF """"" T K s 0
30 ¢ .
60 .

90 !
120 | %, !
150 | xhh .
180 ol

180

120 | -
50 | :

Binding energy (eV)

0 [degree]

o |[degree]
[

120
y 180

& f— f— e

K. " T1 site I K1 W

X

Atomic orbital components in the eigenstates at K

Kpoint — {l:)n  Tipep) () SiDEL)  B)  SiQEH) ()
[, -1.53¢V  -0.047 $0.060] - —  Jo1os  Joo2s
[, -173¢V  -0.068 $o.090jd0002 40090 40024 0.002
C T —site—
C, double group {r, >Si(2) - _0.023 Good O|uanturT1 state of / . .
; R O 3154
1. p 1p A S Si(1),#” | 3.11A
* Tl * [
. . L Weenenes e -0 Si)
basis function of atomic orbital 2.38A 1235 i
Tl site, Si(2) Si(1) site
Fo: Acriy)er, (=iy)g) - {(x=iy)e, 25} A. Araki, T. Nishijima,
I, {(X _ iy)a, Zﬁ} {Za, (X—i— iy),b’} M. Tsujikawa and TO,

J. Phys.: Conf. Ser.,
r,: {za, (x+iy)B) {(x+iy)r, (x—iy)B} 200 (2010) 062001




Single spin-state valley with vertical spin direction

Angle resolved photoemission  _{

S
0.5
0.0

Viiaw "
A ny.

TI x MLYSI(

1 )
K. Sakamoto et al., Nat. Commun., 4, 2073, doi: 10.1038/ncomms3073, (2013)

Spin-splitting of the surface Tl/Si(110)

Structure ARPES

f Ek=35.96 eV
upper o4
o lower _ oz

00

o0 Ex=35.78 eV
-0.13 eV -0.22 eV N
s mizrwieiin s € 1

-1.0 -05 00 05 10

E. Annese, et al., PKYS. Rev. Lett.,

117, 16803(2016) 60




The electron spins at

|><

Band dispersion and Spin texture

T1/Si(110)

61
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Discussion on group theory, see the paper, Nagano, Kodama, Shishido, Oguchi, JPCM,2009.
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Single spin-state valley with in-pane spin direction

in TI/Si(110)
ke=-0.27 A" % r %
(; F ky(A)
= 0.25
\J’ . ;
: L o
2 h h%
s
) £ f L3
‘g 5o % - » -0.37
1 =
1 .| = N
% s ﬁ’ % 0.41
5 [ .
= . [
0.4 -02 00 0.2 0.4 AL v-gﬁg; ” -0.44
ke L M-_D'si I
0.6 0.0 :
Binding energy (eV) 06 0.0

Binding energy (eV)

E. Annese et al., Phys. Rev. Lett., 117, 16803(2016) |63

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

64




Spin and orbital magnetic moments

spin magnetic moment

mslpin,k = _IUB<mk (F)>,

orbital magnetic moment expansion with the local basis
m;rb’k =—Ug <€ k>| LHa(r:) :ZYﬁm(ﬁ ) Rfm,ia(r)
/m

(e = o+ e
(o = 2 (B[ ),
<€k>.,VB=iquf< 140) Bion 5 %)
lhga= |y 007 (Y5001, Y50

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

Atomic magnetic moments in CoPt and FePt

spin (Ug) orbital(ug)

r=2.5au.
USPP AE USPP AE

Co 1926 191 1.803 | 0.102 0.11 0.089
CoPt [001]
Pt 0377 038 0394 | 0.061 0.07 0.056

Co 1.929 1.809 0.069 0.057

CoPt [110]
Pt 0377 0.398 | 0.078 0.073

Fe 3.016 293 2891 | 0.067 0.08 0.067
FePt [001]
Pt 0.338 033 0353 | 0.046 _ 0.05 0.042

Fe 3.020 2.893 0.062 0.061

FePt [110]

Pt  0.340 0.355 0.059 0.055

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




(Appendix 4)
Approximation in Dirac equation

617

(eq. in stationary-state)

Dirac equation (part 2) p, = if

a(ct)
Coupled equations for the large and small components;

(g—mcz+eA0)¢L:c G,p+—A |p,

(g+mc2+eA0)goS:c G,p+—Alp,

Eliminate the small component;

Commute the parts with underline:

£
> Py =—
c

68




Dirac equation (part 3)

(g—mc2 +eA0)goL = cz(g+mc2 +eAO)1(&,ﬁ+EAj2

()

(]

+ cz(g +mc’+ eAO)z(&,(—eﬁAO))(cf, P+ EA)%

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

,  &'+eV g+mc’+eV,

g'=¢g—-mc”, - <<< 1

mC ~ 2mc >

Using this approximation, the equation for the large component;

69

Formula 1 (a’ ; 6) : Scalar product
Using following general properties;

(6.8)5.C)=(B.C)+ilz.BxC)
H=VxA
We obtain the following formula related with Zeeman’ term;

S e~2_ e =) he(. -
(o,p+—Aj —(p+—Aj +—(0,H)

C C




Formula 2
(' +eA)p =

(l_g’+eﬁb
2mc’

_|_

1 - . e- 1 . - . e-
{4m2c2 ((—epA)), P +E Aj + e (I ox(—€pA), P +E Aj}(pL

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

71

(Appendix 5)
Spin-orbit splitting in the heavy

element

12




1 1 |
S=—, S, =—,——
2 2 2
(=1 — j=2.1 f=2 — j=2.2
B 272 272
A>0 S
—_— = R ——-
pxa pya pz®STas¢/,_ 2 ,E 2
_(/ _______________ | S =2
— ———— ©
\\\ — Y - 1 \\\__ —E
-_ J:E ——————— 1_2
Eigenvalues of Pb atom Ref. State:
(in Ry energy unit) (Kr Core)(5d)'°(6s)*(6p)°
ne j all electron pseudo ( AE )

AE, (d)
5d 3/2 -1.6734 -1.6733 (+0.0001) | ¢0.1912
5d 52 -1.4823 -1.4821 (+0.0002) |2.601 eV
6S 1/2 -0.9016 -0.9014 (+0.0002)
6p 172 -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 good agreement with the previous data.

Pb
AESE _ 0+1/2  Ee-12 _ /1(264_1) i B 2 AE@ Z£=2 - 104 eV
oo o041 ° AR =1.00eV

2
14




Band dispersion of fcc Pb

band dispersion (fcc-Ph)

-4.13
K: -6.61
-2.44
-0.93
W: -6.43
X: -6.52
-3.28

energy (eV)

1
=
=

r r At I point,

Thick lines: Fully-Relativistic 5d: 2.50
Thin lines : Scalar-Relativistic 6p: 3.38

(-4.5)
(-6.7)
(-2.8)
(-12)
(-7.2)
(-6.7)
(-3.6)

AE,
eV

a=9.35 a.u.(exp.)

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

eV

15

Band dispersion of fcc noble metals, Au

band dispersion (fcc-Au)

A1 10

1 -10

r A XZw Q L A T z K
Au: a=7.71 a.u.(exp.)

16




Band dispersion of fcc noble metals, Pt
band dispersion (fcc-Pt)

AT

L .,

1. \._L
Y
Al

1-10

r A X Zw Q L A T z K X
Pt: a=7.41 a.u.(exp.)

(Appendix 6)
Kohn-Sham equation,
variational principles,

Car-Parrinello molecular dynamics,
fully relativistic pseudo potential




Density functional theory: Kohn&Sham eqution
Variational principles

Eln(m)] = Eln()] - #(fnrdr - N,

oE
on(r)

Kohn&Sham equation =P E|ectron density

OCC.

1
Electron potential «G— poisson equation

Veff (r) :Vext (r)-i‘ I—J- n(l' ) dr' + 5Exc

29| r—r'| on(r) 19

Car-Parrinello Molecular Dynamics for Noncollinear Magnetism

* Bispinor Wave Functions for Single Electron States

_[#a(n)
P (1) _(%(r)j Soft part Augmented part

g (hard part)
* Density Matrix /

Pap (D=2 Fiddha (D) by () + Qe (VB [ X by | B}
k

Inm

B %(n(r)ao tm (Do, +my(No, +m,(No, ),

1 0 Charge density n(r)
unit matrix %=, Spin density vector m_(r)
0 1 0 —i 1 O
Pauli matrix o, = o,=| . ' o, =
1 0 i o0 0 -1
n(r)=p, +px

m,(r)=2Re p, my(r) =-2Imp,, m,(r)=p,; —p,,

80




» Total Energy(Energy Functional)

i RO T (@ 13V 0, Vi) [ @)+ [T Daror

+ [V (nn(rydr +Ec [n(n),mn] + U, [(R }]

V() =S VL (-R ) vNL:[zmmDﬁ&“w; |jao

Uion[{Rl}]: lz ZIZJ

22 m m(r)=|m(r) |

Bo(r) Dyt Quu(n) Vige (1)

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)

» Lagrangian (Car-Parrinello Molecular Dynamics)
. 1 :
L=m, Z fk<ch D)+ EZM | Rl2 _Etot[{q)k}a{Rl}]
k |
+2Aké(<q)k |S|(D£>_§k€)
ke

* Molecular Dynamics (Euler-Lagrange equation)

My (1) == H O, (N)+ T Ay, SO, (1)

k

.. oS
Mﬁm:E+ZAW@Ua;mm \
k¢ |

Ho L %o A, _ (HIT HI2Y4,()
f, oD, B> (1) H21 H22 ) 4, (r)
aEtot

|
aRI R. Car and M. Parrinello, Phys. Rev. Lett. 55, 2471 (1985).




Install to the plane wave method (l)

spinor wave function

P, (1)
@, (r) =
o (vﬁkz(r)j

density matrix

Py (1) = Zf (B (DB (1) +2 Qe s (DB | OO 1B}

Ipg

spinor type projector function

Bo(N=b; (DY ()  p={juxz}

1
] | N (1) (1-m)2 0
j=l+—, u=m+— v = + M+ Y n Y
’ 2 ( 21 +1 o) \2l+1) ™

K=—(-1<0

1
: 1 1 l—m+1)" 1 | +m )2 0
J=l-—p=m-— ) _ Y - —1Y,
2 2 (2I+1j "”‘l(oj (2I+1j "m(lj

k=0>0

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

Install to the plane wave method (ll)
nonlocal potential

Vi =D |8 DB |

Ipg
transfer from the atomic generation code

B Dy Quuup(n) Vige()
Kohn-Sham equation
H @ (r)=¢,S ©,(r)
o Al RO AL TR B R YL

Ipq Ipq

loc

V., (r)= ( '°”(r)+jﬁdr 1V, (r)j v (r)mm(r) o

Drl)q=Dé0)l +ZIquaﬁ(r) Veﬁ(r)) dr Vv (r)_5—() v M (r):a“é]rzn)z(;)

84

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




(Appendix 7)
Magnetic dipole-dipole interaction,
Shape magnetic anisotropy energy
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Shape Magnetic Anisotropy Energy (SMAE)

From magnetic dipole interaction(MDI) SMAE = gl0011 _ pl100]

MDI MDI

Continuum approach (CA) M : Total magnetization
[001] [100] 1 M? Q) : Volume of magnetic material

MAE = Eyp; — Eyp; = E”O Ny

Uo : Permeability of vacuum
Discrete approach (DA) [1,2] m(R;) : Atomic magnetic moment

i#j
gm e’ m(R;) - m(R;) 3 m(R)) - (R; - R;)m(R,) - (R; — R))
MDI = Z-2 2 R. 3 - R..5
Ri,Rj 9 t

Spin density approach (SDA) [3]

e? m(r,) - m(r;) m(ry) - (r; —rz)m(ry) - (r; — ry)
m —_ —
Ewpr = 4m2c? ff drydr; Ir; — 1|3 3 Ir; — r2|5

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

[1] H. J. 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.
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Quadrupole atomic spin d

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

ensity distribution
at interface/surface

4
CA (’Fe:e’g";\) . ~0.3mJ/m?2 . Fel : spherical —— |
35 CA  x = : quadrupole e 1
SDA o Fe3 : spherical 1
3r - 3k s quadrupole e -
& 2 s |
S 25} 1% =
£
T 15 f | "§ 15
= ns
1} .
DA : Discrete approach
. 0.5
0.5 CA : Continuum approach - : F A— |
. | SDA : Spin-density approach 0 pi" 4
0 2 4 6 8 10 12 14 0 0.5 I L5
tre (A) radial distance (Bohr)
S 216 £l 216 e |.30“7||.47 = 226 %10 217 2’6. 218 |
- = nterface Fe/MgO supresses
o$00000l000¢oo torface: quadripolo: Lar
CRECRE-BO) 0Qe0e O erface: quadrupole: Large
Qe Qe O .L. e Qe Qo Inside : quadrupole: Small
-0loa i 0.00 o -0lo4 2.90&25782 mz 22909 04 -0.01 a0 -0.01 |

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