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o TUSVEHRAEEZIISFETI0EEM
Digital information has been expanding 10 times over 5 years.
o SEHBRBADBEIIKRIBIZAZ Insufficient recording capacity 3
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Electricity demand of information and communication technology (ICT)

9,000 terawatt hours (TWh)

20.9% of projected /\

electricity demand

Widely cited forecasts suggest that the total electricity
demand of information and communications technology
(ICT) will accelerate in the 2020s, and that data centres
will take a larger slice.
= W Networks (wireless and wired)
M Production of ICT

Consumer devices (televisions, computers, mobile phones)
M Data centres

o Production o

Data centers
0
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The chart above is an 'expected case' projection from Anders Andrae, a specialist in sustainable ICT. In his
'best case' scenario, ICT grows to only 8% of total electricity demand by 2030, rather than to 21%.

N. Jones, Nature 561, 163 (2018).

BHBERMOEIEEL
8,000 TWh iz, £4AMD
21% &5, (2030%)
Electricity demand of ICT
will exceed 8,000 TWh,
which is about 21% of total
electricity demand in 2030.

We need energy-saving /
environmentally harmonic
ICT based on spintronics.
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Conventional Information Technologies

Processing
Semiconductor

Storage
Ferromagnetic

devices devices

Electronic Degrees of Freedom

Spintronics

© Everspin Technologies

 High-performance devices in the next generation
High speed, Large scale, Low power consumption

* New paradigm in information technology
Neuromorphic computing, Quantum computing — °

MRAM (Magnetoresistive Random Access Memory)

Reading a bit

o iEH Non-volatile
« EE A Fast read/write
v, * EERtAlE Scalability

e

- &AM High endurance

' l Ferromagnet
, Insulator
VVVVVVVVVVVVVVVVV I I Ferromagnet :
“q” “0” © Everspin Technologies
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1. MILAA DR E—AE

Magnetic moments of an isolated ion

TBFDENIEEE) orbital motion of electron
BHATDEF (B2 m, Bl —e) DN\IJIL=TV

Hamiltonian for an electron (mass m, charge — ¢) in electromagnetic field

2025/9/1

H = L[ +EA]2 — oD RIMILKRTFI YL
2m P c vector potential H
H =10t A=(0,0,H) A= 7(—)’, x,0)
2 2172
14 eH e“H
H=— - _ 2 2y [0
2m -{ch (xpy = ypa)) + 8mc? (" +y7)—e
| HEAEDE
I orbital angular momentum
H nt_ =(rxp),=xp,—yp,
HEBEE— AV P
r; us orbital magnetic moment Bohr magneton
_ eh J=—ul B eh
EF electron He= 2me B Hp = 2me 8
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BFAEY electron spin

AEVAIESE spin angular momentum

oo s=1/2
2 AEVEFH
JN™UFTH| Pauli matrix  spin quantum number

0 1 0 —i I 0
= o = o =
O (10j "0 o -1

R R

Commutation relation

AEVHSRE—AVE

[s,,5,]=5.5,—5,5, =is,

R—THWF
Bohr magneton

spin magnetic moment e
eh IL[B =
H,=—8 —8S=—8UpS 2mc
2mc

g-factor: g=2.002319

o) o

Q1: Proof of Commutation relation

[s,,s,]=s.8, -5, =is, s=6

X

i 0
0 1Y0 —i
0.0, =
o1l oNi 0
0 —i)0 1
o0, =|. =
g i O0NA1 O

lo,,0,]=0,0,—-0,0, = =2io,

[Proof] N 1
F j 0 iJ F OJ ¢ &j
o = O = O =
1 0 g :

10
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Q2: Eigen states for x-component of spin operator
5,[€) = l\—cc\
xl S 2 /

Superposition of spin-up and down states

o-(5] o) ¢-()

[©)=a|@)+/

(RHS):l(aJ a=f= Normalization
’ ) @l +1AP=1 o

AEVEEMEER  spin-orbit interaction
HSOZT[VVXP]'S RS EEYES
2m°c

relativistic effect
Bkt FRART 24 JLH  in spherical potential
Hyy=A1s Hyo=-H, -,
h? 1 dVv A

/1— Hfz—l
m*c? rdr

H, BuhiE R
effective
( i § @ magnetic field
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Q3: Energy splitting of p-orbital states (/=1)
m,=+1, 0, -1l
m, = +1/2
-172 2AENE
A . Total angular momentum
Hyy=Als :5(12_12_52) j=1l+s
Ao .
=5[](]+l)—€(€+1)—s(s+1)]
m, = +3/2, +1/2, ~1/2, ~3/2
j=31
Al 2
j=12 —
m; = +1/2, ~1/2 1
FREAIZEDREVERK

Spin-polarized electrons created by circularly polarized light
{E/NUR m; = +1/2, —1/2
Conduction band |
j=12 — —

m, = +3/2,+1/2, —1/2, —3/2
j=32

BEUVEA

Heavy hole

(3/2)A
0.11eV (InP) . N
034V (GaAs) J = 172
BOEA 0.85eV (InSb) m; = +1/2, —1/2
Light hole \F%%A>P REVEEHEE R
. alence bands
Split-off band

Spin-orbit interaction
EEX vy THEBERONUREE (k=0) H. =Al-s
. . SO — 14
Band structure of direct-gap semiconductor
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) EH m, = +1/2, —1/2
BRI Conduction band j= 12

Clockwise

ERAA

Eg Selection rule BRER

1:3
Amj =+1 Transition probability

BUVEFL

Heavy hole

j=32 — —

m; = +3/2,+1/2, —1/2, —3/2
j=12 — —

BETL m; = +1/2, —1/2

Light hole mEF/ AR

Valence bands
Split-off band

BEEXvYTHEERDNUREE (k~0)
. . 15
Band structure of direct-gap semiconductor

fml/ R m;, = +1/2, —1/2
Conduction band . 12
Anticlockwise J=
EHRE
Eg Selection rule 3:1 BREER
Amj =—1 Transition probability
BUVEF
Heavy hole j= 3/2
A m; = +3/2,+1/2, —1/2, —3/2
j=12 — —
HUOET o m, = +1/2, —1/2
Light hole EF/ AR J
Valence bands
Split-off band
EEXvYTHERON\UREE (k= 0)
Band structure of direct-gap semiconductor 16
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2. WiE P DHK[E—AVDEE)

Motion of a magnetic moment in a magnetic field

17

EZZZQ—?_L:E—)“/ I‘@JE@] Dynamics of magnetic moments

- gHy
HisBIERLE 7 =
H=—8HgS =Y s gyrorﬁgnetiﬁ ratio h
NAEURNILT DEEAFRER  ZeemantBE{EH
Heisenbercgz’s equation of motion HZeeman ——u-H
lh _Iu = [ﬂ, HZeeman] d,”
dt S—=—y uxH
H =(0,0,H) dt
H
du, dp
i=—7Huy ~=+y H u,
dt t u
2
d lLla 2 _
Ja =0, (@=x,y)
S—EFERM o =yH 7t/ BELEE
Larmor frequency Larmor precession 18
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AEVERYRINS VRS
Spin Field Effect Transistor (Spin FET)

Gate electrode

Ferromagnetic source Ferromagnetic drain

Semiconductor
(2D Electron Gas)

Key Issues:

1. Spin-injection efficiency into semiconductor.
2. Spin manipulation by electric field (gate voltage).

S. Datta and B. Das, Appl. Phys. Lett. 56, 665 (1990).

F—rEEIZEBREVIRE

Spin manipulation by gate voltage
F—RER gate electric field
E=-VV (//2)

#:w x
p (//x)
:. ’ﬁ M5 effective magnetic field
H g c Exp (//-y)

AEVEEMREYERA spin-orbit interaction

!

h h
Hgo :W[VVXP]'S=—W[E><P]'S

B $hHii15 effective magnetic field
20
H <cExp
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3. iEmPDHEMEAT (IE&m5)

Magnetic ions in a crystal (crystal field)

21

#5815 crystal field
d EFMEDNHERENH
crystal-field splitting of d-orbitals . d3 )
o —EfER o
d :Eﬁ?{ﬁ:@ eg e e— d}/
&< ==’t2 6Dq
4D'q
, AERR 4Dq
6Dq quintet £, = de
dy —t—=-¢ =E#ER
—EiER
PO A B AL J\E R ER L
tetrahedral octahedral
e o
@ !Ze ‘ —ze 22
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_ FFOSBEFRIE
ZEIH multiplet Many-electron states of atom
RIEIRILF—SEEHICET S DRE]
Hund’s rule for ground state multiplet W2l
S = Z S;
i=1

F18]: 2XAEVAEHE SHEK

1st rule: Total spin angular momentum S : maximum

%28 2NEAEHE L BKX L=y,
i=1

2nd rule: Total orbital angular momentum L : maximum

me= 12 172 ex.) Two d electrons (Ti2*, V3*)

m=+21Q REIRILYX—LEE
9 ground-state multiplet
+1 Q
0 °F S=1,L=3
1 General expression:
2S+1Lr L=0123,
2 L'=S,P.D,F, «+- 2

Q4: Ground-state multiplet of 3d transition ions

3d electron
number 1 2 3 4 5 6 7 8 9
S 1
L 3
Ground-
state 3F
multiplet

General expression:

28+11 1 L=20,1,2,3, "
L S,P,D,F, =+- 24

M. Shirai (Tohoku Univ.)
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2 BEDERIHH r ¢
crystal-field splitting of multiplet 3 h ,.-—‘ﬁ'i”'.
e, ~QFO=dy & ’Ze
ex.) Two d electrons (Ti2*, V3*) o
JNEREL L
— 7 1, 10Dg octahedral
| T,
10Dg t,=—=de ¢ —FO=dy
—— 10D
3F I I q
PELEME e, =—F—dy , _A4
sevenfold ™, 10Dg ¢ b, SOE=ds
degenerate orbitals
- 10Dg
REIRILX—ZEHE .
ground-state multiplet g -
S=1,L=3 he 2@ de 2
® EFL
=]
ZEIRADERSETR I e .o
crystal-field splitting of multiplet e = 6:'_;65 de @ "?"Ze
ex.) Eight d electrons (Ni2*) ' e
I J\E ARER L
© Two d holes S I % 10Dgq octahedral
I,
10Dg —' —dy bL,=—FQ=d¢
— 10D
3 F ’ 1/, T, q
. PR —F— d¢ 4
HELEMRE tZg —Or—d
sevenfold A X 10Dq % 0 r
degenerate orbitals *,
10Dq
| ——r,
REIRILF—ZER ol
ground-state multiplet e, -Q—9-=dy
S=1,L=3 | 2
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HmEREAH

magneto-crystalline anisotropy
BEREL % ($E#ZIK) localized spin system (insulator)

HRE + REVEILEMEEER

crystal field spin-orbit interaction

EFHFEH

quantum mechanical
0 (5 @
o
l —Ze

27

AEVELEHEER spin-orbit interaction
Hy,=AL-S ﬂ:—h 1dr ERSEEES

2m*e? r dr relativistic effect

TTRICXLTHEE
REUHEREERONE(CRIER) o (B

significant for heavy elements
Effect of spin-orbit interaction (2nd order)

__p (O, |n)(n|L,]0)
_EZAIUV;UV A/‘V:Z E_E
n(#0) n 0
Price’s spln Hamlltonlan (1,v =x,y,z)
ERESEAE(CR) it mm D X FR 1%
Magneto-crystalline anisotropy crystal symmetry
HY =DS:+E(S;—-S)) D>0: BREHE
easy plane
IEH& ®A & D<0: —EhRZE
tetragonal orthorhombic

uniaxial

M. Shirai (Tohoku Univ.) 14
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Q5: Energy splitting by uniaxial magnetic anisotropy (S = 1)
ERESEAE(ERS)
Magneto-crystalline anisotropy (trtragonal)

HQP =DS’> D<0: —#EZE
uniaxial
REVETFH
S — e
I IEA&
cubic tetragonal
° ¢
e O .ﬁ.
.—"?‘ @ fz
—Ze T Le
® '. 29

MRESMH

Magnetic anisotropy

HIBBF- BB FHEER SHEFH

magnetic dipole-dipole interaction Electromagnetic

BREMSEHN BT NEH

magneto-crystalline anisotropy ~ Quantum mechanical

BEAEL R (1BBIF) @
Localized spin system (insulator) ‘
2B+ REUHBEREER
crystal field spin-orbit interaction ‘ !
EEEL R (SB) ®

Itinerant electron system (metal)

BF/A\UNEE + REVEVEHEEER

electronic structure spin-orbit interaction 30

M. Shirai (Tohoku Univ.) 15
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4. [RF%EEBEFOHREER

Interaction between atomic nuclei and electrons

31

BRESKE—AVE

nuclear magnetic moment

M, = gnind :%I

gN *3'2 g'%

nuclear g-factor

I ¥ AE> nuclear spin
(I=1/2, 1, 3/2,2,---)

ZeemantB B {EF
HZeeman = _aun ) H

» 5\ ERFIS external magnetic field

o EBHEIS hyperfine field

vy S EG

nuclear gyromagnetic ratio

uo=="
Mpc nuclear magneton
Mp EZFDE=
1 proton mass
N = 1600"®
I =-1/2
1 _“I“(?N/’lN
I=2 I.=+12

H=0 H=0 32

M. Shirai (Tohoku Univ.)
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B0+ B 4E A Hyperfine interaction
FRRICHIBMRAEY I EBEFORIZIE=o<HHEEER
BEWBTHEER 4 Bz

magnetic dipole interaction

I-s=3(I-F)(s-F)

Hdipole :_yNyehz 7"3
JTVIEMBEER sz HEAETHELDHAEER
Fermi contact interaction interaction with orbital moment

87 I-1

HFermi = ?yNJ/ehzl.s 5(1") Horbital = yNyehz 7"_3
MR MBHRE R BT B3
core polarization interaction s EFOAREVEERE

S 10 ]

______________________________ B 33

M & 4% 48 B /F Al Quadrupole interaction
RFEHOBERMEBE—AVNEBEFDIEHEZLOEEER
HMOEBE—ACE eQ = ej (322 _I,Z)ION (r) d3r

nuclear quadrupole moment
epy(r) RFROETEE
BRFZAEIZHTHES

electric-field gradient on nucleus

dE. d*v| )
eq = =— 2
dz |,_, dz ‘r:O 3 - ]
=5 T2

PO S 4540 E 4 AR (— Bt T 2

quadrupole interaction (uniaxial)
e’'q0(,) _ e'qQ
i = _ (312 —1(1+1)]
2 4121 -1) 34
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ARINTD T —ENER Mossbauer effect
B D IR U KR
ex) °>’Fe -1 =-3/2
123/2 ]:3/2 — I :_1/2
S 1. =+1/2
T I.=+3/2
y R
T T I = +1/2
[=1)2 I=12 ~————— 7 I.=-1/2
\ ZeemantB E{EF+ MEEHEE1EH
#RIR source Zeeman interaction  Quadrupole interaction
Doppler $h&%F|IA %

S E 3k

[1] EFHNERER: THEME) (FEELE, 1969).

[2] EAHRR1E: ToREIEADYIE (L) I (REEE, 1978).

[3] EHIERER, fih: TEA)CEKREE, 1994).

[4] ZERA: [EEYHNE BERECRI(ZER, 199).

Bl ZRAMF, ik E: [EARDOEFIREBEHME]
(REZHE AR, 2003).

[6] 5H t&, fith: TREVFAZVRAD = DETE#E
F/RTUTILTHA2 I (NBAZER, 2022).

BF IEXX (Shirai, Masafumi)

RitKZE ESEEHRM
E-mail: masafumi.shirai.b8@tohoku.ac.jp 35
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