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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

H = L[p +EA]2 —e®d RIMVRTU %)L
2m C vector potential H

H =rot A=(0,0,H) A= 7(—y, x,0)
2
D eH
H = +— +
. { . ( xp, — ypx%
@ BEAETE

orbital angular momentum

2172

]—iz (x* +y2)—eCD

e =(rxp).=xp,—yp,

EJIJETJZ—L:E AUk R—T7HF
orbital magnetic moment Bohr magneton
_en eh

I=—pgl Hg =

, 8
EF electron mc 2me
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BFAEY electron spin

AEVAIESE spin angular momentum

hs=los  s=1/2
2 AEVEFH
INT1)ATH] Pauli matrix

R R

Commutation relation

6-(o) ¢-[)

spin quantum number
0 1 0 —i I 0

= o = o =
N *li o0 o -1

[s,,5,]=5.5,—5,5, =is,

h
HSO :W[VVXP]S

Rt FAART 24 )L in spherical potential

AEVHSRE—AVE =TT
spin magnetic moment Bohr magneton eh
eh IL[B =
B, =—"8 —S=—-8HUgS 2mc
2mc
g-factor: g=2.0023 9
AEVELEME/ER  spin-orbit interaction

EPSETEYIES

relativistic effect

Hyy=A1s Hyo=—H, p,
n 1dV A
5 22 H, =—1I
2m°c” r dr o J 78
€
H, B¥HR
g? effective
magnetic field
S,
A
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Q: 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
A=24
j=12 — 2
m; = +1/2, ~1/2 y
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 — 12
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)
. . 13
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 14
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2. WiE P DHK[E—AVDEE)

Motion of a magnetic moment in a magnetic field

15

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 16
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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
18
H <cExp
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3. iEmPDHEMEAT (IE&m5)

Magnetic ions in a crystal (crystal field)

19

#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 20
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SERORBBIN I oo
crystal-field splitting of multiplet e, :6:":6: dy o " ’Ze
ex.) Two d electrons (Ti2*, V3*) o
JNEREL L
— 7 1, 10Dg octahedral
; r u
10Dg lzg:dg €, FQ=dy
3F I I q
PELERE e,——dy , _s4
se]vLenfoId 10Dg ¢ b ZO_ de
degenerate orbitals
- 10Dg
REIRILF—ZLEE .
ground-state multiplet - 1
S=1,L=3 LRI de 21
. RFDLETFIKE
$EIH multiplet Many-electron states of atom
RIEIRILF—ZEEICETLSIUDHAE
Hund’s rule for ground state multiplet g
E18): 2XEVAEHE 5 BA S=2.

1st rule: Total spin angular momentum S : maximum

F200: £PEAERE L KX L=31,
i=1

2nd rule: Total orbital angular momentum L : maximum

m= 12 12 ex.) Two d electrons (Ti2*, V3+)

m=+21Q REIRILX—LEIE
$ ground-state multiplet
+ | @
0 °F S=1,L=3
1 General expression:
25+ v L=0123-~--
-2 L'=S,P,D,F, -+~ »
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® EFL
%EIEO)%EI EIEIi:’JJ_/\§Ij I e k_rjc_)l%
crystal-field splitting of multiplet thy Eé:—;ég de .——’?’Ze
ex.) Eight d electrons (Ni2*)
JNEREL L
@ Two d holes —F I € 10Dg octahedral
T,
IODC] :d}/ tZé —0_ de
. RN —a—dc 4
BELEMHE lyg —ht—
seJ\TenfoId 10Dq € 0 4
degenerate orbitals . LoD
q
. — 1,
REIRIILTF—ZEIE Ll oe
ground-state multiplet e, Q—9=dy
S=1,L=3 ‘ 23
EmEEAM

magneto-crystalline anisotropy

BEREL F ($EA) localized spin system (insulator)
EaEs + XEVEEWHREER

crystal field spin-orbit interaction

e
Q BF NP

‘ ‘ quantum mechanical
Ve
| — Ze
@ s
HSO - ﬂ.« l' S

24
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AEVENEWEYER spin-orbit interaction
Hy=AL-S 7 h” 14V ERSEEYES

B om*ct r o dr relativistic effect

TECLCHEE
RELREREARONE (CRIET) s o B

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

__p 0]L,[7){n|L,[0)
HS__/?“ ZAWS#SV AW:Z yE E
J7RY n(#0) n- M0
Price’s spin Hamiltonian (u,v=x,,2)
EREREAE(CR) DX PR
Magneto-crystalline anisotropy crystal symmetry

HY =DS:+E(S;-S;) D>0: BRERE

easy plane
EA& A& D<0: —EHEZHE
tetragonal orthorhombic uniaxial
MREAMHE

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) ‘ ' .
S8 4+ REEEEEER s+ T
crystal field spin-orbit interaction ‘ !
EEXEUR(2E) ®

Itinerant electron system (metal)

BF/A\UNEE + REVEVEHEEER

electronic structure spin-orbit interaction 26
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4. [RF%EEBEFOHREER

Interaction between atomic nuclei and electrons

27

BSE—AVK

nucclear magnetic moment

JINIEEAYINY | :%I

gN *3'2 g'%

nuclear g-factor

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

ZeemantB B {EF
HZeeman = _:uN ) 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 28
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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 29

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) 30
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1=1)2

#RIE source

AR I\ T —31E Mossbauer effect

ZNOL NG
o [ =-3/2
] = 3/21,:1,::'—‘\\ I :_1/2
N I=+1/2
NI [ =+3/2
e L=+1/2
[=1p T L=-12

ZeemantB E{EA+ MEBHEEER

Zeeman interaction  Quadrapole interaction

Doppler 12% %8

[2] IEABHEIE:

%

22 Xk

[1] EHFNERER: THE ] (BEREE, 1969).
MRS ADOHIE (L) | (FREE, 1978).

[3] EFIERES, KIREXF, IIF & FEFZ:
MEfA ) CRIREE, 1994).

[4] ZERE: L&YY BEAEVRI(EERE, 1996).

5] ZRAMF, ik E:
MEADEBFIRE LM (REHF HR, 2003).

B# 1EX (Shirai, Masafumi)
T980-8577 lEMEHEER F¥F2-1-1
RiEXZE EREEHRAR

E-mail: shirai@riec.tohoku.ac.jp 32

M. Shirai (Tohoku Univ.)

2020/2/17

16



