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i Ui

ubobooogooooobobobooboboooooooaooooboboobooooooooboooboobada
ubobgoogooooboobgoboobobobooobobobooooooobobobobgooaon
0000000000000 0 (00O00(basis) 000)0000000O00000OOOOOOOOOOO

oooo
(00D0O0)+(0000)=(0000)

000O0O0O0oo (0 1.1)0

] @ @
X X X o° O0° @°
[ (2] @

01.1: (0000)+ (0000)=(0000)

1.1 OOddd

000000000000 000 000000000 v =r+4wua;+vaz+was 000000000
(u,v,wO000000)00000000O0O0O0OOO000 (a1,a2,a3)0000000000O000O00O0
000000000000 000000 a,b,e000000000 (primitive translation vectors) 0 0 0 O
gbboodobooobooboboobooboobboobbooboooboooboobobooboo
R=ua+vb+wec000000000000 w,v,wO0000000000O0O (lattice points) 0000

00000000000000000000 a,b,ec0000000000O0000O0OOO0 (primitive cell)
gbobobooboooobodgbooobooboobooboboaoboan
1. 0000 (uniteel) OO0 000O0O0O0OODOO0O0O0OOOOOOOOOOOO

2. 000000000 |e-bxel00O0000OO0

00000000000000000000000000000000000000000000000
000000000000000000000000Wigner-Seitz0O0OOOOOOO00O00O0
0000000000000000000000000000000000000000000000 (0
?2)0
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1.2 0OOdd

0000000000000 0000000000000000000000000000O0000 (symmetric
operation) 0 50 000000000000 O0O0OOOOOOODO (O0O0O0OOO0DOOOOOOOOOO
000000000)00000000000000 (symmetric element) 0000

O0(identity) 0000000000000 ODO0OOOOO0OOO0OOOOOOOOOOOOOO

n 000 (n-fold rotation) 0O O (n 00 00O (n-fold axis of symmetry) 00D OC, 000) 0000
mrad 00000000001

0 O (reflention) 0 00 (00O (mirror plane) 0000 000)00000000%

0 O (inversion) 00 O (000 O (center of inversion) 0000i000)00000000000000
oooo

n 00 O (n-fold improper rotation) (n 0 O O O (n-fold improper rotation axis) 10005, 000) 00O
g %[rad]EIEIEIEIDDDDDDDDDDDDDDDDDDDDDDDD

gbboobooaobobboobooboobooboobooooboaboa

1.3 Bravais [

oo0oooopoo0o0ooDooo00 4000000000 00000DOO0O0000CO0Bravais
O (Bravais lattices) 0 D O OBravais 000000 300000 2000000000000000

1.4 Millerd

gbbooboogbooboboobbobboooboooooobooobooooboobobooan
000000000000000000Miller 00 (Miller indices) 0000000000000 0OOO
gbboobobooboobgobooooo

a,b,c000000000000000T=ua+vb+wec00000000 [ww)]OOOOO0OO0OO0OO
gbboobobooobooobooobooboobbobbodid wwd DD <ww>000000
gbooaobooaboobod

1 1 1
Ea+0b+Oc Oa+Eb+Oc 0a+0b+70

0300000000000 (hk)00000000000000000000000000000000
RlDDDDODOD {kkl}ODOODO

0000000000000, 00000000 0 (primitive axis) 0000
2000000000000 ¢,00000000000 ¢,00000000000 200 C,00000000000000 oyq
gooooooo



020 0O0000XOO0O

2.1 BraggO (@

000000000000000000000000000 (diffraction) 000000000 O0OOOO
O0000000Bragg 00O (Bragg law) 0O OO

000J400000000000600000000000000000O0O0O0O0O (0000000 (elastic
diffraction) 000 )0 0000000000000

2dsinf = nA (2.1)

0000000 Bragg0OOOOOOOM

|sinfl <100d00000ADODOCODOOOOOOOOO(1)00000 ANOODOOOODOOOO
O0D0000MANODADODOOODOOOODOOOOOOODOOD X000000000o0ooooooooo
0000000 XANO0D0DOO00D0DO((.1)0006000000000000000O0O0O0DOOOOOOOO
00000000000000 1073010°0000000000000 103010°000000 BraggO
0ooooooooooooon

OO BraggOOUODODOUOQOOOOOODOODOOODODOOODOODODbOODODbOOODbOOODbOOoOboDOOO
g0o0d0ood0ooOOoOOoO0oDOo0ooOoOooOoO0o e00DOO0DOODOODOODOODODOODOOn
000000000000 0000oo0oooo0o((.)Uoo000oo00o0oooooooooooon
0000000000 (reciprocal lattice vector) 0 0 0000

22 JUoooond

(hkl)O O OO k:(kr,ky,kz)DDDDQDDD KOoOOODODDODOOOOOoD0O0O0O0OO0OO0O0O0ooooO0oaO
gbobooboboaobooboobobooooboooboobobooboan

2w
|M=WW=7- (2:2)
00000000021 00000 (0000000000)000000000000000000
Ak=0P=FK -k (2.3)

0000000 (scattering vector) 0 00 O

I000Bragg 000 Bragg 000 Bragg 00 000000000000 00000000O00O0DOOODOOOOOOODOO
goooooOooo0o0ooooooooooobooOoOooooooOoboOoOoboOoOoOoooooOoOoOobOOoOoOooOooOooOOoOoboOobo

0000 (z,9,2) 00000 (&,28 25y 00000000
o byt ks
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~’(hkl)plane

0 2.1: Ewald O

O000OBragg 0O OOOOOODOOOOODOODOO GOOOOO
Ak =G (2.4)

00000000000 ((24)0 (23)0000000Bragg00O0O0O0OOODO

E=G+Ek

K']> = |G+ k|?

B =G*+k+2G -k  (—(2.2)

G>+2G k=0 (2.5)

Ak=G

t ¢l ¢

gbooobooaboaobod

000000 21000G0 (hk)ODOODODOD0OOOOOO

47 sin 6
A
DDDDDnleDDD(hk‘l)DDDD BraggO OO QOO

G| =

2dhklsint9:)\
goooogd 5
™
G-~
Gl dhii

coooooOooooooOoooooooooOoooooGoOooo

b-c c-a a-b
h'2ﬂm+k'2ﬂa-b><c+l'2ﬂa-bxd (26)

= ha* + kb* + lc* (2.7)

G
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ooooo3g

(27)000000 |G00 (kkl)0000000000000000000000000000 Gag O
00000000000000000(RK) O0Mille000000000000000000000000
0 O (reciprocal lattice points) D 000 (2.7)00e*0b*0c¢* 000000000000 00000000
O0e*0b*0c¢*00000000000000000000000000000O0O00 (00)-'0000
00000000000000000000000kD0D000000000000000O0000000
000000000000000000000000000000000 (111)000000000000
00 a+b+c¢00000d,0000000000000000000O0O0O0000O0KOOOOOO
000 kia+kb+kse 00000 (00000)L 000000000

k|
0000000000000 000000000000GLO00O000O0O00oOoOon

G-a = 27h
G-b = 2nk
G-c = 2l

23 0JUOO0Ooon

0000000000000 (0000000 (hkl)0)O BraggOOOOOOODOOOOODOOOOO
(25)00000000000000000OD0O0O0O0UOO0O0UOO0O0OOO0OOUOOOOOUOOOOOOO
ubobooogooooboobobobobobooooboooboboboobobobooooaon
gbooogbooaoboobboobooboobooboaoboooooboaboo

2.3.1 0000

obooooooD XobooooooXoobooobooooboooooooboooooooXxooooooo
00000000000000000000000000000000000000040

0000000000000 000000000000 XO0)oooooooooooooooooo
ubobogooooooboboboboboooobooboobobobobobobobboooooaon
O0000r-000dVO000000000000000000000000000000 n(r)00O0O
O000»r-00000000000000 dF(r)0

dF(r) < n(r)dV (2.8)

gbooan

0000000000000000000000000000000 (=000)0000000000
On(r) 0000000000 T =ua+ vb+we(u,v,w00)0000

n(r)=n(r+1T)

30000000 2r0000000000000000C0O00O0O0O00DOO00DO02r00000000000

4000000000000000000000000000000000000000000000000 4000000000
gooooooooooboooooooooobooOoOoOooooooooOoOoOboOoOoOoOoOoOooOOoOOObOOOOoOoOoOooOooOobODbDOnD
gooooooooooooooooOoOoOoOoOoOoboOoO0oOoOooOoOOoOoOOoOoOoOoOooOOOOOO0OoOoOoOoOOoboOoOoOOOnOn
goooooooooooooooo
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0000000000000 0000000000000000 Fourier0OODOOOOOOOOOOOn(r)
O Fourier DO O OOOOO0OODOO

TL(T‘) = ZjCj exp [’LXJ . T‘] (29)

000 (0oO0)oo00o0oo0o0o0o0o00o0O0000n X, 00000000000 GpeyOOOOOODO
000((28)0 (29) 0000000000000 0OOUOODOOOOOOOO

n(r) = Chrrexp [iGnyi - 7] (2.10)
hoked

00000(.10000000000 G 00000OD0O0O0O0O0O0O0O0O0O0O0-00000000
o0 r,000;0000000r,0000000n(r—r;)000000000000000000DO
ooooooooooooooon;(r—r;)) 000000000 0OOOOO

n(r) = an(r —7j) (2.11)

232 0JO00OO0OODOOOOO

oo0oC0 220000000 000000000 A0000O0O00O00OO0KOOOOOOOOOOO
0000000000000 00000 K 0000000000000000000000000O00000

022:.000000000000O0

00000000000 000000OBOOOOCOOOOOOOOONOOND po0O0ODO
0000000 AOOOODO0O0OOOOOOOO0000000OO |rsing0000000000000
0AOD0D0O0 paging D

27|r|sin ¢

PA(ine)y = PO \

= potk-r
o Apme=k-r (2.12)
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gbooan
00000 A0O0O0DOOU0OOCO000O000OO0O0OU0O0O0OUOO0O0OOO0O0OUOOO AO |rjsinfé00O0
0000000000000D00000 ADOO0OD pagresy O

27|r|siné
Pa(ref) = PO~

= po+k-r

& Apme=Fk -7 (2.13)
good
(2.12)0 (2.13)000000000 ApOO
Ap = Apinc + Apref
= (k—K)-r
= —-Ak-r

0000000 ApOO0DO00OO0O0DO0O0O0 expeAp)0 0000000000 ADOOOOO d(r)0
i(r) = exp [—iAk - 7] (2.14)

good

2.3.3 0000

00000-000000000000000000000O0R(r)000004(-)000000000
000000000000 dV 00000000 K OO0OO0DOO0OO0OO0O0O0OO0D0000 dFO00DN
0000000000(2.11)0 (2.14)000
dF = " nj(r—r;)dV x exp [~iAk- 7] O (2.15)
J
O000000000000000Brageg 00 (25)000000000000000O0OOOOOOO0O
dooooboboobooboboobOoboobouobooobobOobooboooo0obo0dOdBraggh oo
000000000000 0000000O00O0o0oo(4)000000000000 QO JdFOOO0O
00000000000 (hkl) 0000000 (scattering amplitude)Fr,, 00 000000000000
goooooooooboooooobooooobooooooon

Fouy = / E n;(r —r;)dV x exp [-iGpri - 7]
Q
J
= E / nj(r — rj) exp [—ithl . (T‘ — ’I"j)] exp [—ithl . rj]dV
- Q
J

= Y e iG] /Q ny(r —13) exp |—iGpt - (1 — 15)]dV

J
QOO0 NOOOODOOOODOoOOoOooooOoooooo

Fu = NY_exp|—iGhui 7] / nj(r —r;)exp [—iGp - (r —r;)]dV (2.16)

F; unit cell
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00000000000000000000 0000000 (scattering factor) JOD OO0 f; 00000
000000000000 (k) 00000000000000D0%000000000 (2.16)00

Fr = Nij exp [—iGhit - 5]
J
NSe(hkl) (2.17)

000000000 Se(kkl)0000D0000 (structure factor) 0000000000000 (kkl) OO
000000000000

gooooobobogooooboboooooobobooooooobooggooobooooooooooon
goooooodgobodg jgoooogon
rj = zja+y;b+ zc
ocooooooooooaGOo
Gur = ha™ + kb* + [c*
o0o0(17ooooooooon

—iGppr-r; = —i(ha* +kb* +l1c*) - (z;a +y;b+ zjc)
= 2mi(hz; + ky; + 1z;) (2.18)

O000000000000oon Se(kkl) 0O

unit cell

Sc(hkl) =Y fyexp[-2mi(ha; + ky; + 12;)] (2.19)
J
0000 Fp = NSe(hkl) 00O Se(hkl) =00000 Bragge OO OOOOOO0OOOOOOOOOOOO
0000000000000 000000000000000000000O00oOO Se(hkl)yooooO
gooooooooooooon

gbooobooaoon

000000000000000(zj,¥;,2)=(0,0,0),(3,1,3) 000000000000000000
000000000000000000000000000000000000000000000000

ugboobooaobooboboobbooboaoboab

Sbee(hkl)

Fexp [0] + exp [—m’ (%h Fokt %z)]}
fll+exp[—in(h+k+1)]}

O000h+k+!0000000 See(hkl)=000000000000000000
h+k-+10000000 Spe(hkl)=2f000000000000000000

5f]-[l[l[l[l[l (000)0D0D0O000D000O0O0D0O0O0O00D X0OO0OOD0O0OO0ooOO0ooODOooOoooooooooooo (o
00)00000000000O00O0O0D0O (152000000
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gbooaobooaoon

000000000000000(=y,y;,2)=(0,0,0),(0,%,1),(3,0,3),(3,3,000000000000
oooooooooo

Spec(hkl) = f{exp[0] + exp [—m (Oh + %k + %z)] +exp [—m’ (%h +Ok+ %z)] +exp [—m (%h + %k + oz)] )
= f{1+exp[—im(k+1)] +exp [—in(l + k)] + exp [—im(h + k)]}

0000k DO00D000000000000 Sp.(hkl)=4f0000000000000000O0DO
(hE) 000000000000 Spee(hkl)=000000000000000000

gboobooaboobooab

000000000000000000000000000000Nat00000000 (z4,y;,%) =
(0,0,0),(0,4,1),(3,0,3),(3,3,000000000000000000000000000000000
0o

Sfcc(hkl) = O’fccf

oooo
Cl-00000000(zj,y5,2)=(3,3.4).(3,1,1),(1,3,1),(1,1,3) 000000000CI- 00000
000000000000000000000000000000000O000D000000000000

ugbooaobooaoo

)

(1 1 1 . 1 1
INaGfee + f1 {exp [—2771 (511 + 5]6 + §l>] + exp [—2771 (1h + 5]6 + §l>]

(1 1 1 1
+ exp [—2771 (§h—|— 1k + §l>] + exp [—2771 (511 + 5/6 + 1l>] }

= fNaCree + forexp [in(h + k + 1)[{1 + exp [—im(k 4 1)] + exp [—inw(l + h)] 4 exp [—in(h + k)]}
= 0fee(fNa + forexplin(h + k+1)])

0000h+k+100000AKDOO0O0O00000 Spu(hkl) =o0sec(fNg —fcy) 000000000
0000000000 O0000
h+k+!00000 ROODOODOODOOOOODOOODOOOOO
h+k+100000 AKIOOOOO00000 Sps(hkl) =0sec(fNa+fc) 0000000000000
h+k+!00000 RMOODOODOODOOOOODOOODOOOOO
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gooboooooood
DDDDDDDDDDDDDDD(J?J,?/J,ZJ):(0,0,0),(0,%,%),(%,0,%),(%,%,0),(%,i,i),(%,%,%),(%,i,%),(%,%,i)
ooooooo40000000000000000000000 oy, 000000000000 O0O0O0O0O

Saia(hkl) = f{0jec +exp [ig(h tk+ 1)]
+exp [ig(lﬂ— 3k + 31)] +exp [ig(3h+ k+ 31)] +exp [ig(3h+ 3k+ 1)}
= f{0jec +exp [ig(h tk+ 1)} (1 + exp [—im(k + )] + exp [—im(i + h)] + exp [—in(h + k)])}
= fojec(l+exp [zg(h +k+ Z)})

oooO
h+k+100000 (hk) 000000000 Syi(bkl)=4f000000000000
h+k+100000 (Rk) 000000000000 Sue(kkl)=00000000000000
h+k+1l=4n+20000 Su.(kkl)=00000000000000

h+k+1=4n00 (hkl)000000000 Saie(kkl) =8f 000000000000
h+k+1=4n00 (Rk)) 000000000000 Sue(kkl)=00000000000000

ugbooaooaoo

00000000000000000000000000000000000000000000000
Zn000000(zj,y5,2) = (0,0,0),(0,1,3),(3,.0,2),(5,3,00 00000000000S000000
(3,1.9),3,3,2),(,1,3,(3,2,1)0000000000000000000000000000000
000000000000000000000000000

gbobogoobooboboabod

Sp(hkl) = f00 e + fgexp [ig(h Ty 1)} O fec
= Ofcc (on+fSeXp [ig(h+k+l)])

oooO
h+k+100000 (hkl)00000D0000 S,(hkl) =4fz, 000000000000
h+k+!00000 (hk) 000000000000 S,(kkl)=00000000000000
h+k+1=4n+20000 S,(hkl) =4(fz, — fq) 000000000000 00000000O0
h+k+1l=4n00 (hkl) 000000000 Su(hkl) =8(fy, +fq) 000000000000
h+k+1=4n00 (hkl) 000000000000 S,(kkl)=00000000000000

gbooabooan

Ca0O0O00ODOOOOOODOOOOODOFOODOOODOOOOODOODO SODOODOOODOOO

3 3 3 3 1 1 1 31 113
Doo(3,3,3),¢3,40,¢,3,h,(4,1,3) 0400000800 FO000DO0OOODOON
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030 000000 Brillouin [l

3.1 JUooon

obooooOob0o Xoogooobooooobobooboooooooboooooooboooobooboooo

ogd
Ip?
EF=—
2m

O de Broglie O O
)\ =

SRS

gbboagbooobooboboobbooboobbooboboaoboa

p o L (R _ma
Too2m\\/)  2m )2

V2m 1

h VE

00000000000 00000000 A0eVOOOODO

12
EleV]

%)\ =

MA] =

good
gbooboobooboboobobobooboboboboooooooobooboboboboboboboon
gbooooobobooboobooo Xbobooooooooooooooooobooboooboooo

3.2 Brillouin[J

ocooooOoOoOoOoOoOOoOOoOOOOO0O0 G=ha*+kb*+cxl000000000O0O0O0O00O0OO
gbooaobooaooboo

) k
/2 k-G/2

031 00000000000000
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ocoooooOooooooOoobokoOOobDboO 31000

G G?
e k=7
& 2k-G=G? (3.1)

0000000000 (25)00000000O0OO0OOOOOO0OOOOOOOOOOOOOOOOO
0000000000000000 (kk)) 00 BraggeOOOOOOOODOOOOODODOOOOOOOOO
ubboodoboooobooboooboobboobbbooobooobooboboboboobobooboo
BrillouinOOOOOO0OOOO0O0OQO BrillovinOOOOOOOOOOOO BrilowinOOOOOODODO
OO0000O0O000OO0OO0OO0000DoOob0O0O0n BrillowinOODDO BraggOOOOOOOOODOO
0000000000000 BrillouinOOO0O BrillouinOOOOO (O 3.2)0000000 Brillouin O
gbbooboboobbobggboda

_1st Brillouin =zone

0 3.2:20000000 BrillouinO

3.3 BrilloumOOOQOOOOOO

00000000000 00000D0 1000000000000000000000O0OO0
000000000000000000000000GOO0O0O0000000O000N0onoonoooon
00000000K O000000000000000000000000000000000 7000
Doooooooooo ¢ Tooooo

0000000000000 (23)0BraggeODOOO0OOOO0OO (24)000

K =k+G (3.2)

ugbooabooaon
gboboogbobboobobooboboobooboboobooboaoboo

. L./
¢+ — €1k~'l” 4 elk -r
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b = ok _ e’Lk, r
0oo0o(3.2)000
b, = eik'r(l n eiGr)
b = eik'r(l _ eik’-r)
pgooooooooboooboooo
|¢+|2 _ eik'r(l + €¢G~T)€—¢k~r(1 + e—z‘Gr)

= 1aeiGr L iGT
= 2+42cos(G-r)

= 4m§(%-ﬁ (3.3)

6_|2 = eik'r(l _ €¢G~T)€—¢k~r(1 _ e—z‘Gr)
- 11— e—z‘Gr . e—iG-T‘ 11

= 2-2cos(G-7)
= 4$n2(%§-r> (3.4)

good
G-r=2nm

000000»0 |¢,?0000000¢_?0000000
r000000000000000000000000000

r=xa+yb+ zc

ugbooaobooaoo
G = ha* 4 kb* + lc*

0000 G-»rO00oooon
G -r =2n(hx+ ky +12) (3.5)

O002nr0000000M+ky+1-000000000000000000000O0 (OOO)OOO
0000000000000 |¢4+|00000000O000000O0O000O0OO0O0O0OO0|e-|O000O0O
goodobobbboooooboboooboo

000000000000 0000000000000000000000000000000000]|¢4|
00000000000 |¢-|0000000000000000000OBragg0 000000 (& 00
00000000)0000000000000000000000000DUO0oOO0Oo0ooOoOooOoOo
0000000000000000000000000d (forbidden band) DO 00000000 OOOOO
00000 (allowed band) 00 00O
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3.4 BlochOQO

00000000000000000000000000 " 0000000000000000000
ubobogoogobooboobobobobobobobobobooooobooboboooooaon
000000o0ooUooOooVvV(r)0OOUOOOODOUOO0O0000o00oo0ooooooooTrooooo

Vir+T)=V(r) (3.6)

OO0000O0O000D00OOO000O Schrodinger 00O

hQ
(——V2+V(r)>\ll(r):E\I!(r) (3.7)
2m
0000000000000000 ¥(r)0000000000 (3.6)000000000000000
370 r=r+T 0000000

(_%VQ +V(r+ T)) U(r+T) = EV(r+T)
(—%VQ + V(r)> U(r+T) = EV(r+T) (3-8)

(3.7)0 (38)000VY(r)0 E0O0ODDOOODOOOOODOOY(r+T)0 FM=FE000000000
oog,t

U(r)=c¥(r+1T) (ceCh) (3.9)
00002000000000007T000000000000
@ (r)]* = [¥(r +T)|? (3.10)
(3.9)0 (3.10)0 00

o = 1

& e = cosf+ising =l =2k

ocooooooooooodoobodded, c0d0OO0O00O0OOODOO0ODOOOOODOOODODOO

U(r +a) = 21 Y (r)
U(r +b) = 27k w(r) (3.11)
U(r +c) = 2k Y (r)

0000000000000 T =ua+vb+wecOO000
U(r + T) = et?rlukitvketwks) gy (3.12)

Oo0ooooooOdrooooofdobek0d0oooOoooooooooon

1Schr6dinger[|[|[|[|[|[l[l[l[l[l“—%Vz+V”[IEIEIEIEIEIEIEIEIEI(E,\II)DDDDDDDDDDDDDDDDDDDD
gooooooooooooooooo
20000000000000000 1000
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00000000000k 0000000000000000000000O00000 (3.6)00000k
gogodobobboboooobbbo
U(r+T) = e*Ty(r) (3.13)
00000 Bloch 00O (Bloch theorem) 0 000
O000000k00000000000000000k =kix1+kexs +ksxes 0000000 (3.11) 0
gooooboo

T kE = (1a+0b+Oc)-(k1x1+k2x2+k3x3) =1k
— a-x;=1,b-xy;=c-x;1=0
|:||:||:||:||:|DDDDD(B.II)DDDDDDDDDDD

b-xo=1,c-xo=a-x3=0
c-x3=1,a-x3=b-x3=0

ubobooooooooobobobobobobobobooooooobobobobbooogoao
0000 (e*b*c¢*) 0000000000 ODOO0OO0OOOOOOOOO

k= kla* + k‘Qb* + k‘gc*

0000k000000000000000 (000)0000 (kkks) 00000000 dpyper, 300
000000000000

3.5 BlochO

Bloch 00000000000000000O0OO ¥(r)000000000000000BlochdO0
(313)0000000 ¥(r)0000

ug(r) = e T (r) (3.14)
000000000000000000 w(r)000000000000000000
up(r+T) = e BTk Ty 1)
= e_ik're_ik'Teik'T\Il(r +T) (« (3.13))
e—ik/r'\p(,r,)
= uk(’l") (3.15)
00003140000 ¢ Tooooo
U(r) = ¢k Tuy(r) (3.16)

0000000000000 00000Bloch OO (Bloch function) 00O 0Bloch D000 O (3.6) 000
0000000000000 0000000000000 w(r)0000000 e¢k-Toooooooo
g
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3.6 BlochOUOUOOGOGOGOO

OO00OBlochODOO r—r+T7T 000000000O0O0DDOOOO0kKk—k+GOOOOOODODODOO
0000000000000000O0Bloch00000000000000000000 G T000
gooan

U(r) = ¢ RHGOIT —iG T () (3.17)

ocooGoOoO00000G-T=0000000000000O0

e—iG-(r+T) _ e—iG . T‘e—iG . T
= "iGT (3.18)
(3.18)0 (3.17)0000000
U(r) = kG T G+ ug, ()

00000000 G T 00u,(r)000 r—r+TO00000000000000u,,g(r)0000

up,(r) = e G Tug(r) (3.19)

DDDDDDDDDDuk(T)DDD (3.1/))0 0000000000000 0U0O0OO0OOoDUOoooOoOoOo
OOOBlochOODO kK—k+GLOOOOOOOODOOOOODOOOO

e(I<:+G).r

Ve, glr) = (OWelly)

I
<

N
S

(3.20)

ocooooooooooOoOkOOOOOOOOOODEK+GUOOOOOOOOOOOOOOOOOOO
ocooooooOooooooOoooooOoooobD k-GoOOO0GUOOOOoOO00DOOkOOODOOO
gooooooobooooobbobbbbioooooooouibE, =E,, gooon

ocoooooOooooooo 33b000ooo0o0n0 F—kODOOOO34000000000000O
00 F—k0000O0O0ODO0OO0O0OO00O0OOOO (periodic zone scheme) 0000000000000 3.4
OO0 Brillowin OO OOOOOOOOCODOOCOOOOCOODOO3,0000000000000O000C 3.5
000000000000 (reduced zone scheme) 000 0000000000000 OOOOOOOOO
0000000000000030

3000000000000000 E—-k000000000D000KDO00OOO0 EO0OOOOOOOODOOOOOOOO
0000000000000 00000000000000 (extended zone scheme) 00000000000 DODOOO
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4.1 00O
0000000000000 0000de BroglieOl O
p=hk (4.1)

000000000000000000000000000000000000000000000000
00000000000000+¢0000000000000 (p,q)0000000000000000C0
000000 (pOp+dp,qlg+dg) 00 0000000000000000000000000000OO
000000000000 (wave packet) 000 00000000000004100000000000
000000000000000000000000000000000000000000000000
ooooo [

0 4.1: 00

0000000 (000)0000000000o00o00U0o0000Uo0000ooooooooOn
gbboobooaobooboboboobooboobboobbooboobooboboobobobooa

¢1 = Cexp[i{(k — dk)z — (w — dw)t}]
¢2 = Cexp [i{(k + 0k)x — (w + dw)t}]
googoobobobboooobbboboo
d1+¢2 = Cexplilkr — wt)]{exp[—i(dkz — dwt)] + exp [i(dkz — dwt)]}
= Cexp[i(kz — wt)] x 2cos[i(0kx — dwt)]
0000000000000 (042)00000000 ,0OOOOOOOOOO ANOOO

2
= 4.2
Al 5k (4.2)

000 p000 ¢O00000000000dp,dg 000000Heisenberg000000000000 dp-dg>h00000
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A== (4.3)

good

04200000000

goodobbbooooobbbbobb ooz
Okz — dwt =0 (4.4)

000040000 ¢ 0000000000 0000000000

dka’ — dwt' =0 (4.5)
pooooodoood o, dd
-
YTy
(4.4)0 (450000000000
Yy o 5
v Sk
d
— ﬁ (asd — 0)
goobooooboooboooooon
dw
vg_d_k (46)
0000000e=hv=hw0O0O0O000O
1 de
_ lde 4.
YT hdk (4.7)

00000000 (46)0 (47)00000000000000000 (group velocity) 0100000000
000000000000000000000000000000000000 (Ehrenfest 000) 20

2FEhrenfest 100 0000000000000 0000000O0000DOOODOO0OO000O0OO0O0O0DOODOO0OO0O00O0
0000000000000 000000OiM]
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4.2 0O0O0O0OOOOO

gbobgoooooobooobobobobobobooooboobobobobobobobon
O000000000000 E0O0O0 400000 v, 00000000 de000DO0O0O0O0OOOOOO

de = (—eE)-vydt

_ _%ﬂ(%)ﬁ (— (4.7))

h dk
dk
h—
dt
oboooooboboobooboobooboooboobooooooboooborFOO0O0OOODODOODOOO
gboabooaoboobooboan

Sdk = —gdt (Hde:ﬁdkﬁ

& —ek

dk  dp
F=h—=— 4.8
dt — dt (48)
0000000000000 (00)x(000)000000000000@8) 000000000000

00000006 0oooooooon

dv,  d [1de
dt E(ﬁﬁ)
1 d?e
T dkdt
1 d2¢ dk

hdk? dt

(48)000000000000

dvg 1 d?%
dt K2 dk?
2
oF = 7 _dv
(ﬁg dt
dk?
< dvg
dt
0000 (4.8)0 Newton DOOOOO0000000000000000000000 m*00000 (effective
mass) 00 00000000000000000000000000O00000O000000000000

goo

L
=
(%)

00000000e= LA k2000000000000

(4.9)
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ubbogooboobooboobobobobobooboboobobobobobobobboooooaon
gbooabood

OO00o0ooDoo00b00oDOUbOe—k000O0ODOOOOODOOOOODDOOOODOOOODOODOO
ubobogoogooooobobobobooooobobooobobobooboboboooooaon
ubbooooboobobgobobobooboboobobobobobobooobobooooboooooaon
OO0000O00k0OO00O0DOOODOOOOO0ODOODOODOO BraggOOOOOOOOOOODOOODOO
gbboobboobooobooobooboobooboobaoboaoo
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5.1 JUUooon

gbob01gb00obooboobooboboooboobooooooooboooobooboobobooboboOobono
0000000000000 000000,000((ole)00000000OO00OODOOOODOOOOOO
goo

gbobobobooboboboboboboboooboboooobobooooooooobooaon
ubobobooobooobobobobobooooooooooobbooboboboboboooooaon
gboooaon

l.0opoooooood k. ODOOO0OOOODOODOOOODOOOOODOOODOODOOODDOOO
ocooooooooog -k, 00OQ0O0OO0OOOODOOOODOODOOOODE —k.=k, 000
gbbogboobboobboaoboaboa

2. k0000000000000 e(k)0000e(k)=0000 (051)00000000 k000
0000000000000 —e(k.) 0000000000
0000000 k=00000000000000

_66(1%) = 66(_k6) = _GE(kh)

0000000000000 0000000000 —e(kp) =en(ky) OO0O0ODDOOOOOOOO
gbbogboobooboabod

Os51:00000000000000000O00



5.1.

gbooood 25

obooooomoobooboobooooobooobooboooboboobobooboboooobooooo
gbobogobgboobobooboboboobobooboobooboboooobooobooa

hoJe band

O 5200000000000

3. 0000000000000 000000000000 (ke,ee(ke)) 0000 e —kOOOOOO

(kn,en(kp)) 0000 ¢, —k00000000000O0OO

dee  _ den
dk. — dky
S Vge = Vgp (« (4.7))

gbboobooboobgoboodda

.Jof0o0ofd0ooo0ooo0o0oo0oobo0dbe—-k00DOO0ODOODOOODOOODO

gooooo
d2e, B d?ey,
dk? dk;,
SmE, = —my

5. ke JIODOODEOHOODOOOOOO(M.8)000

dk.
hdt‘:—e(E+ve><H)
dooodoooo0dk, =-k.0 vy, =v. 000
dky, dk.
T
= e(E+v.x H)
= e(E+wvy,x H)

gbobogobbooboboboooobuoboobobobbooboobobooboboooan
gbooobooboan

uboboooooooooboobobbobooooobobooobooboboboboboooooaon
ubobogoogooobobboobobobobooboboobobobooboboboboooooaon
gbobooboobooboobobooboobooboobobooda
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