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1.1 00000 (Wave Equation) 00000000

00000000000000000000000 (waveequation) 00000000000
(partial differential equation) 0 0 [ (7!

111 100000

xO0OOOOO0O0oODOOoooOo0oooo00oooooooooob0o0 1000000000 o0n

2 2

odooooooooooao xDDDtDDDDDDDD(amplitude)*zu(x,t)DDDDDDDDDD
O00D00000 (inea) 0¥ 0000000000000 09 00000000000 DOOOOO
000000000000 0000000000000000000ooooooo?

000 Jd/ox00000 x0000000000000000D0DODO 0000000000000
oo ddxoboooooooooon
goooooood

du(x, t) Cou(x + Ax, t) — u(x, t)
— = lim
dx Ax—0 Ax

(1.2)
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gooobobooboboobobooobobobDooboobobooooboobobobDobDooobobOobD g
good0ooo0oboOoo0oOod0oOO00oDOO000bOO0U0oDOo0DOObOOO0O0O00DOO0U0DOUDOTOooDOo
goooooooobobooobooboobDooboboooobooboobObOoboboDbOobDbOOobOobDoOobo
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01 100000000 Acos[k(x—vt)+qb]=Acos(kx—a)t+gi))[l[l[l[l[l
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Ooo0o00oOg(l.1)oooooooggo
u(x, t) = Acos [k(x - vt) + ¢| = Acos (kx - wt + ¢) (1.3)
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0(13) 000000000000 (.)ooooooooooooo

010000000000000000O0O0D000O0OO00DODOO00O0+00000900OO
00000 (travelingwave) DD 00000 0DADOOD¢OODOODKOOD (wave number)
00000000000 000000000O000 ADDD KODDOOKA=2r000000000

21
k=— 1.4
- (14)
00000000000 TOOOOO kT =T =2 000000
2n 27
T=—=— 1.5
vk W (1.5)
oooooogoogdg "
1 v @
V== 2n " am (10

0000000000000 (angular frequency) v =2y 0000000000000 O000OO

oooooo
w = vk (1.7)

0000000000 w000 kOD0O0O0000000O000O0 (dispersion relation) 0000

(DDDD ~
O00000oooooo (1.)yooooooooood

u(x,t) = Acos [k(x + ut) + ¢] = Acos (kx + wt + ¢>) (1.8)
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1 u(r,t)
2 7
Vou(r, t) — 2 o

=0 (1.9)

0000000 uw00000r=(x,y,z2)000t0000000000 V2ooooooooooo
00000 (Laplacian operator) D 000000000000

, R PP

_ﬁ+8_y2+$ (1.10)
oooo®ooO
2
V2= %%(#%%@[% (sin@%)+ Sirll%%ﬂ] (1.11)
googd
300000000001 000000000000DO00DODO00DODOO00O
u(r,t) = Acos(k - r — wt + ¢) (1.12)
0000000 (112)ooooooooo
k-r=kex+kyy + k.z = const. (1.13)

000000 000000000 KkOODDODOOOOOOO0ODOO0O0OO000O000000000000
000000000000 000000 (planewave) 10000000 kOO0OODOO (wave
vector) 000000000000 0O0O0OOODODODODODO vODOOOOOO(L12)00 19 D0O0O

ogog
2n_a)

Ikl = = (1.14)

gboobooobogoooon
30000000 (19000000000000000000000 (spherical wave) D000

u(r,t) = é cos [k(r — o) + gb] = é cos (kr - wt + qi)) (1.15)
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10000000 (1.)D0ooooooooooooooo

u(x, t) = f(x —ot) + g(x + vt) (1.16)

0000f,¢000000000000010 f(x-o)0D0O0O0OD00O (1.1)00000000000
gooooood

Pfx—vt) 1Pflx—ovD) [(Ix—-ovH)\ 1 (dx-vt)\ ,
R BT :( Jx )f(x_vt)_?( ot )f(x_vt)

= f"(x—ot) - (;Z)zf”(x ~ot) =0 (1.17)

DDDDf”(c):d;fC(f)DDDD

000000000 20 gx+o) 000000 (1.1)0000000000000

0 (1160000 10 fx—v)0000000D00000000000000 fx—of)0 C = x—0t
00000000000 00000000000000 2000 t0+t+At000000000000
00 At0DD00 AxOD0O0000000000 Ou(x+Ax, t+At) = f(x+Ax—o(t+At) = f(x—ot)
000000000000 x+Ax—0(t+A) =x—ot000000Ax=0At0000000000
0000000 u(xf)=f(x—o) 000 v0 +x00000000000000000000

00000 (1.16) 0000 20 gx+0)000v0 —x0000000000000D00DOOO

AX

—

u(x,t)
u(x,t+At)

02 0000000 u(xt)=fx-o)00000000 000 t+At000000000000
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gboooobooobooboo3obooooboobuooLoxbobotoobooooboo
Oulx,)DOOOOO (1.1)OO0D0OD0OO0OO00O0ODO0O000000O000000000000000
x=0,/]000000000000000DODO

u(0,8) = u(l,t) =0 (1.18)

00000 ¢t0000000000000000000000000000 u(x,)DOOOOODOO
00000000 (boundary condition) 000000
000000000000000D000000000 (separation of variables) 0D 0000

ooo
u(x, ) = X(O)T(H) (1.19)

0000 x00000 Xx)OODOtO0ooooO THOOOODODOOO0DO0oo0o0o0O0 (119900 (1.1)
gobooooo

d*X(x) 1 d>T(#)
T(t)TQX - SX(W)=5= =0 (1.20)
000000000 u(x,t)=XT() 0000
1 dX(x) 1 d*T@) 1.21)

X(x) dx2  *T() df

00000 (1.2) 0000 x000000000t00000000O0x0 t00000000000
oooooboooboobboooboboobbooobooobooboboooboo

1 d’X(x)
X e - (1.22a)
1 d°T()

R2T(t) d?2 (1:220)

O000000000000000000 KOOOOO (separation constant) 0 000000000
ooogoog

2
d §§x> — KX(x) = 0 (1.23a)
d>T()
7 v?KT(t) =0 (1.23b)

00000000000D000D000000 (ordinary differential equation) 0 0 00O

03 00 (x=0,/)000000000



0000 KOOOOOOOOOOOOOOOOK=0000000000000000 (1.23a),
(123p) 0000000000

X(x)=Ax+B (1.24a)
T(t)=Ct+D (1.24b)

0000000000 A~DODODODOOOODOOOOD 118000

u(0,£) = X(O)T(t) = 0 (1.25a)
u(l,t) = XOT(H) = 0 (1.25b)

0000000000000000+0000T¢)=00000000000000000000
u(x4)=00000000000000000X(0)=X()=000000000000000000
0 (124a) 00 A=B=00000X(x)=0000000u(x,)=0000000000000000
K=0000O0O0u(x,t)=000000000 (trivial solution) 00000000
O00K>0000000000000K=080000000000 (1.23a)000

X(x) = Aef* + Be (1.26)
0000000000000 Uuoo0D0D A=B=00000000000D00D0OO0DUOUOLODDOOO

good
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d2X(x)
Tf + B2X(x) = 0 (1.27a)
d>T(#)
T *B*T(t) =0 (1.27b)
00000 (1.27a) 00000
X(x) = Acos px + Bsin ffx (1.28)

00000000000 X(0)=000A=00X()=000

X(l) = Bsinpl = 0 (1.29)

0000B=000000000000000000000000 sinpl=0000000

5:”7" n=123,... (1.30)

oooooboooboooo

X(x) = Bsin @ (1.31)

00000 (1.30)00 (1.27b)000000000000000

T(t) = Ccos w,t + D sinwyt (1.32)

0000000000000 w, =nmo/lO0O0O00O0OCO C,DO0CO0U0O0O0OOCOOOOOOOO
ggd
nmx
u(x,t):(BsinT)(Ccosa)nt+Dsina)nt)

— (E cos wpt + Fsinwyt) sin ”—71” n=1,23,... (1.33)
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0000D000000000000000000 (descrete) 10 0000000000000000
00000000000000000000000000000000000

000 rn=1,23,...000000000 u(x, )0OOOODOO0O0OO E FOOO 00000
000000000 u(x,t) 0

u,(x,t) = (E, cos w,t + F,, sin w,t) sin @ n=1,23... (1.34)

000000000000000000000 (1.1)0000000000000000000000
00000 (1.1) 00000

(o)

X

u(x, t) = Z Uy(x, t) = Z(E” cos wyt + Fy, sin w,t) sin nT (1.35)

n=1 n=1

oooao
0 (1.34), (1.35) 0 u,(x, ) 00000

vn:%:% (1.36)
00000000 (standingwave) 000000000000 0O0O0O0O0DOO (normal mode) O
O00On=1,234000000000000000000400000 10 wi(x, )OO0 OO
(fundamental mode) 00000 10000 (firstharmonic) D0 00000 v/2I000 21000
O0000000000000000 n0 u,(x,)OOOOO no/2I000 2/n00 nO0000 (n-th
harmonic)J 0 (n—1) 00 ((n—1)-thovertone) 000 OO0 UOUO0O n0000OO n-1000
O (node) DO OO

0000000000000 000000D00000000000 9/2l00000000000
00 (harmonics) 0000000000000 00O0O00O00OO00O0OO0OO0OO0OOOOOOO0OO

gboooobogboboobooobooboboobbooboooboobo

u; (x,0) u,(x,0)
x=0 (a) X= x=0 (b) X=
Uz (x,0) u, (x,0)
.
—" N
x=0 X= x=0 X=
(c) (d)

04 0000000000OO00OG@UOO100000000000(p) 0O 200000020
0000 30000003000M(d)00400000040000000000
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141 000000
ooooobooboboooboobobooboobobo0obboooDbooboboobooobobo
oooboooobobboooobboooobbboooobobOboooUbbbooooboboo
goooobogbbooboooboobbooboooboooboooboobbooboo
00000000000000000000000000*
00 (=1/2,+1/2)00000000 f(x) 000000000000 O000O00O000O000000
goooobogoo

flx) = 70 ZA sm( ) ZB COS( ) (1.37)

O00000O0000A, B, O

1/2

A, = % ., f(x) sin(zTnnx) dx (1.38a)
-1/2
12

B, = % " f(x) cos (2Tnnx) dx (1.38b)

gbooboobogobooboboooboooboooboobbooboboobooobonm

(DDDD ~
odooooooooooao
-1 (-mt<x<0)
X) = 1.39
f&) {1 0<x<mn) (1.39)
0o00odooobooooooooooooooon
1 1
flx) = (s1nx+§sm3x+gs1n5x+ ) (1.40)
0o0odoooooooooooooooooobooooboooooooooon
J

0000000Y00000000000000000000000000000000000
gboooobogbboobooobobooboobbooboooboooboobbooboo
gogoogoooooobobooboobobobobbooooooogoodooooooooooooo
gooon

0000000000 00000000000000000000000000
x> t0000000
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00000000l 0000<x<I000000 (x=1/2)0000000000000O0O0OOOO
000000000ooooo0oo00o0ooooooooD t=0000000000

— o - _ ) @/Dx 0<x<1/2)
u(x,t—O)—uo(x)—{(2/1)(l_x) 12<x<)

o0

3 8 (-1 [@2n-1nx
R (141)

n=1
O000000000000000000t>00000 cos[@n—Drot/ll000000O0O0OO0
0otooooooooao

u(x, t) = Z % ((z_nl)_(n;; sin [(Zn —ll)nx] cos [(271 —ll)nvt] (1.42)

gooboooooboboooobboooobobboooobobbooUoooDbObooooboobo
goobooooo
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143 0DO00O0OOODODOOOO
10000000 (1.) 00000000 (13) 000000 kKk0D000D0DD0O0O0ODU0OO0O0ODO
0000000000 k000000000000 o 00000000000000000000
OkO0OD00000000000000000000000000000000000000000
O000000000000000000 kOODO00DO00O0O0000000000000000o0oon
gboooobogobooboboobbooboobbooboooboobbooboooo
O<x<oo0ODOOODDOOD fx)OOOODO

F.(k) = \/%j:o f(x) cos kx dx (1.43a)
Fq(k) = \/gf:o f(x)sinkx dx (1.43b)

0000000000000 0000000000000000000 fx)OODODOODODODO
0O FkODODODODODODOODODODODODODOoOooOoOO

fx) = \/%fom F.(k) cos kx dk (1.44a)
flx) = \/%fom Fs(k) sin kx dk (1.44b)

goooobooboboobbooboboobooobooboboobboooboobobooboo
0000000000000 O0D0D0000000FK®0000000000000gFkPPooog
goooooboogo

¥y 5t0000k—->wO000000
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05 DDDDDDDDFc(k)DDDDDDDDDDDDDDDf(x)zf dk F.(k) cos(kx)0 O O
0

000000 kOO0O0000 AKOODO0DOODOOOO0O0O000000000000000000
000000000k000000000000000000000000000000000

ko+Ak/2 . B
Fe(k) o L f cos(kx — wt) dk = cos [ko(x — vt)] sin [Ak(x — vt)/2]

Ak ko—Ak/2 Ak(x - Ut)/z

(1.45)

gooboogon

oooo
[DD(lAS)DDDDDDDDDD j

000000000000 5000000000000000000000 (pulse)0000O00OO
00000000000000000000000000000000000000 (wave packet)
O00000000000000000 AxOOOO AAODOODODOOOOOOOOOO0

Ax - Ak = const. (1.46)

gooooboobobooooboobboobooobooboboobbooobooboDbooboo
dooo0obooobooboo
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0000 (1.7 0000000000000 000000000000000000D00ooood
000000000000000000000Y00000090000000000000000
O00D00000000000%000000000000

15.1 00000000

000000000000 0000000000000000000000000000000
ko—AKD Ak < ko@DO 000 wy—Awl Aw < 00000000000 k+AkD0O000 wp+Aw
0oooo0o0ooo0

us(x,t) = cos [(kog — Ak)x — (wyg — Aw)t] + cos [(ko + Ak)x — (wg + Aw)t]
= 2 cos(kox — wpt) cos(Akx — Awt) (1.47)

gboogoooooboooboooo
goog

000 (147) 0000 follow 00O

000000000000000000000000 cos(lkx-Awt)0000000OODOOOOO
0 Aw/AkODD000x000000000000000000000000000000 Aw/AKDO
00 Ak—- 00000 deo/dkO0000000O00O0OOOOOOOOO0O

dw
%= 3 (1.48)
0000 (group velocity)y 00000000000
w
Up = = v (1.49)

0000000000000000D0000000000 (phase velocity) 000000000
0000000000 90000 v,00000000000D00000000 cos(4dkx — Awt) O
O000000000000000000 6@ 000000000000000000000MO
goggogoobobobooboboooobbbbbobooooodoooooooooooooooooo
goo

“ 3000000000000000000000000000
gooooooooooboooboooooooboooon

‘0 3000000000000000000000000000
gboboooooobooooooooobobOooboobooon

gooao
‘1l O0poDO0000000000000D000000000000 [l/e = 0.368

00000000000000 exp(-x%/w?) 0000000

goobooooooooboooooo Le? =0.135

exp(—x/w?)
exp(—2 W)
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152 00000
gboooobogoobooboooboobobooboooboobboooboooboooo

uz(x, t) = cos [(kg — Aky)x — (wg — Awq)t] + 2 cos (kox — wot) + cos [(kg + Aky)x — (wg + Aw»)E]

(1.50)
oo
us(x, t) = uj(x, t) + uy (x, t)
= {cos [(kg — Ak1)x — (wo — Aw1)t] + cos (kox — wpt)}
+ {cos (kox — wot) + cos [(kg + Aky)x — (wo + Aw»)t]} (1.51)

gboooobogbbooobooobooonoobo

Aw; dw
= — = — = v,(ko — Ak
%= Ak dk k=ko—Ak; osko 1)
ogoooooood
v”=—Aw2=d—w = v, (ko)
8 Aky  dkley, B
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00000000000 (group velocity dispersion) DO 000000 6(b) 00000000
00o0oodooooobobooobobooooooooodddooooooooon
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0ooooooooboboooooooog

14



2000000000 0DO0OD00ODODO 10000000

1) 000o0o0ooooooo

@/ O<x<l/2) _x 8 (D" [@n—1)mx
= -y apsysh  mEa-1E T

n=

000000000000 30000000 100000000 oooooooooooon
2) J000d0d0uooooooooU0Uouoooooooooooooo
() 0000000 upg(x, t) = cos(0.95x —0.95¢t) + cos(1.05x—1.051) DO OO t=00 t =30
00o0doooooooboboobbobooooogad
(b) DOODOOO ug(x, t) = cos(0.95x —0.975t) + cos(1.05x —1.025) 0O OO t=00 t =30
odoooooooobobobobobobobbobobooogga
(o D000O0OD0O0OO0OCOOUO00000OO0ODDOOOOO0O00O000OODODOOOOoOoooooon
ggooooobobobobooooog
3y JU0UdU0uouoooooooooooooooo
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gddddddduououuouuuugugua

01 0000 (http://physics.nist.gov/cuu/Constants/)

oooooo Planck constant

Planck constant over 27
oooao elementary charge
oooooo electric constant
ooooon speed of light in vacuum
ooooooo electron mass
ooooooo proton mass
gooooo atomic mass constant
ooooooo Boltzmann constant

00000000  Avogadro constant

h
h
e

€0

6.6260693(11) x 107 ] s
1.05457168(18) x 10734 T s
1.60217653(14) x 10™° C
8.854187817 x 1072 C V' m™!
2.99792458 x 108 m s~
9.1093826(16) x 107! kg
1.67262171(29) x 1077 kg
1.66053886(28) x 1072 kg
1.3806505(24) x 102 J K
6.0221415(10) x 10 mol™

goooo
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00MO00000000000000000000000D0000D0000000 (Schrédinger
equation) 0 00O

21 0000D0—0O0D0O0D0O0OO0ODOODOODOODOO0O

gooooboooboobboooboobobooobooboboobbooboooboooboo
000000000000000000000O0D0DODNDOOooooooOot?

000 z=x+iy0O0OO0OO0O0ODO (x)00OO0O0O0OO0O0O (yODOODODOOO 70000200000
00000 (v,y)OODODOOODDOOOODODDODOOODDOODDOO0OO0 |zIl=4x+y?000
000 (x,y)OOOODOOD r000O0O0O0O0O0OOO 6=tan_1(y/x)DDDDD r000ooon
oooooboooboooo

z=x+iy=r(cos€+isin6)=reie (2.1)

ooooooooooao .
el = cosO +1isin6 (2.2)
00000000 (Euler'sformula) 000 0000000000000 00O0O0O0OO0OO0OOOO

goooobogbbooboooboobbooboooboooboooboobbooboo

(o8} . (o8}

( 1)m62m ( 1)m92m+1 o
= ———— =cosO+isinf (2.3)
;6 Z @m)! — (2m +1)!
Imzt
xy)
0
Re z'

07 0O0O0OODOODO

2 Q0DO00000000000000000000000000000000000000000000000000
oooooooooDo

17



oooooboobobooboooboobboooboobDbooboo

d ib0 _ :1,.1b0
10¢ = ibe (2.4)
ooooooooon
d . .
d_ee(aﬂb)e — (a + lb) e(u+1b)6 (25)
ogooooo
ogoon

%eib@:ibeibGDDDDDDfeibedQ:%eibQDDDDDDDDDDDD Cy = rel? g
Co=1re2 000 CiC =rned®*»d 0000000000000000 (22)000000
ooo

22 000D0D0O0OO0OODOODOODOODOOOOOO

oo0oo0oboobobooboooboobboooboon

2
[-;—mvz + V(r)] U(r) = Ey(r) (2.6)

000000000001 =4 =1.05x102]s0000000 h=6.63x10%]s0 200000
O0mO000000000V()OOOO0OODD000000000000000000000000
D0000000000 26)0000000000000000000000 (time-independent
Schrodinger equation) 0 0000000000000 (operator)

2

N
A=V 4+ V() (2.7)

000000000000000000000000000000 000 0(MHamiltonian) 0000
0000000000000000000000000000000000000 6)00000

00000000 A
Hy(r) = EY(r) (2.8)

0000000000000 AO000O0D0D (280000000 ¢()00000 EODOOOOO
0000000000000000000000000000 (eigenvalue problem) 0 0 0 00
0¢0000 HOODOO (eigen function)DO 0 E0DO0D HOODOO (eigenvalue) 0 0 0
000000000000000000000000000000000 0000000000
00000000000000000000000000000000000000000000
000000000000000000000000000000000 ¢()00000 (wave
function) 100000000000 0000000000000000000O00000000
0oo
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oobooobobo0ooobooobbooobbo0oobobO0oobobOooo0booobooooo
(time-dependent Schrodinger equation) 00 00000

AY(r,t) = ih%llf(r, t) (2.9)

00000000000000000000000 A00000000000000000000
o000oogooooo Yyoooooooooo

W(r, 1) = P(p() (2.10)

00 (900000000 ¢@Ee@d 10000

ﬁgw(r) - (p%@ 2.11)

00000000000 Eonooan
Hy(r) = EY(r) (2.12a)
% = Lo (2.12b)

00000 (212) 0000000000000 0DO0O0O0O0O0O0OOOO0OODOOO0 (2.12b)

O0o0o0ooooooooooo '
@(t) = e iEH/M (2.13)

O000U0oUoouooooooo Y(rt 0O
W(r,t) = P(r)e it/ (2.14)
00000ooooobooobObObObObOoObOO00000g EO
E =hw (2.15)

Ooooooooood '
W(r, ) = P(r) e ! (2.16)

000000000000000 ¢(r0D0O000000 (stationary state) 000000000

24 000DOODODO—0OO0ODODODOOODOO

gobobooooooboboooobbboooooboobooooboboboooobbboooooboo
odbooooboobobooboooboobboobobo0oboooboobobobobooobon
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01 000000000000000000O (29 0000000000000 V(r,t)OOoOQoooQ
googon
0000000000000 00000000000000 (280000000 Y(r)OOO
goobooooo
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02 000O00O0O0OO0O0OODOOODOOOOObOOOn

gdd ggdad
oo X X
r r
000 px p= 5
p ﬁ=%i%+j%+k%)
0000 L=rxp I:=?[t(y%—za%)+j(z%—xa%)+k(xa%—y%)]
00000 E A=-LV2+V(r)

(00200 t000000 0000000003 dr:dxdydzDDDDDDDDDDDDDDD
Ve, O (r, ) dr = W' (r, ) dr 000000
godooooooodoo

W (r, W (r, £) dr = " (e P M (r)e B dr = ¢ ())Y(r) dr = |¢(r)|2 dr (2.17)

0000D000O0o00oo00oo0oo0oooooooD 100o000oboooooog

fff Yrorm (1) norm () dr = f f f [norm(®)| dr =1 (2.18)

000000000 (218 00000000000 D (mormalize) 00D O ODOOOOOO

oooooOooooo
-1/2

o) =| [[[ o ar| e 219)

0000000000000000000000000000 ¢0rm(®Pnom() dr =
|%WMMQWDDDDDDDDDDD

s 0030000000000000000000000000000000
0000000000000000000000000000000000™¥0000000
000000000000 O0O0O0OO 2000000

00400000 AD00D0O0O0OD0ADDOOD ¢,0000000000000000000
000000000000000000000000000000 4,0000

gooood
A‘Pn = unq)n (2.20)

000000 ¢, 0000000 A00000000O000O0O0OOOOO a, 0000000
s 05 0000000000000 0O0D0O0D0bOD0oOoDoOoDoobOobDOobOobDOobDOobDobDOobDOoD
gobogoobogbooboobobooboobobooboooboobboobooboboobon

‘3 QppDOo0O0000000000000000000000000000000000000000
45, k0000000000000000004=(1,0,0),7=(0,1,0%k=(0,01)t0000
S O0poooD00000000000D0D0D00DO0ooNDoooD
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000000 Yreem OO0 OOO0ODODOO A00ODODDOODOOOODOODOOOOOO
(A) = f f Ut ormAUnorm dr (2.21)
googd

googoooo
00 A)0000 AO0D0OO (expectationvalue) 0D 00000000000 ¢ O0OOO0O

00000000000000 A
(I vAydr
Oooo

[ yryar

ooo

(A) = (2.22)

googoooo

goog

0000000 219000000 (21800 0000000000000

25 000000 (uncertainty relation)

000 A000O00D000D000000O0000 (uncertainty) D000 AA D000 (standard

deviation)O O

AA = (A= (A)2) = V(A2 = 2A(A) + (A)2) = V(A2) — 2(AXA) + (A)?
= V(A%) —(A)? (2.23)

00000000000X)= [[[ v"X¢dr0000 XOODOOOO0ODO0OO0O000000
ooo
000000 x000000

Ax = J(x%) — (x)? (2.24)

ooooodooooooooo p, 000000

Apx = (P2 = (p2)? (2.25)

goobooooo
goog

h
AxApxzz (2.26)
00000000000 000000000O000 (Heisenberg’s uncertainty relation) O O
OO0 00000000000000000000000000000000000000000
googoobogobobooboooboooboobbooboobboobboobobooobon

gobooobogoobooobooboooo

6 N Q0DO00D00000000000000000000000000000000000000000000000
yOp,0z0 p,0E0 t00D0000O000OOO0O0DOOOOODO0O00DOO00ODO0O0OD000000000x0O
pyLO0000obbbob0ooobbbooooobbbooooobooon
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26 000DOOO0OOOOOOO

26.1 00O0OO
O00000000000000000mO0000000 (freeparticle) D0 000000000
gooboobogoobooboboooobooo

. ()
_ - 27
o e - EYW (2.27)
0000000000000 000 oooooDmoOooonooan
e(x) = Ael™ + Be (2.28a)
12k2
Ee=—— (2.28b)

0000000000000 000 Ek0 E>0000000000D0000kO0OOOOOOOO
0000000000000 0000000000000000 e 0000000000000
0000 (21l) 0000000000000 DOOODOOOO 100

Wi (v, 1) = Aexplilkx — ot)] (2.29)

0200
Yi-(x,t) = Bexp[—i(kx + wt)] (2.30)

0o0o0o0bod0D+000—wxOoUoOooooboobobooboobobooobooboobobo
o0oooooOooooooo p, 000000000

ﬁx e+ikx — ?%enkx — +(hk) e+ikx (2.31a)
pre i = ?%e_”‘x = —(hk) e~ (2.31b)

000000V O V-000000000 +kk, -EkO0D0D0000000000O0O0O0OOO0O
O0004p,=00000M 000000000000

(™) e =1 (2.32a)

() e =1 (2.32b)

O0o0o000o00 xO00000000o000boo0oboo0oooo0oboo0ooboooooooooon

000000000000 Ax=c0c 000000000 0OO0OODOO0OO0OOODOOOOODODOOOOO
gooooogooo

00000000 Y(r, )OO QU UOOCUO00O0OC0CO000ODOO0O0ODOOOOODOOOOO

O0o000000000000000000000000000000000000 AkOOOOO
O0mvOov000000Y0000000000000000000

px = ik = mov (2.33)

7 Q0000000000000 000000000000000000000000000000000000000
goooooooooooooo0ooobooooboooobooooooDbooon
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| (x,b)|?

Re (x,h), Im%#(xt)

1 X
Xo

08 JUOopoOoot=0000000O0DOOOOO

0000000000 VWe(r,)DOOOO

P L (2.34)
k mv  mv p

gobooobogboooooboboboooboobboobobbbooboobobooboobooon
ooooobogno

h2k2 2
Fi=o = 2’”—;1 (2.35)
go0o00000o0ouooouoouooooooooooo
1 2 2
E=gmo? = (mo)y” _ P (2.36)

2m  2m
goooooooon
0000doooooooooboboboboboobodddoooooooooooooboboooon
0000000000000 ooo0bO oD ooo0o0ooooooog
ggoooooobobobobobobobobobobbbdddooooooooonbbobobooboobooboooo
0000dooooooooooboboboobbbbdoddooooooooooooooo

Tiko 1\2 2
1 1 (x—x9— =2t fik
W(x, ) = exp| L& =T Wb, ikox — i—2t (2.37)
2 P Y
. on 2 2w?+ilt 2m
i \/§w0+1\/E th 0

0000000000000 +0000 (x) = fll!*(xt)xll!(xt)dx:x0+@tmm

000000000000 0000O000 8000000000000O000O00O00
« I d
(px)zf W(x, )7 o-W(x ) dx =hky 00 00000000000000000000MO000

000 {p,)=lk 00000000x0000000 v=lky/m=p,/mO00000000000
00000000000 00000000
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00000 237) 0000000000000 (x)000000D00 {(p,y0OODOOOOOO
000000000000 0000O0tricky 000000000000 OOO0MM

D00D0000000000000000000000000000000000000C
D000000000000000000000000000000000000000(?) =
00 2

[Lwwd = (xo+ 4) +ul + 20000

4mw?

Ax = (a2 —(x)2 =wp . [1+ s 12 (2.38)
4m?w;

0o 2 co 2
0000000 = LW (4E) W= [J v dy =12k + {5 0000

dx?

h
Ma=\K%>—@Q2=z% (2.39)

odooo0obooboboobobooboobobo

12
4m>wj

Axmkzg 1+ 2 (2.40)
000000000000 000t=00000000000000000 2260000000000

gobooobogbobooboooboobbooboo
goog

000000000 AxD Ap, 0000000000 OO0O0000 challenging0 O OO0
oo
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0000000000 fO000000000ADDOOOOOOOOOOOOOOOOOOO
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A f

d2
(a) 2 cos kx

d iwt
(b) ey e

d? d -
(c) @ + 2@ +3 e

a 2.6

_ Y
(d) oy xZe

2 2 2

(e) 2 - % + 8a_y2 + % (cos ax)(cos by)(cos cz)

\_ J

(DDDDDDDD ~
00000 ADDOOO A2000000
(a)A—ﬁi (b)A—ier () A= 'nei

= idx T dx ¢4 =smbqg
\_ J

26.2 0000O0DODOOOOOODODOOOO
1000000000000000000000000ooooO0OO

0 x<0

Vix) = ( ) (2.41)
Vo(>0) (x>0)

O000x=—-cc0 0000000 E0DOODDOODOOODODOOODDOO

ODOD0OE>VyUO0O0ODDOODOD0DO0OD0D0O0D0D0O00D0ODO00D000DO0oooDoooOooooon

oo

Cele¥ 4 De7x (x> Q) (242)

Aef1* 4 Bemhix  (x < 0)
wm={
2m(E-V,
00000000000k = 2E = YW qnpppponon —xoo0oDoDOO0O
D000000D=000000100010000000200000002001000000
00000000 A,B,CO000000x=00000000000000000 ¢(x)00010
0o ¥ pppooo0D00Dx=0000000000

A+B=C
2.43
{k]A - le = k2C ( )

oooooo
B={RA

M (2.44)

CcC=-=

k]+k2

8 N 0DO00000000D0000000000000000000000000000000000000000
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00000000O00oO0o0oo0oooooo 20000000000000D0O00O0O0O0O00ODOO
0000000000 kkODOOOOOOo=hk/mO000000000000000O00O00O00O0
00000000ooooooo0 2000000000000 000000O0DDOOCOO0O0

2 2 _1.\2
_ kBl :'E _(h-k (2.45)
k1|A|2 A ki +ky
oood
_kICP _ 4kik,

(2.46)

T kAP T (kg + ky)?
0000000000000 T+R=10000
E<VyOOUOOOOOOO0ODOO00O00O00O0000 ROUODDODOOOOOOOOOoOoooDOoooao
godoooooooooooobooodgao

o) = {Aeikx +Be k (x <0) 01

Ce* + De ™™ (x > 0)

N V2m(Vo—E
no00k=Y2E - VD oopy0 x=0000000000000000C=000
fsfsislulsfs

A+B=D
2.48
{ikA —ikB = —xD (248)
oooooogao
ik + x
B = A 2.49
ik —x ( )
O00oo0o0ooooooooooo
B2
R=|=| =1 2.50
2 250
oo0o0oo
000000000000 00000000O00O00o0oooOo9nooon
Oo00oooooooooooon
1 (p<1)
R=1/1 g\ (2.51)
(1—9) (p>1)
+4/1-p1
Re l// (X1 t) H
I‘I'.I Iflll"ll !'II II!l ,r.ﬂl||I |||I.-\I|- "IE\ I::h\l.'l I.l';:.-\'\
THTRTETET S W W
II-. .'II l'. .'li I'.II)I.‘I l'._ .'II I]II .'II i I"-.\ , \ ).-’I I"\\
Re w (x, t)
\.I Ifl: .‘-.I I,"A‘-,I II"/\ V
1A\ 14N\ 0
E VO I'. .'I II". j I". . _;'I =
E l'\,-': \._u_,-' I"\j'.l
X X
€ (b)

09 00000000000 V,000000000EQOOOOOOOO@DOE>V,00
Oo®m)O E<V,0000000
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Reflectivity R

1 | 1 T 4 L

0 1 2 3 4 5
p=EN,

010 00OV, 0000000000000 0O0O0OO0OO0DOUOUOO EDOODOO

00000000000 0000D0O0p=E/Vo00000 100000 RO p=E/Vo00000
gooo
good

000000000 followO OO (251) 000000000000

O0O0OODOOE>V, 0000000000000 000000D0D0O0O0 x>00000 E-VyO
000000000D000000000T=1,R=0(p>1)0000000000000000OO0
000p>1(E>V,)OOOOODOODOODOODOO0DO0OO0O0OO000000O0O000000000000
O0p<1(E<Vy)ODOOOOOOODOODOOOOODOO0ODOO0Xx>000000000000000
oooooooobobobobobobobobbbbbobbbbboooooooo o
oooo0obooboooboooo

263 0DOOODOOO
011o000d000b0o000o00o0ob0obDo0oobOo0o0obOoo0b0oDoobDOobOobDOooDbDOon
O E0000DODO000O00DDO000O0O00DDOE<Vy0DODOOOOO0O0DOOOoOoooon

n d
[-%@ + V(x)] P(x) = EY(x) (2.52)
m S EVA
E
0 a X

011 00mO0OOOO EQOOOOUOODO VOO eOOOOOUOODODODOODOOOOOOO
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Ae 4 Be i (x < 0)
P(x) =Ce™ + De™ (0<x<a)
Feik (a <x)

ooooobooo

(o N2mE _ \Pm(Vo-E)

h h
000000 x=00 x=a00y(x) 0 %DDDDDDDDDDDDDDDDD

A+B=C+D
ik(A — B) = x(C — D)
Ce" + De ™ = Fel*

xkCe ™ — xkDe ** = ikFelk
ddoogoooooogoo

2 (e Vimpe _ e ‘/ES)2 B

16p(1 - p)

(2.53)

(2.54)

(2.55a)
(2.55b)

(2.55¢)
(2.55d)

(2.56)

D0000D00000e=¥"0p=£00000000000000000000000000
D00D000000000000000000000E<Y,00000000000000000
00000000000 (tunneling) 00000 120000000 TO p=E/V,0000000

1.0

0.8

0.6

04

Transmittance T

0.2

p=EN,

012 0O0OO0O0O0OO0O0OO0OO0OOODOOOOOO0O0O00ODOO0OODOODODODOODOODOOOOO

0000000 e= ¥ 0QU000000000000000
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D00000p>1"00000000@MO00000000000e= " >10000

T =~ 16p(1 — p)e 2 VP = 16p(1 — p)e 2

22m@b—54

=16p(1 — p)exp [— p (2.58)

0000000000 TODODOODODO aO00DDO0mMODODOODODO Vo-—EODQOOOOOOO
goooobogoo
goog

(255)0000000000000000000 (266)000000

264 0000O0OODOOODOOOOOOO

gboboooobooooboobo BOoUoOoOoOoOooDoobooobOooLDoooboDobooboDuobooo4ooo
000000000000 (quantumwel) 00 0000000000000 000 (welDDOO
00000000000000000000000 (barrier) D000

00000000 0<x<aO0O0OO0000000 (freeparticle) 00000000000000OO0

goobooooo

2
dif)+%§¢upﬂ) O<x<a (2.59)

000D0DD0D0000D0000000 +000000000000000000000000x <0,
a<x00yP(x)=000000000000000000 ¢(x)000000000000000(x)
00000000000000000000000

Y(0) =¢@@) =0 (2.60)

oooooboooboobobooboooboon

V(X)

013 DO00O0OO0O0oooooooboog

BESV, 00000

(2.57)

sin? ( \/ﬁe) }1

4p(p-1)

oooo
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0 (25900000
Y(x) = Acoskx + Bsinkx (2.61)

Ooooooggog
2mE  2nV2mE
k= = 2.62
P p (2.62)

00000000 ¢0)=000 A=00¢@) =000

Y(a) = Bsinka =0 (2.63)
goood
ka = nn n=1,23... (2.64)
0000000 26200000
hz 2
E,=—"  4=123,... (2.65)
8ma?

000000000000 E, 000000040 oo
gbn(x):Bsin% n=123,... (2.66)

0000000 x0x+dx0000000000 ¢4(x),(x)dx0000

f ()P () dx = |BP j: sin? 7 di = 1 (2.67)

DDDDDDDDDDESirﬁ%dx:a/ZDDDDB: V2/a0000000000000O0

(normalized wavefunction) O

2
Un(x) = \/; sin % n=1,23,... (2.68)

0000000000000000000000 (discrete) 10 0000000000000000O
000000000000000000000 (quantized) J0000 (2.65), (2.66) 000000
n0000 (quantum number) 000 00000000000000000000000 ¢,(x)0
0000 [,()PP00 1400000

O00D000000000000000

2 . 5 NTIX a
(x) = f Y () x P, (x) dx = = f xsin? —dx = = (2.69)
0 aJo a 2
DDDDDDDDfoaxsinznaﬂdx:az/éLDDDDDDDDDDDDDDDDDDDDDDDDDDD
000 p, 0000000004 =04000000

i 2mn nmx nmx

(px) = f: Y, (x) ?aixgbn(x) dx = T sin—— cos—dx =0 (2.70)

0 a a

00000000 66) 000000000000 %exp(i”ﬂ—“x)DDDDDDDDDDDD

~Lexp(-i®x)000000000000000000000000
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2
2000

¥3(X) 8ma
4h?
ws(X) [y (P |- p—"
h2
vi(¥) VA [~ e
0 X a 0 X a

014 000000000000 D0000000000000000 ¢,(x)000000000
O [W,(x)PODD

gobooobogbobooboooboobbooboo

2 nmx a? a?
2 2 i2
_2 dr= % _ 2.71
(x) p j:x sin p X 3 3 (2.71)
odooooooooooao
a T2n?
Ax = ——[— =2 2.72
* 2mtn 3 272)
ogoooooao
d? 2n’1’h? nmx n’m’i?
2\ _ . 2 _ .2 _
(pe) = f: Y, (x) (—h dx2)¢n(x) dx = p f: sin” — X = = (2.73)
dooooooooooon
h
Apy =2 (2.74)

a

00000 (272), 274 000000000000000000 a000000O000ODOO0OOOOO
oo0obo0obodob0D«0b0O0O0OO0ODOOODODO0ODOOODbDOOOODDOObOO

ho[m2n?
Ax Ap, = = -2 2.75
=S 275)
oooogg
(DDDD ~
DDDu:1OADDDDDDDDDDDDDDDDDDn=1DDDDDDDDDn:2DDD
o000 ogogg
J
(DDDD ~
DDDa=5.0cmDDDDDDDDDDDDDDDDDDm=5.5gDDDDDDDDDDDD
oogogg
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265 10000000000
015000000 000 Vo OOOODODDODODODOUOODe0O0D0OO0OO0O0D0O0O0O0O0O0OOO0O0OO
d=a+b01000000000000000000000000O0 EDO<E<VyDOOOOOO
O000000000000000000 Kronig-Penney0O0OO0OO0O00O0O0000O00O0OO0M
ooooobooboboobboooboobboobooboboobboooboobDbooboo

aood .
Pr(x) = up(x) € (2.76)

O000wu(x)OOO dOODO0DO0DO0Doooo0oooog

up(x +d) = u(x) (2.77)

gboogooboobobooooooo

(o + d) = u(x + d) D = (x) e e = ey (x) (2.78)

0000000000000 BlochOOOOOOO
BlochOOODOOODOODOOODO0D0O0D0OO0O0O0O0DO0DO0O0O0O0O0O0O0O0D0D0DO0O00OO0OO0OOO0O00OO

Ae™ 4 Be™  (-b<x<0)
_ . ' 2.79
oooooooooono
2m(Vy—E
o y2m(Vo —E) (2.80a)
hi
K = Y2mE (2.80b)
h
O0OOOBlochOoOoooooQQoQ
o oikd [ Aere=d) | Be—K(x—d>] (a<x<d) (2.81)
xX) =1 . : ; )
¥ oikd [ CiK(—d) 4 De—lK(x—d)] d<x<a+d)

V(x))\
VO
€= m - e ----- >
a b
X
“b-d -d b 0 a d a+d 2d ~

015 004000000000
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000000000000 0000x=0,x=q00000000000000

A+B=C+D (2.82a)

®(A — B) = iK(C — D) (2.82b)

e (Ae™ + Be®’) = Ce!® + De (2.82¢)

eMic(Ae™™ — Be'?) = iK(Ce'k® — De™ ) (2.82d)

000D000000000000

1 1 -1 -1 A
K —K —iK iK B

oikd—kb  gikd+b _oike  _gika [[ =0 (2.83)
Keikd—xb _Keikd+1<b _iKe'LKa iKeiKa D

oooooboobobooboooboooo

1 1 -1 -1
K —K —iK iK
oikd—xb  gikd+b _oike  _gika [ =0 (2.84)

Keikd—xb _Keikd+1<b _iKeiKa iKeiKﬂ

gboooobogbbooboboobooboboobooooo

2 _ g2

21<I£< sinh(xb) sin(Ka) + cosh(xb) cos(Ka) (2.85)

cos(ka) =

00000000000000-1<cos(ka) <1000000000000«x0 KOOOOOOO
0000000 ENDDODO0O0000000000000
000000D000000000000D0000000b000000000000000000

xp000000000b—0,Vy—»c0000000 (2.85) 0

sin(Ka)
K

cos(ka) =y + cos(Ka) (2.86)

D0000000y= lim «%b/20000000000000 289 4 cos(Ka) 00y = 3n/2

b—0,k— 0

00000000 160000000000000000O0O0OOODOO KOODOoOoooOg -1<

I~

I I I I I I I I
A Y \N R TN
o T Y A A A B
Gl T R 2 T U T A T
) | | | | | | | | |
Z L i i i i i i i i
225 L S T T N AR B
oLl | | | | | | | i
ﬁ_@ I S U S R
= B o e o S T M (0 e S
v \ : X: : : : : /
L B o A e A S { Y A W A

Ka

016 y=3r/2000000 y2&2 4 os(K))D 00000000000 KOOOODOOOOOO
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(a) |
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1
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1
1
1
1
!
1
1
1
1
1
[
1
1
N

\

i
sp
i
i

I T T e e

—glﬂ/a —3nla 2nla -nla 0 la 27la

Crystal Momentum k&

0 17 Kronig-Penney 0000000y =3n/200000000000(() 000000000
(p)OOODUOODUOODOODUOODU0OODU0OOUOG@UOUOODOOO0ODO0oO0oooooooooo

yEED 4 cos(Ka) <10000000000000000000 E=/K2/2n000000000
(crystal momentum) k000000000000 0000170000000000000000
0000000000000 00000000O000O0O00000D0UO0OO0O00O00O kO
n/al0000000000000000000000000000O00O0ODO0 (forbidden band)O
0000000000000 (energy gap)JOOO0O0O0DO0O (bandgap) DOO0O0O0OO0OO0OODODO
000000000D0000000000000 (allowedband) 000 00000000000
000000000000000000000000000000 (energy-band structure) O [
oono
O000O00Kronig-Penney 00 0000000000000 O0O0O0O0OO (28600000

cos |{k + znm a| = cos (ka + 2nm) = cos(ka) (2.87)
(k=)o

000000000 kO2r/a0000000000000000000000000000 17(@a)
0000000000000 2r/a00000000000017() 0000000 —7t/a<knr/aO
gooboobooboboobboooboobobooboboobboobooboboobboooobobo
oooooboooboooo

0000000000000000000000000000000000BlochOO0O00O0O0O
000000000000000000000000000000000000000BlochOODO
goooobooboboobobooobbooboooboobboobooboboobbooooboDbo
ooooobooobooboboobooo
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O0mO000000D0 KkOODOD0DODO0DO0D0DO0D0D0O0D0D0O0O0D0O0O0O0O0O0O0O0O0O0O0O0O0O0OO0
goooboboobobobobbobooooooddoooooooooooooooboooboboboobo

oooooo
”d o1,
(—%@ + Ekx )ED(X) = EY(x)

oooo0obooboboobooobbooboobobooboobobo

D¢M@:/%apb%%ﬁﬁ]%@y:mxapt%?ﬂ)mmDDDDDDDDDDDDD
000000000000000000000000000000000000000

2) 000000000000000000000000000000000000000000
D000D0000000000000000000000000000

3) 0000 $o(x) 0000000000000 [ e*dr=/E0000000

40000 () 0DDO00000O00D000000 AxODO00ODO0 000000
[ e ’dx=1E0oooooo

5) ¢, 0000000000 p000000000 24000000000000000000
0000D00000000000000000000000000000000000000

0000000000 () 00000

120 1100000 170000000000000C0COCO000000O0OOOCOOOO00OO00O0OOO
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3 J0d00d00d00d00ddooooOooon
31 ODO00ODO—O000O00DoboOooon

00000000 h(rnOODODO0DOoooooooogo

0O000= ffh'nda (3.1)

ooo s

000000000 VOOODODOOOOOOD SO0000D0000DO00b00o0oobOOgdabOO
0000000000000 D0000D0D00O0 SOODO0O0O0OOO0ODO0OO0OO0OODLOOOODDOOOO
00 1800000000000 AhOODODDO0ODOO0OODODOO0ODO0OOODOOOOOODOOOO0
Oo00000ooooo0oooooooooooooooooobooooooooboooooooono
oooooogao

divh:V-h:%/iin)O% ffh-ndu (3.2)

ooo s
000000000 h(r)DO r000000 (divergence) D00 000000 OODOOOO
oh, Jh
_ I oy oh:
dx dy Iz
000000000 V-R0000000000O000D0O0O00D0O0O0O00UOO0O0O0ODOUDODOO
00o000o00o0oo0o0ooO0oOvV-hO0000000D0O00ODOO0O0OO0OO0 B1)OOOoO

[[nenaa=[[[ venav 64

ooo s soooog v

V-h

(3.3)

O00000o0ooooooooDoDDDO0O0Ud (Gauss’'s theorem)([]
00000 Cnoooouoooooooood

OooO= 9§C-ds (3.5)

ooor

018 U:000 SO0U AUDOO0OO0UDOOOOUODOAKrOOOODOOOOOOOODO
0000 VOO V-hOOOOODOOOOOO0:000TOO0 COOOOOOOOOO C(r)O
0000000000000 00000VxCOUOOODoDoDoooooooo
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0000000000 SO000oo0ooroodooo0oooo0odoods00oonooonoon
0000000000000 180000MO000 COod00opoooDooooooooonooao
dooooooboooooooooooooooooooooooobooooboooooooooao
doodoooboooobooooboooboooooboooooooon
1
rotC=VXxXC=lim— 9§C~ds (3.6)

550 S
goor

000000000 C(rDO0 rO00000O0 (rotation) 00000000 O0OOODOO r00ODDODO
00 COO0O0O00U0Uooo0o0o0U0ooooDooo000DoooooooD0ooooooDoon
googo

.9,
dc. dC dC;  dC dCy aC L i
=== _ Y, I I Yy P — JdC, dC,
VXC_(&y 82) +(8z 8x) +(8x By)k_ Jz o 37)
5
dx  dy
00000000 @5 0000000000000 00000000000000000O0 (Stokes’s
theorem)[T
Sgc-ds: ff(VxC)-nda (3.8)
ooor roooo s
KDDDD ~

00000000ooooooooov-A0VxAOOOOOO

X
1) A(r) = oxi + vyj + vzk = 0|y
z
-y
2) A(r) = —wyi + wxj = w| x
0

3.2 00O0DOODOOOO

O00000000000000000 Maxwel) DOOOOOOOO0O0O0O0O0O0O0O0O0O0O0O
goo

V-D=p (3.9a)

V.-B=0 (3.9b)
OB

VXE = —E (39C)

VxH=i+aa—1t) (3.9d)

O00CEODOO (electricfield) D 0 0 0 OO (electric fluxdensity)(IH O O O (magnetic field)(B
00000 (magnetic fluxdesity)Jp 00 00 O (charge density)Ji 0 0 O O O (current density)
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00000 (39a) 0000 (Gauss) 00000 (3.9) 00000000000000000000
000000000000000 (39)000000 (Faraday) 0000000000 (3.9d) 00

0000 (Ampere) 0000000

000000000000D000D000000O0O00000 (39 )-@B9d)0D0o0o0O0O0O0O0O0O

oooooboooboooo

(2w [[fro

ooo s sgoooo v

[[ B nan=o

oog s

d
96VE'dS——$ ff B-nda

ooor roooo s

9§H'ds= ff i'nda+i ff D-nda
dt

ooor roooo s roooo s

googo

oO0oOOod0oDOU0O0O =0D000b00oOO
oooogooBOOO =0

d
OO00oooOo EOOD =—a(DDDDDDD BOOO)

d
0000000 HDOOO =00000D0O0OOn +$(DDDDDDD DOO0O)

goog
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(3.10b)

(3.10¢)

(3.10d)

(3.11a)
(3.11b)

(3.11¢)
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(DDDD ~
00000000000000(@G10a)0000000 QUUOODODODODOODO0DO0OoOoooooo

000000000000000000000000000000000D(r)=eErXDO00
oobooobooooboo

J
(DDDD ~
ooooooo0oo0o0oO0O0O0O0O0@10d)0oo00o000 I000000o00ooooooooon
gboogoooooobooooooo
J/

3.3 J000ooooooood

gooooboooboobbooobooboboobooobooobboobooobooboo
gooooboobobooboooboobbooboboobboobooboboobobooboo
0000000000000000000000000000%0000000000000000
gbooboobogbboobooobbooboobboobooobuoobboobboobobobo
odoooobooboboobooobooobooobooboboobboooboobDboobobo
odoooobooboboobooobboooboobobo0oboooDboobobobobooobon
goooobogbooboooboo

gbooboobogoboobooobooboboobooboobboobooonboobobooobo
gdooboobooboboobooobboobooboboobbooobooboboobobuooobo
goooobogbbooobuoobbooboobboobbooboooboobboobobo
goooobogbboooboobboobooboboobbooboooboobobooboo
gboooobooboboobooobooboboobooobboobbooobooboDboobobo
gooooboobobooboooboobobooboooboobboobbooobobooboo
ooooogoo p, 000000000000

1
P(r) = lim = Z pi (3.12)

00000 (electric polarization)D D 0000000 (polarization) 0000000000000

Oo0ooooooood
D(r) = eoE(r) + P(r) (3.13)

OD0D00e =8.854%x1072C/(V-m)0 0000000000000 0000ODO0O0O0OODDOOO

000 39a)000000000000000000 p00000O00O00DO0DO0DOOOOOOO

00000000000000 Er)0000000000000000000000O0O0O000
000000000000000000000000 POOO0 EDDOOOOOOOOOOO?

P(r) = eox(r)E(r) (3.14)

2000000000000 000000000D00000D00000000D00000D0DD000O0O00NODoOoon
JoodooooOoooOooooooooooooooa

2lopoOop0o000000000000000D000000000000000000000000000000000
gooooooooooooooa =DDDD(nonlinearity)DDDDDDDDDDDDDDDDDDDDDDDDD
000000000 (nonlinear optics) O 0 0O
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O000xO000000 (electric susceptibility) 0 D00 0000000000000 O010100
D00000000®0000000 (319000

D(r) = €gE(r) + egxE(r) = €9 (1 + x) E(r) = €pe.E(r) = €E(r) (3.15)

ogoooooood
e=1+y (3.16)

00000000 (relative dielectric constant)C
€ = €per = €9(1 + x) (3.17)

O000O0OO (dielectric constant) 0 O OO
gooooooooooooooooooooobooboobooLb0Lyyyooooogo g
gddooooooooouoboood m;0ooong

M(r) = lim e%v Z m; (3.18)
aood (magnetization)DDDDDDDDDDDDDDDDDDDDDDDD
B(r) = uoH(r) + M(r) (3.19)
DDDD/JO:4nX10_7H/mDDDDDDDDDDDDDDDDDDD
M(r) = poxm(r)H(r) (3.20)

0000000 MOOODHOODOODODODOOOOx, O0O0OOOO0O (magnetic susceptibility) O
000000000¥0000 BOOO HOOOOO

B(r) = uoH(r) + poxmH(r) = pio (1 + xm) H(r) = popH(r) = uH(r) (3.21)

ooooooooooooao
pr =1+ xXm (3.22)

00000000 (relative magnetic permeability)0
u = poptr = (1 + xXm) (3.23)
0000000 (magnetic permeability) 0 0 00O
331 0OO00O0OOO0O0O0O00—000o0o0
00 SO0 2000000000d000000C00O0OOO0OOOO0OOOOOOOOOOOOO

000000 +QU0000000 —QUO0OD0OD0O0O0O0000D0D0DOoooDoOogooooooo C
000000000 SO0000000000o00dooooooooooooooooooooo

“220Qpo00000000000000000 102010*000000000000000000000000000
000000000y =100~10'000000
‘B O0O0D000000000 ym=~10#0000000000000 ym=~10°~10°0000
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000000000000o0o0o0o0000o0o0ooooooooo0o0oo00g@10a)oooooon
ooobo0obooboboobboobobooboooboobooooo

Q
= = 3.24
S (3.24)
oo ooooboboboboboooo
Qd
V=Ed=—= 3.25
S (3.25)
0oooooooooboooooooog
Q €S
C===— 3.26
v =7 (3.26)

gooooboobobooboboooboobobooboooboobboooboobobobooboo
000000000000 00000000 op=Pleg=xE=(-1)EDDOODOODODOODOODO
gboooobogobooboboooboobon

34 00000

341 00ODO0ODODOODOO
gbobooobogobooboooboobbooboooboobooooboon

D = ¢E (3.27a)
B = uoH (3.27b)

000000000000000p=00:i=00000000000000000000

V-E=0 (3.28a)
V-B=0 (3.28b)
JB
VXE=-7 (3.28¢)
VXB= 60{.1088—? (328d)

goog
0@328c)0000 VxOOOUDOO (328d)0000O0

Vx(VXE) = —%VxB: —eoyogz—tf (3.29)
ooooooooooao
VX (VxA)=V(V-A)-VA (3.30)
000000000 328 00000000oonog
2
V2E—eoy0¥:0 (3.31)

gooboogon
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~0ooo N
0000000 (330)0000000000000000Ve(r)=gradd(r) 000 (gradient)

gooooobogo

9
0 0 0 X
grad¢:V¢:a—fi+_¢j+_¢)k= §_¢

dy’ Iz 5
7z
ooooood
J
Oo00ooooooooooooooouoooon
J’B
V’B - — =0 3.32
60#081L2 (3.32)
O00oo000ooo0o0ooo0ooooooboooooooboobooooono
c= = 2.99792458 x 10® m/s (3.33)

€ollo

000000000000 0000000000000000 (electromagnetic wave) 00 000
O0000000D00000000000 190000000000 1mmO0000 10nmO00
oboooooooooooon

gboobooooooooooooon

E(r,t) = Egcos(k - r — wt + ¢) (3.34a)
B(r,t) = Bycos(k - ¥ — wt + ) (3.34b)

O000000uoooooo (3.34a),(334b) D00 0O0D0OO0OOOCOOO
w = clk| (3.35)
0000000O00000000000 (3.34a),(3.34b) 0000000000 (3.28a)—(3.28¢c) OO

gooogod

k-Ey=k-By=0 (3.36a)
kX Ey =By (336b)

00000000000k EBOOOODODOODDOOODOUO0ODOOUO0OUOO0OUOMEKE BO
gboobogoooooboo

J

oo0no
[D 0000 (3.34a), (3.34b) O (3.28a)~(3.28c) D0 D 0O DO (3.36a) 0 (3.36b) 000 00D

L

oooo
[ECH%LQM@D(&B@DDDDDDDDDDDDDDDDDDDDDDDDDDDDDD

24 0Qpop0o000000000000$=1/A0A0000000000000000000000000000000
0000000000000 k=2r/A00000000000 v00000000000000O0O0OOOO #v00
0000000000 em™'Owavenumber 00 000000000000 000
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REM v BT IRILE— EH[em] KR

hv 107 100kmp
10kHzF 1001k 400 pevl 10l 10kml (= (VLF) \
100kHzE 10msE g ol ol 4l Eif (LF) ST
IR THT q0nevie gk qo0mf o (D) ARSTIEF
10 MHzE 10001 160 nevl  4ooL  qoml EH HP) ks
100 MHzf 10 ns|- TueVE 102k 1 ml HBHER (VHF)
1GHzE  Tnst q0.0vk 400l 100 mm - 1BEBEIK (UHF)
10 GHz 100 psE 100 evl 400 L 10mm_t>=ﬁx—|~)b;’& EEA=F: 1
100GHz 10psE 4 eyl 4oL 4 mmh E\')%—HI/;‘&
1THz} 1 ps}f TSI
z PSE 10mevE 10t L 100 uml- }77 LYK
10 THz[ 133:3-100 mevE 10| 10 uml -
10?;:2 1fS tevr 1ote Awme
zr 100 Sr 10eVk 10° ' 100 nm}
10 PHz|- asr 100 eVlk 10°L 10nmk <
100 PHz[- 10 as|- 1 keVIk 10" F 1 nmhk
1 EHzF -
2T TaC 10keVE ot b 100pml-  f X#R
10 EHz[- 107" asf 100 keV 10°F 10 pmb
100 EHzF 10 as 4 mevh 10°F  1pmk yHR
1000 EHz|- 10°ast 1o mev 40"l 100 fmL
REH v BT THRILE—E[em ] HE L
hv 10' - 1 mme
1THzf 1 ps|
10meVi- 402 L 100 umf EHRNE (FIR)
10 THz| 100 fs|-
100 meV 10° F 10 umf
PREFRIMR (MIR)
100 THzf- 10 fs|- 2.5 um
TeVE 1ol 1 ume EFRSMR (NIR)
HM0.72 um .

o4 AIRA (VIS)
1PHz|  1fsk o5 tm #5145 (UV)
10eVE 10" 100 nmi

EEHMR (VUV)
10 PHz[ 100 as|-
100eVE 40 L 10 nmb

019 0OoO0O0Ooooo

342 0O000O0OOOOO
O00000000000p=0,i=000000000000000000000G0O000O0O0O

D = ¢pe,E (3.37a)
B = uou:H (3.37b)
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oooo0obooboboooboon

V-E=0 (3.38)
V.-B=0 (3.38b)
JB
VXE=-5 (3.380)
VXB = €ryr€0‘u088—lf (338(31)

gboooobogbboooboooooonboon

J’E
2 —

V“E — Er[l,lregll,loﬁ =0 (339&)

J’B
V2B — e, 11:6010—== = 0 3.39b
Ertir€oio R ( )

00000000000 000000000000
1

< (3.40)

U= =
\/erﬂrGOMO \/er,ur
000000000 oooDoOooOn (refractive index)

n= el (3.41)
godooooooooooon c
U=E (3.42)

O00000o0ououooooooooooog yr=1|]|]|]|]
n= e (3.43)

oooo?®
00000000000000000000000000000000000000000000
000000000000000000000000000000000000000000000
000000000000000000000000000000000000000000000
0000002 00000000000000000000000000000000000000
0000000000000000000000000000000
x00000000000000¢0000000000000¢+0000000000 x()00
00000000000 »00000000000000

| cos@..( _z)
E(t) = Ineol 1 Xt c (3.44)

000000000000 00000000000000 0 x00000000000000
ooobooddr0x0oooobb0ooo0DbrooobOO0O0ObDbOOU0OODDbDDbDDbOOO

5000000000000 0e #100 wr#100000000000000000000000000000000
0000000000 (metamaterial) 0000000000000000O0O0e <000 u,<00000000OO
00000000000 0000o0o0O000O0000Or< 000000000 ODODODOODDODOODDDODOOODODODOO
0000000000000000000 (negativeindex) 000000000000 00000ODOOO

2000000000000 000000000000000000000000000000000000000000
googoo

2 0O0000000000000000000000000000000000000

44



nyDDD2=ODDDDD[IDDD nioooodoooooooooooooooooogn
000000D00000000x() =xexp(-iw) 0000000000000 z(>00000
go00oooouoooooooobooouoboooooooboood
2
w* cosB . r
Er(z,t)=f q exp[—lw(t—z)] dxdy

4rtepc? 1

~ —ia)@ exp [—ia) (t - ;)] (3.45)

2¢egc

00000000000000O0z=000000000000000 z=-c00x000000
0000000000 Eizf) = Elexplitkz -] 00000000 z>000000000000
00000000000 0000000 E(0,) =Eexp(-iw) 0000000000000000
000000000 x(f) = xexp(-iot) 10 00000000000000000000000O0O
0oo

EtOtal(Z, t) = Ei(z,t) + Ex(z, 1)

ot g )
E. expli(kz — wt)] 1w2€OC exp |—iw |t -

= E expli(kz — wb)] (1 - 1;22;%)

 N%0 ] (3.46)

=~ EY expli(kz — wt -
cexpli(kz — wt)] exp[ 12€0CE?

gboboobboobbooobuooobozobboooo ;:;Z;?)DDDDDDDDDDDDDDD
goooobooboboobooobooboboobooobboobbooobooboDbooboo
goooobooboboobooobbooboooboobbooboooboobobooboo
goooobogooboooo
gboooobogoboobooobuooboobooboooboobobooboooobobooobo
oooooboobobooboooboobobooboooboobbooobbooobobooboo
goooobogboboobooobooboboobooobobooboooboobbooboo
gbobooobogbbooboooboooboobboobooobuoobboobbooobobo
odooboobooboboooboobbooboooboobbooobooboboobbooobDbo
odooooboobobo0obbooobbooboooboobboobooboboobbooobobo
00000 (photoniccerystal) 0 0000000000000 00D0000O0O0O0OOOOOOOO
gboooobogbboobooobbooboobbooboooboobboobobooboo
gooooboobobooboooboobobooboooboboobboooboobDbooboo

oooooboobooo
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2000000000 0DO0ODOODOO 30000000

1) 00000000 A OOOOO

V. (VXA)=0 (3.47)
Jdoo0odoooooogoogo
2)DDDDDDDDDDDDDD
V-D=p
V-B=0
OB
VxE=-22
x ot
VxH:i+a—D
o
gooogo
v.iz_oP 3.48
i= T (3.48)

gboogoobogood
3) 000000000000 (G480 0000O0ODOOOO
4) 0000000000000 000000oooooOOoO0oooooon
5 00000000000000000000000

20080 101100000 17000000000000000000000O0O0DOOOCOOOO0O0O
0000000000000 000oO20080 10 150000000000 URLOOOOOOOO
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gobooboobooobbooboboobobooboooboboobobooboboooboon
emaill 0000000000000 00000000000O0O0O000O000O0O0O0000O0O0
googon
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1 gogooood
1.1 00000 (Wave Equation)DOOOO0OOD0 . .. .ot v it ittt
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1.1.2 300000 « ottt e e e e e e e e e e s e e e s
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1471 OO0DOO0 « o ot e e e e e e e e e e e s e e e s s s
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1.5 I
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2 goobobooooooo
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2.3 00000000000 00000000 « ..t e e e e e e e e e e e e e e
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3 goobobooooooobooog
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