
0.1 Crystal Structures

R = ma1 + na2, (1)

R = ma1 + na2 + oa3. (2)

nλ = 2d sin θ. (3)

E(r, t) = E0 eik·r−iωt. (4)

I(r) =
∣∣∣E0 eik·r−iωt

∣∣∣2 = |E0|2 . (5)

E(r, t) = E0 eik·(r−R)−iωt. (6)

E(r, t) ∝ eik·(r−R) e−iωt. (7)

E(R′, t) ∝ E(r, t)ρ(r) eik′ ·(R′−r). (8)

E(R′, t) ∝ eik·(r−R)ρ(r) eik′ ·(R′−r) e−iωt = ei(k′ ·R′−k·R)ρ(r) ei(k−k′)·r e−iωt. (9)

E(R′, t) ∝ e−iωt
∫

V
ρ(r) ei(k−k′)·r dV. (10)

I(K) ∝
∣∣∣∣e−iωt

∫
V

ρ(r) ei(k−k′)·r dV
∣∣∣∣2 =

∣∣∣∣∫V
ρ(r) e−iK·r dV

∣∣∣∣2 , (11)

R = ma1 + na2 + oa3, (12)

R ·G = 2π l, (13)

eiG·R = 1. (14)

G = m′ b1 + n′ b2 + o′ b3, (15)

b1 = 2π
a2 × a3

a1 · (a2 × a3)
, b2 = 2π

a3 × a1

a1 · (a2 × a3)
, b3 = 2π

a1 × a2

a1 · (a2 × a3)
. (16)

ai · bj = 2π δij, (17)

eiG·r = eiG·r eiG·R = eiG·(r+R). (18)

ρ(x) = C +
∞

∑
n=1

{
Cn cos(x 2π n/a) + Sn sin(x 2π n/a)

}
(19)

ρ(x) =
∞

∑
n=−∞

ρn eixn 2π/a. (20)

ρ∗−n = ρn, (21)

g = n
2π
a

, (22)

ρ(r) = ∑
G

ρG eiG·r, (23)

I(K) ∝

∣∣∣∣∣∑G ρG

∫
V

ei(G−K)·r dV

∣∣∣∣∣
2

. (24)

K = k′ − k = G, (25)
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I(G) ∝
∣∣∣∣∫V

ρ(r) e−iG·r dV
∣∣∣∣2 . (26)

I(G) ∝

∣∣∣∣∣∑R
∫

Vcell

ρ(r + R) e−iG·(r+R) dV

∣∣∣∣∣
2

=

∣∣∣∣N ∫
Vcell

ρ(r) e−iG·r dV
∣∣∣∣2 , (27)

ρ(r) = ∑
i

ρi(r− ri), (28)

∫
Vcell

ρ(r) e−i G·r dV = ∑
i

e−i G·ri

∫
Vatom

ρi(r′) e−iG·r′ dV′, (29)

k′⊥ − k⊥ = 2k⊥ = 2
2π
λ

sin Θ = G⊥, (30)

0.2 Bonding in Solids

φ(r) =
A
rn −

B
rm , (31)

ENa = −1.748
e2

4π ε0a
= −α

e2

4π ε0a
. (32)

H = −
h̄2∇2

1
2me

−
h̄2∇2

2
2me

+
e2

4π ε0

{
1
R
+

1
|r1 − r2|

− 1
|r1 − RA|

− 1
|r2 − RB|

− 1
|r2 − RA|

− 1
|r1 − RB|

}
, (33)

H′ = − h̄2∇2

2me
+

e2

4π ε0

{
1
R
− 1
|r− RA|

− 1
|r− RB|

}
. (34)

H′Ψ(r) = H′
(
c1φA(r) + c2φB(r)

)
= E′

(
c1φA(r) + c2φB(r)

)
, (35)

c1H′AA + c2H′AB = c1E′ + c2SE′

c1H′BA + c2H′BB = c2E′ + c1SE′,
(36)

c1(H′AA − E′) + c2(H′AB − SE′) = 0

c1(H′AB − SE′) + c2(H′AA − E′) = 0.
(37)

E′± =
H′AA ± H′AB

1± S
. (38)

Ψ↑↓(r1, r2) ∝ φA(r1)φB(r2) + φA(r2)φB(r1), (39)
Ψ↑↑(r1, r2) ∝ φA(r1)φB(r2)− φA(r2)φB(r1). (40)

E =

∫
Ψ∗(r1, r2)HΨ(r1, r2) dr1 dr2∫
Ψ∗(r1, r2)Ψ(r1, r2) dr1 dr2

. (41)

Esinglet = 2E0 + ∆E↑↓, (42)

Etriplet = 2E0 + ∆E↑↑. (43)

E = 2E0 + C± X, (44)
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0.3 Mechanical Properties

Y =
σ

ε
=

F
A

l
∆l

. (45)

σ = Yε. (46)

F =
YA

l
∆l, (47)

G =
τ

α
. (48)

K = −p
V

∆V
, (49)

∆l2
l2

=
∆l3
l3

= −ν
∆l1
l1

= −νε. (50)

(l1 + ∆l1)(l2 + ∆l2)(l3 + ∆l3). (51)

l1l2l3 + ∆l1l2l3 + l1∆l2l3 + l1l2∆l3. (52)

∆l1l2l3 + l1∆l2l3 + l1l2∆l3 = ∆l1l2l3 + l1

(
− ν

∆l1
l1

l2

)
l3 + l1l2

(
− ν

∆l1
l1

l3

)
= (1− 2ν)∆l1l2l3. (53)

G =
Y

2(1 + ν)
. (54)

φ(x) = φ(a) +
φ′(a)

1!
(x− a) +

φ′′(a)
2!

(x− a)2 +
φ′′′

3!
(x− a)3 + . . . (55)

α = tan−1
( x

a

)
≈ x

a
. (56)

τ = Gα ≈ Gx
a

, (57)

τ = C sin
(

2π x
b

)
, (58)

C
2π x

b
=

Gx
a

(59)

C = τy =
Gb

2π a
. (60)
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0.4 Thermal Properties of the Lattice

M
d2x
dt2 = −γx, (61)

ω =

√
γ

M
. (62)

E =
1
2

Mv2 +
1
2

γx2. (63)

1
2

γx2
max = kBT, (64)

xmax =

(
2kBT

γ

)1/2
. (65)

M
d2un

dt2 = −γ(un − un−1) + γ(un+1 − un), (66)

M
d2un

dt2 = −γ[2un − un−1 − un+1]. (67)

un(t) = u ei(kan−ωt), (68)

−Mω2ei(kan−ωt) = −γ
[
2− e−ika − eika

]
ei(kan−ωt)

= −2γ(1− cos ka)ei(kan−ωt), (69)

ω(k) =

√
2γ(1− cos ka)

M
= 2

√
γ

M

∣∣∣∣sin
ka
2

∣∣∣∣ . (70)

ω(k) =
√

γ

M
ak = νk, (71)

un+1(t) = u ei(ka(n+1)−ωt) = eikaun(t). (72)

M1
d2un

dt2 = −γ[2un − vn−1 − vn],

M2
d2vn

dt2 = −γ[2vn − un − un+1],
(73)

un(t) = u ei(kbn−ωt),

vn(t) = v ei(kbn−ωt).
(74)

−ω2M1u = γv(1 + e−ikb)− 2γu,

−ω2M2v = γu(eikb + 1)− 2γv.
(75)

∣∣∣∣ 2γ−ω2M1 −γ(e−ikb + 1)
−γ(1 + eikb) 2γ−ω2M2

∣∣∣∣ = 0. (76)

ω2 = γ

(
1

M1
+

1
M2

)
± γ

[(
1

M1
+

1
M2

)2
− 4

M1M2
sin2 kb

2

]1/2

, (77)
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uN+n(t) = un(t). (78)

eikan = eika(N+n), (79)

eikNa = 1, (80)

k =
2π
aN

m, (81)

El =

(
l +

1
2

)
h̄ω (82)

El(k) =
(

l +
1
2

)
h̄ω(k). (83)

k = (kx, ky, kz) =
2π
aN

(nx, ny, nz) =

(
nx2π

L
,

ny2π
L

nz2π
L

)
, (84)

σ =
F
a2 . (85)

F = γ∆a (86)

σ =
γ∆a
a2 . (87)

Y =
σ

ε
=

γ∆a
a2

a
∆a

=
γ

a
. (88)

En =

(
n +

1
2

)
h̄ωE. (89)

〈E〉 = 3NA

(
〈n〉+ 1

2

)
h̄ωE. (90)

〈n〉 = 1
eh̄ωE/kBT − 1

. (91)

〈E〉 = 3NA

(
1

eh̄ωE/kBT − 1
+

1
2

)
h̄ωE. (92)

C =
∂〈E〉
∂T

= 3R
(

h̄ωE

kBT

)2 eh̄ωE/kBT

(eh̄ωE/kBT − 1)2 . (93)

p1 ∝ e−h̄ωE/kBT , (94)

〈E〉 = h̄ω

eh̄ω/kBT − 1
(95)

〈E〉 = 3
∫ ωD

0

h̄ω

eh̄ω/kBT − 1
dω, (96)

〈E〉 = 3
∫ ωD

0

g(ω)h̄ω

eh̄ω/kBT − 1
dω (97)

N =
4
3
π n3, (98)

N =
4
3
π

(
Lk
2π

)3
. (99)
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N(ω) =
4
3
π

(
Lω

2π ν

)3
=

V
6π2 ν3 ω3, (100)

g(ω) =
dN
dω

=
ω2V

2π2 ν3 . (101)

3N = 3
∫ ωD

0
g(ω) dω. (102)

ω3
D = 6π2 N

V
ν3. (103)

〈E〉 = 3
∫ ωD

0

ω2V
2π2 ν3

h̄ω

eh̄ω/kBT − 1
dω =

3Vh̄
2π2 ν3

∫ ωD

0

ω3

eh̄ω/kBT − 1
dω, (104)

〈E〉 =
3Vk4

BT4

2π2 ν3h̄3

∫ xD

0

x3

ex − 1
dx = 9NkBT

(
T

ΘD

)3 ∫ xD

0

x3

ex − 1
dx. (105)

C =
12π4

5
NkB

(
T

ΘD

)3
. (106)

κ = κp + κe. (107)

κ =
1
A

∂Q
∂t

∆x
∆T

. (108)

κp =
1
3

cλpvp, (109)

∆l
l

= α∆T, (110)

G = U + PV − TS. (111)

Tm =
(0.05a)2γ

2kB
=

(0.05a)2ω2M
2kB

. (112)

Tm =
(0.05a)2Θ2

DkBM

2h̄2 . (113)

0.5 Electronic Properties of Metals: Classical Ap-
proach

1
2

mev2
t =

3
2

kBT. (114)

me
dv
dt

= −eE (115)

v(t) =
−eEt

me
, (116)

v =
−eEτ

me
. (117)

n|v|A, (118)

−en|v|A. (119)
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j = −env, (120)

j =
ne2τ

me
E = σE =

E
ρ

, (121)

σ =
ne2τ

me
, (122)

ρ =
me

ne2τ
. (123)

µ =
eτ

me
, (124)

σ = nµe, ρ =
1

nµe
. (125)

EH = RH jxBz, (126)

| − eEH| = | − eBzvx|. (127)

RH =
EH

jxBz
=

EH

−envxBz
=

vxBz

−envxBz
=
−1
ne

. (128)

RH =
1
pe

, (129)

E(z, t) = E0 ei(kz−ωt), (130)

k =
2π N

λ0
, (131)

N = n + iκ (132)

N =
√

ε =
√

εr + iεi (133)

E(z, t) = E0 ei((2π N/λ0)z−ωt) = E0 ei((ω
√

ε/c)z−ωt). (134)

me
d2x(t)

dt2 = −eE0 e−iωt. (135)

x(t) = A e−iωt, (136)

A =
eE0

meω2 . (137)

P(t) = −nex(t) = −neAe−iωt = −ne2E0 e−iωt

meω2 . (138)

D = εε0E = ε0E + P, (139)

ε = 1 +
P(t)

ε0E0 e−iωt . (140)

ε = 1− ne2

ε0meω2 = 1−
ω2

p

ω2 , (141)

ω2
p =

ne2

meε0
. (142)

κ

σ
= LT, (143)

κ

σ
=

3
2

k2
B

e2 T = LT, (144)
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0.6 Electronic Properties of Solids: Quantum Me-
chanical Approach

− h̄2∇2

2me
ψ(r) + U(r)ψ(r) = Eψ(r). (145)

U(r) = U(r + R), (146)

ψ(r) = ψ(x, y, z) = ψ(x + L, y, z) = ψ(x, y + L, z) = ψ(x, y, z + L). (147)

ψ(r) =
1√
V

eik·r. (148)

k = (kx, ky, kz) =

(
nx2π

L
,

ny2π
L

,
nz2π

L

)
, (149)

E(k) =
h̄2k2

2me
=

h̄2

2me
(k2

x + k2
y + k2

z). (150)

h̄2

2me

(
2π
L

)2
(151)

N
2

=
4
3
π

(
Lk
2π

)3
, (152)

kF =

(
3π2N

L3

)1/3

=
(

3π2 n
)1/3

. (153)

EF =
h̄2k2

F
2me

=
h̄2

2me

(
3π2N

L3

)2/3

=
h̄2

2me

(
3π2n

)2/3
. (154)

N(E) =
V

3π2

(
2me

h̄2

)3/2
E3/2. (155)

g(E) =
dN
dE

=
V

2π2

(
2me

h̄2

)3/2
E1/2. (156)

f (E, T) =
1

e(E−µ)/kBT + 1
, (157)

N =
∫ ∞

0
g(E) f (E, T) dE. (158)

〈E〉 = 3
2

kBT g(EF)kBT (159)

C =
∂〈E〉
∂T

= 3k2
BT g(EF). (160)

C =
π2

3
k2

BT g(EF) (161)

κ

σ
=

π2

3
k2

B
e2 T = LT. (162)

φ0(r) =
1

4π ε0

q
r

, (163)

8



ρ(r) = − e2

V
g(EF)φ(r). (164)

∇2φ(r) =
∂2φ(r)

∂r2 +
2
r

∂φ(r)
∂r

=
e2

Vε0
g(EF)φ(r). (165)

φ(r) = c
1
r

e−r/rTF , (166)

rTF =

√
Vε0

e2g(EF)
. (167)

φ(r) =
1

4π ε0

q
r

e−r/rTF , (168)

ψk(r) = eik·ruk(r), (169)

uk(r) = uk(r + R), (170)

ψk(r + R) = eik·Rψk(r). (171)

ψ(r) = ∑
k

ck eik·r. (172)

U(r) = ∑
G

UG eiG·r. (173)

U−G = U∗G. (174)

− h̄2∇2

2me
ψ(r) = ∑

k

h̄2k2

2me
ck eik·r. (175)

U(r)ψ(r) =

(
∑
G

UG eiG·r
)(

∑
k

ck eik·r
)

= ∑
k

∑
G

UGck ei(G+k)·r

= ∑
k′

∑
G

UGck′−G eik′ ·r. (176)

∑
k

eik·r
{(

h̄2k2

2me
− E

)
ck + ∑

G
UGck−G

}
= 0. (177)

(
h̄2k2

2me
− E

)
ck + ∑

G
UGck−G = 0. (178)

ψk(r) = ∑
G

ck−G ei(k−G)·r. (179)

ψk(r) = eikr

(
∑
G

ck−G e−iG·r
)

. (180)

ψk+G′(r) = ∑
G

ck−G+G′ ei(k−G+G′)·r = ∑
G′′

ck−G′′ ei(k−G′′)·r (181)

ψk+G′ = ψk(r), (182)
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E(k + G′) = E(k). (183)(
h̄2k2

2me
− E

)
ck + ∑

g
Ugck−g = 0. (184)

U(x) = ∑
g

Ug eigx. (185)

(
h̄2(k− g1)

2

2me
− E

)
ck−g1 + ∑

g
Ugck−g−g1 = 0. (186)

(
h̄2k2

2me
− E

)
ck + Uck+g1 + Uck−g1 = 0,(

h̄2(k− g1)
2

2me
− E

)
ck−g1 + Uck + Uck−g2 = 0. (187)

ψk(x) = ∑
g

ck−g ei(k−g)x ≈ ck eikx + ck−g1 ei(k−g1)x. (188)

(
h̄2k2

2me
− E

)
ck + Uck−g1 = 0,

Uck +

(
h̄2(k− g1)

2

2me
− E

)
ck−g1 = 0,

(189)

E0 =
h̄2

2me

(
±π

a

)2
. (190)∣∣∣∣ E0 − E U

U E0 − E

∣∣∣∣ = 0. (191)

ψ(+) ∝ ei(π/a)x + e−i(π/a)x = 2 cos
(π

a
x
)

, (192)

ψ(−) ∝ ei(π/a)x − e−i(π/a)x = 2i sin
(π

a
x
)

. (193)

−ih̄∇ψk(r) = h̄k ψk(r)− eik·r i h̄∇uk(r). (194)

vg =
dω(k)

dk
=

1
h̄

dE(k)
dk

. (195)

Hat = −
h̄2∇2

2me
+ Vat(r), (196)

Hsol = −
h̄2∇2

2me
+ ∑

R
Vat(r− R)

= − h̄2∇2

2me
+ Vat(r) + ∑

R 6=0
Vat(r− R). (197)
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Hsol = −
h̄2∇2

2me
+ Vat(r) + v(r) = Hat + v(r), (198)

v(r) = ∑
R 6=0

Vat(r− R). (199)

∫
φ∗n(r)Hsolφn(r) dr = En +

∫
φ∗n(r)v(r)φn(r) dr = En − β, (200)

ψk(r) =
1√
N

∑
R

ck,Rφn(r− R). (201)

ψk(r) =
1√
N

∑
R

eik·Rφn(r− R), (202)

ψk(r + R′) =
1√
N

∑
R

eik·Rφn(r− R + R′)

=
1√
N

eikR′ ∑
R

eik·(R−R′)φn
(
r− (R− R′)

)
=

1√
N

eikR′ ∑
R′′

eik·R′′φn(r− R′′) = eik·R′ψk(r), (203)

E(k) =
∫

ψ∗k(r)Hsolψk(r) dr

=
1
N ∑

R
∑
R′

eik·(R−R′)
∫

φ∗n(r− R′)Hsolφn(r− R) dr, (204)

E(k) = ∑
R

eik·R
∫

φ∗n(r)Hsolφn(r− R) dr. (205)

E(k) = En − β + ∑
R 6=0

eik·R
∫

φ∗n(r)Hsolφn(r− R) dr. (206)

∫
φ∗n(r)Hsolφn(r− R) dr = En

∫
φ∗n(r)φn(r− R) dr

+
∫

φ∗n(r)v(r)φn(r− R) dr. (207)

γ(R) = −
∫

φ∗n(r)v(r)φn(r− R) dr, (208)

E(k) = En − β− ∑
R 6=0

γ(R) eik·R. (209)

Es(k) = Es − βs − γs(eika + e−ika) = Es − βs − 2γs cos ka, (210)

dE = −eEvg dt. (211)

dE
dt

=
dE
dk

dk
dt

, (212)

h̄
dk
dt

= −eE . (213)
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a =
dvg

dt
=

1
h̄

d
dt

dE(k)
dk

=
1
h̄

d2E(k)
dk2

dk
dt

. (214)

a = − 1
h̄2

d2E(k)
dk2 eE . (215)

m∗ = h̄2
(

d2E(k)
dk2

)−1

. (216)

0.7 Semiconductors

n =
1
V

∫ ∞

Ec
gc(E) f (E, T) dE, (217)

p =
1
V

∫ Ev

−∞
gv(E)[1− f (E, T)] dE, (218)

E = Eg +
h̄2k2

2m∗e
. (219)

gc(E) =
V

2π2

(
2m∗e
h̄2

)3/2
(E− Eg)

1/2. (220)

E = − h̄2k2

2m∗h
(221)

gv(E) =
V

2π2

(
2m∗h
h̄2

)3/2

(−E)1/2. (222)

f (E, T) =
1

e(E−µ)/kBT + 1
≈ e−(E−µ)/kBT . (223)

1− f (E, T) = 1− 1
e(E−µ)/kBT + 1

≈ e(E−µ)/kBT (224)

n =
1
V

∫ ∞

Eg

V
2π2

(
2m∗e
h̄2

)3/2
(E− Eg)

1/2 e−(E−µ)/kBT dE

=
(2m∗e)3/2

2π2h̄3 eµ/kBT
∫ ∞

Eg
(E− Eg)

1/2 e−E/kBT dE. (225)

n =
(2m∗e)3/2

2π2h̄3 (kBT)3/2 e−(Eg−µ)/kBT
∫ ∞

0
X1/2

g e−Xg dXg. (226)

n =
1√
2

(
m∗e kBT
π h̄2

)3/2
e−(Eg−µ)/kBT = NC

eff e−(Eg−µ)/kBT , (227)

p =
1√
2

(
m∗hkBT

π h̄2

)3/2

e−µ/kBT = NV
eff e−µ/kBT . (228)

np = 4
(

kBT
2π h̄2

)3
(m∗e m∗h)

3/2 e−Eg/kBT , (229)
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ni = pi =
√

np = 2
(

kBT
2π h̄2

)3/2
(m∗e m∗h)

3/4 e−Eg/2kBT . (230)

µ =
Eg

2
+

3
4

kBT ln
(

m∗h
m∗e

)
. (231)

ωc =
Be
m∗e

. (232)

En = − mee4

8ε2
0h2

1
n2 . (233)

a0 =
4π ε0h̄2

mee2 . (234)

σ = e(nµe + pµh), (235)

d2U
dx2 = − ρ

εε0
, (236)

dU
dx

∣∣∣∣
x=−dp,dn

= 0. (237)

∆U =
e

2εε0

(
Ndd2

n + Nad2
p

)
. (238)

dp =

(
∆U2εε0

eNa

Nd
Na + Nd

)1/2
, dn =

(
∆U2εε0

eNd

Na

Na + Nd

)1/2
. (239)

np = Nc
eff e(µ−Eg−e∆U)/kBT , pp = Nv

eff e(e∆U−µ)/kBT , (240)

nn = Nc
eff e(µ−Eg)/kBT , pn = Nv

eff e−µ/kBT . (241)

|Idiffusion| = |Idrift| = |I0| = C e(µ−Eg−e∆U)/kBT , (242)

|Idiffusion| = C e[(µ+eV)−Eg−e∆U]/kBT . (243)

I = Idiffusion − Idrift = I0

(
eeV/kBT − 1

)
. (244)

|Idiffusion| = C e[(µ−eV)−Eg−e∆U]/kBT , (245)

I = Idiffusion − Idrift = I0

(
e−eV/kBT − 1

)
. (246)

0.8 Magnetism∮
B da = 0, div B = 0 (247)

B = µ0H, (248)

B = µ0(H + M) = B0 + µ0M, (249)

M = µ
N
V

. (250)

µ0M = χmB0, (251)
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U = −V
∫ B0

0
M dB′0 = −V

∫ B0

0

χm

µ0
B′0 dB′0 = −V

χm

2µ0
B2

0, (252)

B = curl A. (253)

p→ p− qA. (254)

A = −1
2

r× B0, (255)

Hkin → H′kin,

p2

2me
→ 1

2me
(p + eA)2 =

1
2me

(
p− e

r× B0

2

)2
. (256)

H′kin =
1

2me

(
p2 + eB0 · (r× p) +

e2

4
(r× B0)

2
)

, (257)

H′kin = Hkin + H′ =
p2

2me
+

e
2me

B0(r× p)z +
e2

8me
B2

0(x2 + y2). (258)

E′ =
e

2me
B0〈ψ|(r× p)z|ψ〉+

e2

8me
B2

0〈ψ|(x2 + y2)|ψ〉. (259)

gems
eh̄

2me
B0 = gemsµBB0, (260)

µ = − eh̄
2me

L = −µBL. (261)

µl = −
eml h̄
2me

= −mlµB. (262)

µ = −geµBS, (263)

µs = −gemsµB, (264)

µJ = −gmJµB, (265)

L = ∑ ml and S = ∑ ms, (266)

gJ =
3J(J + 1) + S(S + 1)− L(L + 1)

2J(J + 1)
. (267)

µ = − ∂E′

∂B0
= − e2

4me
B0〈ψ|(x2 + y2)|ψ〉. (268)

µ = − Ze2

6me
r2

aB0. (269)

χm = µ0
M
B0

= −µ0ZNe2

6Vme
r2

a. (270)

χm = − 1
3V

µ2
B µ0 g(EF)

(me

m∗
)2

. (271)

µ̄ =
1
Z

J

∑
mJ=−J

gJµBmJ egJ µBmJ B0/kBT , (272)
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Z =
J

∑
mJ=−J

e−gJ µBmJ B0/kBT . (273)

χm =
C
T

, (274)

C =
µ0Ng2

J µ2
B J(J + 1)

3VkB
. (275)

N↓↓B0 − N↓↑B0 = g(EF)µBB0, (276)

M =
1
V
(N↓↓B0 − N↓↑B0)µB =

1
V

g(EF)µ
2
BB0, (277)

χm =
1
V

µ0 µ2
B g(EF), (278)

E↑↑ − E↑↓ = −2X. (279)

H = −2XS1 · S2. (280)

H = −∑
i

∑
j 6=i

XijSi · Sj + geµBB0 ·∑
i

Si, (281)

H = −X ∑
i

∑
n.n.

Si · Sn.n. + geµBB0 ·∑
i

Si, (282)

H = ∑
i

Si ·
(
−∑

n.n.
X〈S〉+ geµBB0

)
= ∑

i
Si · (−nn.n.X〈S〉+ geµBB0) , (283)

M = −geµB〈S〉
N
V

, (284)

H = ∑
i

Si ·
(

nn.n.XV
geµBN

M + geµBB0

)
= geµB ∑

i
Si · (BW + B0) (285)

BW = M
nn.n.XV
g2

eµ2
BN

. (286)

M(T) =
µBN

V
ex − e−x

e−x + ex = M(0) tanh(x), (287)

M(T)
M(0)

= tanh
(

M(T)
M(0)

ΘC

T

)
, (288)

ΘC =
nn.n.X
g2

ekB
(289)

χm =
C

T −ΘC
. (290)
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0.9 Dielectrics

P = χeε0E , (291)

P =
N
V

p =
N
V

qδ. (292)

p = αE , (293)

P = (ε− 1)ε0E =
N
V

p =
N
V

αE , (294)

α =
(ε− 1)ε0V

N
. (295)

Eloc =
1
3
(ε + 2)E . (296)

P =
N
V

αEloc =
Nα

3V
(ε + 2)E . (297)

α =
ε− 1
ε + 2

3ε0V
N

. (298)

d2x
dt2 + η

dx
dt

+ ω2
0x =

eE0

M
e−iωt. (299)

x(t) = A e−iωt, (300)

A =
eE0

M
1

ω2
0 −ω2 − iηω

. (301)

A =
eE0

M

(
ω2

0 −ω2

(ω2
0 −ω2)2 + η2ω2

+
iηω

(ω2
0 −ω2)2 + η2ω2

)
. (302)

P(t) = Pi(t) + Pe(t) =
N
V

eA e−iωt +
N
V

αE0 e−iωt. (303)

ε =
P(t)

ε0E0 e−iωt + 1 =
NeA

Vε0E0
+

Nα

Vε0
+ 1. (304)

εopt =
Nα

Vε0
+ 1, (305)

ε(ω) =
NeA

Vε0E0
+ εopt. (306)

εr(ω) =
Ne2

Vε0M
ω2

0 −ω2

(ω2
0 −ω2)2 + η2ω2

+ εopt (307)

εi(ω) =
Ne2

Vε0M
ηω

(ω2
0 −ω2)2 + η2ω2

. (308)

p(t) = j(t)E(t), (309)

j(t) = −∂D
∂t

= − ∂

∂t
εε0E(t) = ε0E(t) (iωεr −ωεi) . (310)

p =
1
T

∫ T

0
E(t)j(t) dt, (311)

1
2

ε0εiωE2
0 . (312)

εi(hν) ∝ ∑
k

M2δ
[
Ec(k)− Ev(k)− hν

]
, (313)
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0.10 Superconductivity

Bc(T) = Bc(0)

[
1−

(
T
Tc

)2
]

. (314)

∮
E dl = −dΦB

dt
, (315)

∂j
∂t

=
nsq2

ms
E , (316)

∂

∂t

(
ms

nsq2 curl j + B
)
= 0. (317)

∂

∂t

(∫ ms

nsq2 curl j dA +
∫

B dA
)
=

∂

∂t

(∮ ms

nsq2 j dl +
∫

B dA
)
= 0. (318)

ms

nsq2 curl j + B = 0. (319)

curl B = µ0 j. (320)

curl curl B = µ0 curl j = −µ0nsq2

ms
B. (321)

∆B =
µ0nsq2

ms
B. (322)

∆j =
µ0nsq2

ms
j. (323)

λL =
√

ms/µ0nsq2. (324)

Ψ(r) = Ψ0(r) eiφ(r), (325)

Tc = 1.13ΘD exp
−1

g(EF)V
, (326)∮ p

h
dr = n, (327)∮

p− qA dr = nh. (328)

ms

nsq

∮
j dr− q

∮
A dr = nh. (329)∮

A dr =
∫

curl A da =
∫

B da = ΦB, (330)

ms

nsq2

∮
j dr−ΦB = n

h
q

. (331)

ΦB = n
h
q

. (332)
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0.11 Finite Solids and Nanostructures

Ψ(r) = Ψ(z)Ψ(x, y). (333)

Exy =
h̄2 k2

xy

2me
, (334)

Ψ(z) = A eikzz + B e−ikzz, (335)

kzd = nπ, n = 1, 2, 3, . . . (336)

Ez =
h̄2k2

z
2me

, (337)

2kzd + Φi + Φv = 2π n, n = 1, 2, 3, . . . (338)

Emin = Eg +
h̄2π2

2µr2 −
1.8e2

4π ε0εr
(339)

ψk(r) = eikruk(r). (340)

ψk(r) = e=(kz)z eik′ ·ruk(r), (341)

∆E ≈ Vµ0M2. (342)
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