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" This principle should be familiar since it applies to the important case of electrons
which have spin §) and accounts for the periodic table of the elements.
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InZ= N(ln—V—%l B+—1 27rm+1)
— alnZ 3 N 3
Hence EF =— 8 25 ENk:T (9.10.9)
— V. 3
b 5= ]f(anJrﬂE):]VleWJrElnTJFUO)
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4] (9.10.6)0] AT

=
(9.10.6)2] =M=
(9.10.12)

or  hk, = VmkT

le. A<, (9.10.13)

where A\=h/p
ARFA(Z7], L)ET} AFofof stoy

- L
AT

itk
rx
2

= ARATAPE A AEE e 202 AR Futubgo] URRE Fat A2 2ot
7

ofo} 3tc}, — (9.10.13)WC}

my=—J, —J+1, -,
@ ("= (2J+1)x¢

&= AS= Nkln(2J+1)
9.11 AEfO| i3t YAFSLY A iro| 22| 94n|

© Bujgtsol tiet Gxtels)
= QAL 2(N)o] th3t Inzo] oEHL oliA K}H 75 . Gibbs mfhs2= o]
UpA] orett
e 7 AERY §2 ST o A7) Jojo] A4t UehA] hech Al s
Z3 Aas et & Fojd 2ol
7bsst GRpEl] 22 e Hlofd & ee YRS A WEHIS o1 o) 2Ys
758ty
ol ststuEl M o)A Hasict
oF alnz
“_(a)m:kd I )V’T (9.11.1)
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(9.11.1)1F (9.10.1) =2 g

= 79] PRIASHA Aste, DREAASt0] J|E% o|g ot o
oMol o5g b5t gt

229719 & ol2d}

© =2 2%(DNoA £ Vel &7] <o A=
H=H"+e

(9.11.3)
* ¢, o]2s} WENH, o]2st oA

N, (9.11.4)

+ : H' ion, — ; electron, H ; H atom

Hsk e 9] s=t vlad Hojrl o] nolA 1FA Z

- 2elg el Axte] 2890e BT

gto] A g

Jie

<

o},

= 2?(277ka)3/2 : for the electron( from (9.10.7) and spin 1/2)

@ ZF FRVJE ol gish 2719 A3 ATEf
¢, = 2}%(2MW€T)3/2 ; for the proton
M+m=~=M
D= aa9AE vHEAE O] leng, SAAX | TisiA =
= 4}%(2wmﬂ3/2e‘0/”

= 7} Axtol hsf 470) THsat 4

Ky = h—V3(27rka)3“e"°/” (9.11.9)
7Vt g0l =2 ASES free energy’l A4 Y of

F=E—TS
A 20| A]

F~E
L7t ZofXH MERNE #X|1, free energy: AtobA] 2] Ect.
0] He 2EoA

N_=N, =
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* £<1
2] €& A=k AQHA (9.11.4)¢F (9.11.9) 2 HE
o _ [ V\[2rmkT 3/ — kT
5_(1\70)( 2 ) (9.11.11)

A 371%
guxt 2ab 1A 5719 B

of i AA| of=:t

ES
T oy py s 5719 A9 ofet HEA

<7t 53] =4 Ged, §7e oldrIAE FMevts

5719 stetHEd § N, 1)

(9.11.13)

= AWAGEI} G A

P

)

(1)~ nz(1,) = [ i7" (9.11.15)

(7
7, kT
© 7;,—> 09 3¢

since (0E/0T), = Nyc
* o(7) ; A LA G H|E
E(T)=—N2n+N2/OTc(T”)dT”

= E(0)=— Ny i A9 vpebadefo] ofigx].
“ 0 T=00M9 LAt T 5otE
T—0 B— o O]1
Z= Zei‘ﬁg"ﬁ Qoei‘ﬁ(ﬂv‘zn)
Nyn
kT,
= uietgelol A nAle] Fhset A & 0,5 1 order oItk

or InZ(7;) = as Ty,—0 (9.11.17)
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N. T
InZ(7) = TQ;JF NQf :;’2
0

T
S T/ ar’
HaxA (9.11.12)=
Vi 2nmkT\*? _ 112 (7)
pV=NkT
(9.11.20)
In kT 2rmkT 3/2 _ M
p K kT
— [ @mm)¥ 32| Mo
hence Inp=In e (kT)** |+ T
and 7(T):M(kT)3/zexp T — TdT//T,C(T”)dT”
E KTk, 177,
& F7|40o] gigh vietE B2
9.12 A} 2X19 ZHl{jst
B VHS THEAF EAZE H O|Y7|A0f Tt FHigt+
1A 5t AFFAY 259 FsF ATE de Broglie mgo] BXAALo]9] Hot A2 E
o A2 4%
_ ¢
= W
(= Ze*"ﬁ
@ JHEALo] thst Buigts  BE FRHAE] sof] s summation
BX}9] Hamiltonian
F=% .+, t#, (.12.4)
= g, and €,(s,) ; A2 E}I?E‘Eq?_}, HAGHE 5,9 o|A]
= g, and ¢, (s,) ; AR tigt XA} stUEYQH, AAMFE Q] oL A
= g, and €,.(s,) ; AFFJo] thst B9 M5 SFUELQ, S ofA]
= g, and €,(s,) ; BAY] 59 A5 AT SFHEUQL, AFofHA]
Ll I
CZ Z e*’ﬂe, )+F( ‘)+(,,(s,)+(,,,_(sl,)]
G el — Be,(5,) — e, (s,) ~ fe,(s,)
=(De )De )De ) e )
or <: <t< Cr Cv
B O|URHER| SHiFA
AFsA e Yis

/
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_ b
Fr = 2(my +ms,)
|4 3/2
¢ = ?[%(ml +my)kT] (9.12.6)
GREES

E so) oigt FAke] uhehate] o dA] e, : ARF A2 RO] @4, Fig. 9.12.1
€p at Ro(s—ﬂz_} g3714.)

&
e R

Fig, 9:12:1 Energy of the 0
electronic ground state R 5
eo(R) of a dictomiec mole-
cule as a function of the |€p |&D

internuclear separation .

The dissociation energy is I 1
denoted by €p, the vibra- é-ﬁm ¥
tional sero-point energy by [+ ——

_; frea. Ry

@ o] BE FAA AlEE JEHQ olUXl= 8IS dH 288 2 eVaXA, k79
alshA e =
e AARZEi oA BIEAES o]9o] SF FEIY] 7]oe FAI
- BAL vltabelo] Ao] cRRo] srge E4f
¢, = 02" (9.12.7)

2, ¢ viEgEe] WA

et

& 9ltt.

G}

Ry 21 my, my2 o] Fojfl Tt ofgo] 5]l

Fig. 9:12:2 Rotation of a rigid dumbbell molecule.
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= S}Abxl 2k
N m1 +m2 1. =2 O
2 2
SR 2% L T (9.12.10)

== = JEL e (=1 T 20 R R E R

7)>1 oleg
Al =31, TebA (9.12.11)9]

24kT =

u=J(J+1)
(= / " que™ 01240 2A2
0 Bh
or ¢ ~ 21;’2” (9.12.12)
=Y (identity)t L¥=27F=(indistinguishable)?] 112§
¢ = 2AkT
o1 o= { it they are identicle

1
2

- BHe & WRMOR thg 4 gk Fo( e exdMe M), o 2HHA
g =

S|
A Ol NEe gHoR o)t g sHamS wefsfiop ottt

In¢, =— Infg+ constant
1 - _
= ; e EIPSEC GRS
(== 55 InG = 5=KT B R
- 2719 ALgwo] BT FSEujYe
s
© BPAY R, 299 AE

5
T4 AA 29olMel oy

a v O
1

—bg? (9.12.16)

6(30 (R) - 6D + 2
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R,
0%7]}# bzaiRz and fER_RO (91217)

(9.12.21)

1 =« '2 1 %2
K= —u' R'= ~
gl =5n s
b
w= -
1
e, =hw(n+1/2) n=1,2,3, -
SECIER S
C — ie*ﬁﬁw(n+1/2)
’ n=20
— % Bw
(&
Thus Cv - 1— — Bhw
uE 2ol
hw ~0.1eV — phw > 1
C’U ~ e%ﬁﬁw
= AFALGEE ¥ o2 FFT 4 ot

(9.12.22)

9.13 SZUAM BBF0 A= A7 FAL

Black-Body Radiation

— 1 _
ng, =73 ; Planck &1
e "—1
® mhsua
— 1 0%
2
V' g=—F
A at?
Beintel 5
= = Aei(k cr—wt) go(r)e_m
w d
k=—, k= | k|
C
Remark
Azt =491 ohEs g Al
—_ 2—)

@ °] A4 Schrodinger WA a ¢HAls

Fxb|ate] gptel
e=hw p=hk

I

= 7}

=
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Maxwell =7 A]
v - &z :0 —> k- &g =

T g v
v gt U5 My 259 27189 48 7P 4 At
= 2} kol ofsl Ae] 230] 27kA] Jhsat Wl thg st 271A] Jhsat wAb
olct.
ool Rmgto] LEO] £ f(R)d'k
o gt Zo|xl Raubgkol A mAMIE] |k ~ bt dk o] TejEmco] mEo] &
@R = —2 &k (9.13.7)
e —1 (27)?
2 PPN w ~ wtdo U] HYRTGe] nEY 4
k=Y and dk=¢
C C
81 wdw
2f (k) Ank*dk) = —————— 9.13.8
f(k)(4nk?dk) erel 1 ( )
SR ool FGato K]
(s T)dw = [2f (k) (4rk2db)] () = 27 f (k)wdo (9.13.9)
C
~ — h w3dw
%% u(w; T)de 7r2036ﬁhw——1 (91310)
£ RAY oiru s
_ _ fw

4 3
u(w; T)dw = fg(ﬂ) fdn_ (9.13.12)

(mer) =

Fig. 9:13:1 The energy density i(n) (per unit dim
range dn) as a function of 1 = e /kT.
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= n=rn= 304 FHRH

hw,  hw, -

kT, kT,

W Wy

=T (9.13.13)

= Wien®| o]&HA]
© Bt FoA 2=

)=

T
|=Ke) N
e HE2 g

< |
o
~
NSy
w
-
=|
N
—
-
e
w
oW
=

- 4
ug o< T

= Stefan-Boltzmann H#A!

u (1) = = (9.13.17)

Noc k' Poc T3
ugoc N(kT)oc T
SAAQ] A4t

52 99 Sat] o FFUY

p= En av) (9.13.20)
n, =75 ; Planck &%
e —1
L,=L,=L =L V=L°
€, = hw=fck=he(k2 + k2 + k)2 = ﬁc(%r (n2 +n2+n2)"/?

e, =CL '=0CV" 3 where C= constant

6657 1 _4/37 1 65
Hence P 3CV =3
— —(16&] 1 o= 1 —
P= 2"8(37)— gy 2amses = 3L
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Fig. 9-14-1 Electromagnetic radiation in
equilibrium inside an enclosure of arbitrary
shape. The radiation must be homogeneous.

of
o4

oF EA} ZH(radiation field)2] &
f (E’:)dsg ; Tho] Bmjcdo] m ol WALS 7_:, E~ k+dk, polarization «
$30| YA

1. BAM} 2 FY(homogeneous) ; FALy f= YX|of] Lk

— -

r

kol "hsko S QA | k| o o9&

)
3. wAge M3A e f B3 W 2

Fig. 9:14:2 The radiation in equilibrium
inside the enclosure is isotropic.

Fig. 9:14:3 Two different enclosures at the same temperature
Joined through a small hole.
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=2

£255) AT P2 olF
Bato] WrER|Y FAM 20| 24
Ht& Z (emissivity)
2. (Fia)dw d2 ; & 2OIA w ~ w+dw BOOA 4] YA|Zo2 W2
e Ao EA A&
e HEE52 A9 dA 2% oE
AAF dE(incident power)

'/’/)i(k',a)dw dsf?

ro

o}

E

A =
4 98

(k )P (k‘ a)dwd

ok

22 (absorptivity) ; a(E' a)
= RAF SAPAO] Oigt S48

= A9 548 UEWAL 2= &ttt

n:\oll

Emitted radiation | Incident radiation A

Fig. 9:15-1 Diagram illustrating emission and absorption of radiation by
a body.

o
2= TR ssU oM B2 olFiL e AN
= FPsALLSt A

o) 24t 98 - 2AVL 543 98

principle of detailed balance) ; H&4
o] F&oA vr=A] Zotof oict.
=A1°] 57 ©A g0 tish

= ggol sk
| chat

(9.15.1)

)u

O]
Lo o
o

D
e Ml

mu ok
w N = o o g
L2

Q2 Jm |4 L

d

8 oX

)

o

-|>
E

o)

2

a

Fig. 9:15:2 A body located inside an enclosure
and surrounded by a shield which is only trans-
parent in one small element of area to radiation
of one direction of polarization and of one nar-
row frequency range.

LPIEIERS
UIAA Ze]ste] 7| 2¥Alo ot MLl 59

& Schrodinger equation, Maxwell's equation
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ALg3te ofe] o] WRO® o2ojxl shto)
o A Ao o8 r, s 50 WALALE} Atole] Ho]7}
L ros20] Ho| &5

o= w, 1 DA Ttelgel gl

= s> 29 oHo| g5 r—s29 o] e Pt

W, B~ EElers
= Zzps*ws*r*
Wy o = PZZU}SW = PZZwTS

so that Wy - = W,p (9.15.5)
= AP de
SR o3t 2at $E

2w 79 £F YollA o]} HYPg oj2L e & 79 A FNFHLIS A&
st}
2, (= ko) =alk,a)7,(ka) (9.15.6)
/);Ek’];’)a) = . (k) (9.15.7)
= Ao =4 2419 JAoly exd] BRst: 2 I A7 YRlsts SI3Uo
BAto] JFS WA rett
= oW =T WEBAMLO] oot Bostn A0 Ao RS wA] ore
o},
@ wiebA] Ahwol v &S 2wout oEsith — 2A| WEE(~,)Yd S48
WS @A ek

Kirchhoffe] XAl

Remark ; 7]23]320] Wale ulAdatel efgdst Azt
- wapute] WEa 4t oux £97te] Holo] Aut
= ol E97H0] Ho|7} A7 o]2ojRcke e HolgEo| kit T
e e Eoq B 9wl Mo, & & col 2A £Q0 o) &
A

® ZXA|(black body)
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Pl

% Incident radiation

Fig. 9-15-4 A small hole in an enclosure
acts like a black body.

Stx] erooe 77 welct.
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sH2RE Y58
gEelo] 3o RRE BEHL I g

- AL Qe

© e 791 $3ore] BA0] RAEE TSl

o O v

(9.13.7)7} (9.13.2)22.E
2.(kya)dwd? = (hw)(c cosd f (k) d*F)
2

&= Kdkd2 = Y dwd?

3
R ¢ (k)cosOdwd?  (9.15.10)

e 2|7} Syislo g o] wako] 2ot
A

& Lambert9]
598 W
7, (w)dw ; B2
d2=sinfdfd¢
7 ()dw =2 / 7 (k') dw d2

3 w/2
— a(w) 2 f(k)dw(%/ cosf sinede)
0

_ :
7. (0)do = a(w) QWngf(k)dw (9.15.11)

7, (w)dw = a(w)[tcu(w) dw] (9.15.12)
7. (w)dw = a(w)#e;‘iidfl (9.15.13)

& u(w; Tdw = [2f (k)(4nk*dk)] (hw) = 87‘ff(k)w3dw (9.13.9)

3‘)
L dk (9.13.7)

& N —
FT = L

9.13.9)2} (9.13.10)9] ZAutZ EH
L 24 > BAEAte] AmE] Rao] ofst Planck WA

w(ws Thdw = [2 () (4rk?dk)] (i) = S f (k)wdo (9.13.9)

9

S—
Il
—_ o~

® alw

3
i widw (9.13.10)

w(w; Tdw = -
( ’ ) 71—203 e‘dﬁufl
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9.16 Fermi-Dirac &X°| Ay}
2 A 75 — oid7IA

240] MEMALS Aolo] HEALES
TREA 2ARE HFE

AH&

.
T 2&U0 BEs} UT Ro

],
@ "YFC Al Fermi-Dirac £7)9]

saEe) B ARt
-1 1
Pe T gatBa e

n==
a®t pe o 2710 s 2 Hct.
— 1
an = Z = =N (9.16.3)
s s € +].
T ope == g
Fermi gt
. 1
Fle) = prIC=m (9.16.4)

If Bu< 0, then el 5 1 = Maxwell-Boltzmann 21

ahel 3] A9
_ B

fu=L> (9.16.5)

If €< p, then B(e—pu) < 0 so that

Fle)=1

If €e>pu, then Be—p) >0 so that

Fle) = P9
@ XA Boltzmann 2 XA Qojxlch

If e=p, then F:%
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Fig. 9:16*1 The Fermi function at a finite temperature T.

&
Fie

0

Fig. 9:16'2 The Fermi function at T = 0.
Fermi energy pu=p, at 7=0

p_2: 252

€= 2m 2m
T=09M& H20] YA7HA] & 32 oAl AR

2 WV)S (%rxp‘) =

Fig. 9:16*3 The Fermi sphere in x space. At
T = 0 all states with ¥ < kp are completely occups
by particles, those with ¥ > xp are completely empan.

pp = hkp
B é: h2k,
Ho = 2m 2m
vV (4 3)
2 —nkp|= N
(2r)* 13777
1/3
27 2 V3
Ar= 9= s\ v
kp  (37%) N

@ de Broglie TR UAIZE 72 (1V/N)Y? order
@ at T=0, \=2nk ' >\

(
2w AR 2
T A<Ap 9 BE HEjE vlofgict.
T=00]A19] Fermi energy

7
o
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3 ﬁz - ﬁQ( 2N)2/3
Ho = 5 ki =5 (37" (9.16.10)

T2]9] Fermi energy
at 7=0

a

= 8.4 % 10*electrons/cm?®, m =10 g

Tr = %x 80,000 " K ; Fermi =%

kT < p at room temperature
W= po
@ 20429l Fermi energy+ 0KQ] g} 37 th2X] ¢irt.
HEAALe] W] Lo]o] 7]o]
=57,
RAZE MB A2 @il R Mt e Foce

E= %NkT and CV:%Nk

FD #3of o5t v|&7]o
@ Fermi energy T-#ollA] k7 order?] &2 @] AX}gto] vjdo] 7]ofgity.

= o] oo MAt Sk Frof uge et

Ny = p(pkT
H| g2
3 3
Cy~= ]Veff(gk) ~ EkQP(M)T

B AR 2AE AA A=RAS FD 229 1] JA49] AR}, k7/p ot |&I7} 2
8l = o]
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3 [kT\_ 3 [T
CV = ENk(T)_ 14 9 R —TF (91617)

> T/Tp <1022 DFA ¥ (3/2)R0] ¥ls] QR At
o g0 vlgo] ReFo] udat 27 ch2x] gt

Axo| ]

) =T (9.16.18)
Ao A= Axtel v|d (o ol s staizict
= &]L0f|A]

C(VL) =AT?

e XA 7]ojo] v]3)] LAl wE S22 ‘0o AL}

= 3 Ao v 540 3] M) ulge] 2= EHS RAIE 4 Uk,



A2oflMe] v E

cvzcw+w%)=7T+A]ﬁ

Cy

I 2
T v+ AT

= 7% Wl ¢/ TS SRR DU KNG phEst FH(Q4dol olgho] olct.

(Millijoules

mole =* deg =)

T
(Millijoules
mole =t deg 1)

0 2 4 6 8 10 12 14 16 18
(Deg?®) 5

Fig. 9:16*4 The measured specific heat cv for copper and silver presented in
plots of cv/T versus 1" (after Corak, Garfunkel, Satterthwaite, and Wexler,
Phys. Rev., vol. 98, p. 1699 (1955)).
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