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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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N1/2
T PRSP A AEEHE 202
ofof gttt — (9.10.13)B} AZAsH

d o
Rset Wi 27+ )79 Thsa Jeps
m,=—J, —J+1, -, J-1, J
e ¢ = (2J+1)x¢
@ AS= Nkln(2J+1)
9.11 SHIOI digh FAFsHY At S84 0]
© wujgao] et teisls Aol & wAA AMtuc St

= QURF 2Nl T3t 1nz9] EHE o2 AR ZE. Gibbs THtEAL

T

N
—_

S N

e or ofr
rot ok
£

O
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- 79] PRrISEA A

S} W2, DS A G| 7| x5 o]+ O
oA 9] o &S 7oAl .
2a9Uxte] & olest
© =2 2Z(DN)oA Fo vl 87] Qo] 9= 2ALRE
H=H"+e (9.11.3)
* ¢, olgst HEIM, o] 23t ofux|
stetgyel & &
—H+H +e =0
A 8ol WA
N V- 9.11.4
N[—[ N ( . . )
where Ky = i
C
+ : H" ion, — : electron, H ; H atom
H*sh e o st ulad Aoja o oA LA Isto] &gt

= e A AAY FEUH2 FARMM

= 2h—I§(27rmk:T)3/2 ; for the electron

= 7k Rl s 27e) AW A

¢ = 2h—I§(27er~cT)3/2 ; for the proton

M+m=M
RE 229t e gone, Saurtd geAl:
Gy = 4h—z(QkaT)3/Qef°/kT

- 2} ARto] sl 4709) FhsE e 27he] AALAE WY

Ky =~ (2nmkT)"2%e” V7

(9.11.9)
g #E0] 52 A2 free energy’t 2|l4aY T
F=E—TS
A0l A
F~E
257t =olx|H EZu]= X1, free energy= AlolA 3fi2]Fct.
0] B2 2EoA
N_=N, =
N+ .=
€= o2l &

Ny =N_ =N

and Ny = N,— Nyé=N,(1—¢) = N,

*x <1
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sfe] &= Y AEHA (9.11.4)2F (9.11.9) 2K E
) 27ka‘T)3/26€U/kT

(9.11.11)

A9 F71%
SAR BAF DAV 2719 B
o : 1A otz

= s B

©
o
19
_h:l
&
2

2ws} 23] A gow, 57 oAIMR s
5710] setmENd ¢ Ny, 1,

= ATARE} G AP

A9 stetHEIAE N, 1,

oF alnz
MQZ( ) Zk:T( ) (9.11.14)

=95 ¢ Lutelste] 75 vi2 H|Fat AEARRITH
—m__ [0InZ) 2(81nZ
B(T) = op )VkT oT |y

InZ(7)—InZ(Ty) = fTE];(TTQ)

dT’ (9.11.15)
©® To"ogl 75]—?—
since (0E/0T)y = Nyc
* o(7) ; IAY] YA G H|E
J— T
E(1) == Ny + N, [ e(17)d7”
0

& B(0)=— Ny : wA|9] vFEEfe] ofuiA].
<y T=00149) WAt F 52
T—0 pB—co O]
7= Ze—ﬂe,.H Qoe—ﬂ(—Nzn)
Ny
kT,
= HiEAJEfolA A9 THeet HE 4 2, 1 order J&o|t

N. T ’ T
InZ(7) = 277+N2f %f (T")dT”

or InZ(T,) = as T,—0 (9.11.17)
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Vi 2rmkT\*/? . MQ(T)
In N1( 12 ) e (9.11.20)
pV=NkT
(9.11.20)&
In KT 2rmkT 3/2 _ M
P K2 kT
— [ @mm)*? 32| | Mo
hence Inp=In|-———73— (k1) |+ T
— . (27Tm)3/2 3/2 /TdT // 1
and p(T) = X (k7T)**exp k:T . T

@ Z7]d oigh v2td =29
9.12 ChRIZ ERp0| HH{EHa

B VRS OEA 2212 " Ol 7[A0f tigh ZHidh e
A S ALY 25 25F AUE de Broglie mgo] EAFALo]9] 2|
R

¢= Ze”“

@ JfEEAM] oigt 2ues - Wi GAVSE] sofl tisll summation
BX}9] Hamiltonian
F= +w, +#, +7%, (.12.4)
= g, and ¢,(s,) ; ALEY SFUEYCL, HANE 5,9 o|A|
= s, and ¢, (s,) | AR R Ak AU, ARgE] oluA]
= g, and €,(s,) » AFFA0| OiFh A0 IJARE stEYF, A oHA|
(

=
= 2, and €,(s,) 5 249 A5 2 IE SFEEUL, ASAHA]
Z )+F )+€,,(s,)+€,,,(sl,)]
e
— (Ze Be, (é )(Z —,36{,(5(,))(Ze—ﬁf,(s,_))(Ze—ﬁfl,(sw))

EN Sy EN EN

or <:<t< Cer

B O|HAZAS Zhigts
AGFaA A5
;2
F 2(m1+m2)
_ |4 3/2
¢, = F[Zﬂ'(ml +my )k T] (9.12.6)

A x]"\.’? [
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AT o] ohet Ate] vieabe) oAl ¢, M2 A2 RO ¥4, Fig. 9.12.1

Fig, 9:12:1 Energy of the 0 T | L
electronic ground state {
eoll) of a diatomic mole-
cule as a funection of the |60 18D
internuclear separation . .
The dissociation energy is 1 \
denoted by ¢p, the vibra- ! e ¥
tional sero-point energy by [+ ——

:, fieo. Ry

= 79 BE RAolA AISE Yel] AuAl: BiYAE R 4 VA, AT
Bl oj ot
7 AL ALl A BIEPYE) olele] SE gejo] loj: RAIF 4 k.

¢ = 20 (9.12.7)
0, : vlepEe] WA

G}

Ry B my, my2 O] F0]%1 THSH o} 9]

ﬂ

Al

- =" J(J+1) (9.12.10)

my=—J, —J41, ey (J-1), J ¢ 2J+1702) PFsa b
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R2J(J+1)
24k T -

C ~ ./\Ooduef(ﬂhz/QA)u — 24
' 0 Gh?

or ¢ = (9.12.12)

=Y (identity)t L¥=27F=(indistinguishable)?] 112§
2AkT

G =

& of7|A o=

- 23e & 1

A oS AlUE Yoz sFu A HAw

1f they are identicle
R0z OF & glv A%l F2 2=oA9] H,), o E4s1A

Eafof gt

{1 if the nuclei are unlike
2
NES

Remark

© 1A=

In¢, =— Ing+ constant
€. = ﬂl Cr 6 T J_Jg__ﬂ,_ ?‘ﬂﬁq]l‘ﬂxl
e 2719] AhRwo] AE=E S5l
s
© IHIAY R, 799 A
=4 AA YoM oA
oo (R) == e + 5 b (9.12.16)
9%, (Ry)
A7 b= and = R—R,  (9.12.17)
R
I ST e
K=gpnhi=5pg
b
w= "
I

=hwn+1/2) n=1,2,3, -
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¢, = Ze Bhw(n+1/2)
I n=0
e—%ﬁw
Thus ¢, = —
HE 2Z0A
hw ~0.1eV — phw > 1
CU ~ e%ﬁﬁw
- AEAGEE 1Hgos I

A
e

sl

(9.12.21)

(9.12.22)

9.13 SZUAM BBF0 A= A7 FAL

Black-Body Radiation

= FaUo] AAIEY] = DA g wo| 250 9
7t Jbsgt el g mEQ| 4
— 1 B
ng = 5 ; Planck &3
e —1
© Ty
2—)
Vie=—
& ot?
Bl 3
& = Aez(k r—wt) _ go(r)e—iwt
k=2, k= 1k
C
Remark
Azbe] =2el mHupg
— 2_,
A\ 2g() + S &0 0
C
@ 4] A4 Schrodinger WA AlaL 4415 % 2t
MAP|ake] Qrtet
e=hw p=hk
1pl =1
p C
Maxwell g7 Al
= g o] A, ko] 274
T g+ 152 Aohddd AR 27HK1Y dEe M
& 7+ ko] thafl MAFe] B=9] 2714 7HsE wigkol] of2
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2
w and dk=—
C

k=2

of (k) (4rk*dk) =

G Foge] oA
w(w; Tdw = [2

n = phw =

(O]

Fa A o
hw

~ ktdk o] ©ejEmge] xEo)

Bl

)3
A
T

dw
(9.13.8)

8 w?dw
(27mc)? e —1
(9.13.9)

f(k)widw

_ 8mh
JE

f (k) (nk*dk)] (ho)
(9.13.10)

(9.13.12)

kT

A
e

Fig. 9:13:1 The energy density i(n) (per unit dim

range dn) as a function of 7 = hw/kT.

- p=n=30x A

fw,  hw, -

kT, kT,

o _ o

= (9.13.13)
7‘5]

= Wieno] o]-5+]

B FolUA] =
- 25 -




@ Stefan-Boltzmann %%

7 (1) = = kT (9.13.17)

53 o] Bato] o3t PRy
_ — o€
p= Zn( o7 (9.13.20)
— 1 . =
ng=—5 ; Planck &3
e —1

L,=L =L, =L V=IL*

2m

7 (ni—&-ni—i—ni)lm

¢, = hw=hek=he(k2 + k2 +k)"? = he

e,=CL '= CV~Y®  where C= constant

aes_ 1 —4/3 _ 1 €
Hence Py 3CV =3
e [1&) 1 w1 =
p= Ens 3v) 3 VZ”.‘,Q 3 VE

| olgh 2Ap At
G o) 2A19 53 WY dAo] REIRlE WAL Adste
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b= l6 = (-6 =

HHAIIT dAd =Fdts § FAY] 25T

1

o) = 2f (B)d* K] (cdt dA cosd) (hik.)

Codtdy

Fig. 9:13+2 Photons impinging upon
a wall.

_ -k - (B4 +E)
—ch/ 2f (k)d* k) T: gch/[2f(k)d3k]+

=5 [r@aH e = 1w
* chk : FAje] o

el L O] AdZRI

g9 35 Uof A= A E&
Jt| ZhErSt 4=olof ofsh WS Uvrhlol HE
oboll o2 EAIVE = A9 Y9 55, T

- T2 299 9%

e PJ4E  HAY FEL JERTE 55 24 RF 22 25 79 S o

T

Fig. 9-14-1 Electromagnetic radiation in

equilibrium inside an enclosure of arbitrary

shape. The radiation must be homogeneous.
=3 oF EA} A(radiation field)e] AA!

fa(z,:)d?’% ; O] Huogo] @ BKFS «— o, k~ k+dk, polarization «

520 YA

1. ZAMg 2 d(homogeneous) : Frtp f= A0 78

2. BAMEE S8 /d(isotropic) 5 fv kO W] B, @Al [ kI o oF
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fo(k)  where k= |k |
3. BAVEE H=HA ¥ 0 fe 8=y 9l =

wBWa [elNe]

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

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

9.15 2& 79| XM WEE|= 2AL
2/ Yo YAt =A wasts abgo
@ oFxtoistul AA}7] o]2o] uhubEre LA
e H§ Asto)] 7]xsF o) AYst
@ EAAZE L5 7oA BAMS 9K
e A A7 e FAIsH
S4HE) 9y ¢S olE
2ate] wEAe F4A20| 2]
vt&-S(emissivity)

2. (kia)dw d2 | 2HOIN © ~wtdo G0N deo) A7Hes B 0
ool AR SAF A&

e 4Ego 29 AR} Lo oFEst}

A dE(incident power)

y)i(k a)dwd$?

O

P

=5 485
a(z',a);%i(;'a)dwdﬂ
& 2~ F(absorptivity) ; a(?,a)
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- ZAb BARO] of3 548

= A9 5d& HEL 250 i

oA ?-'n\
|

Emitted radiation | Incident radiation

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

a body.
A
e 79 EEUOq HHEL ol2w it =AA
- BPEALYS A
=A% A 25 = A7 St €8 (9.15.1)
© AMANdF L (principle of detailed balance) : HJAE oA SA]of &5t EAILE

55982 0139 ASolA WEA] Zofo} gt
1.2 A9 4 ©A 240 sl
2. &7 B3 W) ofs)
3. of® Zlg4 Hejof thsh

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.

ojA1A o)

OJAIA Z2]ste] 72 Ao ot JAlddde] 59
& Schrodinger equation, Maxwell's equation

® ofal7] FeAEIE ofzl o] ReoR ooy sjte] 1A
= 4ergol o3 r 552 YAHE Atole] Hol7} Yojdct.

s r—s29] Mo FHE
OJAlA 7194/d9] A2

wT‘S

Wy = Wy

@ 5 -1 29 9Ho] AL rs29| Ho| FE} P}

WAB = ZZPrwrs
WB*A* = Z:Z:Ps*ws*r*
Wy g =P3320, = PY D w,,
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(k,a)2] A

® 2= 79 S A FAIEL HRUANY] AF o,
(9.13.7)7} (9.13.2)25-€
2,(kva) dwd2 = (hw)(c cosd £ (k) d*k)
— 2
P h=KdkdQ = “5dwd
C
- hw?
7(k,o) = —f(k)cosf
C
- W3] Pyl FUSIY YAz B
AAIHE =9 (9.15.6) 2 2 7E
— 3
2. (kK a)dwd = a(— k’,a)h‘;’ F(k)cosfdwd?  (9.15.10)
C
= BAF SWHOR E2TH — a(—K,a)k k'O Wk £
@ Lamberto] ®A | HAF A& cosholl Bl|gtT}.
3 A8 », (w)
7 w)do : BF) 2970] e w ~ w+deAtol 2 WY AT F UF
dQ = sinfdf dop
2, (w)dw = 2/ 7, (E/,a)dwdﬂ
02
3 /2
=alw) 2ﬁ(; f(k)du)(%r/ cosf sin@d@)
C 0
3
2 (@)dw = a(w) 2 (k) dw (9.15.11)
C
7, ()dw = a(w)[tcu(w) dw] (9.15.12)
h widw
7 (w)dw = a(w)—2— 9.15.13
o (w)dw a(w)wc2 g ( )
& (9.13.9)9} (9.13.10)0] ZAutz=HE
® alw)=1: A > BA|2Ate] Ame2] Bmo| tjst Planck ¥
w(w; Ddw = [2f (k) drk?db)] (hw) = 2 f(k)w’dw  (9.13.9)
C
3
w dw (9.13.10)
1

— h
wl(w; Tdw = -
7_(_203 eﬂﬁw _ 1
(0)
:%20) =a(tcuy) =alcT") : Stefan-Boltzmann A
; Stefan-Boltzmann Ar4

= =
3 UE

™ K
60 02h3
o= (5.6697 £0.0029) x 10 ’ergsec ' cm %deg *
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Za0x9 HEdAt

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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h2

o= 5k = (9.16.10)

m 2m

ﬁ2 (3 2£)2/3
7

T2]9] Fermi energy
at 7=0

N(l
= 8.4 % 10*electrons/cm?®, m =10 g

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

kT < p at room temperature
B= fg
@ 20429l Fermi energy+ 0KQ] g} 37 th2X] ¢irt.
A=A v[FofQ] 7]o]
oF
Cv= (ﬁ)
MR MB EA1S whEGichH @ Ao tha] Fece
B=SNKT and Oy =Sk

FD &30 oJst v|&7]d
@ Fermi energy oAl k7 order?] &2 @o] X Agto] w|Fof 7]ofsic}.

= o] oo MAt Sk Frof uge et

Ny = p(pkT
ujge
3 3
Cy= chf(gk) ~ EkQP(M)T

B AR 2AE AA A=RAS FD 229 1] JA49] AR}, k7/p ot |&I7} 2
8l = o]

N, = (kT)N(JV —Nk;(kT) 33(]7;) (9.16.17)

= T/Tp <1082 1AA ug (3/2)kel vls] B4 Ao},
= ZA9] "]go] R=A9] v]F A HEA] At
ARt W

=~T (9.16.18)
Ao ZAxtel vl c(Fol| olsf 2R s Rict
SR SEX P
M =AT

= M| Fojo] 5] YU WE KT 0o FIg)
= 3 Aeo] v A4 ofaf Bt vjde] L& oEge T}
A2oA2] v]E
V—c(§)+c(lf) :7T+AT3

W
1
4S)
iu)
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7= +AT

o TP W ¢/ TS TEE TW AHG B FH(Q4ol 2lgho] yolct.

(Millijoules

mole =* deg =)

T
(Millijoules
mole =t deg 1)

[Deg®) T2

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)).

917 A0 ofet H[ES FFH ALt

P ON o kT

_ T 52 _T
Cy= 5 k o T 5 kNuo (9.17.23)
3 (7 kT
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