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—Bose-Einstein £ 74|
Wolfgang Pauli ; 1925

wZeeman a oA BEHE AaFEY o] (A= A AT
=3k AR 279 dAe g2 dAeE v 5/l

Enrico Fermi ; 1926
w7l Brbggel 2% Pauliel WetdEE AFdtel FAEA T oA PG o

o

=Paul Dirac(1926)2 °l&]g SAIE digh ALt FaAsts HF53
—Fermi-Dirac %7
Wolfgang Pauli, 1940
w23 Q¥R 9]F) spin®. & bosond} fermionS TR AT
A4=9] spin ; boson — Bose-Einstein Z7|
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i b
3 o7
= 3 ¥ 3 I
= of
S | o | Ty = 1300 K
S 9 __CTg)?j_ | | 1
oy
1 - oy
@IIE
s
0 emme? '
0 01 02 038 04 05 06 07 08 09 1.0
I
T

i
sk

2% 10.10 HolopZ=o] thdtk wH o Y Holgd] SAHE oflwErele Ha FAl
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A 10.4 tololZ=9] H|E
tlololR= 9] EBHAh YA Ao A o] doyX|e aF¥ oz FEEx i, 1500Ke] %ol A
AIAE FFE 5 AT
(@) Tp=1300K <& wf &2 A=pe] &5 Fatet.
hw=kyTy Einstein &%
~ kpTr  (8.62x10 °eV/K)(1300K )
B 6.58x10 eV - s
A e HsA A F91 Atolo] 114
fiw = (6.58 10" %V - s)(1.70 x 10"*s™ ') = 0.112eV
(b) A3 1500Kel ¢ &2k 4t AlUA & F8tal fiw el Bl ulsto] e},
21-2-(300K)

=1.70 x10"s !

e hw 0.112eV B
E= fhw/kyT .~ 0.112eV/(8.62x 10 %V /K)(300K) _ 1 0.00149eV
e 1 e 1
E~ 0.01hw
1500K
B = 0112V =0.0813eV

hw/ kT ] . R 5
kT g eo 112eV/(8.62< 10 eV/K)(loOOK)_l

E~ hw
Zoll Al RS A YAk AR v E R dol(frozen) Al WD 0 7H4

£

Debye model(1912) ; A& o] n|do] Coc 77 &AL HYS AH
D Aol et Fake] EA) 9k
2) 318 phonon &5l g £x &5 7H4
Exercise 4) (10.32)9]4] @& &LoA (>0 =& &L A 3R S Z=9slo).

Example 9.4) What are Phonon Anyway?
As we have seen, a solid at temperature T can be viewed as a system of quantized
harmonic oscillators in equilibrium with a "gas" of phonons. The oscillators can only
absorb a phonon and rise in energy, however, if the average phonon energy wu is
approximately equal to the oscillator energy level spacing, hw. Thus, for u= fiw the
phonons are coupled to the atomic oscillators, and the oscillators can exchange
energy freely with the phonon gas, but for w< Aw the phonons are effectively
1solated from the atoms and cannot add energy to the atoms. In the following
example we show that the phonons in diamond are effectively decoupled from the
atomic oscillators at room temperature but can provide energy at a temperature of
1500K.
(a) Calculate the vibration frequency of the carbon atoms in diamond if the Einstein
temperature is 1300K. Also find the energy level spacing for the carbon atoms.

solution

hw =k, Ty
kpT, 621077 1 o
w=B"E_ (8.62 10 eYl/E)K)( 300K) _ 1.70 < 10""Hz ; vibration frequency
h 6.58 <10 eV - s
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=0.112eV ; level spacing

fiw = (6.58 X 10~ %V - s)(1.70 x 10**Hz)

(b) Calculate the average phonon energy wu at room temperature and at 1500K and
Do the phonons have sufficient

compare with the carbon energy level spacing hw
energy on average to excite carbon atoms at 300K? at 1500K?

solution
at room temperature(300K)
— hw 0.112eV
u= eﬁw/kgT_ 1 T 0.112eV/(8.62x 10 %eV /K ) (300K ) _ 1 = 0.00149eV
at 1500K
— 0.112eV
U 0 12eV /(862 < 10 %6V /K)(1500K) _ 1 0.0813eV

e
1 (300K ) = 0.00149¢eV = 0.01hw
— carbon YAE O w2 dYA] FHE A7|A 77 = F53E o | A
u(1500K ) = 0.0813eV ~ hw
— carbon ¥YAE o 7]A17]7]
— B4 Ax7F YA E FF
YA & wstr|o Fwgk o],

o F&3 oA

Abets BA4ol A AHrE Al phonont

SO H
=

& Tipler ; Foundations of Modern Physicsde
A9 vldel oA Dulong-Petit H 3
Hx{i o:]Odoﬂ/ﬂ ;d— Ul—x] or =

Einstein, 1908 ; 22A|& 9] ¥A}+= o]AHA4 Q1 Energy %HS zt=t}.

fi

Einstein =&
)

LoaLAe] 7 2R A
e 7t ggen e 1

2. BE & 3
3. E,=nhf

FE5 121 3Na /19 1342 FA A
D S S G P’ 1 5,

K
w= [ = 2nf

Maxwell-Boltzmann #3

f(p,x)dpdx = ClefE/depdx
C, : normalization factor

//f(pvx)dpdle oA A=A
1
= (m/2)%ws % 39

1
WS o p=(1/2m)?%p,
E= P+ @Q?
dpdxr = %deQ
wrebA] Peb Qoll uigh EE

[(P.QuPiQ= "

f(P,Q)oce” M o)mz po] o
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1
R = R + dR Atole] AEl4ds o Z47 o) u)g sl
E=R’ dE=2RdR °|E%
2rRAR = ndF
E st E+dE Atole] Bejs(lsa 4%

2
f(E)AE= Tle*E/kdeE: Ce PR, C i ATFE A

E= /0 Ef(E)dE=kT

1 mole®| % energy+
U=3N,E=3N,kT=3RT

O, = Z—gz 3R ; Dulong-Petit ¢ H 3
Einstein Model
E, =nhf : o] A4 Energy %k
Maxwell-Boltzmann +3
_ -E/kT < = S g
F, = Ce . G Aats A
Y F, =1
n=20
M E=cYe #ong
n=0 n=20
o -1
C= ( E e*E /kT
n=20

5 n=0 n=20

E= =
S BJET O EJkT
X Me
n=0 n=>0

(I—y) " =1+y+y +..
21(3-41)9] B

- %Ze_m =Y ne " o|BE

Znhf e*nhf/kT: hfzne*n:lf — hf%E(@*n:r) __ hf%(l _y)*l

2

=+nhf(1—y) %y
o2} 4]

_17_



of y hfe—h,f/kr
1=y 1-¢ 7T

hf

ot hIRT _

N

e 94 0 pf<<kT A A — E~kT
Z AeAdd  wf/kT> 1, M s 1 olnz
Eﬁ_)hfefh,f/k‘,T_) O

— 3N hf
U=3N,E= WTT_
3 8U_ hf 2 ehf/kT
c, = 8T_3NAk(k:T) (ehf/kT_l)2

T—-09°4 C, —0
T — coo]™  C, — 3Nk = 3R
AAAI(LH 3-20) = A2ol|A AFAINI} o] FART FE flol
Debye Model
1. B A7 22 A57=2 Asdvtes A4S AS
2. 1A ; A%d A= 5
3. Einstein Model2 AW H A &x ALgdde Coc 77 2 A3}

Einstein &%=

Ty=hf/k
F,H(E):C,e—nTB/T
a1z
1.T) Tg » F, = Fuey = EE 9% W52 HFT 5 o
= E=kT

wel T = 50K , 59 Tg = 100K
AL2-(T=300K) ) Tg
— Dulong-Petit ¢ W& o] 4. = C, = 3R
tpojol== ; Ty = 1,000K
AL2-(T=300K) ( Tg
— 24 Dulong-Petit 2] W2 o] AH3A &=} C, < 3R

& Tiplerd End &
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10.5 Fermi-Dirac 418 &8 : 259 AFAXR 7]A o|&

FEel A4

FE&xH & dAE Fs(cavity)ol| ¥ A= fermion 7] A
Fermi o|Y#| (£,), X}Trd 2L wjdef tigk 7]of, dEE T2 A9
n(E)dE=g(E)fpp(E)dE (10.22)
1
fep(B) = ——ym7—
FD 6(E FF)/kT_i_l
fE) S(E)
T=0K T>0K
1.0 1.0 <5
I
|
05 e
|
0 E 0 : E
F,. JEF
2%y T
(a) (b)
froE)ell g %
T=0K,
1) EpRth 2 3e 2t BE AHES 943 APAL Er Hog 2 ouUAE 2t
BE FEES ve] g At
f=0; E> Ep
2) M-B &7, B-E &4 ; T=0°14 EE 4AE°] E=0%] FH=Z §FH5 o] Adv= 859
fzE weltt
3) Fermi £% ; v,
%meUQF EF
Ep=5eV 9 3%
vr~10°m/s (at 0K)
7> 0K
1) By~ Bp— kT Atole] oUAE AAE Je5E 0 B~ B+ kT Aole] gess
Sojut,

2) T~10°K M= E.= 0K E o A9 #uh
E(T)= E;0)
FENY ARAAAFAADES] FHAE
k ~ k+dk AFol9] 3ts Zbe @9 399 AdEe] F
Kk
g(k)dk = (3.44)

272

47 SEFEUAE 2 Aol F Ao 2Rt 5§k

T':

=
T
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_ Kk

g(k)dk= "2 (10.36)
7T
H &4 ARrdas e g
p2 B ﬁ2k2
- 2m, 2m,
om, E\/?
( e ) (10.37)
1[2m 1/2
dkz—( ;) EVE (10.38)
2\ n
g(k)dk=g(E)dE °|2Z 21(10.37)¢} (10.38)E (10.36)°] wiishdd
g(B)dE= DE'?dE (10.39)
8v/2mm??
_ By2am” (10.40)
h
—AEHA] e -
DEl/ZdE H(}":) .
N oo E1/2dE _h”l‘_
Vo /0 mE)E= Df JEEIRT | | >7=0K
(10.42) /'1'.
T=300 K
\
| ' v E(eV)
1 2 3
EF_Q] @Xé =
T=0K
f(E)=1at F< Ep
f(E)=0at E> E,
Ly
N D/ EV2ap=2pE3" (10.43)
4 0 3

(10.40)¢] D %< (10.43)°l thdstd OKollA 2] Fermi olUA|+=
h2

2/3
E.(0)= 5 (8375\;) (10.44)
N N3
WA S W B0 (D] = AR Fha

Fermi &%
Tp=Ep/k ; Fermi2% (10.45)
1eV ~ (40 X 300K ) = 12,000K
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¥ 10.1 AFAA o]8& 7|%Z 3 300KdA 59 Wa4Eo A 3t

= AR = Fermi o4 #] e~ Fermi &%

v (m~ %) (eV) (m/s) (K)
Li 4.70 X 10%® 4.72 1.29 % 10° 5.48 % 10*
Na 2.65 < 107 3.23 1.07 < 10° 3.75 % 10*
K 1.40 < 10 2.12 0.86 < 10° 2.46 % 10"
Cu 8.49 < 107 7.05 1.57 % 10° 8.12x10*
Ag 5.85 % 10%® 5.48 1.39 % 10° 6.36 < 10*
Au 5.90 < 107 5.53 1.39 % 10° 6.41 < 10"

» A Bl g A=A 7o
IHEA B
N 79 AAE 24U AR 2o} mole Be] oYX =
U=N, - (%kT): %RT

_dv_3
Ca="qr~ 3"
fermi 7] A

TEE E¥d Wt By 28 kT WS dARte] Sl Ho| kT ARl cuAE

-
= .

f=

2

= N Jiete] kT dUA S FomF mole & AA ol yA=

3 T 3 RT?
(ETF)(NA)(/CT)— 2 T,
AR G &
_av _ ., T
Q:l - d]ﬁ’v 3R TF

AeolAel Azte] mdel W@ 7)ol
T= 300K, TF:5><104K

300K |
Ca = 3R(m)* 0-018R
0.018R B
T5R 0.01(=1%)

nAHoR st ol 1% AEE 71918 Roluk
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oA 10.5 ¢ Fermi X
(a) Fermi olyd A
p=19.32g/cm®, M=197g/mole
ARG 1Y AFdxbE 7Hg ek
N 19.32g/cm?

= e e v (6.02 X107
V= 197/ mole (6.02 < 10*°electrons/mole)

= 5.90 x 10*%electrons/cm?
=5.90 x 10*®electrons/m?
h2 3N 2/3
2m, ( 8 V)
_ (662510 %1 « )’ ( 3% 5.90 x 1023m? )2/3
2(9.11 10~ *'kg) 87
=8.85x10" "] =5.53eV
(b) Fermi &%

EF(O):

1
Emev%:EF

v (2EF v 2><5.85><1019J)1/2
o m, 9.11 10~ *kg

=1.39x10°m/s
(c) Fermi &%

E
T, = L= 5-53¢eV = 64,000K
E o 8.62x10 %eV/K
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18594d Maxwell ;

NF(U];,Uy,UZ)dUJ;dedUZ ; (Ul.,vy,vz) ~ (v, + dv,,v, +dv,,v, + dv, )W 2] A4

HA S R fA s =

X7} W3

o] dojifw £

=
=

o
A

rugel

X
w

—_
fite)

)

k)
B
pild
=)
i
,_ﬂmo

ﬁo

Maxwell®] 7}4

=]
TR v, 0,0,

4r

(A)

F0,)f (v, )f (v.)

- F(vm,vy,vz)
2. F(vz,vy,vz)

(B)

2)

Jrvf/Jrv

¢(v*) = (0]

o

o
e
i
i

A
B

il
0

ﬁo

A

D, ~ v, tdu, AbOle] &

f, )dv,

23]

ol

TR

A
o
i

o
]
(]

+ '1;3)

2
y

A4
et h

F(vx,vy,vz):

I
T3
R m
m i
ol S

molgmw
( __af
o |
I
O

Vi oolE®=

+ oo

©

2/(12
“dv,

2 —v
V€

a2a72
Il
o™
3
s
S
8 Et
S Mo
TR
3
~
Nro
o
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1/2
—_ m —m? [2kT
flo,)= ( 27rkT)

2nkT

m )3/26_ mo?/2kT
2nkT

3/2 o
F(Ux,vy,vz):( m ) —m(0 +uy +o2)/2kT _

Fo,, v, v,)dv, v,dv, : (v, ~ dv,, v, ~ dv,, v, +dv,) Aol &
F(vx,vy,vz) SE gt e] BEUE(EXSS)
3
o m 2 7m(vi+v§+vf)/2kT
F(vz,vy,vz) f(vz)f(vy)f(vz) - 27T]€T)

=37 19 10.52 5

g(w)dv = dmv’dvF(v,,v,v,) = 47r(

l\’l = constant

1,

it
1
52/ ’Ug(’U)d’U:(—SkT)Q
0 T™m
Az
1
(2kT)E
vm = —_—
m
rms <2

3
m )2 2 77nv2/2deU

2k T

o "\ Voo =2KT/m
F (v) =BkTIem

e Vims = N 3KkT/m

Vi — Vims

(v)

Moalecular speed v, m/s
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ZsEgE e 714 2 aA Y] 8%
g 94%}9] Energy7t ¢1&olal 91Xy 5@ R] A5 o HHd o
E=cyu®+ cyu’
ey €y 5 T, u, w; YANELSFFHE

B4 Energy+

E= //Ef(u,w)dudw

(2-31)24] 0.2 3-E)
B= /,/(01U2 +cyuw’)Ce (el + e T g g
1 1
= SkT+ SkT=kT
S 28] A 8 (Equipartition theorem)
—o|JA g AFsor velds 2 #HITY 5 AEdE HAYA 1/2 kT7F

B,
Z ) x

Ev: \/‘UQCe*uZ/deu: %kT
Qi A4 col A%

fﬁ e gy = OlxkT)V? =1

— 00

1 1/2
= (ﬂ'k’T)

_25_



¥ k—space A9 AE U=
g Wol LY ASWA U Az}
¥(z,y,2) = Asin (kxx)sin (k:yy)sin (kzz)
AAZA ; Ay =4
1(0,0,0) = (L, L, L) =0
k,L=nm, k:yL:mr, k.L=nm

T T
k =n

™
T fa Y fa 2 f

Spherical shell of
radius k, thickness dk

k-37toll AE()ES 2 ZozRy g/LudE B
o dhte] Agurr &4 e
G4k~ k+dk 401011 9l AArve] 4
& Ade 1/8 olm
2 2
Nk = (1/2)7rk3dk: I/chlk
(r/L) o
cho)pul o] AE (Al o]
2
g(k)dk = a df (3.44)
27

¥ 53 WY AAHESAEFAD
AR el dis) 2t Zevi £ Ao £
Nk)dk  Kdk

Vv 2
= 27f
C
N(f)df = Swf df (10.27)
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Ralslo] Qa, k-ggtille (/L)

Nk)dks, 55 k~ k+dk Alole) ¥3e

Hgo] &A=z



