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% 1925 £, #@F (Wolfgang Pauli) BHBFEEHRSUE EFREEE
1" (Pauli exclusion principle) !, FREREFHE FEMURLIEHE.
1926 £, EFIRINE FHBEEKGEIT, FABRKFITBEEREFIMNIR
MiE R, RIRETHAEMBEELX.

& 1927 £, Mg - BHRIE (Arnold Sommerfeld) 2 B T & @EER: 3 ki
# FRITELFIE{L (independent-electron approximation): ZR&HF—HFHEEER Sommerfeld
“ BEATFIN (free-electron approximation): MR F-EFIHEIER
# WIERTEIEL (relaxation-time approximation): EYJfliiERtE)
o ZREBFHM, SINBRIHF (Pauli exclusion principle) , FZ RISt
(Fermi-Dirac) RE&ZERHTFE-IH/RZE (Maxwell-Boltzmann) %1t

o BRAFHBXFRA (BF) BHEFSHER (free electron model). *

Wolfgang
Pauli

LafEILIRIS 1945 SR NRYIESLE.

2EKIETTHT 7 MENREREGE, SIFEMOMELE: BHE (Werner Heisenberg). ifif| (Wolfgang Pauli). {3 (Peter
Debye) #104% (Hans Bethe), LAIR=/M#/T: 4k (Linus Pauling). $iitk (Isidor |. Rabi) #1358 (Max von Laue). &EXIEHZ M
wiEnrers 84 &, Er—xmank. Eonl, wREREEmEs e (4 00 &, eRtnBemreT.
3https://en.wikipedia,org/wiki/Free_electron_model

‘EEERRHEARRTS, MTURSHERNE HREBHE.
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e i

& FERIHETFIEMUT, €8F N R FRRERETIUSR

2
Rl = 3, Hal) = Haley) =~ V3 + Vi) &)

j=1
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@ EMIETFEOT, €BH N NMEFRREMERILS K
ot ({r}) = Z Hi(r) < Hi(y) = 7%%? + V(r;) (1)
“ N A FHE IR R AT LS B T EEE 1= 75 T2 80 S F F i Rl Slater 17513
{—%VZ + V(r)} Pn(r) = €nhn(r)  (n=0,1,2,...) (2)

O BRIZERIEFEERNE vna M Yns, WEKEEHATLEHUT Slater 75
Yna(r1)  ¥mp(r1)
Yna(r2)  Ymp(r2)
= Yna (1) Ymps(r2) — Pna (r2)Yms(r1) (4)
O BHR. Yna = ¥Ynp B, & =0, EBREXMRS GERTHES).

®(ry,r2) = = — ®(rg,r1) (3)
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e i

@ EMIETFEOT, €BH N NMEFRREMERILS K
ot ({r}) = Z Hi(r) < Hi(y) = 7%%? + V(r;) (1)
“ N A FHE IR R AT LS B T EEE 1= 75 T2 80 S F F i Rl Slater 17513
{—%VZ + V(r)} Pn(r) = €nhn(r)  (n=0,1,2,...) (2)

O BEERMEFEBEENS Yne 1 Yms, NBRIREEATLE BT Slater 175X
Yna (1) Ymp(r1)

= — ®&(ra,r 3
Yralts)  Pmp(ra) ez 71) 3)

= 'wna (rl)wmﬁ (r2) T ,lpnoc (r2)wmﬁ (rl) (4)
0 _\E%x Yo = wmﬁ B, ® =0, Euiﬁﬁﬁﬁ%%& (iﬂ*|]$m§)°

o T=0K, RIFAFMTEFTRIE, NV IEFRBESMRBISSESNER . STERTU
HEETHRERTETF.

P(ry,r2) =

ElR4IR, HaiE 2025 4 6 H30 B



B HEFIECL R F SRR &4

& EHEEFIEMNT, V) =0, TREEFEERSHEEM

h
“om

“ EXXHIEBUR TR EM (Boundary condition) , RigRBENRE
{4 (zero boundary condition) , MIfEALEiK. HRIEEHZ EHAML
F&H (periodic boundary condition), FRZNERK &Rk EFIAMEE A

2
—V2¢h(r) = enYn(r) (n=0,1,2,...) (5)

1 g h2k?
P(r) = Wek €k = om (6)
c

2, V. RERHBR, - HEA-KEF.
o BEMEBREMR K WRETER, BEBRE—IKH L Ik

27
ke = —mn
7/)k($+Ly yvz) :’ka(I7 Y, Z) 2L
Umy+ L2 =u@my2) = k= Tml (nmieN)
wk(xa Yy, 2+ L) = wk(za Y, Z) b 27rl
2z =

SEE: DEMALMEM Kk WEREHA?
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BRIBEK . BAKBER

€k

& &£ T=0K WIERT. NEEERMMEER k = 0 FIRfEE,
ﬁ?ﬁﬂﬁﬁiTﬁﬁﬁA%¥ EEZfA N MREFE
. R TFHIRRIEA kr, —HHERT

2
2 x 2kp/Ak =2 x ZkF/% =N

1
=  kp= §7TTL (8)

# kp AR AZTANIEE (Fermi wavevector) , JtRHIBES
h2 k2

F
=_—F 9
F= oo (9)

SURRANIKAE (Fermi energy) . BER HBKEE < MEHE
HE#RA BKE (Fermi surface) .

o —HBHARFSHBEXAATITA.

B - —#BEHETFSHNEHME (K
) IR SARIE TR RIS
1TH k&, BEASNAEEE.
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BRIEE. TKEER

 “HBEBARTS o = WEER (FXE) HA—1E:

P 2
2 x [mh2/AK] = 2 x [k (25)

=N
= kp=+2mn (10)

Eit, Z#HEHETFSNERESRTFEENRRNN

R k2, h2
€ = —Tn (11)
om m

*®

(277)

2 x [gﬂk‘f;/Ak] =2 x [7 3/ =
= kp= [37‘(‘217,] 1/3 (12)
Rk, Z#AMEFSHNERESEFEENXERH

2 [3n29)%/? (13)

ElR4IR, HaiE

ZHBHETFS a = o WEERE (BXE) A—DHKE:

°
°
3
°
©00000000000000
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©00000000000000
& [©000000000000000
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©0 0000000000000
©6000000000000000
66600060600000000600
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9000000000000 00 -
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o 6066000600000 o-
oo 0 0-0-00-0000 00~
Fooo
I

000
i

Ky

-ZHPHEFSHEHMEN k
R ORHBGEARER.
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BREK. BREE. &

Keg. TKIRE
SHEMEFSHBKER ke
1/3 Jo
kp = [3r2m]"/° = [3# %;rg {%ﬂ} %
MNFERE, HEKIRKA

i [om 1/3 1
f 4

- 11 A ' =111%x108em™
3.264 x 0.529 A
® BKIHE (Fermi velocity): vp
h

vi= —kp = =1.28 x 10° m/s
m

YEAFIEL, T = 300 K FHIEFNISARERAMEL 17 x 10° ms

& BKaE

(Fermi energy) ep

h2
GF_%k%- =  H=472eV = kp x 54584.5K
ERBEXI R RRETRABRKIEE, Tr=cr/kp. ©
%;tl:@;imz @ﬁ,mr#
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ERMNZEXEEXSH

ELECTRON DENSITY VR ot E 2 ECT FERMI VELOCITY FERMI ENERGY . IEER
VALENCY METAL RapIUS TEMPERATURE

(1022 em™9) (Bor] [10° ™) [10°ms~!] [eV] (104K]

Li 4.70 3.25 111 1.29 4.72 5.48

Na 2.65 3.93 0.92 1.07 828 3.75

K 1.40 4.86 0.75 0.86 2.12 2.46

Rb 1.15 5.20 0.70 0.81 1.85 2.15

! Cs 0.91 5.63 0.64 0.75 1.58 1.83

Cu 8.45 2,67 136 157 7.00 8.12

Ag 5.85 3.02 120 1.39 5.48 6.36

Au 5.90 3.01 1.20 139 5.51 6.39

Be 24.20 1.88 LR 2.23 14.14 16.41

Mg 8.60 2.65 137 1.58 713 8.27

Ca 4.60 3.27 111 1.28 4.68 5.43

2 Sr 3.56 3.56 1.02 1.18 3.95 4.58

Ba 3.20 3.69 0.98 118 3.65 4.24

Zn 13.10 231 157 1.82 9.39 10.90

Cd 9.28 2.59 1.40 1.62 7.46 8.66

Al 18.06 2,07 179 2.02 11.63 13.49

3 Ga 15.30 219 1.65 1.91 10.35 12.01

In 11.49 2.41 1.50 174 8.60 9.98

Pb 13.20 2.30 157 1.82 9.37 10.87

4 Sn(w) 14.48 2.23 1.62 1.88 10.03 11.64

- —ESRMBATMIELSE, R Kitel 3.
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& BAERNEFSEETUER
1
= — d(e — exo) (18)
T
EXd vV RERER, NR2ERINE, o BXEREKRH.
& FHAk BAZESH, FHik3 k BRASHRRIHEK:
1 1 v
N; = mkAk = ﬁfdk:(%)Dfdk (19)

Hp D ZRERIVERE, Q RTERXER.
& ZAN(18)F=(19), RINFAIUBRIR FEEENRIERX

ple) = (271 5 Z fﬁ(e— ko ) dk (20)
1
= @ 2 . J Vel ¥ e

MK (20)BIL)FAT o REAFFE, KQLFERIFBEERE ao = « WEETL.
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& BAERNEFSEETUER
1
= — d(e — exo) (18)
T
EXd vV RERER, NR2ERINE, o RXEREKRH.
& FHAk BAZESH, FHik3 k BRASHRRIHEK:
1 1 v
N; = mkAk = ﬁfdk:(%)Dfdk (19)

Hp D ZRERIVERE, Q RTERXER.
& ZAN(18)F=(19), RINFAIUBRIR FEEENRIERX

2
p(e) @)D fﬁ(e — €ko ) dk (20)
2 1
R } e '

MK (20)BI(21)FAT o BEAEFE, KQLFAERIFBEERE ao = < WEETL.
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® BHBFSHBEXRA

o = ak? (a=—) (22)
2m
& —HEHREFS
15
= o)
2 1 B
=]— —dS 23 o
P =5 § 3o @)
ak?=e [%)
= & o
1 a 1 /2m |1
= /= = Zp[ =1/~ 24
T\ € ™\ B2 \/: (24)

| | |
0 0.2 0.4 0.6 0.8 1
Energy [arb. unit]
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® BHBFSHBEXRA

o = ak? (a= %) (22)
& “HEMRFS
15 \ \ ;
Comad
2 1 =
= — —ds 25 = 10 i
o) = o § s @) F
ak?=¢ g
2 2wk n
= ki 26 S 5l i
(2m)2 2k (26) &
1 m
= ol=l 27
2T wh? (27) 0 ‘

| | |
0 0.2 0.4 0.6 0.8 1
Energy [arb. unit]
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® BHBFSHBEXRA

h2
o = ak? (a=—) (22)
2m
& ZHEREFS
40 ‘ ‘ ‘
2 1 |
= —dS 28
o0l = Gon P e CON
ak?=e = L
_ 2 R L e g £ owf
(2m)3 20k  272a \ « 9
1 [2m]3/? S ol
_?{?} e (&
= \f (31) 070 02 04 06 08 1

932
Tk Energy [arb. unit]
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22m 1 m
PID = — S5 —=; p2D = 55 p3D = \[ (32)
w B2 € R’ 2h2
15 T T T 15 T T T 40 T T T
— pip X e — p3p e
P 30| 1
£ 10 10 f
5
ki 20|
8
g 5| 5 1
10 -
ol . . . . 0 . . . . 0 . . . .
0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
Energy [arb. unit] Energy [arb. unit] Energy [arb. unit]

- —#f. CHN-—BARRFENSEETERE
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o ZHBFSESREBATINTRE, $2H0 k1 FZERAM kK EE

4 Q
k) = —wk®/—
n(k) 37r /N

Het, B4k ASEOERA 2 = 5 2 Q f1 VS SIEHERK SR

o A b RREENES AREBXRER, W E<c PRSHEESR

1 4 1
n(e):2><n(k):N—V><2><§7rk xm
_ L [2m)
T 3n2 | B2
@ MBMEFRESZEE oc) ISR
0 m 2m
ple) = —nle) = g [T Ve
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TEEHEFSE

:mb
i

& £ T=0KBERT, ZHAMEFSNEEERN

<r <r 2 2
Uo :J- ep(e)de:f € m2 —ZL\E de = 71462«/2 (37)
0 0 w2k R 5
NSO I
A

& FRBHEFHATASEERDBIZARESE
n= LGF p(e)de = LF A+/ede = %A 62/2 (38)
“ HRIENX(38), BARERHTEE

2 3 n
n= —epp(er) = pler) = - — (39)
3 2ep

“© T=0K T, EHEIETHEEE
Uo/n = gF (40)

w B, AMEEANEE, AFNARYANTHEE (THIkE): REETER, BRFSHL
ARMBFAEREE, AEEENTEHARERMGE FHLTRRERKS.
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BRI RS

& FRIN TSI (Fermi-Dirac statistics) , BI#RERSETT, BEITHFPHd R X EHERH
FARFENE K FARNRE TR FAERRBEFSNGNE. R ENs 5RTA
BE# - #X (Enrico Fermi) MRS - Ik$i5e (Paul Dirac), ﬁﬂﬂ]ﬁ%l]iﬂ_/_ﬁh?iﬂ?ﬁéfvl'é

1
6D = e m/hsTl +1 e

B
Q

HpbZH (1) RIEENEY, EYEENEARNFHIEN—rEENBEHEE
BEY e=p R, f=0.5.

D

n

) Ac~kpT 0T = OK MK HEHES TR HE
1.0 Ly S S N # (Heaviside step function)
| e
| | | o 0, e>ep
AR AN A A A A TR \4 L L, 9T = 0K MESFBREBRKRE (Fermi
0 €F € energy)
- TR (EXK) MARERE (4FL5) THEA- RS AL, w(T =0) = ep (42)

71926 £, BEH - Bk, RT - IR B MIIMER R T HRX -G MENFREARR L. BRI - HE (Max Born)
#t, P - 5F3 (Pascual Jordan) #F 1925 £ MTXMEITMRIIT T 5T, MR H "BFIG TEtHRRAEZREOFIRM
R Z}\hﬁﬂﬁkﬁﬁﬁéﬁ*xﬁﬁﬁ’] fFRZ A BRI FEERRFIRA "BHKF . — Wiki
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https://en.wikipedia.org/wiki/Fermi%E2%80%93Dirac_statistics

BRI RS

® N(41)XTHENRESH
Fl 1 (e—p)/kpT
— e T =
Oe kpT [ele=m)/kpT 4 1]2

R(43)7E € = p AR, B [, [~0.f(c; T)]de = 1

(43)

B - TR (KAL) T = 0. 02 er (A EEL) HPFR-INT SRR (EE) MR T=0.02¢p
HBA- DTS HRBE (TE). £ENER, HIMHENEREREA kT HEEATHEX
. EE, ATSHFEAER, KFE o —RIMEEEEN, XEEA kpT/cr < 1, EINAK
FRERETUBEAT 1~ cp.
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BRI RS

1.00 T T-0K | 100 — kpT = /100
— 1T = 500K — kT = /10
- — T = 5000K - — kT = /5
2 orsf —T=10x10'K 2 o — kpT = )2
3 — T =15x10'K 3 — kT =p
= o =
£ T =25x 100K &
© — T =50x10*K o
o 050K GO o 050[ 1
-r:n —T=10x10°K g
3 3
g g
S o02sf 1 g 025 ]
& T &
0.00 - L 0.00 |-
| | | |
0 5 10 15 0 1 2 3
Energy [10*K] Energy ]

I

- FERETHHEX AT AR £E: BOATFHEE, BLFES v BEEMEL (fw)
0.5), HPTRETHKE ur =5 x 10°K; HE: KFH 4 HEEE.
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JLFREE T S RIxttE

Y (e—p)» 1B, FR-BNRSFNHE-ZAFMENFTRETFERNFT-HRESSH. X
MBS R ATIBR SRR, X T ERFRE ERER .

1

®

= o Blen)
ele=p)/kpT +1 € . (44)
3.0
25) prermen | w (REERER: MERBEILBREN, BAEEE
I 1 b, BERRUARIZ MBS cp ~ ko T,
20 | ESERE (LA ko T HEER), RESHE

Maxwell-Boltzmann ) (6 — M)/kB T>1 E’\J%{f’:o

Distribution a
! 1w SEER: FRANFE o HARER W
L REENRE w(T). ZHEFRH, ERNT

Occupation
a
&

1.0 -

(LTI | HAZHER T, LSRR AT E TR
05| Distribution y (Ej?sﬁ1f]%§¥ﬂ£éﬁ§ HEFS Au(T) «
0'94,0‘—1‘3,0‘—2‘.0‘—‘1.0‘ 010 ‘ 110 ‘ 2‘,0 ‘ 3.0 4.0 €—u €—e€p _AH

(e —w)/ksT eXp(kBT)oceXp( kBT)eXp(kBT)
B - BREBHTH. AR EI AR E— > 1
EEEHAS TR E.
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HHRIEBRFF (Sommerfeld Expansion)

& BARIERIF (Sommerfeld expansion) REMERE - ZARIFRBI—MECTESZE, €A
FHEERRSHENGITYED UM —RSENRS . EYES, XERSRTHERA
BRI RSB ERN ST TS,

0 %
I= flﬂdﬂsuﬁk: JIﬂdde+4—w3n2ygg+~—fm3ﬂ4ywﬂy+o(kiT)
% > (45)
B, p AERE, flepn) BEX-IFIRSH (Fermi-Dirac distribution) :
1
f(ﬁ N) = m (46)

“ FE, RAY H(e) £ e > —oo Bt H(e) > 0, B e >+ Bt H(e) HEKEERMRTEES
T, AT aEEA(45).
o RAERFPHE—THATIAH—SETRFTNKER o HLHBEF

w

[ s [ HQdet - e e (a7)
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https://en.wikipedia.org/wiki/Arnold_Sommerfeld

Q EFaARTFIE

o {LFHHNE IR
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LEBHR E KRR

& REEHRTFH N TE, WKFRERENXRATURE

N= f p(O)f(es ) de (48)

—o0

ERERZAERF, REIEEN R, BITATUGEE

N= f de+— ks T)20 (1) (49)
7.(.2
~ j ple) detlp — crlpler) + = (b T (cr)  (50)
—©
=N
7.‘,2
= [(T) = erlp(er) = == (ks T)?p'(r) (51)

= W1 = ep - T b1

pler) (52)
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LEBHR E KRR

® ZEH=HEEEFIOBEE (o) o Ve,
FE o()/ple) = Le !, ENUERMRE

KR BATI S,
2
mm=wﬁ~#(@ﬁ (53)
1 €R
w2 T\2
e [1 o0 (T—F> (54)

B

AES, ZHEHEFSNNFEEERE
HIF B TR .

“ ZREF—MBRT kpT/er « 1, EIE
FREUZBRMEAEEEN. GEAEHT
REERERFFBINUFEXGCH) SRR
= (48) AR BB K B EIRERIXILL . ATIAE
BYRE kpT < cp B, AENERMTGH
R MUREA—DTHEN, FEZERR
FERFFHHIRIRI

ElR4IR, HaiE

Chemical Potential [ef]

Numerical Evaluation

;i T ; ; ; i I
0 0.25 0.50 0.75 1.00 1.25 1.50
Temperature [TF]

- LEE L 5RE THREXR, dEX%H
RFRERFILR BT OEARETEMNER.
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LEBHR E KRR

® RATTILEMIERENK(54). BRAKRBHFE
A%, BN EXRELATHANRFHETE
KmELEHEFE, ERER:
j p()[O(c; er) —fles )] de
1

—00

Density of States
—
&
:
|

= [ ptolftein) - Ocien)] de
€p 0

0o 2 4 6 8 10
€ [arb. unit]

it%*—mﬁﬁﬁ?ﬁm% (& ) Hepgg
er=>5.0a.u., BE kpT = 0.8a.u., ¥F¥# u~
4.895a.u. VEBH YHERRRERGELATHEL
IR FEL, F ZETHRAEU LT EAZHER.
AR TT BRI FENLE.

B-=#%#PHBEFESEE (BX) URSEE
KEE
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LEBHR E KRR

& WFHFEEX:

Density of States
—
=
:
|

f p(O)[1 — fle )] de = j p()[f(es )] de 5]
) J Al ]

(55)

0o 2 4 6 8 10
€ [arb. unit]

ZHEHABRTESEE (BR) URSEE

BRI TS (S ) Hoighkae
eF = 5.0a u., BE kT = 0.8a.u., EH u~
4.895a.u. "t@.ﬂﬁ YRR RERBEL T
HIREFEL, rﬁ%*%*ﬁﬁutﬁ@ﬂﬂ%mﬁﬂe
SRR T BRI FENLE.
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LEBHR E KRR

& BFHFEER: g 1

| pan = famwide= [poltemac 57 ]

P °F § 1 ]
5 S | ;

o RSB AMREEI, B u(7T) = cp, B 03, " \ |
F 1 fle;ep) B fle er) EFBABER cr 2 s ensen’

TR, T plc) ERKERFHMUATR, N R N T Sap

MSEH(55) AL, € [arb. unit]

it%*ﬂhﬁﬁﬁm&( ) Hepgg
er =5.0a.u., umfskBTAOSau & 0~
4.895a.u., Vﬁm YRR RERBEL T
HIREFEL, RZETFHKREL LI EAMAER. B
SRR T BRI FENLE.

B-Z#amRFSS%E (BX) URTEE
KEE
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LEBHR E KRR

& HFMFEER: g ]

| ot -sawide= [p@lcmac 27 1

—© €F % 1+ -

5) S | |

o BBKEATREEEL, B () —cp, 1 " FN 1

F 1—fle;er) # fle;er) RTFEKBER cp B ot LI L T T |

HERH, T plc) EBKEERFBMRIIR, M T T
MSEH(55) AL, € [arb. unit]

£ BTFSREBEBTINSEE p < Ve, @ —wAmeFAsEE (B2) b
ABEKENLTHATENTFEKRENLLHNE  Rrot ks (28] &
BE, ATHREZEABIAER c = ep fb:  cp=5.0a. uvénﬁ; légéﬁ%) 8%;( 1&?—%%;
1— flep p) > ), EiE < em 4.895a.u.. R ELL T

Reri o) = Rers k) w(T) <ep B T RORET B L6 0B ER.
R SL R T BK AR SR

]E-H-ki
EF#F)%
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LEBHR E KRR

141 2 T 5
to(T) = er[1+ 172<T7,.> ]

1.2
£ pao(T) = ep
E 1

0.8

7 T \»
ol e =l =T
0 Djz 0‘,4 04‘0 0‘,8 1

T/Tp

- FIARFRERAFINKET 4. —HN-HEHRFINUEBBEBETUXR.

o WFREHBRTS, BTFEKERMNEEERET—EATE, KEBETERMEES
W (CHER, J(er) =0), REMBE LATEA (—&ER, p(cr) <0).
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—HEHREFSIUFER

& “HEHRTFSHNTBEEREY, rl0) = Jr = o. RIEMTFHTIE

=
_ 1 y=e—p

Jp(€ —Jp eﬁ(f AL)+1d6 T By+1dy
0 —p

e}
- f e LY Ty AL (L & 5@

aep=a | ———— - = ——dz
¥ By 1Y 5] z11
K eBr

= ep= %ln[l-i- ePH) = %1n[eﬁu(1 )

o FR, ZHARBRTFIUER (1) SEENXREA
ep—u—l—ﬁln[l—l—e "]

o BT < p i, BTSSR

€F X+ k:BTef’Bu < Infl+a~=

o —HAMEFSUFRBEETUNEERRAREE TR, ATISBEKXIHRE

.

(56)

(57)

(58)

(59)

(60)
ERFEXS
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BHEFSEEEE

& HHREFSHDEETUEH

U= [ eptomtenac

(61)
FARKERF, REBBEEN IR
W 2
U= [ epto)de+ Tk D? o) + o' ()] (62)
€p 2
= J cp()det [u—erl pler) ep+ (ks T)? [p(er) + er o' (cr)] (63)
g A 6
ea =
Tl L — =5 (ks T)2P!(cr)

HESEBEBRFREEE o(c) o« Ve, B1F cp/(e) = 5p(c), FREERR(51), HATATINEE

2
U= Uy~ (ks ) gl (er) e + = (ko 2 [2p(er) (64)
U g 6 2

Zo(er)

= U+ %Q(ks 7)? p(er) (65)
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BHEFSERLH

b BISEHEFSMLEHRA

oU w2 w2 3 n 3 2 T
o = —k T=—k"— T="nk [——] 66
eo(T) = (aT) 3 FBrlen) 3" Boe 2B 73 T (66)
af Ac ~ kpT
e

10 e T T T T T L LT ‘
| | | | | | | | | | | | | | | | |
| | | | | I | I | | | | | | | | |

| 1 S A e R RS R R S W AN R I R
| | | | | | | I | | | | | | | | |

0 5,7,,,,,,,‘,,l,,L,,L,,,,,,,J,,J,,L,,L,,L,,,, L S el S

0

- BRBETHRR- KRS HEY (ABEK). BRAUTHEFHERILIIFEREUL.

o RATTEREIBMA(06): MTE FEERKILEGT, REGTEREMIE ~ by T &
EBENORBT A EBHNME, WHRMARTR: N > o(cr) < kp T REERIHTE
=, ﬁ"%%ﬁﬁiﬁﬁ’l?ﬂﬁiﬁ ' Bi= SkpT: FREHMEE: Us Nox By =2 glep) (kg )2
TR FRAAGEE A co = 28 = 3K p(ep) T.
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ERIEARTEER

LEE TIRMTEERE op MBEKEENELT, £EMILATTE KB FHETFHEBS
E’Jﬁ"ﬁ'ﬁtiu, By

Co(T) =~T+ AT? (67)
Hep v 0 A ShrEx.

C,/T [mJmol ' K7
C,/T [mJmol ™ K7

0 0.5 1 15 0 0.5 1 1.5

T? [KZ] T2 [KQ]

-WEBR (£) Ml (F) HKELLAIEHE (Ke) REMESER (4%), E&éﬁﬂﬁﬂiﬁi‘c
i Phys. Rev., 133, A1370-A1377 (1964), i EMMBIERINE 3R = 24 9433 Jmol 1 K1
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ERIEARTEER

'yTC:ATr’; =

# Op ~ 102K, Tp~ 10K, EXFHEERE To ~ 1K,

o K: Exp. Data

5F

Electronic Heat Capacity

Lattice Heat Capacity

Specific Heat [mJ mol ' K]

Specific Heat [mJ mol ! K

0 05
Temperature [K]

Rb: Exp. Data
Electronic Heat Capacity

Lattice Heat Capacity

05 1
Temperature [K]

-WEREA (&) 714 (A) HIKELLASREE (Ee) REMAER (4%), FEHREERAX
#kPhys. Rev., 133, A1370-A1377 (1964),
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ERIEARTEER

e : : : . —
| |— Copper: 0.688 + 0.048 7>

—  Silver: 0.609 + 0.171 7%
—_— Gold: 0.70 +0.440T*

C,/T [mJmol ' K]

ol |
(R R e R T TR NI T S
0 2 1 6 8 0 12 14 16 18 20
T2 [K?]
- §. RISHRBLLH, BIESIBPhys. Rev., 98, 1699 (1955) .
w B, N EESRAEH =M ERRE o) < 0¥ <0
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FHRIESE (Sommerfeld Parameter)

2 =

& (KRR FHRRLLGIRE v BEFRAZKIESH (Sommerfeld parameter) -
w2 k2B 1/3

2 2 2
_ oM T 9 h 2 12/3| _
”frer?’“B;—?’“B”/[%(?’” " ]—Wﬁ” Y (

w B, v ELLFRFRE. EEEANBHEAEE, ETEFRENAHETFRE me

2 —23 —172

K T 1.3806 x 1023 JK 58 a1 /3 3

e = (3x2)2/5 | 1.0546 x 1034 Js | AP IR P 0 g
=38.806 Jm 3 K~?2

$6,806 =1.669mJ mol"t K2
1.4 x 1028/6.022 140857 x 1023

= 1000 x

(thermal effective mass) :

_ Dexp
Mih =
Vfree

Me

ElR4IR, HaiE 2025 4 6 H30 B

68)

=
1EE

© TIRBMREGEIN 5, = 2.08mImol ' K=2, EZIRRAT, KRENLERAAEUR

(69)




FHRIESE (Sommerfeld Parameter)

« FEHAZ. BEFHEEERUREFZERNBEEERIX my HEH.

Li Na K Rb Cs Be Mg Ca Sr Ba Al
Vfree 0.749 1.094 1.668 1.911 2.238 0.500 0.992 1.5611 1.790 1.937 0.912
Yexp 1.630 1.380 2.080 2.410 3.200 0.170 1.300 2.900 3.600 2.700 1.350

Mth 2.176 1.261 1.247 1.261 1.430 0.340 1.310 1.919 2.011 1.394 1.480

Ti Zn Cu Au Ag Ga Cd In Sn Hg Pb
“Vfree 1.290 0.753 0.505 0.642 0.645 1.025 0.948 1.233 1.410 0.952 1.509
Yexp 1.470 0.640 0.695 0.729 0.646 0.596 0.688 1.690 1.780 1.790 2.980

Mth 1.140 0.850 1.376 1.136 1.002 0.581 0.726 1.371 1.262 1.880 1.975

- —‘”“QEE’]?*??‘H%%E Yoo BEHBFSITEME Yree URAEHRE mu. BRIESH
E’JELLijJ mol ' K2, MABEHRENAKAEHEFTRE m..

o —BERBEUEY, i UBers. CeAls B, MEMREBTELT, MAZHEKRT (heavy
fermion) #1#}.
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B H# F R IR R AL R

& BFEF—BE#E 1p.

" _ 99740 x 1024 JT (70)
2me
=5.7884 x 107 %eV/T (71)
O FTobeiART, BHE FROBERE M, B8 REFEEEREE.
QO FE5igH, BRRETHEFETHEESES (Zeeman splitting) , BFEKI
AE=2ug-B —_B=10T o < 1157676 x 10"%eV (72)
Eit, BFEEETINGFE, BRENEE, ii?ﬁ%ﬁl%ﬁ'\]ﬂlﬁ%&
& ZXMERT, SRNINMHEAENZEREEERE (1) «« -, IMERTHIZERKAIBLE.

& PR, LU EMMEMRERMAERMR/NEEEL %ﬂiﬂfE‘i‘E*o
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B HE FSHIRmREE L R

€ € €

TN

%[LBB

- & BRI WENSIREE .
® EZE T< Tr HBER, | p~ep
1
M= Cpler) x ppB x 2up = pler)uh B = plep)popt; H
M
= x =5 = pler)ronp

O FIREY: #AE x RERELXNEY plcr)poph, WREERRBMNZHEREMIEN—
INEBSYERF .
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& AFESEREY, RNELMETERBH TSR FEENNTHHELMT

E
Ap = eEpr = Ak= © ;T (73)
BERRIEXA
2 2
j=nev= U TEO = o00= g (74)
m
ky ky
<«——E
/ \ /
/ \ [ |
{ } { }
{ ] ke { ] ke
\ / \

-t =0 HRIMBEAKIKE k TEMSH () UREERRF THAKKE k ZEMSF (H).
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& BEEM SN —TERA L HFMERFHSSTHERRANTRE, RAERKXEHERE
FAMNERHMSRARMK, SSHEFHBIELT |AK|/kp.

|AK| eEoTr hkp ne2rp

i—eX n— X = = E 75
I T ke m . m (75)

T T T~
LI T2
o
8
T T T~

LIl 1 -

-t =0 HRIMBEAKIKE k TEMSH () UREERRFTHAKKE k TEMSF (H).
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Wiedemann-Franz Eff

& RAFEETHRFASEASEEBERN—#

K= 71)F€C = 1’UF7'C (76)
“- FASSHIEHNMSHKEMERNEF, FEENZAEREE vr RE.
® FE, AEFKIEEET, Wiedemann-Franz EfE
1
L= 5vhr cw]/[”"’ LAy (77)
1 2ep 2 P ne“Tp w2 sz
—[57 F?kB* 1/1 n= 3 2 (78)
w2 [ 1.38064852 x 10728 1% Lq 9
Lsommerteld = - [1.602 1766208 x 10*19} = 24 X 10 TW /K (79)

& {EARIL, EEERRL K Lorenz H2h

3k, 3] 1.38064852 x 10~23
262 216021766208 x 10—19

2
Liorentz = :| =1.11x 1078w Q/K2 (80)
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DRUDE-LORENTZ MODEL

SOMMERFELD MODEL

Basic Assumptions

Statics

Specific Heat

Average Electron
Energy

Wiedemann—Franz law

free-electron approx.
independent-electron approx.
relaxation-time approx.

Maxwell-Boltzmann Distribution

.
[ ome )2 mev?
f(v)*[thT} “Xp[ ZkBT}

3
Ch= gnkB

3
EkHT

K 3[kp]?
Liorentz = aiT = 5 [TB]

=111 x 1078 W . Q/K?

Fermi-Dirac Distribution

1

fsT) = exp[(e — p)/ksT] + 1

(1) = Snkg[”Ql]

T B
3
5EF
C K 77r2 kp 2
Sommerfeld = 7 = | =

=244 x 1075 W - Q/K?

1
Thermal Conductivity = k= SUZTC,‘.,

X - EEEMERRIFREMILL .

Electrical Conductivity = o =
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Despite its numerous successes, serious failings were apparent in the Sommerfeld
theory, even to Sommerfeld’s own circle in Munich. Predictions often disagreed with
experimental findings, for example, on the size and functional dependence of the
resistivity, the magnetoresistance, and various thermoelectric and galvanomagnctic
effects, such as the Hall effect. The theory had no explanation of the electron mean
free path; Sommerfeld estimated it to be about 100 atomic separations in silver at
room temperature, but did not inquire how the electrons managed to avoid the ions
so successfully. More generally, Sommerfeld does not seem to have asked why the
ions did not influence the electrons between collisions, or why the effects arising from
motion of the ions could be neglected. As Bethe recalls, “he didn't even care terribly
much why the electrons were free, which | thought was a very important thing to
know.” Neglect of the ions also disturbed other physicists, including Heisenberg and
Frenkel. Schottky wrote to Sommerfeld that “to assume a field free condition inside
a metal appears to me to be too specialized for the problem.” Sommerfeld was aware
of these problems, but, as Peierls reflected recently, he was optimistic that in one
way or another they would be resolved.

— L. Hoddeson et al., “Out of the crystal maze”, P. 104
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& HERATATLURE Ashcroft/Mermin HHt RHMIEAA %, HBEFASERMIE [ 5K

I= J H(e) fle; p) de = J K(e) (—@) de (81)
Hef K(e) 1 H(e) BRATXER
( d
K(e) = J H(r)dtr <—> &K(e) = H(e) (82)

BRI R TRENERS A

af 1 e(s_ﬂ)/kBT
¢ kpT [ele=w)/FaT 4 1]2

(83)
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\ \ \ \ \ \ \ \ \
1.0 5.0
[ — 1
08| [ 1w = it + 1} {4.0
. 06f 130 =
C OIS
= s
= o4l 420 7
0.2f 110
— Of(gp) _ 1 elowreeT
Oc kT [ele=m/ksT 4 1]2
0.0 0.0
i j j i ‘ i i j j
0 1 2 3 4 5 6 7 8 9 10

¢ [arb. unit]

B - Bk RS (ARE) URERHNS (BEReR), HpdEE =50, BE kT =0.01u.

& NEETEY, & kpT « 1 HEHE, _(7 EZIS?JEE p MHEJLA kT HIBERSER AR AE.

& H(e) 7 p BHERET R, BA K(o) BAME ¢ = p MiERRSRIF, B
— dTLK
>+Z | dei)] (84)
. be
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RARERFTHHES

& 1B (84) A (81), EAZEI

I= K(u) Tl@ de + i [LK(E)} ' ]O (e—pw)" (jf(e;u)) de (85)

= den n! O€

RRE0RREH —a—f %TF ¢ = TR, EERERIORET 0 HBMTH. R,

BAVBTEEREME c= (e — p)/kpT, FEREERIN(82), Ry [ HUK
T 22me”
f [T 12 dx:|

n
= j H(e) de x [f(—o0

k T2m d2m—1H
L Z s LH(Q
de2m—1 T

r 7T2 71'4
> | H@ e T (n TP H ) + s (b T H () (86)

—0o0

EXFIRTUTHRA 2R
T ?e” 72 T zte” 7T 4

—  _dz="; = _dr=— 87
[+ 1]2 3 [e+12 " 15" (&7)
—00
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