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TheEarly Days of Solid

State Physics
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Heat Capacity
"

for us

IO Specific heat °& solids

kps , 1.38×1523 JTK
Recall : Ideal monatomic gas : CYN =

3¥31Equipmtihbn : KHz per d. o . f.)

For solids : C =3 KB per atom (
"

Law of Dulong
- Petit

" 1

at high T
. Note : Cp - C✓=✓TI a o for

KBT solids

Mondell : Atoms = harmonic well from interactions

C = 3K$ ( 3+3 d. o.fi 3 positions
,

3 moments)

H
,

= Em tkx
"

Z=(Z ,
)N # E. =fd3I

Gifts
£135'

e

- pH ,

7 Iata,[ It :p epekm .ftI×e-r¥]
'

→

=€wp)

⇐TIED Fypy
.

w=f¥



÷¥=
- 2tgp±=3nkBT ( 3N

dasjsjg.dk#moni. )

M¥2 : Quantum Mechanics for T dependence

(Einstein )
- p£w(n×tnytnzt3E)
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with : NB ( × ) =L Bose occupation number
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C =2fEf÷l =3ke(ptw5eP±
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High T : ( ~ 3 KB ( Classical limit )
pAw→o

Low T :

'

Aictivatedbehavior "

with gap
Aw
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T = tw
Einstein KB

usually Ktnoomthoughthere are exceptions .

Pretty good qualitatively
but not at 10kt

.

Debye ~ 1912

Meddle : TKTE
,.nsk , ,

Ce×P~T3

Not exponential / activated
.

Indicates
"

gapless
"

Modcss

Kifrahbn modes in solid ~ Sound waves

( phonons )

w= v IKY

Recall waves in -
box :

iii. E
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e X= L I 0
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,
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If L large enough:

§ =E,

= fair'=Y⇒.fi .
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polarizations

,
2 transverse

,

1 longitudinal

E =3 E. Await [ nps ( Paula 'll + ¥]
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with fd3K = §
↳

dk GIK ' (
...

)

since WCKY depends only on K= IEY

Kp = UV cutoff .
E

'

E Bnillouin zone ( see later)KIE- 3N ⇒ Ka - (F)
"

3- ± lssemrdkegtftp..ae
spacing )

and
E=3z÷±§↳dk

rihwckt (epaulet
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3 T
- independent
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Two

High T : E

=Eo +3¥ KBT

¥Eo t 3N KBT

wire 312,

= # shares . 3N=3⇐L÷ goYk vi. k¥41
'

TD~ 102k
=) Kp =(6th ) "3

~ inverse lattice spacing .

↳ at :
E= Eo + Thyestes fixed,

*
5

E~T4 → C ~ T
's

@

Very good agreement .

We 'll fix some of the
remaining

issues later :
.

W ~ VK only at ( out
.

.
Details of the uysbl
K E BZ

.
C - T

.
C=xT+pT3

T t
from phonons

election
,
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next Section



# Electrons in Metals

Metals : Excellent conductors ( heat and electricity )
,

shiny ,

malleable
,

...

Drude Model

•

E§D:
'sFogoT g

•

•E' iq0
Valence (free ) e-

T nuclei + core e-
,

fixed

µ
# Valence e-

Gas density : n= Nazemtmdm
density ( mobs )

in
-

Avogadro 's 6.02 A
number

:

× 1023
T atomic mass number

( # protons t neutrons )

Volume per e- : nl = § it n} → n
,

-263 Bohn
radio ,

Density : ~ 100 tfar of a typical gas .

( l
. 2 At )

Assumptions :

• Collisions with rate Yt ( T : mean fee time )

T= phenomenological parameter here

.
Between collisions

,
e- one free and independent .



.
Collisions randomize velocity ( f )

=5
'

after collision

. ignore e-
-

e- interactions
,

and think of e- scattering off
impurities in a classical way .

< Fkttdt ) > = ( 1- dth)ffftltfttldt)
to

'dtf
- T

probate
no collision : classical motion scatter

=) defy = -

<FYT + If expand face ( ETB
'

fields)

drop : KF 's → F .
FCH =p

'

Cole
't 't

Momentum

relaxation by
scattering

DC response :
Etto '

,

Bt .

.
5

F's
- EE

'

.
In steady skhe : F= -

ETE
'

electric current : j '=
- enF= ne÷t E

'

=) O=ndmI Dude conductivity

Ac
response :
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.
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Loneattian

Real =
noitfn

o

It #:
Note :(was. , ,I#a : Reocwl = it@ Slw )

[ !1! rude weight

since Scwl = tingotz It ^BIBeE '

Hall response :
E '±5 '

,
Bt¥o' µ

gkY= 5 '= - e ( EIFXFY - Ft
-

and j
'

= - neF= - ng F
'

⇒ Einkesexpitnneetsil

' ⇐ Head:
t.EI.tt?EItIes:E=eiwirae=fYEoetmBghEtmz..

)
T resistivity matrix



Off diagonal term .
.

Hall resistivity ¥%¥⇒
Hall coefficient : Rµ= Cyx OH

TB,

= - the in Dvd . they

-5 can measure sign and density of change carrier

Has to be negative in Drude 's theory .

Comes out with

opposite sign in Some materials

Hall effect t Of
.

→ estimate T~ 10
- K

's for most
mekbs at room Temperature .

Thermaltransport : neglect contribution from ions

( metals conduct heat betta than insulators I

j 'Q
= - KTTT (Fourier 's law )

enugty current \ thermal conductivity

Id model '
×

!If
I

(

jQ=lnv[ Ethyl
-

eC×t¥H]=.

yen 2€
energy of e- coming from the left FEET

-

energy from last collision C



Kt

cunt
k¥

" >
Assume : ideal got

÷ → sCv=ZKB
by isotropy

BZKBT

-- { meth

( Maxwell .
Boltzmann distribution )

⇒ k=3znIkBlT and o=n±T
M

M

Wiedemann . Franz
.

⇒ okg =E (the )
'

a i. uxioowr.t¥

Lorenz number

.
known to be nearly universal across all metals
Off by factor of 2 :

"

triumph
"

However :
C # Zz KB in metals

,
much smaller and

linear int

< ✓2) is much larger

Two errors of 102 that cancelled out each other !

Thermoelectric response : Peltier effect : e- current carries

a
→ heat

jQ=IJ
a

In kinetic they : jQ=}q@feat carried by particle

j
'

= - enf
' 4=ZkB



1

Peltier coefficient : T= - get = - KBI
Ze

Thumopowu = See @ eck coefficient = T/t= - kB1ze

a -4.3×154 Hk

Acttual value ~ 15 times smaller ! !

#O Sommerfeld Theory

Electrons obey Fermi
.

Dina .
Statistics

,

4 IVZDV
m

Replace in Dude theory : dP=f( Flair '

flat . (ftp.T)"2 e-
" % .

Maxwell
.

Boltzmann

{ {
I Fermi

-
Dina .

fEY= (

Ietn
-

4T '

elkmr
'

- KBTFHKBTTT

Reminders from PGOZ on Fermi Gases :



Recall : Ek=

k¥2
dE=£ Kdk

ZmfE=2yY¥a= 2¥.fk2dk=f¥.PE#nnfde3hspin
= fgcelde with gcekz# TE (2ft )

Density of states

and Xt=✓¥¥ ( than .I de Broglie length)



Z= e
Pt







per particle%
get c

per unit volume
multiply by n



We have : 2¥⇒,
d 'k '

levels
,

occupied with pnoba nk

We have N =2§ nk : Ztfpfdk
'

nk

⇒Ek
÷y¥fdt

' #
'

ne
'em¥

gives velocity distribution
.

Note that TKTE  always
Since IF ~ 104 K

.

= '

G=
If KBIT

,

T
. dependent

,
about 152

classical result
from THE

V = VF tmyih ±KBTF

VE T independent
,

Very large
(

can be lotx c ! )

Thermal conductivity :

y2EFfn
K = § nvltq = fnve

'

T KBZT T
'

= If nmI k.pt
¥ I

⇒ okg = Is
'

(keep a 2.44*6 #run
.

Ki
'



Thumopowa : tI=- See = - ¥ KBZITP

Smaller than Dude by a factor ¥ ~ 152 at

room temperature .

NIK : Mean free path d ~ rpt ~ 62ft

. Why don't e- scatter off ions ? ¢tBloch theorem )

. Core e- don't contribute

. Charge 06 change carriers ? ( c8.u@H.g.l,l,

well . )

.
Role of e- e- interactions ? ( Fermi Liquid than

,)


