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Previously

Free electron model

Density of states, Fermi-Dirac distribution
Pressure, Bulk modulus, Heat capacity,
Thermal mass

Charge conductivity
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Today

* Transport
* Failures of the free electron model
* Incorporating periodicity
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Classical Hall effect

Transport equation: h(d + 1)k === q(E + LS x B
dt = m

Steady state: 7k = —61( + P Rx Ej
m

J

Ix
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Thermal conductivity

J=—K-VT

2
kg Nt

Electronic heat conductivity: K = 1CeI V-l =
3 3m

Wiedemann-Franz law: E =L-T
@)

L: Lorenz number = 2.45 108 WQ/K?

Table 10-2 Lorentz number L = K/oT in units of 10-8 W-()/K2, for several metals at 0°C
and 100°C
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Free electron model: failures

 Hall coefficient

« Magnetoresistance

« Wiedemann-Franz law

» T-dependence of conductivity

* Direction dependence of conductivity =»

50 100 150 200 250 300

« AC conductivity Temperature (K)
 Linear term In specific heat NaV,O;c
« Compressibility of metals Yamada,Ueda JPS] 68, 2735 (1999)

* What determines the electron density
« Why are some materials bad metals or even isolators
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e In a periodic potential

* Bragg scattering of free electrons, gaps

* Effect of translational symmetry, Bloch theorem
* Reduced Brillouin zone, Energy bands

« Weak potentials, perturbation theory

* Photo emission
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Incorporating the
periodic potential

« Empty lattice
« Weak potential ( nearly free electron model, perturbation )
 Strong potential ( tight binding (LCAO) )
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Bragg scattering

|
-n/a -K/a

Free electron gas Free electron gas and
diffraction at Brillouin zon es
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TRANSLATIONAL
SYMMETRY

When | started to think about it, | felt that the
main problem was to explain how the electrons
could sneak by all the ions in a metal....

By straight Fourier analysis | found to my delight
that the wave differed from the plane wave of free
electrons only by a periodic modulation

F. BLOCH
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Translational symmetry

V(r)=V( +R.) R. =na, +n,a, +n,a,

2
( zfln VZ+ V(F)}Px =E, P,

Translation operator: T.y(f) = y(f +R.)

Translationally invariant Hamiltonian: [H,T.]=0
1= o mBE Snlc-aE Sl= -8

=) |f P is an eigenstate with energy E, ,sois T.\P, !
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Bloch theorem

Vo) TagolWs)= ei%’lem’l‘\vﬁ

i(n¢k’l+m¢k’2+|¢x,3)‘\|}x> — ei(n§1+maz+|§3 )R‘WK>

TlOO‘\VK> ="

— Tnml‘\vk> =€

The vectors k label the eigenstates: ‘l//ﬁ> - ‘l//l?>

(O )

Bloch Theorem (form Il)

= B ik-R-
Tﬁ‘-IJE(F)zliR(r +R.)=e"" LIJR(F)

(Z p
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Bloch theorem

(O )

Bloch Theorem

|

P.(T) = e'" u.(r)

CZ u.(F)=u.(f +R)
/ o

The eigenstates of a periodic one-electron Hamiltonian
can be chosen to have the form of
a plane wave times a function with the periodicity
of the Hamiltonian
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|

Bloch: () =e'""u.(F)
u.(F)=u.(f +R)

The functions u (r) are translational invariant
—> 3D fourier expansion of a periodic function

INGEDITIN-Ry
G

— LP~ (F) _ ZUR . ei(R+é).F
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Electrons in a periodic potential

_B?
2m

V(i) =D Ve
€

_» . 2k2
:><q‘H‘k> — 3y +Z

H= VZ +V(I)

Each free e state k couples to all states k+G !

é>

Eigenstates ‘L/JR»> = Zaé K+

Energies +ZO(G Vs &
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Reduced Brillouin zone

N/

~. 1 _r
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k



Perturbation theory

_1fg 2
W) = C{k>+é¢oER(o) =

CRSES)

G=0

<0>k+G>}

2

k+G

0) (0)
E k+G

Ve

L (O ©
ok —Erq

CfE, =E.” +V, +

Large contribution when E®, = E°, .
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Near zone boundary

—_— —_—

\z//k>za0‘lz>+a5‘k+b>

e BV
V. E.;"

b k+b

~E, = ;[Ek“” +E Oz ;J B -E . Of +av,?

k+b
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Band structure: Approaches

« Empty lattice (only periodicity)

* Perturbation theory (nearly free electrons, weak potential)

* Tight binding method (LCAQ)

» Exact models (Kronig-Penney model, see for instance Kittel)

e ‘advanced’ methods: see for instance
ashcroft and mermin, chapter 11
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