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Free electrons -FLT —» Band Structure
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Figure 1: The additional effects of the lattice potential can have a profound effect on
the electronic density of states (RIGHT ) compared to the free-electron result (LEFT ).



States w/. k < kg are occupied

Fermi sphere — volume in k-space occupied
by electrons in the ground states

— ke states w/. € = g

N= 2i k. v # of electrons

3" on)

volume of D(k)
Fermi sphere

3 2N 1/3 hz 3 2N 2/3
) k- and &, = .
% %

2m

typically, ~ 10 cm-’ ~1-10eV




N:TD(S)f(s)da

= TD(S)dS

f(e) is the probability that a state of

energy € is occupied
1 , €< &

0 ,e>¢g
€
g F
IS important because electronic properties are dominated

by states near g- only
kKgT << &
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One electron per primitive cell v=1

With the crystal potential,
the energy inside the first Brillouin zone
is lower close to the zone boundary.

weak periodic Potential

So the Fermi surface is
toward the zone boundary as it get
closer.
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Fermi surface

[100]

Fermi surface is distorted
from a sphere
near the zone boundary.

A cusp is caused by interaction

sfeV-atom)

NE) (state

Energy (eV)



3
In three dimensions, D(k) = (ZLJ uniform in k-space
T

3
1
D(e)= 2(2—j IdSV— area integral over constant g surface
T

Crystal is cubic, Crystal is not cubic,
[010],

- [100]

multiple peaks




PLEHZ RS T 58— LA

X I (RREE Eglt, REASE R MNE 48

o AT A

n, A A

PR, AR L

23

Ll

%Yﬂ,- %EC> EBHTJ" tﬂfﬂﬁg%g

I, FERER (Z547)

. =X N2
5 HE<Eg

N(E)



Enerm:

/

Ene rgy

% N ) €0 X
3 =
0 T
k a
(a) (b)
msulator conductor

Insulator

SIE ]

Metal

()

Metal

=R |

(e)



v M) gy Em T
27x°h

D 8 T A A S 1 T S
T 1 T AR ROV AR LR B LU 2 B,
RO B 5 1 TR R R T RIS 0 b o
BRI, DA 2 K P B A SRR A A o7
0, kT, AR BV AR FLIRTIN, AT
B NEARRBARKE R, A5 B AITE 2
A AT, B R A T I L
W R, LSRR REIAE A BN E . AN TR
5 28 B T 0580, I o A T

TR — IR, AT AZ i F A 5t

3
N (E 1 2‘m*‘ 2 - £ v (E<Ee)

— — 2
(E) 277 | R (Ec ~E) &R T AT




HEAS 2 FERE 4R B2 /A2 1k

1 ds
N(E)=—
( ) 473 [‘]E:const ‘VkE(k)‘

Bulk (300

Auantum Well (207
Guantum Wire (100
Quantum Dot (000

un
id-'l'
(]
rar}
i
[T
o
oy
un
=
i
O

20 30 40 a0 g0 o aa 90 100 110 120

Energy {meV)




BRI E

— 4




O STATES
1

DENSITY

Electronic Structure
STM of Metallic & Semiconducting CNT
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— 4k Graphene
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Energy
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electron
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E =~hv,

Massless Dirac Particles with effective speed of light v..
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DOS of real materials: Silicon, Aluminum,
Silver
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A. Insulators

We first depict the band structure of an 10nic crystal, KCI (after Elliott). The bands are very
narrow. almost like atomic ones. The band gap 1s large around 9 eV. For alkali halides they are
generally 1n the range 7-14 eV.

Energy bands of KCl
° Kés+3d
12 Conduction
bands
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Fermi surface: surface in k-space separates filled and unfilled states
* Only metals have Fermi surfaces.

* Important because electronic properties depend on electron states near g,
within kg T

2

Heat capacity C, = %D( e kT

Electric conductivity 5 = 1 e’vitD( g, )

F

Thermal conductivity K =0 LT

* Volume of Fermi surface only depends on conduction electron density.
* Shape of Fermi surface depends on strength of periodic potential and
size of k¢ relative to kg,
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Construction of free electron Fermi surface

1st zone

Fully occupied

2nd zone 3rd zone

M

The shaded regions are filled with
electrons and are lower in energy
than the unshaded regions.

hole-like electron-like




Construction of Fermi surface

In free electron model, The FS is a
sphere with radius k-=(3 7 2n)"3

Without lattice potential
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Two electrons per primitive cell v=2

1st band Fermi surface




(1) kg << kgz No dispersion  constant g contours are spheres.

BZ boundary

(2) ke <~ kgy Fermi surface bulges toward BZ boundary

k > ke

K bulges toward
BZ boundary
due to dispersion.




(3) k = kg, Bragg scatterings open energy gap

1
v(k) = %ng(k) =0 at zone boundary.

(4) k > kg, electron states in second or higher bands
corresponding to higher order Brillouin zones of k space.
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Simple Cubic Lattice
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Simple Cubic Lattice,
First Brillouin Zone



B FBZ

¥ 2nd BZ B 3rd BZ

Simple Cubic Lattice, FBZ;
2nd BZ; 3rd BZ



B rBz
M 2nd BZ

B 3rd BZ
B 4th BZ

Simple Cubic Lattice, FBZ;
2nd BZ; 3rd BZ; 4th BZ
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Simple Cubic Lattice,
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Simple Cubic Lattice, Simple Cubic Lattice,

K T A ER T H LN SR (E
e bR Y




1. SRBCKEEIH S
ELH TR T AT KR b,

xf B fal BAAL 7 4514 (SC)
I — 1 <5

\kmin

— 4 JEscshit BZI %%
I K k.. =m/a BZH O F|

1
3 5 ST
k. = (3722 %f - Z(ET ~0.985k *

i k= (3n2n)1/3

N, AHSERR EECE AR )R B Ta 5017 ik




— s

THE MONOVALENT METALS

ALKALI METALS NOBLE METALS
(BODY-CENTERED CUBIC)" (FACE-CENTERED CUBIC)

Li: 1s=2s5* _ o

Na: [Ne]3s? —

K: [Ar]ds? Cu: [Ar]3d!%s’

Rb: [Kr]5s? Ag: [Kr]ad' 055!

Cs:  [Xe]6s® Au:  [Xeldf1*5d1965!
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® Band structure (for empty lattice)
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The energy bands for an “empty” fcc lattice
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g
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— o WA WL
Electrons per unit cell
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(spaghetti-like structure 1s due to the d-electrons, which do

not resemble free-electrons.)
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DIVALENT METALS

ITA METALS IIB METALS

Be: 3% 2y2 hep
Mg: [Ne]3s? hep

Ca: [ArMs® fec ' Zn: [Ar]3d'%4s? hcp
Sr:  [Kr]Ss? fec Cd:. [Kr]d4d'°5s2 hep
Ba: [Xe]6s? bee - Hg: [Xe]d/'*5d'°6s2 o1

* Rhombohedral monatomic Bravais lattice.
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figure 3-46 A cross-section through the (110) plane in reciprocal space for a solid
ierystallizes in F.C.C., showing the first zone and portions of the second, third, and
|zones. Superimposed is the contour of the Fermi energy for aluminum (three outer
ons per atom), assuming that the electrons are nearly free. After W. Harrison, Phys.
118, 1190 (1960). )
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