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•Lattice: Primitive Cubic 
•1ReO3 per unit cell 
•Motif: Re at (0, 0, 0); 3O at (1/2, 0, 0), (0, 1/2, 0), 
(0, 0, 1/2) 
•Re: 6 (octahedral coordination) 
•O: 2 (linear coordination) 
•ReO6 octahedra share only vertices 
•May be regarded as ccp oxide with 1/4 of ccp
sites vacant
(at center of the cell)

Examples: 
•WO3 , AlF3 , ScF3 , FeF3 , CoF3 , 
•Sc(OH)3 (distorted) 
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•Lattice: Primitive Cubic (idealised structure) 
•1CaTiO3 per unit cell 
•A-Cell Motif: Ti at (0, 0, 0); Ca at (1/2, 

1/2, 
1/2); 3O at (1/2, 

0, 0), (0, 1/2, 0), (0, 0, 1/2) 
•Ca 12-coordinate by O (cuboctahedral) 
•Ti 6-coordinate by O (octahedral) 
•O distorted octahedral (4xCa + 2xTi) 
•TiO6 octahedra share only vertices
•CaO12 cuboctahedra share faces 
•Ca fills the vacant ccp site in ReO3,  a CaO3 ccp 
arrangement 
with 1/4 of octahedral holes (those defined by 6xO) filled 
by Ti
•Examples: NaNbO3 , BaTiO3 , CaZrO3 , YAlO3 , KMgF3
•Many undergo small distortions: e.g. BaTiO3 is 
ferroelectric
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Perovskite Structure: ABO3

Tolerance factor:
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t Effect Possible 
structure

>1 A cation too large to fit in 
interstices

Hexagonal perovskite

0.9-1.0 ideal Cubic perovskite

0.71-0.9 A cation too small Orthorhombic 
perovskite

<0.71 A cation same size as B cation Possible close packed 
lattice

X

Perovskite: most widely studied oxide structure

Wide range of chemistries possible
- thousands of examples known

- high Tc cuprate superconductors
- Colossal Magneto-Resistance (La,SrMnO3)
- fast ion conduction (Li+, O2-), batteries, fuel cells
- mixed electronic/ionic conduction, fuel cells
- oxidation/reduction catalysts
- ferroelectric / piezoelectric ceramics (BaTiO3, Pb(ZrTi)O3)
- important mineral structure in lower mantle (MgSiO3)
- frequency filters for wireless communications : Ba(Zn1/3Ta2/3)O3

Unique properties of perovskites:
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BaTiO3:   Ba 2+ r=1.56 Å
Ti 4+ r=0.75 Å
O2- r=1.26 Å

KNbO3 K+ 1.65 Å
Nb 5+ 0.78 Å

LiNbO3 Li+ 1.06 Å
Nb 5+ 0.78 Å

t=0.992

t=1.01

t=0.81

Rhombhedral distortion

Ferroelectrics
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Magnetoresistive materials:

LaMnO3 : 1.30 Å ; 0.72 Å t=0.91

La0.5Sr0.5MnO3:  1.28 Å, 0.695 Å t=0.92

Mn 3+ , d4: 

large Jahn-Teller effect, tetragonal distortion
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Electronic Structure of Solids

Band Theory

Reading:

MT 7, DG 7

Chem 104A, UC, Berkeley
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Si NW

Chem 104A, UC, Berkeley



10

Chem 104A, UC, Berkeley

Chem 104A, UC, Berkeley



11

Chem 104A, UC, Berkeley

Silicon vs. Diamond

Chem 104A, UC, Berkeley

CARBON Allotropes

Carbon shows both Layer and Cage Networks  
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Synthesis of C60: Laser Ablation

Chem 104A, UC, Berkeley

Arc-discharge
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Smalley, Kroto, Curl
1996, Nobel prize

Chem 104A, UC, Berkeley
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Carbon nanotube, 1991, NEC's Fundamental Research Laboratories 
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Discovery of Graphene
Andre Geim and Konstantin Novoselov
Nobel prize in Physics, 2010

Chem 104A, UC, Berkeley
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CnHn+2
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Metal

Chem 104A, UC, Berkeley

Metallic Hydrogen
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In extended solid, each atomic/molecular
orbtial will develop into one band!

Chem 104A, UC, Berkeley

177

Sodium According to Band Theory

Conduction band:

empty 3s antibonding

Valence band:

full 3s bonding

No gap
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Conduction Band

Valence bond

Fermi Level
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Bonding in Metals

 The electron-sea model is a simple 
depiction of a metal as an array of positive 
ions surrounded by delocalized valence 
electrons.

– Metals are good conductors of electricity because 
of the mobility of these delocalized valence 
electrons.

– A metal also conducts heat well because the mobile 
electrons can carry additional kinetic energy.

Chem 104A, UC, Berkeley
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Bonding in Metals
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Bonding in Metals

 Molecular orbital theory gives a more detailed 
picture of the bonding in metals.

– According to band theory, the electrons in a 
crystal become free to move when they are 
excited to the unoccupied orbitals of a 
band.

– In a metal, this requires little energy
since the unoccupied orbitals lie just above 
the occupied orbitals of highest energy. 

Chem 104A, UC, Berkeley

Semiconductor
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Chem 104A, UC, Berkeley
Conduction Band

Valence bond

Chem 104A, UC, Berkeley
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Graphite

 Graphite has a layered structure, in which the carbon atoms 
in each layer bond to three other carbons with sp2 orbitals.

– Of the covalent network solids, only graphite 
conducts electricity. 

– This is due to the delocalization of the resonant 
electrons in graphite’s sp2 hybridization.
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Structure of Diamond

Chem 104A, UC, Berkeley

187

Solids: Conductors, Insulators and 
Semiconductors

Insulator

Band gap = 5.5 eV 

≈ 530 kJ/mol

Conductor

No gap

Graphite
Diamond
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Solids: Conductors, Insulators and 
Semiconductors

Semiconductor

Band gap

Band Gap for Semiconductors

Diamond 5.5 eV

Si 1.1 eV

Ge 0.67 eV

Chem 104A, UC, Berkeley
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Fullerenes

 The fullerenes are a family of molecules with a closed cage of 
carbon atoms arranged in pentagons and hexagons. Each 
carbon is sp2 hybridized.

– The most symmetrical member is 
buckminsterfullerene, C60.

– Buckminsterfullerenes show potential for 
applications in superconductivity and catalytic 
activity.
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Fermi Level EF

corresponds to the highest occupied energy at T=0
(HOMO energy)

Fermi-Dirac distribution

1

1
/)( 

  kTEE Fe
P

population P of the valence band orbitals.
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Conduction Band

Valence bond
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Fermi-Dirac distribution:
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Semiconductors

 Semiconducting elements form the basis of 
solid state electronic devices.

– When silicon is doped with phosphorus, it 
becomes an n-type semiconductor, in 
which electric current is carried by 
electrons.
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Doping in semiconductor: n-type

“Carrier type: electron”

Chem 104A, UC, Berkeley
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Semiconductors

 Semiconducting elements form the basis of 
solid state electronic devices.

– When silicon is doped with boron, it 
becomes a p-type semiconductor, in 
which an electrical current is carried by 
positively charged holes
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Doping in semiconductor: p-type

“Carrier type: Hole”

Chem 104A, UC, Berkeley
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Semiconductors

 Semiconducting elements form the basis of 
solid state electronic devices.

– Joining a p-type semiconductor to an n-
type semiconductor produces a p-n 
junction, which can function as a rectifier.

– A rectifier is a device that allows current to 
flow in one direction, but not the other.
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Forward bias at a p-n junction forces minority 
carriers across the junction.  This causes electrons to 
fall into vacant holes radiatively, giving off light.  
Dopants are important sites for localizing carriers, 
thus transitions are often CB  acceptor, or donor 
VB

Common LED materials
•GaAs (Eg=1.43 eV)  Near IR
•GaP:N (Eg = 2.25 eV)  Yellow
•GaP:Zn,O (Eg = 2.25 eV)  Red
•GaN, SiC, ZnO, AlN  Blue, UV

Light Emitting Diodes

Chem 104A, UC, Berkeley

2014 Nobel Prize in physics 



37

Chem 104A, UC, Berkeley
Common LED materials

•GaAs (Eg=1.43 eV)  Near IR

•GaP:N (Eg = 2.25 eV)  Yellow

•GaP:Zn,O (Eg = 2.25 eV)  Red

•GaN, SiC, ZnO, AlN  Blue, UV


