
理学院物理系沈嵘

1

Chaper 3 Crystal Binding

3.1 General descriptions 

3.2 Crystal of inert gases

3.3 Ionic crystals

3.4 Covalent crystal

3.5 Metal and hydrogen bonds



2

3.1  General discription of crystal binding

I. Chemical Bonds

PHYSICS: The attractive electrostatic interaction between the 

negative charges of the electrons and the positive charges of the 

nuclei is entirely responsible for the cohesion of solids.

Classification of Solids:

üAccording to the lattice symmetry (7 crstal systems, etc).

üAccording to the chemical bonds (ionic, covalent, etc).

3.1 General discription of crystal binding
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II. Classification of Solid

According the spatial distribution of electrons, the chemical 

bonds can be devided into five classes:

ionic bond, covalent bond, van der Waals bonding or molecular 

bond, hydrogen bond, metallic bond

1st-4th bonding types are usually found in insulators, the last 

type usually leads to conductor (metal).

3.1 General discription of crystal binding
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3.1 General discription of crystal binding

(2) The principal types of crystalline binding

The valence electrons 
are taken away from 
each alkali atom to 
form a communal
electron sea.

Neutral atoms with 
closed electron
shells are bound 
together weakly by 
the van der Waals 
forces

Attractive 
electrostatic 
forces between the 
positive and
negative ions

Neutral atoms,
bound together
by the overlapping 
parts of their 
electron 
distributions
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III. cohesive energy
The energy that must be added to the crystal to separate its 
components into neutral free atoms at rest, at infinite separation, 
with the same electronic configuration.

3.1 General discription of crystal binding

cohesive energy
is very small for 
crystal of inert 
gases



Outermost electron shells of the atoms are completely filled, and is 
spherically symmetric.

3.2 Crystal of Inert Gases

3.2 Crystal of Inert Gases

(1) Basic Properties, Molecular Solid

Helium
Neon
Argon
Krypton
Xenon

5 members



ü The inert gas atoms pack together as closely as possible.
ü Crystal structures are all cubic close-packed (fcc), except He3

and He4.

3.2 Crystal of Inert Gases



3.2 Crystal of Inert Gases

Electron distribution in the 
crystal is slightly distorted

Intr. dipole
moments in 
each other

An attractive 
interaction
between the 
atoms

Van der Waals-London Interaction



A Simple Model

3.2 Crystal of Inert Gases

Consider two identical linear harmonic oscillators 1 and 2 separated 
by R, with frequency     .0w

Colomb interaction:
(since R » x1,x2)

ü The attractive interaction is called 
van der waals force.

ü The zero point energy of the system 
is lowered by the dipole-dipole
coupling.

ü The interaction is a quantum effect.



(3) Pauli Exclusion Principle and Repulsive Interaction

3.2 Crystal of Inert Gases

ü Two identical fermions cannot occupy the same quantum state 
simultaneously.

ü Electron overlap 
increases the total 
energy and gives a 
repulsive contribution 
to the interaction.

ü Empirical repulsive 
potential of the form 
B/R12, where B is a 
positive constant.



(4) Lenard-Jones potential

3.2 Crystal of Inert Gases



3.3 Ionic Crystal

3.3 Ionic Crystal

(1) Ionic Bond
ü Ionic bond: electrostatic interaction of oppositely charged ions.
Two common examples: NaCl, CsCl.

ü Ions have closed shell structures (approximately spherical 
symmetric), just like those of inert atoms.

helium neon



(2) Madelung Energy

ü Simple Estimate shows the binding energy mainly comes from the 
electrostatic interactions. [electrostatic energy between a pair of Na 
& Cl (distance 2.81Å) ~ 5.1eV].

ü The van der Waals part of the attractive interaction makes a 
relatively small contribution (%1~2), the rest part is electrostatic 
contribution, called Madelung energy.

Repulsive Interaction,
short distance

Attractive electrostatic inter.
long distance

3.3 Ionic Crystal



(3) Madelung Constant

ü Restricting repulsive interaction within N.N.:

ü Negalecting surface effect, the Madelung energy:

NB! 2N ions, to avoid overcounting

ü The value of the Madelung constant is of central importance!

3.3 Ionic Crystal



(4) Equilibrium position and Total energy

Madelung Energy Short-range Repulsive Energy
ρ ~ 0.1R0

3.3 Ionic Crystal



(5) Example: Evaluation of Madelung Constant in a Chain

Remember:

ü Take the reference ion as a negative charge, plus sign should be 
chosen for the N.N. and negative for N.N.N. and so on...

3.3 Ionic Crystal



(6) 3D lattices (alkali halide)

ü The evaluation of 
Madlung const. in 3D is 
more difficult.

ü The total, repulsive, and 
Madelung energies in KCl. 

ü Cohesion energy is very 
strong (~-8eV) per atom.

ü Insulator, high melting 
temperature, high hardness.

3.3 Ionic Crystal
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(7) A Subtle Example:  NaCl structure

—— distance between nearest neighborsR

Coordination of other ions：

( )RnRnRn 321 ,,

RPRnnnR jj =++= 2
3

2
2

2
11

2
3

2
2

2
1 nnnPj ++=

3.3 Ionic Crystal
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3.3 Ionic Crystal

Expanding Spheres

NOT Converging!



# of ions
contrib.
factor

N.N

N.N.N

3rd N.N.

jP

( )+6 1 2

( )-12 2 41

( )+8 3 81

1

457.1
38

8
24

12
2
6

=+-=a

3.3 Ionic Crystal

Include more cubes, ones gets accurate & 
converging estimate of Madelung constant.

Expanding Cubes



3.4 Covalent Crystal

3.4 Covalent Crystal

(1) Covalent Bond

ü Electron Pair: formed from two electrons, one from each atom, 
partly localized in the region between the two atoms, with 
antiparallel spin orientations.

ü Strong Bond: bond between two carbon atoms in diamond (7.37
eV/atom), as strong as ionic bond.

ü Directional: strong directional properties (spatially annisotropic)



(2) Example I: valence bond in hydrogen molecule

ü The binding depends on the relative 
spin orientation, this spin-
dependent coulomb energy is called 
the exchange interaction.

ü Two electrons form a singlet pair 
(antisymmetric spin wavefunc.), 
and have symmetric real space 
wavefunc.

3.4 Covalent Crystal



(3) Example II: Tetrahedral Bond

ü Some common examples: carbon, silicon, and germanium having 
the diamond structure.

ü Atoms joined to four nearest neighbors at tetrahedral angles.

ü Low filling of space (ratio 0.34), due to small coordination number.

3.4 Covalent Crystal



ü The Pauli principle gives a strong repulsive interaction between 
atoms with filled shells. 

ü Unfilled shell can have an attractive interaction associated with 
charge overlap -- valence bond theory.

(4) sp3 hybridyzation

ü C atom: 1s22s22p2 only two 
unpaired electrons.

3.4 Covalent Crystal
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1s22s22px
1py

1pz
0(ground state) →1s22s12px

1py
1pz

1(excited state) 

—— four unpaired electrons.

Four equivalent orbitals

—— linear superpostion of s，px，py，pz states.

—— dubbed as hybrid orbital

ü Promote one 2s electron to 2p orbital, with excitation energy 
~4eV. 

3.4 Covalent Crystal
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( )zyx pppsh +++=
2
1

1

( )zyx pppsh --+=
2
1

2

( )zyx pppsh -+-=
2
1

3

( )zyx pppsh +--=
2
1

4

ü Four electron obitals are unfilled (half filled), pointing to four

vertices of the cube.

ü Four unpaired electrons can form valence bonds (tetrahedral

angle between each other), energy lowers as 7.4 eV!

3.4 Covalent Crystal



(5) A Continuous Range of Crystal

üSemiempirical theory of the fractional ionic or covalent character.

covalent

3.4 Covalent Crystal

ionic



3.5 Metals and Hydrogen Bond

Ø characterized by high 
electrical conductivity, 
1 or 2 free electrons per 
atom.

3.5 Metals and Hydrogen Bond

(1) Metals

Ø a typical example is 
alkali metals, Li, Na, K, 
Rb, and Fr, weak bond.

Ø Metallic bond: ions in 
the electron sea, the 
latter gets lower energy. ØMetallic bond is isotropic in spatial directions,

leads to compact structures, hcp, fcc, or bcc.
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ü The hydrogen atom loses its electron to an atom in the molecule 

(covalent); bare proton forms the hydrogen bond with another atom.

ü Most ubiquitous and perhaps simplest example of a hydrogen bond is 

found between water molecules.

ü Intermediate strength ~ 0.1 eV.

ü Protons are so tiny,  almost touch the

surface of negative ions.

3.5 Metals and Hydrogen Bond

(2) Hydrogen Bond

Ice Rule: large residual entropy



3.6 Atom Radii

3.6 Crystal Radii

ü The existence and probable lattice constants of phases that have not 

yet been synthesized can be predicted from the additive properties of 

the atomic radii.

0.97 Å

1.81 Å

1.81 + 0.97 = 2.78 Å
~ 2.81 Å

NaCl


