Chapter 1:
Bonding in solids

1.1 Introduction

1.2 Van der Waals bonding
1.3 lonic bonding

1.4 Covalent bonding

1.5 Metallic bonding

1.6 Hydrogen bonds
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Types of solids
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Properties of single crystal solids

Properties of single crystals:
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Consequences of perfect crystallinity

1. Ordered atomic arrangement

2. Perfect long-range order

3. Perfect periodicity
(static atoms)

4. Perfect periodicity
(vibrating atoms)

5. Structural symmetries
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Nature of binding forces in solids

What forces hold crystals together?
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« Allinteractions responsible for binding atoms
together are ultimately electromagnetic in origin.

 Electrostatic and quantum-mechanical effects play
the central role.




Principal types of binding in crystals 7%
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Types of crystals
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Molecular

Weak forces between neutral
molecules

lodine, dry ice (CO,)

lodine molecule |,

Metallic

Metal cations rest in a background
»sea” of electrons

Cu, Au, Fe, Ag, ...

lonic

Coulomb attraction between
anions and cations

NacCl, CaF2, MgO

Network Covalent

Atoms share electrons via directional
bonds

Diamond, SiO2, SiC




Cohesive energy

Energy required to disassemble a material into its constituent,
Isolated free atoms (or molecules/ions) at 0 Kelvin.

Gas Liquid

Cohesive energy



Cohesive energy
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Van der Waals bonding
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Van der Waals bonding

Noble gas crystals: closed shells, neutral atoms...

m=) how can there be an attractive force??
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Van der Waals bonding
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Lennard-Jones potential
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Van der Waals bonding

Energy of the entire crystal?
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Van der Waals bonding
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Van der Waals bonding

(&
. . = - /( _A/b-
(a\uswL QM\T? . £ | er (9\0 = -2 NE

C
i

Cloyed - Pdc"l‘u} Aeudure 1 'FCC-— Shewckeare (—3 cw‘rf ’2,({)
2 An= 2.1 ‘g o .
athce Sum

= Y&, = /(,03‘(J Ag s ALUS

® reference point

® ® ® 12 nearest neighbours Ao wite v=A4
® 6 next-nearest neighbours 4 § wal %= i Z
Wi o =13

A A
www.physics-in-a-nutshell.com AG = A2- 3‘? + 6'@ + 24 - Cﬁ’)‘ O

Y -Z'(( nu"""nw" .o




Van der Waals bonding

Ne Ar Kr Xe

E(eV) 0.0031 0.0104 0.014 0.02
o(A) 2.74 340 3.65 3.98
Exp. Ry(A) 313 375 399 4.33

o

Ry =1.090(A) 2.99 3.71 3.98 4.34

Lennard Jones parameters and nearest-neigbor distances for
solid noble gases. (Ref.. Ashcroft/Mermin)

* The proportionality factor 1.09 describes well crystals from heavy noble
elements (Kr, Xe).

It deviates from experiments for lighter elements (Ne, Ar.). The reason is the
zero-point energy (finite energy of a quantum mechanical system at T = 0 K).

» This is the reason why Helium never freezes at all!



Van der Waals bonding: relevance <SP

-Who cares about van der Waals crystals. They are not really relevant,
It's just textbook stuff”

Image provided by Wikipedia

Layered materials:
Strongly bonded atomic layers
separated by van der Waals gaps.




Van der Waals bonding: 2D materials €&b

2D materials engineering: tune crystal properties by

- stacking sequence
- layer alignment

- Interlayer coupling
- twist angle

Graphene
hBN

MoS,

WSe,

Fluorographene

Van der Waals crystal structures are “not just textbook physics”!
They are key in determining the properties of modern layered materials!



lonic bonding

NaCl CsCl

Image modified from: Ibach, Llth




lonic bonding 0,8

* lonic crystals are made up of positive and negative ions.
« The atoms get ionized by gaining or losing electrons.
» They do this to obtain a closed/full outer shell.
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lonic bonding

Low Loy oy

Lanthanides

Actinides

Caluum

5.99

2 periodictableguide.com



lonic bonds: lon pair energy
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lonic bonding: Crystal energy “a
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lonic bonding: Lattice energy

How to determine E,, for the entire crystal and the Madelung constant?
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lonic bonding: Madelung constant

e~
: = '? Y . —_
Cmvaagu 5 El«u- 4 & antg R,

—~—"
A

’ How\aibmj Constont

Crystal structure Madelung constant A

Cesium chloride 1.7627
Sodium chloride 1.7476
Zincblende 1.6381

Madelung constant A for selected cubic crystal structures.
Source: Ashcroft/Mermin, Solid State Physics.

Note: A > 1 means the energy gain for forming the entire crystal is higher

than for an isolated dimer (i.e., a ,,NaCl* molecule)!



lonic bonding: Total lattice energy X
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lonic bonding: Total lattice energy .
.
Experimental Lattice Structure . — k?
Compound g : A@v / lan Fﬁll‘ = Q. § ms|
Energy!'! type
LiF -1030 kJ/mol NaCl
NaCl -786 kJ/mol NaCl
NaBr ~-747 kJ/mol NaCl
Nal =704 kJ/mol NaCl
CsCl -657 kJ/mol CsCl
CsBr -632 kJ/mol CsCl
Csl -600 kJ/mol CsCl
MgO -3795 kJ/mol NaCl
CaO -3414 kJ/mol NaCl
SrO -3217 kJ/mol NaCl
MgF2 -2922 kJ/mol | rutile Titan(IV)-oxid in der Modifikation Rutil
! Tid+ .OZ-

TiO, -12150 kJ/mol rutile

Data and images from Wikipedia



Covalent bonding




lonic vs. covalent bonding beiad

Density of valence electrons
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Some covalent network solids badad

I

carbon

diamond
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carbon

graphite

carbon silicon
oxygen silicon
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fullerene silicon dioxide silicon carbide



Properties of covalent network solids -

Among the most strongest bonds, high cohesive energies
Bonding arises form sharing of electrons

Bonds are highly directional and short-ranged

Simplest case: hydrogen molecule
Tetrahedral nearest-neighbor

Examples: Diamond (C), graphite (C), Silicon (Si), configuration in the lattices

Quartz (Si02), Germanium (Ge), Boron nitride (BN) of C, Si, Ge (Ibach/Luith)

Often dominant for elements with a roughly half-filled outer shell
and for comparable electronegativity of the atoms (e.g. when they
are the same element)

Covalent bonds form due to constructive interference of atomic wave
functions - quantum mechanical origin



Covalent bonding: H,* faded

Start from chemistry and molecular physics: H,*
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Covalent bonding: H,* faded
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Covalent bonding: H,* faded
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Covalent bonding: H,* teied
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Covalent bonding: H,* fuied
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Covalent bonding: H," ..

A B

» Only partially occupied single-atomic orbitals contribute to covalent bonding
(otherwise the antibonding orbitals E_ would need to become occupied)

« Colvalent bonding causes a ,,piling up* of chage density between the atoms

» Covalent bonds can be
(1) non-polar: electron is shared equally between the atoms
(i) polar: higher electron density towards one of the atoms



Covalent bonding: polar vs. nonpolar i
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Covalent bonding: H, el
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Covalent bonding: H, tuied
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Covalent bonding: H, faded
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Covalent bonding: H, faded
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Covalent bonding: H, faded
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Covalent bonding: Carbon
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Covalent bonding: Carbon fuiad
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Covalent bonding: Carbon
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Covalent bonding: Carbon beded
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Covalent- Gomds (‘\h— ?\Oww; covalew network Cr'aklol)
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Metallic bonding

Metals are

highly reflective (shiny) €«

Good electrical conductors Reasow © eq of ﬂ(ﬁeﬁw
Good heat conductivity

Malleable and ductile



Metallic bonding: “sea” of electrons 0
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Metallic bonding: repulsive energy
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Metallic bonding: attractive energy
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Metallic bonding: total energy

Total ener r conduch  elecdvan
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Metal Nearest neighbor distance (A) Binding energy (eV/atom)

Li 3.02 1.63
Na 3.66 1.11
K 4.52 0.93

Cs 5.24 0.8
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Most famous hydrogen-bonded crystal: Ice



Hydrogen bonding

Occurs when a hydrogen atom is covalently bonded to a highly
electronegative atom (oxygen, fluorine, nitrogen).
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