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Figure 6.1 An illustration of the motion of atoms in a solid. The arrows indicate the direction of atomic
motion. Notice the small separation between the atoms and the random orientation of their vibrations.
The atoms themselves are shown as a central darkly-shaded region, where the electron charge density is
high, and a peripheral lightly-shaded region. The electric field in this peripheral region significantly af-
fects the motion of neighbouring atoms, and disturbs the electronic charge density of neighbouring at-
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Figure 6.2 The four types of simple solid discussed in this chapter. (a) Molecular solids in which the
entities which make up the solid (atoms or molecules) are essentially the same as the entities which made
up the gas. (b) Ionic solids in which the entities that make up the solid are ions rather than atoms or
molecules. Electrons from the outer part of one atom have moved wholly to another atom. (c¢) Covalent
solids in which the entities that make up the solid (atoms or molecules) are greatly altered from their
state in the gas. Electrons from the outer part of one atom have changed their ‘orbits’ so that they now
move round more than one atom. This leads to a high electronic charge density in regions in between the
mean positions of the atoms. (d) Metallic solids in which the electrons from the outer parts of the atoms
can move anywhere within the solid and are not attached to any individual atom.
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Figure 6.3 A representation of the fluctuations of charge density around a neutral atom. The figure
shows the charge distribution at three times separated by ~ 10'® second.

(a) 1 =0 (b)t=1x10"s (€)t=2x10"s

(d) Time-averaged charge distribution

Figure 6.4 Fluctuations of the charge-density distribution on atom 1 lead to a temporary electric dipole
moment. The electric field from the electric dipole moment induces a dipole moment on neighbouring
atoms, causing the two atoms to be attracted to one another.

Atom 1 Atom 2

Dipole caused Dipole induced
by fluctuating by electric field
charge density from Atom 1
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Figure 6.5 The potential energy versus separation of two atoms interacting via a Lennard-Jones poten-
tial. The energy scale is drawn in units of & and the separation scale is drawn in units of o where ¢ and o
are defined according to Equation 6.8.

(a) The relationship between o and the representation of a molecule shown in Figure 6.1. The steeply
rising potential makes the atom behave as if it has a hard core. The shallow minimum gives rise to a re-
gion which is weakly attractive to other atoms.
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(b) The Lennard-Jones pair potential. Notice the shallowness of minimum in the potential energy,
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Figure 6.6 When a crystal forms it could conceivably form any one of several different structures. The
actual structure formed depends strongly on the cohesive energy U of the structure. For atoms that inter-
act via the Lennard-Jones potential Equation 6.7, the cohesive energy can be expressed in terms of the
lattice sums A4 and A4, described in the text. The figures illustrate two crystal structures showing (i) that
the number of nearest-neighbour atoms differs from crystal structure to crystal structure and (ii) that the
relative distances to next-nearest neighbours also differs from one structure to another. The calculation of
the lattice sums for fcc is considered in Example 6.1.

(a) Body-centred cubic (b) Simple cubic
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Figure 6.7 A section from an infinite two-dimensional ‘net’ of charges. The charge on each ion is either
+e or —e. The numbers on the lines indicate the number of times 7o must be multiplied to reach between
the lattice sites indicated.
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Figure 6.8 The arrangement of ions in a crystal with the same structure as NaCl. The numbers on the
lines are the distance between the ions in units of ry. This diagram should be compared with its two-

dimensional equivalent in Figure 6.7.
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Figure 6.9 Two possible local arrangements of ions; see text for details.
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Figure 6.10 A simple model of a covalent bond between atoms illustrating the directional nature of the
bond. In (a) two similar atoms are shown with overlapping electron orbits. The increased charge density
in between the atoms pulls the atoms together, as shown by the black arrows. In (b) a misalignment of
the atoms causes a repulsion (indicated by the arrows) between the atoms.

(@) (b)

Figure 6.11 A simple model of the charge distribution in a C—C bond

Figure 6.12 A point-charge model of a covalent bond. The term ‘core charges’ refers to the electrical
charges in the core electrons and the nucleus.
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Electron 1 —fe —(1-2f)e —fe
Electron 2 —fe —(1-2f)e —fe
Core charges +e None +e

Or=e(1 -2/) Os5=—2e(1-2f) Or=e(1 -2/)



Extracted from Understanding the properties of matter by Michael de Podesta.
The copyright of these figures resides with Taylor and Francis.
They may be used freely for educational purposes but their source must be acknowledged.
For more details see www.physicsofmatter.com

Figure 6.13 (a) An illustration of the arrangement electric charge around a carbon atom. The four va-
lence electrons orient their orbitals towards the points of a regular tetrahedron in order to minimise their
repulsive Coulomb interaction. (b) An illustration of the arrangement of orbitals in two C atoms cova-
lently bonded together.
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Figure 6.14 The crystal structure of diamond as deduced from X-ray scattering. The separation between
atoms is 0.154 nm. The lines indicate the bonding regions and the spheres indicate the location of the
atoms. The different shading is to aid the clarity of the picture, and allow identification of the four atoms
entirely contained within the outer cube.
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Figure 6.15 A simplified model of a small region of a diamond lattice. The model uses point charges to
represent the continuous charge distribution that exists in the real lattice. It is a three-dimensional exten-
sion of the two-atom point charge model discussed in the text.
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Figure 6.16 The variation of the potential energy of a single electron in the vicinity of (a) a single ion,
(b) two ions close together, and (c) a collection of ions close together. In (a) the potential will vary ap-
proximately like the Coulomb law = 1/r. In (b) the two potentials add together to make the region in be-
tween the ions a particularly attractive place to be for an electron. In (c) the ions have formed a box-like
region capable of containing an electron with its walls, but allowing it to move within the box if its en-
ergy is not so low as to get trapped into the ‘corrugations’ at the bottom of the box. The dotted line
shows the essence of the free electron approximation discussed in the text.

(a) (b)

_The ‘free electron’ or
‘particle in a box’
approximation to
the real potential

The expected potential energy
for an electron in a crystal
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Figure 6.17 Options A4 and B for accommodating eight electrons within a solid.

Option A Option B
Each electron is confined to Each electron is contained in the
its own separate box (atom) same box with side = 2a. The elec-
with side = a. Each electron trons enter the lowest quantum
enters the ground state in its states available. Two electrons can
own box, and so the total occupy the ground state and so the
energy will be: total energy of these two electrons
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The factor 1/4 arises from Equation 6.59 because the box
has side L = 2a as opposed to L = a in Option A The next
six electrons can occupy the states (1,1,2), (1,2,1), (2,1,1)
so their total energy will be:
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Figure 6.18 k-space is a concept which enables for counting quantum states of the particle in a box
problem when lots of particles are present. Each quantum state is represented by a point on a k,, &y, &,
graph. The energy of the state is proportional to the square of its distance from the origin on this graph.
So in order to minimise their energy the occupied quantum states cluster in sphere around the origin.

Each point represents an
A individual quantum state
kZ
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Figure 6.19 Close up view of ‘k-space’. The circles represent allowed values of k. If the central point
represents a solution of the Schrédinger equation with a particular value of ky, ky, k, then point a repre-
sents a solution with kx component increased by 2z/Ly_Similarly point b represents a solution with &,

component increased by 27/L,
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Figure 6.20 (a) In three-dimensions the occupied states form a sphere in k-space known as the Fermi
sphere which is shown shaded in the figure. If we imagine slicing through the Fermi sphere in plane
where k, = 0 we would find a situation represented in (b). Each small circle represents an allowed travel-
ling wave solution to the Schrédinger Equation. The filled circles represent occupied quantum states and
the unfilled circles represent empty quantum states. At absolute zero, only the lowest energy states (low &
= long wavelength = low energy) are occupied. For any macroscopic piece of metal the quantum states
would be much more densely packed than in the figure.
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Figure 6.21 Within an organic substances there are in general at least two types of bonding:

e  Within an organic molecule the atoms are held together by relatively strong, directional covalent
bonds

e Between organic molecules the bonding is due to relatively weak, non-directional, Van der Waals
bonds.

Relatively strong and directional
covalent bonds within the
organic molecules

N

Relatively weak and non-
directional Van der Waals
bonds between organic
molecules
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Figure 6.22 An illustration of the ionic-covalent continuum. In the text ionic and covalent bonding were
presented as distinct categories. In practice, many substances have bonding which is intermediate be-
tween the two cases. The figure illustrates four possible electronic charge distributions in between two
atoms. In the lower picture, the atoms have identical electron affinity. The other three cases refer to
situations where the rightmost atom has increasing electron affinity compared to the leftmost atom.
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