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Properties of Materials

Many macroscopic properties, such as latent heat, surface tension, bulk modulus and so on,
can be related to atomic properties. Thus, based on macroscopic properties that you know, you
can infer microscopic quantities of interest (e.g. atomic spacing). Conversely, given known atomic
properties (such as characteristic bond energy) you can infer macroscopic properties.

Atom size, spacing and energy
All atoms have (roughly) the same radius: 1 Å(=0.1 nm).
The number of atoms in one kg is NA/µ where µ is the mass number (in kg) and NA is Avogadro’s

number. Assuming a typical density of ρ = 3000 kg m−3 we have the volume of one atom ∼ (2a)3 ∼
µ/NAρ where a is the atomic radius. This gives us a ∼ 1 Å.

Most of the atom is empty space; the nucleus is only a very small fraction of the total volume
(see below).

Gas densities are typically 10−3 of solid densities (see endnote #1), implying that the inter-
atom spacing in gases is roughly 10 Å.

Binding energy
We’ll define the binding energy as the energy required to break inter-molecular bonds. Intra-

molecular bonds are stronger: boiling water breaks the bonds between water molecules, but doesn’t
decompose a water molecule into H and O. The binding energy is fundamental to processes such as
chemical reactions, thermal expansion and latent heat. Intra-molecular bonds are typically a few
eV; binding energies for liquids are a few tenths of an eV; solid binding energies are roughly 1 eV.
See the “Binding Energies” handout for more details.

You can estimate typical binding energies Ec by consideration of e.g. a bar of chocolate. If an
0.1 kg bar has a calorific value of 200 kCal (800 kJ) then the implied binding energy is a few eV
(1 eV ≈ 2× 10−19 J) per atom.

A very useful conversion is that 10 eV/molecule ≈ 1 MJ/mole.
Example Fabric colours get bleached by UV light (see endnote #2). Estimate Planck’s constant

(h, not h̄).
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Example The latent heat of vapourization of water is about 2 MJ/kg. What’s the implied binding
energy? Also estimate the surface tension of water.

Speed and mean free path
Once we’ve calculated the binding energy, we can calculate the speed of an atom or an electron

in a solid assuming binding energy ≈ kinetic energy:

v ∼
(

Ec

m

)1/2

The speed of an atom controls the sound speed of the material. For a typical intermediate-
mass solid the sound speed is ≈ 2 km s−1. Note that the sound speed in a gas is different because
the atoms are not bound to each other and move at a rate controlled by their temperature.

The speed of an electron is faster by a factor of
√

m/me or roughly 300. Chemical reactions

involve transfer of electrons; the timescale for a chemical reaction to occur is ∼ a/v or roughly
10−16 s (100 attoseconds).

The mean free path λ is an important quantity which controls how often particles interact
with each other. We can derive λ by considering the volume swept out during an interaction with
one other particle:

nπa2λ ∼ 1

where n is the number density of molecules (ρNA/µ). Note that this quantity is independent of
molecular speed, and proportional to density. For solids, the mean free path ∼ a, as expected. For
gases, the density is 103 times lower and so the mean free path ∼ 10−7 m.

Gas transport processes (e.g. heat, sound or chemistry) depend on molecules colliding with each
other. The thermal velocity of the gas molecules depends on their temperature:

v ∼
(

3kT

m

)1/2

where gases have a thermal energy ≈ 3
2
kT and k is Boltzmann’s constant (= R/NA). For gases, the

thermal velocity is also the sound speed, ≈ 400 m s−1 for N2 at 300 K. For solids, the sound speed
is much larger than the thermal velocity (because the energy associated with bonds is higher than
the thermal energy at room temperature).

The diffusivity of gases κ is given by

κ ∼ vλ

or roughly 10−4 m2 s−1.
For solids and liquids, heat is conducted not by molecular collisions, but by molecular vibrations

(phonons). The vibration speed is roughly 3 times higher than the thermal speed (because the
binding energy is larger - see below), but the mean free path ∼ a is 103 times smaller, resulting in
smaller diffusivities in solids and liquids (typical values are 10−6 − 10−7 m2 s−1).

Example How long does it take perfume to diffuse across a room?
Thermal and vibrational properties
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The potential energy E due to charge of a proton-electron pair depends on their separation a:
E ∼ 1/a. This implies that a change in atomic radius ∆a requires energy:

∆E ∼ Ec
∆a

a

where we have assumed that the potential energy represents a significant fraction of the total
binding energy Ec. Assuming that this extra energy is thermal (kT ) we derive

∆a

a
=

k

Ec

T = αT

where α is a macroscopic quantity known as the thermal expansivity (K−1). We can immediately
see that a binding energy of 1 eV gives rise to a thermal expansivity ∼ 10−4 K−1.

For solids, the molecules will vibrate with a kinetic energy comparable to their binding energy
(equipartition), giving us the sound speed (see above).

Since the characteristic length scale is a, the vibration frequency f is then ∼ v/a, so we can
write

f ∼ vsound

a
∼
√

Ec

ma2

The characteristic frequency is then ∼ 1013 Hz, or a timescale of 100 fs.
The thermal conductivity K is given by κρCp where Cp is the specific heat capacity and κ is

the thermal diffusivity. Consideration of an ideal gas shows that Cp ∼ R (actually 3R) per mole.
Using the results for gas diffusivity from above, we get a typical thermal conductivity for a gas of
∼ 10−2 W m−1 K−1. So gases are good insulators (as long as they are motionless). Solids are more
conductive, mainly because they are denser.

We’ll talk more about thermal conductivity of materials when we start to consider heat transfer.
Example Given the latent heat of solid nitrogen, how would you go about determining its elastic

modulus? [This is a real example. It helps to remember that pressure = work per unit volume.]
Example What wavelength of light is required to cause dissociation of a water molecule?

Solid-state diffusion and rheology
In reality, at any given temperature atoms exhibit a range of different vibration energies, given

by the Boltzmann distribution. We can write the fraction of atoms p having a vibrational (thermal)
energy exceeding the binding energy Ec as

p ∼
(

Ec

kT

)1/2

e−Ec/kT

where we are assuming that kT � Ec (as is appropriate for a solid). A consequence of this
assumption is that small changes in T lead to big changes in p.

Example How much more rapid is evaporation of water at 350 K compared with 300 K?
Real atomic lattices contain vacancies, which allow atoms to migrate. The probability of a

particular atom jumping is p, so the overall diffusivity D is just p v a, where v ∼ (Ec/m)1/2 is the
sound speed as before.
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So we can write the diffusivity as

D ∼ Eca

(mkT )1/2
e−Ec/kT

The exponential term shows that diffusion is a strong function of temperature, and will be very
slow for T � Ec/k. Note also that it is the binding energy (termed the activation energy in this
context) which controls the temperature sensitivity. The pre-exponential term (also called D0)
shows that atomic mass matters: thus, hydrogen diffuses more rapidly than other substances (a
problem in power plant construction and also in olivine crystals).

Application of stress causes vacancies to migrate and results in the crystal deforming. This
effect is the cause of solid-state viscosity. So we would expect viscosity to be strongly temperature-
dependent (it is), and that the absolute viscosity has the same kind of dependence as D0 (it does).

Example. Honey flows more rapidly when taken out of the fridge. Estimate the activation energy
implied.

The viscosity of liquids does not exhibit the same kind of temperature-dependence as solids, but
can also be calculated from first principles. If you think about (dynamic) viscosity as involving
momentum transfer between rows of atoms you can see from dimensional analysis that η ∼ mf/a.
This can then be rewritten as η ∼ (Ecρ/a)1/2. For typical values you get viscosities or order
10−3 Pa s, which is about right.

Friction is hard to derive in an order of magnitude sense. The observed fact that the frictional
resistance is proportional to the force and not the stress is not readily derived by order of magnitude
arguments.

Useful numbers
charge on electron e = 2× 10−19 C
Planck constant h̄ = h/2π = 10−34 in SI units
typical atomic radius 1 Å
typical binding energy = 0.1 eV (liquids), 1 eV (solids), 10 eV (intra-molecular bonds)
Earth atmospheric density (surface) 1 kg m−3

wavelength of visible light 5× 10−7 m

Endnote #1: What is the density of air?
This is a good question because there are many ways of getting at the answer. It depends on

what you know.
For instance, it helps to know the surface pressure (105 Pa). Mt Everest (8 km high) has

marginally breathable air, so the ”scale height” H of the atmosphere must be of order 10 km (this
is almost exactly right). Since P = ρgH, we get ρ ≈ 1 kg m−3, or 103 times less than a typical
solid.

Alternatively, if you remember the idea gas law P = ρRT/µ, then for reasonable values of T
(300 K), µ (0.03 kg/mol) and gas constant (10 J/mol K), you can derive ρ ≈ 1 kg m−3 again.

If you don’t know the surface pressure, there are other ways. For instance, a high enough wind
will blow you over. 100 mph is about 50 m/s. The force of the wind is ∼ ρu2A. Your surface area
is about 1 m2, your weight is 1000 N. So equating the two would yield a density of 0.4 kg m−3, not
bad. You could do a similar estimate by thinking about the drag of a parachute.
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Endnote #2: What is the wavelength of visible light?
This is something you ought to know, but how would you estimate it if you didn’t know?
One way is to think about optics. The angular resolution of an optical system is given by λ/D

where λ is the wavelength and D is the aperture. Our eye has an aperture (the pupil) of say 1 mm.
I can resolve features 1 mm across at a distance of (say) 3 m, an angle of 3× 10−4 radians. So the
wavelength is then 0.3 µm, a very good estimate (actual value is 0.4-0.7 µm).

Afterthought: Heisenberg and all that
Consider a hydrogen atom (one proton orbited by one electron). The potential energy (due to

charge) is given by

E1 ∼ −C
e2

a
(1)

where a is the proton-electron spacing, e is the charge on an electron and C is a constant ∼ 1010 in
SI units.

The kinetic energy of the electron can be assessed by using the uncertainty principle:

∆x∆p ∼ h̄

where h̄ = 10−34 in SI units. Here ∆x is the position uncertainty and ∆p is the momentum
uncertainty. We can use this to obtain the kinetic energy

E2 ∼
h̄2

a2

1

me

where me is the mass of an electron (≈1/2000 of a proton) and we have assumed that ∆x ∼ a and
the momentum ∼ ∆p.

The kinetic energy can also be converted to an effective temperature T using E2 = kT where k
is Boltzmann’s constant (= R/NA where R is the gas constant).

Guessing that the kinetic and potential energies are comparable, we can solve for a :

a ∼ h̄2

Ce2

1

me

∼ 1 Å

Once we’ve solved for a, we can obtain the binding energy Ec (per atom or molecule):

Ec ∼
(

Ce2

h̄

)2

me ∼ 10 eV
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