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2. Electrical Conduction in Metals

3 distinct models are considered in order to explain the conduction mechanisms within the solid materials. These are the classical free e- model, semi-quantum-classical free e model and the full quantum mechanical treatment. The classical model presents a simple yet rather useful mechanism in explaining some of the electrical properties of the metals, but is inadequate in explaining that for materials like insulator and semiconductor. The semi quantum-classical model incorporates some ideas such as only discrete energy levels are allowed for the e-. This model explains the conduction mechanism in metals very much the same way as the classical model due to some similar basic assumptions but the quantum mechanical part can help explaining additional properties of metals like the heat capacity of electron. However, only the full quantum mechanical model can account for most of the properties observed experimentally in most solid materials.

2.1. The Classical Free Electron Model: Drude’s model

Qualitatively: P.Drude has first attempted to explain the thermal and electrical conduction in metals. The conduction model is based on the kinetic theory of a dilute, neutral gas using the Maxwell-Boltzmann statistics. The basic assumptions used in the model are summarised as follow:

1. electron behaves as a classical particle which is highly mobile 

2. electron can take up a continuously variable amount of energy

3. the e has a kinetic energy given by the thermal energy = 3/2kT where k is the Boltzmann’s constant (1.38x10-23J/K), and thus the electrons move within the lattice in random directions.

4. the metal lattice is almost ‘empty’.

5. the potential box has a constant potential throughout the lattice & not influenced by the heavy & +vely charged ions, i.e. an e- will ‘feel’ the same lattice environment throughout the lattice.

6. electrons move in straight-lines between the collisions and achieve thermal equilibrium with the lattice surroundings by losing any excess energy via collisions. Thus, collisions between the electrons are instantaneous events which alter the velocity of the electrons leading to the scattering or ‘resistance’ effects, in the so-called ‘collision theory’.

7. the mean free time between collisions is ( which is independent of the velocity and position of the electron, and the distance travelled during that interval is the mean free path, (m is of the same order of magnitude as the lattice constant of the lattice ions.

The metal is considered to behave like an empty[1] box with a constant potential containing a free electron ‘gas’ within the edges of the metal. The electrons are treated as classical particles which move within the material & experience no or minimum interactions with the ionic potential. The only constraint on the electron motion, apart from the collisions between electrons, are the physical boundary of the metal. This ties in with the previous picture of the metallic bonding of a metal whereby the atoms are permeated by a ‘sea’ of highly mobile electrons due to the loosely bound electrons in the outermost valence shells of the atoms (termed valence e-) as shown in Figure 2.1.


Figure 2.1: ‘Empty’ box of a metal   Figure 2.2: Zero electric field    Figure 2.3: Applied electric field

[1] Let consider a metal like sodium (Na) the fraction of occupied volume for the bcc unit cell of Na lattice is the packing density of the unit cell given by {radius of Na atom is 0.98x10-10m and a of Na bcc unit cell is 4.2x10-10m}



 which indicates a metal is not completely empty!

The effects of the zero and non-zero electric field on the motion of the electron is illustrated in Figure 2.2 and 2.3. In the absence of any external influence, the electrons will diffuse randomly in all directions due to the thermal energy (which is non-zero above 0 Kelvin), with a large thermal velocity, (T. So, the average drift velocity in any specific direction is zero and there is no net flow of current. On the other hand, when an electric field is applied, the electric field would accelerate the electrons in the field direction. During the process, apart from the collisions between the electrons, when the electrons encountered ions in the crystal lattice, they would also be scattered in collisions, losing the excess energy acquired from the electric field and thus a ‘resistance’ to the electron flow would be created. The electrons would then settle down at a constant drift velocity governed by the applied field. As a consequence,  there is a general drift of the electrons towards the positive terminal with the electron ‘gas’, as a whole, moves against the field.[2] The process is a continuous one since more electrons are supplied from the external source (such as a battery). Thus, a flow of electric current through the metal is established since current is defined as the rate of flow of charges, which is the electrons, through a medium.

Quantitatively:
Electrical Conductivity in metals: 


Figure 2.4: moving charge in an electric field.

Figure 2.4 shows the schematic diagram of a block of metal(conductor) connected to a battery, which provides the applied electric field to the conductor. Let E be the applied field, (e the average velocity acquired by a given electron due to acceleration against the field, e the electronic charge and m the mass of the free electron. When the field is applied, the force acting on an individual electron is eE, so the acceleration a during the time between collisions is given by 








(2.1)

If we define t as the average time of flight between collisions, then the average field velocity of electron, (e is given by, [c.f: v = at]








(2.2)

where the negative sign appears in Equation (2.2) in order to indicate that the electrons actually move in opposite direction to the electric field.

The average drift velocity, (D is therefore made up of the average thermal velocity,(T,[3] due to the random thermal motion (which is zero in any net specific direction) and the average field velocity, (e due to the applied electric field, i.e.

 






(2.3)

Because (T is zero in the direction of the field. The average drift velocity (D therefore equals the average field velocity (e ,







(2.4)

[2] Note that the current flow, which is in opposite direction to electron flow, is in the same direction as the field direction.

[3]Note that the average thermal velocity (T is not zero in between collisions and can be found by the kinetic theory from    

 where k is the Boltzmann’s constant.

If there is a total of n number of electrons per unit volume taking part in the conduction process, the total current density, J, that is the total current flowing over unit area, will be the total charge density multiplies the average drift velocity. Thus ,







(2.5)


where the negative sign appears in Equation (2.5) in order to indicate that the electrons actually move in opposite direction to that of the conventional current.

Substituting (D from Equation (2.4) into Equation (2.5) gives 








(2.6)

However, Equation (2.6) can be reduced to 









(2.7)

where 


 is the electrical conductivity.




(2.8)

The electrical conductivity, s can also be expressed as 






(2.9)

by taking  










(2.10)

The parameter m is called the mobility and can also be defined as the average drift velocity per unit electric field, expressed by






(2.11)

Again, the negative sign is to indicate that the electrons move in opposite direction to the electric field. The ( is to indicate how good a conductor the metal is, and the ( is to indicate how easy an electron can move within the material.

Ohm’s law:
Validity of this model in explaining the electrical conduction in metals or conductors is substantiated by the agreement with Ohm’s law in the basic electric circuit theory. 

Since E=V/l, J=I/A, and R= (l/A , thus r=RA/l and since s=1/r , thus s=l/RA,

Therefore, J=(E can be shown to be equivalent to V=IR (Ohm’s law) as follow:














Therefore, it is shown here that Drude’s theory agrees well with Ohm’s law. However, still there are some details of the electrical properties of the conductors that can not be explained quantitatively by the simple classical free electron model. Therefore, it leads to the demand for alternative models.


Classical Free Electron Model: Drude’s Model

Assumptions
valence* electrons considered as free or mobile particles 


using free electron mass


conduction in metal is modelled using an empty box containing metallic ions permeated by a ‘sea’ of free electrons, with constant potential throughout the lattice except at the edges, i.e. electron has no or minimum interaction with the lattice ions


electrons can emit or absorb continuously variable amount of energy


based on Maxwell-Boltzmann Statistics, i.e. the energy distribution for electron is like that of a classical gas molecule

Advantages
can explain electrical conductivity and Ohm’s law, thermal conductivity, and the photoelectric effects in metals (conductors) if used the quantum nature of light (i.e. semi-classical)

Inadequacy

of the model
Solids is not ‘empty’ box, but contain atoms, ions and the electrons and the ions are electrically charged. Thus the picture of a lattice with constant potential & no influence on the electrons is not accurate. Also do not distinguish between free and bound electron; can not explain the accurate no. of conduction electrons

Dis-advantages
can not explain accurately the differences between conductors, semiconductors and insulators, the heat capacity of the electron, the value of the mean free path,  the Hall coefficients,   the temperature dependence of the electrical conductivity, the mean free path, and the Hall coefficients, and the optical properties of metals at low wavelength (visible & UV)

atom/ions


electron





random diffusive flow of electrons: no current in zero electric field





net drift of electron in an applied electric field: current flow in the direction of the field from +ve to -ve terminals
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