Physics 927
E.Y.Tsymbal

Section 7: Freeelectron model

A free electron model is the ssmplest way to represent the electronic structure of metals. Although
the free electron model is a great oversimplification of the reality, surprisingly in many cases it
works pretty well, so that it is able to describe many important properties of metals.

According to this model, the valence electrons of the constituent atoms of the crystal become
conduction electrons and travel freely throughout the crystal. Therefore, within this model we
neglect the interaction of conduction electrons with ions of the lattice and the interaction between
the conduction electrons. In this sense we are talking about a free electron gas. However, thereis a
principle difference between the free electron gas and ordinary gas of molecules.

First, electrons are charged particles. Therefore, in order to maintain the charge neutrality of the
whole crystal, we need to include positive ions. This is done within the jelly model, according to
which the positive charge of ions is smeared out uniformly throughout the crystal. This positive
background maintains the charge neutrality but does not exert any field on the electrons. lons form
auniform jelly into which electrons move.

Second important property of the free electron gas is that it should meet the Pauli exclusion
principle, which leads to important consequences.

Onedimension

We consider first a free electron gas in one dimension. We assume that an electron of mass mis
confined to a length L by infinite potential barriers. The wavefunction ¢, (x) of the electron is a
solution of the Schrodinger equation Hy, (x) = E.¢,(X), where E, is the energy of electron orbital.

Since w can assume that the potential lies at zero, the Hamiltonian H includes only the kinetic
energy so that

2 2

Y, 00= 2 g0=-2-L (0 =Eg,(0. (7.1)

Note that this is a one-electron equation, which means that we neglect the electron-electron
interactions. We use the term orbital to describe the solution of this equation.

Since the ¢, (X) is a continuous function and is equal to zero beyond the length L, the boundary
conditions for the wave function are ¢, (0) =, (L) =0. The solution of Eq.(7.1) istherefore

W.(X)= Asin(% xj, (7.2)
where A isaconstant and nis an integer. Substituting (7.2) into (7.1) we obtain for the eigenvalues
2 2
E = h—(@j . (7.3)
2m\ L

These solutions correspond to standing waves with a different number of nodes within the potential
well asisshownin Fig.1.



Physics 927
E.Y.Tsymbal

———Energy levels
— Woayvelunetions,

2 relative scale
re L

)

n

1
2L

(@)

Energy in units ——
Im

ﬁ,f

Quantimm number.

Fig.1 First three energy levels and wave-functions of a free electron of mass m
confined to a line of length L. The energy levels are labeled according to the
guantum number n which gives the number of half-wavelengths in the
wavefunction. The wavelengths are indicated on the wavefunctions.

Now we need to accommodate N valence electrons in these quantum states. According to the Pauli
exclusion principle no two electrons can have their quantum number identical. That is, each
electronic quantum state can be occupied by at most one electron. The electronic state in a 1D
solid is characterized by two quantum numbers that are n and ms, where n describes the
orbital ¢, (X), and ms describes the projection of the spin momentum on a quantization axis.
Electron spin is equal to S=1/2, so that there (25+1)=2 possible spin states with ms = +%.
Therefore, each orbital labeled by the quantum number n can accommodate two electrons,
one with spin up and one with spin down orientation.

Let ne denote the highest filled energy level, where we start filling the levels from the
bottom (n = 1) and continue filling higher levels with electrons until all N electrons are
accommodated. It is convenient to suppose that N is an even number. The condition 2ns = N
determines ng, the value of n for the uppermost filled level.

The energy of the highest occupied level is caled the Fermi energy Er. For the one-
dimensional system of N electrons we find, using Eq. (7.3),

n? (N
E.=—/ — 1. 7.4
F 2m£ ZLJ (74)
In metals the value of the Fermi energy is of the order of 5 eV.

The ground state of the N electron system isillustrated in Fig.2a: All the electronic levels are filled
upto the Fermi energy. All the levels above are empty.

The Fermi distribution

This is the ground state of the N electron system at absolute zero. What happens if the temperature
is increased? The kinetic energy of the electron gas increases with temperature. Therefore, some
energy levels become occupied which were vacant at zero temperature, and some levels become
vacant which were occupied at absolute zero. The distribution of electrons among the levels is
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usually described by the distribution function, f(E), which is defined as the probability that the level
E is occupied by an electron. Thus if the level is certainly empty, then, f(E) = O, while if it is
certainly full, thenf(E) = 1. In genera, f(E) has avalue between zero and unity.
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Fig. 2 (a) Occupation of energy levels according to the Pauli exclusion
principle, (b) Thedistribution function f(E), at T = 0°K and T> 0°K.

It follows from the preceding discussion that the distribution function for electrons at T = 0°K has
the form

1, E<E,
f(E):{o CoE (7.5)

That is, al levels below Er are completely filled, and all those above Er are completely empty. This
function is plotted in Fig. 2(b), which shows the discontinuity at the Fermi energy.

When the system is heated (T>0°K), thermal energy excites the e ectrons. However, al the eectrons do
not share this energy equaly, as would be the case in the classical treatment, because the electrons
lying well below the Fermi level Er cannot absorb energy. If they did so, they would move to a higher
leve, which would be already occupied, and hence the exclusion principle would be violated.

Recall in this context that the energy which an electron may absorb thermally is of the order ksT ( =
0.025 eV at room temperature), which is much smaller than Eg, this being of the order of 5 eV.
Therefore only those electrons close to the Fermi level can be excited, because the levels above Er are
empty, and hence when those electrons move to a higher leve there is no violation of the exclusion
principle. Thus only these electrons - which are a small fraction of the total number - are capable of
being thermdly excited.

The distribution function at non-zero temperature is given by the Fermi distribution function. The
derivation is presented in the appendix D of the textbook. The Fermi distribution function determines
the probability that an orbital of energy E is occupied at thermal equilibrium

(B = Jer (76)

/kBT+1'

This function is also plotted in Fig. 2(b), which shows that it is substantially the same as the
distribution at T = 0°K, except very close to the Fermi level, where some of the electrons are excited
from below Er to aboveit.

The quantity s called the chemical potential. The chemical potential can be determined in a way
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that the total number of electrons in the systemis equal to N. At absolute zero /= E. .

Threedimensions
The Schrodinger equation in the three dimensions takes the form

Hz//(r)——z//(r)— DZl//( N=--—

W"‘W 7] (r)=Ey(r). (7.7)

If the electrons are confined to a cube of edge L, the solution is the standing wave

. (my L (m,
jsn(Ty]sm( C j (7.8)

where ny, ny, and n, are positive integers.

—_ H lmX
t//(r)—Asm( C

In many cases, however, it convenient to introduce periodic boundary conditions, as we did for
lattice vibrations. The advantage of this description is that we assume that our crystal isinfinite and
disregard the influence of the outer boundaries of the crystal on the solution. We require then that
our wavefunction is periodic in X, y, and z directions with period L, so that

Y(x+L,y,2)=¢(xY,2), (7.9)

and similarly for the y and z coordinates. The solution of the Schrédinger equation (7.7) which
satisfies these boundary conditions has the form of the traveling plane wave:

¢, (r) = Aexp(ik 1), (7.10)
provided that the component of the wavevector k are determined from

2rm
o= M g =T g =2 (7.11)

) L Y L ‘ L
where ny, ny, and n, are positive or negative integers.

If we now substitute this solution to EQ.(7.7) we obtain for the energies of the orbital with the
wavevector k

h2k2 h?
2m 2m

E, = (k2 +K2+k2). (7.12)

The wavefunctions (7.10) are the eigenfunctions of the momentum p = —ixl, which can be easily
seen by differentiating (7.10) :
P, (r)=—ialy, (r) =k, (r). (7.13)

The eigenvalue of the momentum is 7k . The velocity of the eectron is defined by
v=p/m=nk/m.

In the ground state a system of N electrons occupies states with lowest possible energies. Therefore
all the occupied states lie inside the sphere of radius kr. The energy at the surface of this sphereis
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the Fermi energy Er. The magnitude of the wavevector ke and the Fermi energy are related by the
following equation:

_ ke
2m

F (7.14)

The Fermi energy and the Fermi wavevector (momentum) are determined by the number of valence
electrons in the system. In order to find the relationship between N and kg, we need to count the
total number of orbitals in a sphere of radius kg which should be equal to N. There are two available
spin states for a given set of ky, ky, and k.. The volume in the k space which is occupies by this state

isequal to (277/L)%. Thusin the sphere of (47ik} /3) the total number of statesis

Ak /3 _ V4
=— k=N, 7.15
(2l L) 37 ° (7.15)

where the factor 2 comes from the spin degeneracy. Then

3PN Y
K- :(T] : (7.16)
which depends only of the electron concentration. We obtain then for the Fermi energy:
1w (3NY
= — . 7.17
Sy 717
and the Fermi velocity
n(3meNY”
Ve =—| —— | . 7.18
-2z o

A few estimates for Na: Na has bce structure with cubic lattice parameter a=4.2A and one valence
electron per atom. Since there are 2 atoms in a unit cell, the electron concentration is N/V =
2/(4.2A°% = 3-10%cm™. Then, the Fermi momentum is k. = (3010BM10%cm®)? =10°cm™ =1A™.
: o nk: _ w
The Fermi energy is given by E.=—F= >
2m  2mag

temperature is defined T = E. /k; =40000K (1€V corresponds to 1.16:10°K). The Fermi velocity

2

k?a? =13.6eV [0.25=3.5¢V. The Fermi

2
can be found from V—F:LkFao :imf K-a, :e—kFao :i0.5=4El0‘3, which results in
cC mca, mc & hc 137
v, =10° % . We see that the velocity of electronsisrelatively large.

An important quantity which characterizes electronic properties of a solid is the density of states,
which is the number of electronic states per unit energy range. To find it we use Eq.(7.17) and
write the total number of orbitals of energy < E :
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N(E)=— . 7.19
®)= o 2E) (719
The density of statesisthen
dN _ Vv (2m\? _,,
D(E)=—=—| =— | EY?, 7.20
® dE 2772(h2j ( )
or equivalently
3N
D(E)=—. 7.21
(E) 5E (7.21)

So within a factor of the order of unity, the number of states per unit energy interval at the Fermi
energy, D(E;), is the total number of conduction electrons divided by the Fermi energy, just we

would expect.
The density of states normalized in such away that the integral

N = Ej D(E)dE, (7.22)

givesthe total number of electronsin the system. At non-zero temperature we should take into
account the Fermi distribution function so that

N :TD(E)f(E)dE, (7.23)

This expression aso determines the chemical potential.

Fig.3 Density of single-particle states as a function of energy, for a
free electron gas in three dimensions. The dashed curve represents
the density f(E,T)D(E) of filled orbitals at a finite temperature, but
such that KT is small in comparison with Er. The shaded area
represents the filled orbitals at absolute zero. The average energy
is increased when the temperature is increased from O to T, for
electrons are thermally excited from region 1 to region 2.
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Heat capacity

The question that caused the greatest difficulty in the early development of the electron theory
of metals concerns the heat capacity of the conduction electrons. Classical statistical mechanics
predicts that a free particle should have a heat capacity of 3/2kgs, where kg is the Boltzmann
constant. If N atoms each give one valence electron to the electron gas, and the electrons are
freely mobile, then the electronic contribution to the heat capacity should be 3/2Nkg, just as for
the atoms of a monatomic gas. But the observed electronic contribution at room temperature is
usually less than 0.01 of thisvalue.

This discrepancy was resolved only upon the discovery of the Pauli exclusion principle and the
Fermi distribution function. When we heat the specimen from absolute zero not every electron
gains an energy ~kgT as expected classically, but only those electrons, which have the energy
within an energy range kgT of the Fermi level, can be excited thermally. These electrons gain
an energy, which isitself of the order of kgT, asin Fig. 3. This gives a qualitative solution to the
problem of the heat capacity of the conduction electron gas. If N is the total number of electrons,
only a fraction of the order of kgT/Er can be excited thermally at temperature T, because only
these lie within an energy range of the order of kgT of the top of the energy distribution.

Each of these NkgT/Er €electrons has a thermal energy of the order of ksT. The total electronic
thermal kinetic energy U is of the order of U=(NkgT/Er)ksT. The €electronic heat capacity is
Cg=dU/dT=Nkg(ksT/Er) and is directly proportional to T, in agreement with the experimental
results discussed in the following section. At room temperature C is smaller than the classical value
= NKkg by afactor 0.01 or less.

We now derive a quantitative expression for the electronic heat capacity valid at low temperatures
ksT << Ef. The total energy of a system of N electrons at temperature T is

U :TED(E)f(E,T)dE, (7.24)

where f(E,T) is the Fermi distribution function and D(E) is the density of states. The heat
capacity can be found by differentiating this equation with respect to temperature. Since only
the distribution function depends on temperature we obtain:

dU

df (E,T)
C,=—=|ED(E dE . 7.25
j B) =g (7.25)
It is more convenient to represent this result in a different form:
C, j(E E.)D(E) df(ETT) dE . (7.26)
Eq. (7.27) isequivalent to Eq. (7.25) due to the fact which follows from Eg. (7.22):
dN © df (E,T)
O=E.—=E_|D(E dE. 1.27
- g7 =B j (B)—, (7.27)
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Since we are interested only temperatures for which kgT << Ef the derivative df/dT is large only at
the energies which lie very close to the Fermi energy. Therefore, we can ignore the variation of
D(E) under the integral and take it outside the integrand at the Fermi energy, so that

df(E N

C, = D(E. )_[(E E)——~ (7.28)

We also ignore the variation of the chemical potential with temperature and assume that ¢ =E_,
which is good approximation at room temperature and below. Then

df (ET) _E-E. e&&)kT

= : 7.29
dT k,T? |:e(E—EF)/kBT+1]2 (7.29)
Eq.(7.28) can, then, be rewritten as
“(E—E.)2 e(E—EF)/kBT 2 2 (k.TY e
C, =D(EF)J( ” g) _dE = D(E,) é BZ) - dx. (7.30)
0 Bl [e(E_EF)/kBT+1] —Ep /kgT sl (ex+1)

Taking into account that Er>>kgT, we can put the low integration limit to minus infinity and
obtain

C, =D(E, )kZTj 2+1) dx =§D(EF)k§T. (7.31)
- e

For afree electron gas we should use Eq.(7.21) for the density of statesto finally obtain

Vg T
C, =—Nk; —, 7.32
o= N (7.32)
where we defined the Fermi temperature T, = E; /K. Thisis similar to what we expected to obtain
according to the qualitative arguments given in the beginning of this section.

Experimentally the heat capacity at temperatures much below both the Debye temperature and the
Fermi temperature can be represented in the form:

C=C, +C,, =aT +fT°. (7.33)

The electronic term is dominant at sufficiently low temperatures. The constants a and £ can be
obtained by fitting the experimental data.



