
Towards the Periodic Table of Elements: Ground state electron 

configuration of many electron atoms: 

Determines chemical reactivity of atoms in most cases.

Imagine a bare nucleus of charge +Z.

Imagine empty orbitals surrounding the nucleus.

Fill the orbitals with Z electrons for the neutral atom by following the same 

identification of the four quantum numbers : (n, ℓ, mℓ, ms)

Aufbau principle: Fill lowest energy orbitals first.

Pauli exclusion principle: Each electron must have a different set of 

quantum numbers (maximum of 2 electrons spin up/down in an orbital, 

{𝑛, 𝑙, 𝑚} set).

Hund’s rule: The lowest energy state corresponds to the configuration with 

the greatest number of unpaired electrons in a particular orbital ℓ. 

In addition, we follow the following principles:
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Constructing the periodic table by filling orbitals with electrons 

(electron configurations).

Aufbau: Fill 1s orbital first.

Pauli: no more than two electrons in the 1s 

orbital.

The basis of the duet rule: 

Filling a shell 1s subshell filled with 2He = 

stable electron core given symbol [He]. 

Construction of the first row of the periodic table.

Electron configurations: 1H and 2He.
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Electronic 

configuration



Filling the orbitals of 3Li, 4Be and 5B*

Fill 1s orbital first, then 2s, then 2p.

Pauli: no more than two electrons in the 1s orbital.

2s subshell filled with 4Be.
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Filling the orbitals of 6C and 7N 

Hund’s Rule: When electrons occupy orbitals 

of the same energy for a particular 𝑙, the 

lowest energy state corresponds to the 

configuration with the greatest number of 

unpaired electrons in the degenerate orbitals. 

Such an unpaired electron configuration 

avoids electron-electron repulsion and 

lowers the atom’s energy 
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Example:  Are the following two states allowed for N by the Pauli principle?

(a) 1s22s22px
12py

12pz
1          (b) 1s22s22px

22py
12pz

0

• Hund’s rule describes the lowest energy of the often several electron

configurations that are allowed by the Pauli exclusion principle.

• It doesn’t forbid the existence of any of the other configurations allowed

by Pauli.

• If there are multiple electron configurations allowed by the Pauli exclusion

principle, the lowest energy will be the configuration predicted by Hund’s

rule. The other configurations will be considered excited states and will

generally possess higher energies.

Which is more stable (energetically favorable)?

1s22s22px()2py()2pz() is considered more stable than 1s22s22px()2py()2pz()

because it possesses a greater number of unpaired electrons in the degenerate 2p orbitals. 
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Hund’s rule together with the Pauli Exclusion Principle



Filling the orbitals of 8O, 9F and 10Ne

Filling the 2p subshell produces another 

stable (complete) configuration of 

electrons which serves as the core shell 

of the third row: symbol [Ne]
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Summary: Electron 

configurations 

from 1H to 10Ne.

No new features for 

the electron 

configurations from 
11Na to 18Ar.
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In an atom with one electron, the electron 

experiences the full charge of the positive 

nucleus and so the effective nuclear 

charge can be calculated from Coulomb's 

law. 

However, in an atom with many 

electrons, the outer valence electrons are 

simultaneously attracted to the positive 

nucleus and repelled by the negatively 

charged electrons (mainly from the core). 

The effective nuclear charge is the net 

positive charge experienced by valence 

electrons. 

It can be approximated by the equation: 

𝑍𝑒𝑓𝑓 = 𝑍 − 𝑆, where Z is the atomic 

number and S is the effective number of 

screening (or shielding) electrons.                                                  

Effective nuclear charge (𝑍𝑒𝑓𝑓)*

An approximate formula 

for the energy levels in a 

multi-electron atom is

where a0 is the Bohr 

radius and n = 1, 2, 3…
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Effective nuclear charge (𝑍𝑒𝑓𝑓)*

Effective Nuclear Charge (𝑍𝑒𝑓𝑓)

An approximate formula 

for the energy levels in a 

multi-electron atom is

where a0 is the Bohr 

radius and n = 1, 2, 3…

S
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r2R(r)2

The radial distribution electron density of Na. 

Core electrons (red) and a Single Valence electron in a 3s, 3p, or 3d orbital

Energy levels in alkali metals

3s

3p

3d

The radial distribution for the H-atom which, 

of course, possesses just one electron.

r (distance from nucleus)

r (distance from nucleus)

Na (Sodium)   1s22s22p63s1   

Core: 1s22s22p6, Valence: 3s1

We can understand the change in orbital energy due to 

screening. When the valence electron is in the 3d orbital 

it’s found primarily in the region outside the core 

electrons. As a result, the 3d electron is shielded or 

screened from the nuclear charge (Z = +11) by the 10 core 

electrons. To a reasonable approximation, the 3d electron 

experiences an effective nuclear charge of 𝑍𝑒𝑓𝑓 = (11

− 10) electrons or just +1 e. The result is that the 3d 

electron has nearly the same energy as the 3d electron in 

Hydrogen.
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[He]2s1      [Ne]3s1       [Ar]4s1       [Kr]5s1 [Xe]6s1

From the previous slide, the 3s and 3p radial distributions will have subsidiary maxima in 

regions that penetrate the core electrons (red shade) resulting in a significant Coulomb 

attraction and lowering of its energy. This is particularly true for the 3s electron. Thus 

electrons in the 3p and 3s experience a much greater effective nuclear charge on average 

than the 3d electron, resulting in the lowering of the 3p and 3s states accordingly. 

3s

3p

3d

Energy lowering of outer s- and p-electrons due to penetration near the core electrons

Alkali atoms in their ground state, contain 

a set of completely filled subshells with a 

single valence electron. Note that for high 

principle quantum numbers, n, the energy 

levels approach that of hydrogen since a 

reduced penetration into the core occurs 

as n becomes increasingly large. Thus, for 

large n, the screening results in the 

valence electron experiencing an effective 

nuclear charge approaching one.
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Summary of the energy lowering effect

Wave functions of electrons with different l are found to have different amount of

penetration into the region occupied by the 1s electrons with increasing penetration for

d < p < s.

This penetration of the shielding 1s electrons exposes them to more of the influence of

the positive nucleus and causes them to be more tightly bound, lowering their

associated energy states.
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The order in which subshells are filled is given by the n + ℓ rule, also known as the 

Madelung rule. Orbitals with a lower n + ℓ value are filled before those with higher n + ℓ

values. The states crossed by same red arrow have same n + ℓ value. The direction of the 

red arrow indicates the order of state filling. However, some exceptions to this rule can be 

found in the periodic table, particularly for the transition metals.

1s22s22p63s23p64s23d104p65s24d105p66s24f145d106p67s25f146d107p6

General rule for determining the electron configuration of elements
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IIIB  IVB    VB    VIB

IB   IIB

Semiconductors IV, II-VI, and III-V 

Important semiconductors: Si, Ge (IV)  

CdTe (II-VI), and GaAs, GaN (III-V) 
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Ionization Energies
The ionization energy (IE) of an atom is the minimum energy required to remove 

an electron from a gaseous atom.

X(g)           X+(g)  +  e-

 Ionization potentials of noble gas elements
are highest within a particular period of
periodic table, while those of the alkali are
lowest.

 Ionization potential gradually increases
until shell is filled and then drops.

 Filled shells are most stable and valence
electrons occupy larger, less tightly bound
orbits.

 Noble gas atoms require large amount of
energy to liberate their outermost electrons,
whereas outer shell electrons of alkali
metals can be easily liberated.
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Periodic trends of the first ionization energies of the representative elements

Alkali 

metals 

ns1

Noble gas

ns2p6
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In general, as we go across a period from left to right, the first ionization energy increases. Electrons 

added in the same shell (value of n) do not completely shield the increasing nuclear charge caused by 

adding protons. Electrons in the same principal quantum number n are generally more strongly bound 

from left to right on the periodic table. In addition, as we go down a group (column) from top to bottom, 

the first ionization energy decreases in general since the electrons in the outer valence shell are, on 

average, further from the nucleus. Moreover, the increasing nuclear charge is screened by the inner core 

shells with lower values of n. Thus the outer valence electrons exhibit a reduced binding energy.

Across a period (row),  

𝑍𝑒𝑓𝑓 increases and n

remains the same, so the 

ionization energy (𝐼𝑛) 

generally increases. 

Down a group (column),  

n increases and  𝑍𝑒𝑓𝑓
increases slightly and so 

the ionization energy (𝐼𝑛) 

generally decreases. 

𝐼𝑛 = −𝐸𝑛 ≈
𝑍𝑒𝑓𝑓
2 𝑒2

2𝑎0

1

𝑛2



Periodic properties of atomic radius

General Rule:  The size of an atom decreases in a row (towards the right) as the atomic number (number 

of protons) increases, and the size of an atom increases in a column (going down) as the atomic number 

increases. As the shells are being filled for a given shell or value of n in a row, the increasing nuclear 

charge will lead to a greater attraction of the electrons found in the outer shell, thereby decreasing their 

average radial extent (distance) from the nucleus. The effect of an increasing atomic number in a shell is 

greater than that of the increasing number of electrons, resulting in a greater nuclear attraction. This 

means that the nucleus attracts the electrons more strongly, pulling the atom's shell closer to the nucleus 

in moving from left to right in a row. Note this also correlates with the trend in ionization energy. 
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Electronegativity increases in a row (towards the right) and decreases in a column (going 

down). Fluorine (F, 2s22p5) is the most electronegative (attracts electrons) since it is one 

electron short of a full shell. In contrast, Cs ([Xe] 6s1) is the most electropositive (releases 

its electron) since it contains just one electron in its outer valence shell that is well 

screened by the core. This behavior has a large effect on chemical bonding and reactions.

Electronegativity (EN): a measure of the ability of an atom to 

attract electrons in comparison with other atoms
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Multi-electron atoms and the Periodic table - Summary

 Electrons in the outermost shell of an atom are the most important in

determining chemical properties. Chemical reactions involve only the outer

(valence) electrons. The inner (core) electrons are not involved in chemical

reactions.

 Elements in a given vertical column (group) of the periodic table have similar

outer-shell electron configurations and similar properties. They are

isoelectronic and have the same number of valence electrons.

 Elements in a row show regular trends in their properties due to the continuing

increase in the number of valence electrons (and nuclear charge) until a shell is

filled.

 The screening effect describes the balance between the attraction of the

protons to the valence electrons and the repulsion forces from inner core

electrons.

 The effective nuclear charge is the net positive charge experienced by valence

electrons. It can be approximated by 𝑍𝑒𝑓𝑓 = 𝑍 − 𝑆, where Z is the atomic

number and S is the effective number of screening (shielding) electrons.

 The screening effect explains periodic trends in the ionization energy and

atomic radius.
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The Drude theory of 

metals



Theory of the free electron gas

𝑒𝑍𝑎

Nucleus

𝑍𝑎 = atomic number

Core electrons−𝑒(𝑍𝑎 − 𝑍)

−𝑒𝑍
Valence electrons

𝑒𝑍𝑎

−𝑒(𝑍𝑎 − 𝑍)

A “sea” of -𝑛𝑎eZ 

density of valence 

electrons

Example:  Electronic 

Configuration of Na (Sodium)

1s22s22p63s1   

Core: 1s22s22p6

Valence: 3s1

Drude Model: Valence electrons are “free” to move throughout the crystal.

𝑛𝑎 is the 

density of 

atoms.

2

2

The density of 

atoms can be 

related to the mass 

density. A metal 

contains 

Avogadro’s 

number of atoms 

per mole, 𝑁𝐴
= 0.6022 × 1024. 

The number of 

moles per 𝑐𝑚3 is 

𝜌𝑚/𝑀𝐴, where 𝜌𝑚
is the mass density 

and 𝑀𝐴 is the 

atomic mass of the 

element.

𝑒𝑍𝑎

−𝑒(𝑍𝑎 − 𝑍)

𝑒𝑍𝑎

−𝑒(𝑍𝑎 − 𝑍)

𝑒𝑍𝑎

−𝑒(𝑍𝑎 − 𝑍)

𝑒𝑍𝑎

−𝑒(𝑍𝑎 − 𝑍)

𝑒𝑍𝑎

−𝑒(𝑍𝑎 − 𝑍)



The Drude Model

Brief description: 

The Drude model assumes that the metal consists of 

immobile, positively charged ions and conducting "free 

electrons" that are unattached to the ions or atoms. 

Although the electrons are confined to the metal. 

These valence electrons become delocalized (free to 

move throughout the metal) when the valence levels of 

the atom come in contact with the potential of the other 

atoms. 

e- ion

2

3



The Drude Model

The assumptions of the Drude model are:

(i) The metal contains free electrons which form an 

electron gas.
e- ion
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However, unlike a typical gas where the particles interact 

with each other through collisions (thereby reaching a 

thermal equilibrium), the electrons do not interact with 

each other. The electrons are assumed to interact with the 

immobile ions through collisions, and in between 

collisions they move with a constant velocity.

Neglecting the electron-electron interactions is known as the “independent 

electron” approximation. Neglecting the electron-ion interaction between 

collisions is known as the “free electron” approximation.



The Drude Model

(ii) Collisions are assumed to be instantaneous 

events that abruptly change the electron’s velocity. The 

ions are assumed to be impenetrable objects. In general, 

it’s possible to consider the change of electron velocities 

as some scattering mechanism without specifying the 

details.

e- ion

25

(iii) We assume that the electron experiences a 

collision with probability 1/𝜏 per unit time. Namely, the 

probability density function of time between successive 

collisions is exponential.



The Drude Model

(iv) The electrons have random motions through

the metal with Ԧ𝑣𝑡ℎ = 0 and 
1

2
𝑚𝑒 Ԧ𝑣𝑡ℎ

2 =
3

2
𝑘𝐵𝑇 . 

The latter is a result of the equipartition theorem. 

The random motion results from electrons colliding with 

the ions and enables the system to reach thermal 

equilibrium. 

e- ion

Boltzmann constant 

kB = 1.38  10-23 J/K
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(v) Because the ions have a very large mass 

(compared with the electrons), they are essentially at rest.



The starting point is Ohm’s law which states that 

𝑉 = 𝐼𝑅,

where V is the potential drop along a conducting wire, R is the resistance of the 

wire which may depend on its dimensions, the temperature, and additional 

environmental factors but not on the magnitude of the current or the potential 

drop.

The Drude model description of DC electrical conductivity
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The resistivity, 𝜌, which depends only on the material properties of the 

conducting wire (and not on the dimensions), is the proportionality constant 

between the electric field at a point and the current density it induces.

𝐸 = 𝜌 Ԧ𝑗 𝑂ℎ𝑚′𝑠 𝑙𝑎𝑤 𝑓𝑜𝑟 𝑑𝑒𝑛𝑠𝑖𝑡𝑖𝑒𝑠

The current density, Ԧ𝑗 , is a vector parallel to the flow of charge, whose 

magnitude is proportional to the amount of charge per unit time crossing a unit 

area perpendicular to the flow. 



For example, in a uniform wire with a cross section A and length

L the relation between the electric field and the potential drop is

𝑉 = 𝐸𝐿

The current density is simply the current divided by the cross

section area, such that

𝑉 = 𝐸𝐿 = 𝐼𝑅 = 𝑗𝐴𝑅 → 𝐸 = 𝑗𝐴𝑅/𝐿 → 𝜌 = 𝑅𝐴/𝐿

The Drude model description of DC electrical conductivity
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The electron density per unit volume, n, and the electron velocity,

Ԧ𝑣, determine the current density,

Ԧ𝑗 = −𝑛𝑒 Ԧ𝑣

In general, different electrons move in different directions and the

net current density is obtained by averaging the above equation.

The Drude model description of DC electrical conductivity
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In the absence of electric field, the thermal motion has no preferred

direction and the average velocity is zero and so is the current density.



• The electron concentration (density) n is taken as a density of valence 

(“free”) electrons. 

𝑛 =
𝑁

𝑉
=

1

𝑉𝑜𝑙𝑢𝑚𝑒 𝑝𝑒𝑟 𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑛
=

1

4𝜋𝑟𝑠
3

3

→ 𝑟𝑠 =
3

4𝜋𝑛

1
3

The radius characterizing the electron density is usually measured in 

units of Bohr radius, 𝑟0 =
ℏ2

𝑚𝑒𝑒
2 ≈ 0.529 × 10−10𝑚, corresponding to 

the radius of the hydrogen atom in its ground state. 

The ratio 𝑟𝑠/𝑟0 is in most cases in the range of 2–3 and for special 

metallic compounds can reach 10.

The Drude model description of DC electrical conductivity
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In the presence of electric field:

Ԧ𝐹𝑒 = 𝑚𝑒

𝑑 Ԧ𝑣

𝑑𝑡
= −𝑒𝐸 −𝑚𝑒

Ԧ𝑣

𝜏

This is simply Newton’s equation of motion including the effects of the electric 

field (the first term on the RHS) and the friction due to collisions with the 

immobile ions (the second term on the RHS).

The Drude model description of DC electrical conductivity
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𝑑 Ԧ𝑣

𝑑𝑡
= −

𝑒𝐸

𝑚𝑒
−

Ԧ𝑣

𝜏
= −

Ԧ𝑣 + Ԧ𝑣𝑑
𝜏

𝑑 Ԧ𝑣 + Ԧ𝑣𝑑
𝑑𝑡

= −
Ԧ𝑣 + Ԧ𝑣𝑑
𝜏

→ Ԧ𝑣(𝑡) + Ԧ𝑣𝑑 = Ԧ𝑣(0) + Ԧ𝑣𝑑 𝑒−𝑡/𝜏 = Ԧ𝑣𝑑𝑒
−𝑡/𝜏

→ Ԧ𝑣 𝑡 = − Ԧ𝑣𝑑 1 − 𝑒−𝑡/𝜏 𝑖𝑛 𝑠𝑡𝑒𝑎𝑑𝑦 𝑠𝑡𝑎𝑡𝑒 Ԧ𝑣 𝑡 → ∞ = − Ԧ𝑣𝑑

Ԧ𝑣𝑑 =
𝑒𝐸𝜏

𝑚𝑒

The solution for the velocity, assuming a zero initial velocity (because on average 

after a collision the velocity is zero due to the isotropic scattering) is:



Substituting the drift velocity into the expression for the current density we find 

for the steady state:

Ԧ𝑗 = −𝑛𝑒 Ԧ𝑣 = −𝑛𝑒(− Ԧ𝑣𝑑) = 𝑛𝑒
𝑒𝐸𝜏

𝑚𝑒
= 𝜎0𝐸 𝑤ℎ𝑒𝑟𝑒 𝜎0 = 𝑛𝑒2

𝜏

𝑚𝑒

𝜎0 is the conductivity, which for isotropic crystals is simply the inverse of the 

resistivity.

The Drude model description of DC electrical conductivity
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The derivation we used assumed that the scattering is isotropic. 

This is not necessarily the case. 

When the scattering is not isotropic, namely the effective friction is not parallel 

to the velocity, the electric field and the current density may not be parallel. 

In this case, one has to use a tensor for the conductivity and the relation between 

the current density and the electric field is 

Ԧ𝑗 = 𝜎 ⋅ 𝐸

Where the conductivity is a tensor of the form

𝜎 =

𝜎𝑥𝑥 𝜎𝑥𝑦 𝜎𝑥𝑧
𝜎𝑦𝑥 𝜎𝑦𝑦 𝜎𝑦𝑧
𝜎𝑧𝑥 𝜎𝑧𝑦 𝜎𝑧𝑧

The Drude model description of DC electrical conductivity
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The conductivity depends on known parameters, such as the electron charge, the electron mass, 

and the electron density. However, the relaxation time is unknown. Usually it is inferred from 

measurements of the conductivity. The typical relaxation times are ∼ 10−14 − 10−15𝑠

The Drude model description of DC electrical conductivity
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The Drude model description of DC electrical conductivity
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It is useful to estimate the “mean free path” (the mean distance the

electron travels between successive collisions):

𝑙𝑓𝑟𝑒𝑒 = 𝑣𝜏

In Drude’s time it was natural to estimate the velocity using the

thermal energy, i.e.,

1

2
𝑚𝑒 Ԧ𝑣𝑡ℎ

2 =
3

2
𝑘𝐵𝑇 → 𝑣𝑡ℎ =

3𝑘𝐵𝑇

𝑚𝑒

Room temperature may be estimated as ~300𝐾 , Boltzmann

constant is 𝑘𝐵 ∼ 1.38 × 10−23𝐽/𝐾 , the electron mass is 9.11

× 10−31𝑘𝑔

⇒



The Drude model description of DC electrical conductivity
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𝑣𝑡ℎ =
3𝑘𝐵𝑇

𝑚𝑒

1/2

≈
3 × 1.38 × 10−23 × 300

9.11 × 10−31
𝐽

𝑘𝑔

1
2

=
9 × 1.38

9.11
1010

𝐽

𝑘𝑔

1
2

≈ 1.17 × 105 𝑚/𝑠

The mean free path is then

𝑙𝑓𝑟𝑒𝑒 = 𝑣𝑡ℎ𝜏 ∼ 10−10 − 10−9𝑚 = 1 − 10Å

This distance is comparable with the inter atomic distance and, therefore, it

seems to agree with Drude’s assumption that the scattering is due to collisions of

the free electrons with the immobile ions.



The Drude model description of DC electrical conductivity
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Despite the agreement of the mean free path in room temperature

with the interatomic distance, for lower temperatures the thermal

velocity drops as the 𝑇 while the measured resistivity, from which

we derive the decay time, does not compensate for the decrease of

velocity.

For example, for Copper (Cu), the decay time is 𝜏𝐶𝑢,77𝐾 = 21

× 10−14𝑠. The thermal velocity at this temperature is

𝑣𝑡ℎ =
3𝑘𝐵𝑇

𝑚𝑒
=

3 × 1.38 × 10−23 × 77

9.11 × 10−31
𝐽

𝑘𝑔

1
2

≈ 3.9 × 104 𝑚/𝑠

So the mean free path is:

𝑙𝑓𝑟𝑒𝑒 ≈ 82Å



The Drude model description of DC electrical conductivity
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82Å is much larger than the interatomic spacing. With nowadays

technology, it is possible to reach a mean free path which is of the

order of cm (108 the interatomic spacing). This is one of the

problems of Drude’s interpretation of the scattering as collisions

with the immobile ions.

Nevertheless, if one does not interpret the scattering as “bumping

off the ions”, it is possible to use Drude’s model for quantities

that are independent of the scattering time.



The Drude model description of electron dynamics under the 

influence of a time dependent force

At any time, t, the average current density is given by

Ԧ𝑗 = −𝑛𝑒
Ԧ𝑝 𝑡

𝑚

Given that the momentum of an electron at time t is Ԧ𝑝 𝑡 , it has a probability 

𝑑𝑡/𝜏 to undergo a collision during the interval 𝑑𝑡, and a complimentary 

probability, 1 − 𝑑𝑡/𝜏 to have no collision and evolve just by the external force, 

Ԧ𝑓(𝑡), namely at time 𝑡 + 𝑑𝑡 the average momentum due to electrons that do 

not collide is:

Ԧ𝑝 𝑡 + 𝑑𝑡 = 1 −
𝑑𝑡

𝜏
Ԧ𝑝 𝑡 + Ԧ𝑓 𝑡 𝑑𝑡 + 𝑂 𝑑𝑡2

= Ԧ𝑝 𝑡 −
𝑑𝑡

𝜏
Ԧ𝑝 𝑡 + Ԧ𝑓 𝑡 𝑑𝑡 + 𝑂 𝑑𝑡2
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The Drude model description of electron dynamics under the 

influence of a time dependent force

The contribution from electrons that undergo a collision during the time 

interval 𝑑𝑡 is at most

𝑑𝑡

𝜏
⋅ Ԧ𝑓 𝑡 𝑑𝑡

The first term is the fraction of electrons that undergo a collision, and the 

second term is the maximal momentum gained (the momentum gained if the 

collision occurred at the beginning of the interval). The collision itself is 

assumed to result on a zero average momentum because the scattered electron 

has an equal probability for velocity in any direction.
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The Drude model description of electron dynamics under the 

influence of a time dependent force

Therefore,

Ԧ𝑝 𝑡 + 𝑑𝑡 = Ԧ𝑝 𝑡 −
𝑑𝑡

𝜏
Ԧ𝑝 𝑡 + Ԧ𝑓 𝑡 𝑑𝑡 + 𝑂 𝑑𝑡2

Taking the limit 𝑑𝑡 → 0

lim
𝑑𝑡→0

Ԧ𝑝 𝑡 + 𝑑𝑡 − Ԧ𝑝 𝑡

𝑑𝑡
=

𝑑

𝑑𝑡
Ԧ𝑝(𝑡) = −

1

𝜏
Ԧ𝑝 𝑡 + Ԧ𝑓 𝑡

The formal solution is:

Ԧ𝑝 𝑡 = Ԧ𝑝 0 𝑒−
𝑡
𝜏 +න

0

𝑡
Ԧ𝑓 𝑡′ 𝑒−

𝑡−𝑡′

𝜏 𝑑𝑡′
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42

However, he did not detect 

any additional resistance.



The Drude model description of electron dynamics in the presence of 

magnetic field

The force experienced by an electron in magnetic field, the Lorentz 

force, is:

Ԧ𝐹 = −
𝑒

𝑐
Ԧ𝑣 × 𝐻

Ԧ𝑣 is the velocity of the electron, 𝐻 is the external magnetic field and 

c is the speed of light.

In the setup we consider, the magnetic field is in the positive z

direction. The electric field is in the positive x direction which 

implies that the velocity of the electrons is in the negative x

direction.

Ԧ𝐹 = −
𝑒

𝑐
−𝑣𝑥 ො𝑥 × 𝐻 Ƹ𝑧 = −

𝑒

𝑐
𝑣𝑥𝐻 ො𝑦
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The Drude model description of electron dynamics in the presence of 

magnetic field

The force in the negative y-direction causes the accumulation of 

electrons on that side of the wire. This accumulation results in 

electric field which, in the steady state, balances the magnetic force 

(the electrons cannot leave the wire).

Two quantities of interest are the magnetoresistance:

𝜌 𝐻 =
𝐸𝑥
𝑗𝑥

Which Hall found to be field-independent.
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The Drude model description of electron dynamics in the presence of 

magnetic field

The other quantity is the magnitude of the electric field in the y 

direction, which is expected to be proportional to both the magnetic 

field and the current density in the x direction (because in steady 

state it balances the Lorentz force). The Hall coefficient is defined as

𝑅𝐻 =
𝐸𝑦

𝑗𝑥𝐻
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The Drude model description of electron dynamics in the presence of 

magnetic field

 As we mentioned earlier, the electric field that balances the Lorentz 

force is in the negative y direction, therefore 𝐸𝑦 is negative.

 The magnetic field is in the positive z direction and is, therefore, 

positive. 

 The current density in the x direction is positive (the electrons, that 

have negative charge, move in the negative direction).

 So 𝑅𝐻 =
𝐸𝑦

𝑗𝑥𝐻
is expected to be negative for negative charge 

carriers. 
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The Drude model description of electron dynamics in the presence of 

magnetic field

What if the current was due to positive charge carriers?

 The sign of the Lorentz force ( Ԧ𝐹 = −
𝑒

𝑐
𝑣𝑥𝐻 ො𝑦) would remain the same (the 

charge and the velocity change sign), so the sign of 𝐸𝑦 would be the opposite 

(in order to balance the Lorentz force for positive charges the field would be in 

the positive y direction).

 The magnetic field remains in the same direction and so is the sign of H. 

 The current density remains in the same direction because both the charge and 

the velocity change sign. 

 Therefore, the Hall coefficient would be positive for positive charge carriers. 

This enables to verify that the charge carriers are indeed the electrons (negatively 

charged). 47



The Drude model description of electron dynamics in the presence of 

magnetic field

 Hall’s original data agreed with the sign of the electron charge (which was 

later verified by Thomson).

 However, several metals showed positive Hall coefficients which Drude’s 

model cannot explain.

In order to calculate the magnetoresistance and the Hall coefficient we go back to 

the equation of motion

𝑑

𝑑𝑡
Ԧ𝑝 𝑡 = −

1

𝜏
Ԧ𝑝 𝑡 − 𝑒 𝐸 +

1

𝑐

Ԧ𝑝 𝑡

𝑚𝑒
× 𝐻
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The Drude model description of electron dynamics in the presence of 

magnetic field

In the steady state the current (and the momenta) components are independent of 

time and, therefore,

𝑑𝑝𝑥
𝑑𝑡

= 0 = −
𝑝𝑥
𝜏
− 𝑒𝐸𝑥 −

𝑒𝐻

𝑚𝑒𝑐
𝑝𝑦

𝑑𝑝𝑦

𝑑𝑡
= 0 = −

𝑝𝑦

𝜏
− 𝑒𝐸𝑦 +

𝑒𝐻

𝑚𝑒𝑐
𝑝𝑥

It is convenient to define the cyclotron frequency 𝜔𝑐 = 𝑒𝐻/𝑚𝑒𝑐, which is the 

frequency with which an electron rotates in the plane perpendicular to a uniform 

magnetic field.

We multiply the equations by −𝑛𝑒𝜏/𝑚𝑒

𝜎0𝐸𝑥 = 𝑗𝑥 + 𝑗𝑦𝜏𝜔𝑐

𝜎0𝐸𝑦 = 𝑗𝑦 − 𝑗𝑥𝜏𝜔𝑐
𝜎0 =

𝑛𝑒2𝜏

𝑚𝑒
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The Drude model description of electron dynamics in the presence of 

magnetic field

 In steady state, the current in the y direction should be zero:

𝜎0𝐸𝑥 = 𝑗𝑥 + 𝑗𝑦𝜏𝜔𝑐 ⇒ 𝜎0𝐸𝑥 = 𝑗𝑥

𝜎0𝐸𝑦 = 𝑗𝑦 − 𝑗𝑥𝜏𝜔𝑐 ⇒ 𝐸𝑦 = −
𝑗𝑥𝜏𝜔𝑐

𝜎0
= −

𝐻

𝑛𝑒𝑐
𝑗𝑥

So the Hall coefficient is:

𝑅𝐻 =
𝐸𝑦

𝑗𝑥𝐻
= −

1

𝑛𝑒𝑐

 Interestingly, the result is independent of the field, temperature (in Drude’s 

picture) and other factors and it only depends on the density of the atoms in the 

metal! 

 Note that the magnetoresistance is simply the regular resistance. In agreement 

with Hall’s original results.
*the units of the Hall coefficient are:𝑐𝑚2𝑠/𝐶
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𝜎0
=

𝑒𝐻
𝑚𝑒𝑐

𝑛𝑒2𝜏
𝑚𝑒



The Drude model description of electron dynamics in the presence of 

magnetic field

However, Drude’s model cannot explain:

 The positive Hall coefficient observed for some metals.

 The later observed dependence of the Hall coefficient on the 

temperature, magnetic field and the care by which the conducting 

sample was prepared.

 The additional magnetoresistance that was observed in later 

experiments.

Note that 
𝐸𝑦

𝐸𝑥
= −𝜏𝜔𝑐 while the current density is in the x direction.

Therefore the angle between the current density and the electric field is 

given by → tan 𝜙 = 𝜏𝜔𝑐

51


