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Paramagnetism and Diamagnetism
Factsheet Learning Objectives:
• Be able to define the terms paramagnetic and diamagnetic.
• Understand how paramagnetism and diamagnetism arise.
• Be able to determine the magnetic properties of an ion from its
electronic configuration.
• Understand the challenges posed when determining the magnetic
properties of some substances.
Magnetism is something we have all experienced, but its origins are
complex and lie at the sub-atomic level. We need to consider the
properties of electrons and the way they are arranged within atoms and
ions in order to understand how magnetism arises.
An electron is a negatively charged particle with a quantum property
called ‘spin’. The combination of charge and spin means that electrons
create their own tiny magnetic field. The overall magnetic properties of
a substance depend on how many electrons are present in each particle
and how these electrons are arranged. This Factsheet will focus on how
the electronic configuration of atoms and ions leads to two forms of
magnetism: paramagnetism and diamagnetism.

Types of Magnetism

Additionally, diamagnetic properties are almost always masked by
paramagnetic and ferromagnetic properties if those are also possessed
by the substance.

How Diamagnetism Arises

Consider a single electron in an orbital; its spin and charge create
a magnetic field. If a second electron is added to the same orbital
then, according to the Pauli Exclusion Principle, this second electron
must have a spin opposite to the first. This second electron creates
a magnetic field of equal magnitude but in the opposite direction to
the first and this results in a cancellation of the fields.
single electron
overall magnetic
field

anti-parallel
electron pair
no overall
magnetic field

Therefore, diamagnetic properties result from the anti-parallel, spinspin pairing of electrons within the individual orbitals of the ions
present in a substance. In short, the presence any paired electrons
within an ion will confer diamagnetic properties on the substance.

Most students are familiar with the commonly-observed ferromagnetic
properties of iron and steel. Cobalt and Nickel also exhibit such
ferromagnetic properties in which particles of the substance exhibit
permanent attraction to an external magnetic field. Ferromagnetism can
be thought of as a specialised form of paramagnetism (see below). This
Factsheet will not consider ferromagnetism or some of the other forms
such as ferrimagnetism and anti-ferromagnetism.

For example, in calcium oxide (CaO), the calcium ion has the
electronic configuration 1s22s22p63s23p6. When this configuration
is presented as an orbital diagram (see below) it is clear that all 18
electrons are paired within the ion.

Two further forms of magnetism exist called paramagnetism and
diamagnetism. The immediate effects of such magnetic properties are
not obvious and they do not manifest readily in everyday life. However,
specialised, high-precision equipment is capable of determining which
substances display characteristic paramagnetic or diamagnetic properties.
Unlike ferromagnetism, which is a permanent property, paramagnetism
and diamagnetism are transient properties that are only manifest in the
presence of an external magnetic field.

Similarly, in the oxide ion, O , with electronic configuration
1s22s22p6, all the electrons are paired.

The origins of all three forms of magnetism lie in the electronic
structure of the element or compound being considered. Magnetism
is a complex phenomenon and to provide a full explanation goes
well beyond the bounds of school syllabuses and, indeed, many
university degree courses. In this Factsheet, we will provide a basic
discussion of the paramagnetic and diamagnetic materials, limited
to binary ionic compounds and simple transition metal complexes.
This Factsheet will not consider elements due to the complex nature
of their magnetic properties.
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This means that both ions will display diamagnetic properties only
and calcium oxide will be repelled by a magnetic field. This could be
confirmed by placing some powdered calcium oxide in a special piece
of equipment called an Evans balance or Magnetic Susceptibility
balance.
Typically, Group 1, 2 and 3 metal ions possess only paired electrons
and are diamagnetic. Similarly, non-metal ions from groups 5, 6 and
7 will contain only paired electrons. This is because the ions formed
from the elements in Group 1, 2, 3, 5, 6 and 7 are often isoelectronic
with the noble gases.

Diamagnetism

All substances—with the exception of single electron species such
as hydrogen atoms—exhibit diamagnetic properties. Diamagnetic
substances are repelled by an external magnetic field. However,
despite all matter displaying this form of magnetism, it produces such a
weak force that it is very difficult to observe without either specialised
measuring equipment or a specific experimental set up.
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There are some exceptions, e.g., Ga3+ is not isoelectronic with a
noble gas ([Ar]3d10); however, it only contains paired electrons
and is diamagnetic.
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269. Paramagnetism and Diamagnetism
Due to the prevalence of diamagnetic properties of s and p-block ions,
most of the interest lies within the transition metals. The presence
of d-electrons and the ability of these elements to exhibit multiple
oxidation states means there is far greater variation in magnetic
properties among transition metal compounds and complexes.

The orbital diagram shows that each Fe2+ contains 4 unpaired electrons
and so FeCl2 would be expected to exhibit paramagnetism.
Fe2+
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Paramagnetic materials are attracted by an external magnetic field.
Paramagnetic properties are conferred to a material due to the presence
of unpaired electrons. The paramagnetic effect is much stronger than
the diamagnetic effect; the presence of a single unpaired electron is
normally enough to overcome the diamagnetic effects of any paired
electrons and results in a paramagnetic material overall. E.g., 1.
Iron(III) chloride.
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Iron(III) ions have the electronic configuration 1s22s22p63s23p63d5.
Drawn as an orbital diagram, one can see that each Fe3+ ion contains 9
pairs of electrons and 5 unpaired electrons. The paramagnetic effect of
the 5 unpaired electrons significantly outweighs the diamagnetic effect
of the 9 pairs of electrons and so iron(III) compounds and complexes
are overall paramagnetic.
2s

2p

3s

3p

The vast majority of the ions formed by d-block elements are
paramagnetic, but some notable diamagnetic ions exist such as Sc3+,
Zn2+, Cu+, Ag+ and Ti4+. E.g., 2. Zinc sulphide. Sulphide ions are
isoelectronic with Argon and, therefore, possess only paired electrons;
consequently, they are diamagnetic.
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Just to complicate things further, the initial aquo complex formed
contains a paramagnetic Fe2+ ion. This is because the water ligands
do not split the d-orbitals to the same degree as the cyanide ions. This
means that all five orbitals are filled according to Hund’s Rule and we
are left with four unpaired electrons.

Zinc ions, Zn , have the electronic configuration 1s 2s 2p 3s 3p 3d .
When represented by an orbital diagram, only paired electrons are
present making zinc salts diamagnetic.
2+
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When the six 3d electrons are filled into the orbitals according to
Hund’s Rule we start by filling the lower energy set of orbitals first
before moving on to the higher energy orbitals. In this complex, all six
d-electrons are placed into the low energy set of d-orbitals meaning
that they are all paired. This makes the Fe2+ ion diamagnetic within
the complex.
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The answer lies within the changes to the orbital energies when the
complex forms. In the solid, the 3d electrons lie in degenerate orbitals,
i.e., they all have the same energy. Using our orbital-filling rules results
in four unpaired electrons. However, as the cyanide ions approach the
iron ion, the 3d orbitals are split into two sets with different energies.
The result is two orbitals with higher energy than the other three.
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All paramagnetic activity is lost. How can this be when we have just
shown that Fe2+ ions have a strong paramagnetic effect due to the
presence of 4 unpaired electrons?

Cl2p

OH2
Fe

Chloride ions are isoelectronic with argon and, therefore, possess only
paired electrons; consequently, they are diamagnetic.
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Some iron(II)chloride is dissolved in water to form the octahedral aquo
complex, [Fe(H2O)6]2+. Some potassium cyanide, KCN, is now added
to this solution to form the octahdreal hexacyanoferrate(II) complex
ion, [Fe(CN)6]4-.

Paramagnetism
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These principles can be applied to complexes with different geometry
(e.g., tetrahedral, square planar) where the d-orbitals are split
differently. This understanding can be used to determine the geometry
of new complexes depending on whether they are paramagnetic or
diamagnetic.

3d

In general, the paramagnetic effect increases as the number of unpaired
electrons increases, i.e., Mn2+ with 5 unpaired electrons would exhibit a
stronger paramagnetic effect than Cu2+ with a single unpaired electron.
This is because when electrons are filled into degenerate orbitals (p, d
and f) they align their spins to be parallel. This means the individual
magnetic fields combine to produce a stronger field.

Complex Ions

The following section provides some idea of the challenge posed when
determining the magnetic properties of complex ions. Consideration of
such complex ions is not required at school and this part of the factsheet
should be treated as an extension.
Consider solid iron(II) chloride; the iron(II) ions have the electronic
configuration 1s22s22p63s23p63d6.
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Questions

1. State the full electronic configuration of the following ions:
(a) V3+ (b) Rb+ (c) Co2+ (d) Cu+
2. For each of the ions in (1), deduce, with a reason, whether the species is paramagnetic or diamagnetic.
3. Select the paramagnetic material from each of the following groups of compounds:
(a) NaCl, Cu2O, CuO
(b) (b) TiO2, TiCl4, TiCl3
(c) (c) MnCl4, GaCl3, ScCl3
4. Which of Fe2O3 and NiO would be expected to be attracted more strongly towards an external magnetic field? Explain your answer.
5. An ion within a compound is found to possess seven electrons in its f-orbitals. It is suggested this compound would be attracted strongly to
a magnetic field. Explain why this is a sensible suggestion.

Answers

1. (a) 1s22s22p63s23p63d2
(b) 1s22s22p63s23p63d104s24p6
(c) 1s22s22p63s23p63d7
(d) 1s22s22p63s23p63d10
2. (a) Paramagnetic, two unpaired electrons
(b) Diamagnetic, all electrons paired
(c) Paramagnetic, three unpaired electrons
(d) Diamagnetic, all electrons paired
3. (a) CuO
(b) TiCl3
(c) MnCl4
4. Fe2O3 more strongly attracted than NiO. Five unpaired electrons per iron ion compared to just two unpaired electrons in nickel ion.
5. All f-orbitals would contain a single unpaired electron. The spins would be parallel and combine to create a strong paramagnetic effect (and
probably a ferromagnetic one as well).
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