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Transition metals come in different oxidation states with different electric 
charges. So at least we are told at school. Detailed calculations lead to a 
heretical conclusion — those variable charge states are a myth.

The idea of electric charge ‘belonging’ to a 
given atom or ion has been a central one ever 
since Michael Faraday, studying the use of elec-
tric current to decompose ionic compounds, 
published his laws of electrolysis in 1832. The 
charge that passes between two electrodes can 
be measured; it is always an integer multiple 
of the basic electronic charge; and it is pro-
portional to the number of atoms exchanged. 
At the root of this effect is a basic quantiza-
tion phenomenon1 of the kind that still exer-
cises physicists investigating, for example, the 
quantum Hall effect2. Both electrolysis and 
the quantum Hall effect deal with charges in 
transit. But when instead we address the static 
charges belonging to atoms in compounds, no 
such quantization theorem can be invoked. 
Such charges seem arbitrarily defined: the 
charges one gets are non-integer, and cannot 
be reliably measured.

So what is the relationship between these 
static charges and ‘oxidation states’ — the 
formal states of integer charge that today 
underlie our ideas of electrolysis and much 
else in chemistry? On page 763 of this issue, 
Raebiger, Lany and Zunger3 address this ques-
tion in transition metals, which are notable for 
having more than one stable oxidation state. 
Their answer? There is no connection: a change 
in the oxidation state of a transition-metal 
atom occurs without noticeable change in its 
net physical charge. The authors provide a con-
summately elegant explanation for this finding 
as the consequence of a feedback mechanism 
that leads the charge on the transition-metal 
atom to regulate itself. Furthermore, they show 
that this mechanism is present in both semi-
conducting and ionic host materials.

The concept of atomic oxidation states was 
introduced by the American chemist Wendell 
Latimer in 1938. It is undoubtedly useful for 
bookkeeping in chemical reactions involving 
molecules, crystals or liquids. An agreed set 
of rules4 is used to attribute an integer oxida-
tion state to all the atoms of a given compound. 
This oxidation state corresponds to the charge 
(in units of electronic charge) that an atom 

would have if its bonds were entirely ionic. In 
reality, when two nearest-neighbour atoms 
are of different species, their bond is neither 
entirely ionic nor entirely covalent. It is thus 
misleading, and a little dangerous, to attribute 
any physical meaning to the Coulomb energy 
ascribed to an atomic point charge by its oxida-
tion state.

Even in the archetypal ionic crystal, sodium 
chloride, a change in oxi-
dation state of 1 exagger-
ates the physical charge 
transfer between atoms of 
the two species, which is 
between around 0.7 and 0.8 
(ref. 1). Further away from 
the extreme ionic limit, where the character 
of bonds between different atomic species is 
strongly covalent, characterized by the shar-
ing rather than the swapping of electrons, this 
disparity becomes even greater. For transition-
metal atoms, covalence is important even in 
bonds to significantly electronegative species 
such as oxygen, where ionic bonding would be 
expected to dominate5.

Raebiger et al.3 perform a series of first-
principle calculations of the charges on single 
transition-metal atoms embedded in a large 
semiconducting or ionic matrix. They con-
sider different occupation states for transi-
tion-metal energy levels that sit in the band 
gap of the surrounding matrix structure — that 
is, in an energy range where the matrix itself 
has no allowed energy levels. This configura-
tion allows the oxidation state of the transition 
metal to be varied while changing (almost) 
nothing else.

Because the bonds formed by transition-
metal atoms are always partly covalent, the 
energy levels of the transition metal and its 
partner in the bonding are strongly hybrid-
ized. The hybridization of transition-metal 
and oxygen energy levels has been thoroughly 
investigated. In the class of compound oxides 
known as perovskites, hybridization is largely 
responsible for their characteristic ‘ferro-
electricity’ — their spontaneous polarization 

even in the absence of an electric field5,6.
Quite generally, covalence creates what 

amounts to a constructive interference between 
the quantum wavefunctions of the partner 
atoms. In Raebiger and colleagues’ simulations, 
interference between the wavefunctions of the 
transition metal and the surrounding atoms 
contributes to a net atomic charge around the 
transition-metal atom. The authors explain 
their core finding — that the net physical 
charge belonging to a transition-metal atom 
is essentially independent of its oxidation 
state — with the following feedback mecha-
nism. Suppose we wish to add an electron to 
the transition-metal atom, and thus change its 
oxidation state; then, unavoidably, the hybridi-
zation of its energy levels with those of its part-
ner atom changes. This change always has the 
effect of displacing some negative charge away 
from the transition metal; the extra charge 
flows away and is spread over a large region, 
and the net physical charge belonging to the 
transition-metal atom within the structure 
stays essentially constant.

The charge transfers associated with changes 
in oxidation states have often been considered 
as a first approximation to the physical, ionic 
charge of a transition-metal atom, with cova-
lent hybridization accounting for just a small 

correction to it. Raebiger et 
al. show3 otherwise: charge 
self-regulation, rather than 
charge transfer, is the appro-
priate model.

Different oxidation states 
of the same transition-metal 

atom have distinct ‘ionic radii’ and distinct sig-
natures, such as shifts in the X-ray light emit-
ted from their core levels. These features must 
now be reconsidered in terms of the degree of 
hybridization, not the net physical charge at 
the transition-metal site. Knowledge of the 
electron density alone is not enough to address 
such subtleties; the full quantum-mechanical 
density matrix must be analysed instead. Tools 
devised to this end include charge-and-bond-
order analysis and the electron localization 
function7,8. By applying such tools, we can hope 
to achieve an understanding of transition-
metal bonding in different oxidation states that 
is finally on a sound theoretical footing.  ■
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