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Charge self-regulation upon changing the oxidation
state of transition metals in insulators
Hannes Raebigerlators

2 is
delithiated, the original TM 31 ion is thought to be converted to a
TM41 ion. Although this concept of formal charges and changes
therein provides useful bookkeeping, in many cases these formal
charge states have been considered physical entities, capable of phys-
ical (for example point-ion Coulomb) interactions. Further exam-
ples of this concept include (1) the attribution3 of a spatial ordering of
inequivalent Mn atoms in RMnO3 manganites (where R represents
La, …, Tb or Dy) to Coulomb ordering of point charges associated
with the formal charges of Mn41 and Mn31 ions; (2) the assumption
that photoemission core-level shifts of TM ions within compounds
reflect the physical charge of the TM ion itself3,4; and (3) the view that
the variation of TM–ligand bond length with oxidation state5 (‘ionic
radii’) of TMs is a reflection of an explicit charge transfer between the
TM and the ligand.

To address this concept of charge transfer on a general level, we
specifically study multiple-charge configurations of isolated TM
atoms in representative host materials. These include the archetypal
ionic and covalent compounds, respectively MgO and GaAs, as well
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Note that although the electronic charge associated with the CFR
level is localized more on the TM site than on the ligands, and that
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Figure 4 shows the integrated charge quantities Qtot, Qgap and QVB

as functions of electronic configuration, or system charge q.
Increasing the system charge by populating the antibonding gap
levels (Fig. 1) causes the corresponding gap-level charge Qgap around
the TM site to increase by 0.2e–1e per one electron increase in q. In a
naive rigid-band picture the total charge Qtot around the TM is
expected to increase by the same amount as Qgap increases.
However, owing to the negative feedback (in the self-consistent cal-
culation), the charge QVB around the TM, contributed by the bond-
ing levels resonant in the valence band (Fig. 1), decreases by the
amount Qgap increases, keeping the total charge Qtot around the
TM almost unchanged. Consequently, for all 3d TMs studied in
GaAs, Cu2O and MgO, the total charge inside the TM-centred sphere
changes by no more than 0.1e when the gap level is occupied or
vacated by one electron.

The negative feedback causing the decrease in the charge QVB upon
an increase of Qgap is illustrated in terms of the energy-level shifts
shown in Fig. 1a, b: when charge is added to the system, the TM(c)
free-atom levels, together with the corresponding bonding and anti-
bonding levels of the combined system, are shifted to higher energies.
Thus, the bonding level becomes more localized on the anion dang-
ling bond, yielding a smaller contribution to the charge around the
TM site. The orbital energy levels TM(c) shift so as to balance out any
increase in the charge of the antibonding gap level by ‘leaking’ charge
from the bonding levels to the neighbouring anion sites (which may
further leak charge to more distant neighbours). To illustrate this
charge regulation, we show in Fig. 5 the spatial redistribution of
charge density. We plot the difference in charge density r corres-

ponding to the addition of one electron to the charge-neutral state of
Mn in GaAs (Dr 5 r(0) 2 r(21); Fig. 5a), and to the charge-11
states of Co in Cu2O and Cr in MgO (Dr 5 r(11) 2 r(0); Fig. 5b,
c). In all these cases, we find a decrease (shown in red) and an increase
(shown in blue) in charge density around the TM site that tend to
cancel each other out. The spatial shapes of the charge density differ-
ences correspond to the expected spatial shapes of the gap level sym-
metries (t, a and e for GaAs:Mn, Cu2O:Co and MgO:Cr, respectively),
and the increase and decrease have the spatial shape of antibonding
and bonding levels, respectively. Thus, the increase in Qgap and con-
comitant decrease in QVB shown in Fig. 4 can indeed be identified as
an increase in antibonding and a decrease in bonding level charges, as
suggested by the model in Fig. 1.



Even though there is no significant charge accumulation around
the TM, different oxidation states may be assigned to the host–
impurity system on the basis of the type of level being occupied. A
change in gap-level occupation is accompanied by a change in the
TM oxidation state only when the gap level is a CFR level (Fig. 1b),
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