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3d transition impurities in wide-gap oxides may function as donor/acceptor defects to modify carrier con-
centrations, and as magnetic elements to induce collective magnetism. Previous first-principles calculations
have been crippled by the LDA error, where the occupation of the 3d-induced levels is incorrect due to
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II. TERMINOLOGY

We describe the electronic structure obtained from
density-functional calculations in terms of “single-particle
levels,” formed by the Kohn-Sham eigenvalues. These
single-particle levels are then explained in terms of simple
band models �Figs. 1 and 2�, and are not to be confused with
donor/acceptor “transition levels” ��q /q�� �Fig. 3�, which de-
scribe the threshold energy to convert the system from
“charge state” q to q�. Such a charge state q simply denotes
a specific occupancy of the aforementioned single-particle
Kohn-Sham levels, and ��q /q�� in essence describes the
transition of an electron from the valence continuum to a
defect level �acceptor�, or from a defect level to the conduc-
tion continuum of states �donor�. We make a clear distinction
between these different �albeit related� quantities by calling
��q /q�� “transition energies,” and restricting “level” to the
Kohn-Sham single-particle levels.

III. METHODS

We calculate the electronic configurations of the 3d1–3d8

impurities Sc to Ni in ZnO and Ti to Cu in In2O3 by replac-
ing one cation with the respective 3d element in a supercell

of 72 and 80 host atoms for ZnO and In2O3, respectively.
The electronic structure is then calculated using the
projector-augmented wave method22 within a host band-
structure-corrected density functional.19 Using the self-



Refs. 28 and 29. In particular, we showed in Ref. 29 that
finite-size effects for charged defects are effectively elimi-
nated when the 3rd order image charge interaction and po-
tential alignment effects are taken into account simulta-
neously. Remarkably, the full 3rd order image charge
correction can be accurately approximated by a simple scal-
ing factor for the 1st order �screened� Madelung term.29 Here
we include also image charge terms for shallow states that
act similarly to a compensating background.29,30

IV. ELECTRONIC AND SPIN CONFIGURATIONS OF
SINGLE IMPURITIES

Before presenting the detailed results, we discuss the level
formation in terms of a simple energy-level model �Fig. 1�.
The defect levels can be understood to be the result of cou-
pling between the levels of the host cation vacancy �anion
dangling bonds� and the symmetry-adapted 3d orbitals of the
impurity. In In2O3 there are two inequivalent cation sites,
both of which can be approximated by the octahedral sym-
metry, and in ZnO the cation site is tetrahedral. The
symmetry-adapted 3d levels split into crystal-field levels
with e and t representations. In the octahedral symmetry of
the In2O3



underlying both LDA or GGA and +U corrected functionals
has caused significant confusion in the literature19





appears to be of the same type as the strong short-range
interaction observed for Co-Co pairs in Cu2O due to the
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