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tive values imply a repulsive potential for the respective l
component.� The main contribution to the band-gap correc-
tion comes from the repulsive Zn-s potential correction, in
accord with the GW finding14 that most of the correction
occurs through an upward shift of the conduction band,
which has strong Zn-s character.24 Other methods with simi-
lar capabilities of a self-consistent band-gap correction that
have been applied to DMO are hybrid-DFT �Ref. 25� and
approximate self-interaction correction �SIC� methods.26,27

We will compare our results to those methods below.
For the conventional GGA+U Hamiltonian, we use the

GGA parametrization of Ref. 28 and the rotationally invari-
ant “+U” formulation of Ref. 16�b�. The Hubbard-U param-
eters for the TM-d orbitals are determined according to Ref.
18 such that the thermochemically correct relative stability
of the different oxide stoichiometries �e.g., CoO vs Co3O4� is
obtained. Thus, we use U=2.6, 3.9, 3.5, 2.8, and 3.4 eV for
Cr, Mn, Fe, Co, and Ni, respectively, where the exchange
parameter is set to the typical value of J=1 eV.16 As dis-
cussed in Ref. 18, these values are considerably smaller than
the respective values that would reproduce the experimental
band gaps of the TM oxides, which, however, should not be
expected from the GGA+U method. The larger value U
=7 eV for Zn �d10� �Ref. 29� compared to the TM reflects its
deeper and more localized semicore d10 shell. The following
results are obtained in supercells of 72 atoms, using an en-
ergy cutoff of 440 eV and a �-centered 4�4�4 k mesh for
Brillouin-zone integration. In the calculations with additional
electron doping, we apply the general methodology for
charged supercells, as described in Ref. 30.

We test the present �GGA+U+ �NLEP methodology by
predicting defect properties that were not included in the
fitting of the empirical parameters, namely the optical-
absorption energies of several 3d impurities. By studying
photoinduced changes in the electron paramagnetic reso-
nance �EPR� spectrum, Jiang et al.15 concluded that light
with h�=1.96 eV was able to excite electrons from the va-
lence band of ZnO into the gap levels of the ionized �singly
positively charged� transition metals for Mn�+III�, Co�+III�,
and Ni�+III�, but not for Fe�+III�. Thus, we calculated, ac-
cording to the description given in Ref. 29, the optical �ver-

tical� transition energy �O�+ /0;h�, which is defined as the
threshold photon energy required for the excitation
TMZn

+ →TMZn
0 +h �oxidation states: TMZn

+III→TMZn
+II+h�. As

seen in Table II, the NLEP approach reproduces the experi-
mental observations. For completeness, we also give in Table
II the calculated thermodynamic �thermal� transition levels
��+ /0� �see, e.g., Ref. 30�. Finally, we note that our
��+ /0�=EVBM+0.31 eV transition energy for CoZn lies con-
siderably lower in the gap than the respective 2.9 eV level
found in Ref. 26, where the band-gap correction was
achieved by treating the Zn-d shell as frozen-core electrons,
and where self-interaction corrections were applied only to

TABLE I. Target properties used for the fit of the NLEP poten-
tials. Band-structure parameters: The energy of the CBM, the
conduction-band effective mass, the energy of the conduction band
at the L point �from the GW calculation of Ref. 14�, and the Zn-d
band energies �all energies with respect to the VBM�. Structural
parameters: the unit cell volume, the c /a ratio, and the displacement
parameter u.

GGA NLEP target

EC��� �eV� 0.73 3.23 3.44 �expt.�
m* /me 0.19 0.47 0.28 �expt.�
EC�L� �eV� 5.64 6.43 7.40 �GW�
Zn-d band �eV� −4.8 −7.0 −8.8 to −7.5 �expt.�
Volume �A3� 49.75 45.02 47.61 �expt.�
c /a 1.613 1.575 1.602 �expt.�
u 0.379 0.386 0.383 �expt.�

TABLE II. The calculated �O�+parameter

���u �



the Co-d shell. A ��+ /0� level higher than EVBM+1.96 eV is,
however, inconsistent with the conclusion obtained from the
photo-EPR experiments.15

Orbital and spin configuration of single Co and Cr impu-
rities. Figure 1 shows the calculated orbital and spin configu-
ration of single, charge-neutral CoZn and CrZn impurities in
ZnO at the levels of uncorrected GGA, of GGA+U and of
fully gap-corrected NLEP.

For CoZn in the GGA description �Fig. 1�a��, the doubly
occupied e−

2 minority-spin level occurs as a resonance inside
the �uncorrected� GGA conduction band, leading to a charge
transfer of 0.1e into the ZnO host conduction band for the
72-atom supercell. Accordingly, CoZn effectively forms an
e−

1.9c0.1 configuration with a noninteger total magnetic mo-
ment m=3.1	B /Co at this Co concentration �1021 cm−3�. Us-
ing the GGA+U description for the Zn-d orbitals of the ZnO
host, the band gap is increased mostly by lowering the en-
ergy of the valence-band maximum.29 The simultaneous ap-
plication of U to the Co-d




