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ABSTRACT

Supplement consists of tree parts:

TM atoms section treating about single particle, i.e. Kohn-Sham, levels of free TM atoms within DFT

Wave functions section showing the wave functions squared of CBM, VBM and dopant levels for selected ZnO:TM

N0α and N0β from excitation energies section showing an alternative way to obtain the spin splitting of the host states
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Figure S1. Single particle levels of TM atoms for q = 0.

TM atoms

Energies of isolated TM atoms are calculated using cubic supercells with the 20 Å edge, sufficient to decouple adjacent atoms,
and the same GGA pseudopotentials and cutoff energies as in the paper.

Calculated properties of the TM dopants in ZnO reflect those of individual TM atoms. Unfortunately, as it was pointed
out already by, e.g., Janak1 the DFT calculations encounter problems when applied to isolated TM atoms, because the self-
consistent solutions giving the energy minimum are obtained for fractional occupations of both 3d and 4s shells. Such
configurations are not acceptable based on general arguments, and also they give somewhat distorted 3d and 4s energies.
The issue was discussed for Fe in ZnO.2 According to our calculations, Mn is the only atom for which the correct integer
occupations are obtained, namely d5s2 for q = 0 and d5s1 for q =+1 charge state. For the remaining atoms and for both q = 0
and q = +1, the fractional occupations are found. Our U(TM)= 0 results, shown in Fig. S1, are close to the data obtained by
LSDA.3,4 A characteristic feature is the non-monotonic dependence of the d-shell energies on the atomic number. It explains
the non-monotonic dependence of the t2 and e2 gap states found for the series Mn–Cu in ZnO. Eigenenergies of the singly
ionized q = +1 atoms are lower by about 4–5 eV, but this feature persists. Only for q = +2 a monotonic dependence takes
place.



Figure S2. The wave functions squared of the CBM (top panels) and the VBM (bottom panels) for (a) ZnO:V3+, (b) ZnO:Mn2+, (c)
ZnO:Ni2+ and (d) ZnO:Ni3+. The contribution of TM states is given in each case.

Wave functions

Figure S2 shows the wave functions of the CBM and VBM for V, Mn and Ni in ZnO. The CBM wave functions are similar
for all TM ions, and both spin up and spin down parts can be treated as a slightly perturbed CBM of pure ZnO. In contrast,
the VBM states strongly depend on the TM ion and its charge state. The hybridization between the impurity d(TM) and the
host p(O) orbitals increases as the energy difference between t2σ (TM) and the VBM decreases. For V3+ with 2 electrons on
the d shell, both t2↑ and t2↓ triplets levels are empty and lie well above the CBM. Therefore, their contributions to the VBM
are comparable and relatively small. The response of the spin up and down functions is similar, leading to small N0β . Next,
Mn2+ (with 5 d electrons) is characterized by the fully occupied t2↑ level in the gap and the empty t2↓ above the CBM. The
p− d hybridization occurs mainly for the up spin channel, which determines the sign and strength of the exchange coupling.
Regarding Ni2+ with 8 d electrons, the occupied t2↑ is very close to the VBM, giving a strong contribution to the VBM ↑.
But the singlet derived from t2↓ is also in the gap, and its considerable hybridization with the VBM effectively reduces N0β .
A different situation takes place for Ni3+ with 7 d electrons. It generates the fully occupied t2↑ level below the VBM, and
hybridization between those states leads to the negative N0β . Moreover, the empty t2↓ is in the gap, and its coupling with the
V BM ↓ gives an additional negative contribution to N0β .

It is worth to mention that the p− d hybridization is particularly clear in the case of the TM-induced levels shown in
Fig. S3. Because of symmetry, the p− d mixing occurs between the VBM states and the t2 TM levels, while the contribution
of p(O) to the e2 TM levels is an effect of mixing with valence states below the VBM. As it follows from Fig. S3, the
hybridization takes place for both non-magnetic Ti4+ and magnetic Co2+. However, in the former case there is no difference
between spin-up and spin-down levels which have the same energies and the same wave functions. Besides, because the Ti
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Figure S3. The wave functions squared of the sum of e2 (top panels) and the sum of t2 (bottom panels) levels for (a) non-magnetic
ZnO:Ti4+, (b) magnetic ZnO:Co2+. The contribution of d(TM) and p(O) states is given in each cases.

levels are much higher in energy than the Co levels, the p− d hybridization for Ti is weaker. In turn, for the magnetic Co2+,
there are large differences in hybridization for the spin-up and the spin-down electrons. For both dopants, one can also notice
a pronounced hybridization-induced delocalization of their gap states, especially when compared with the relatively compact
spin polarization ∆n shown in Fig. 3 of the paper.

N0α and N0β from excitation energies

The exchange constants of ZnO:TM discussed in the work were calculated directly from the spin splitting of the conduction and
the valence bands. On the other hand, experimental determination of N0α and N0β often relies on magnetooptical experiments.
The measured energies of excitonic transition can be directly compared with the calculated energies of the excited states of
ZnO:TM, which provides an alternative to the approach based on the Kohn-Sham single particle levels used in the paper.
To check the consistency of those two approaches, we calculated ∆εc as a difference in total energy of a supercell with one
additional electron at the CBM, either on the spin-up or on the spin-down state. ∆εv is calculated comparing supercells with
one spin up or spin-down hole at the VBM. The TM charge state is ensured by fixing the occupation numbers of all single
particle levels. The comparison was performed for Cr and Mn, for which all occupied dopant levels are well defined in the
band gap. Difference in N0α obtained by both methods is less than 0.01 eV, while that in N0β is less than 0.05 eV, so they can
be treated as equivalent.
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