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and is determined by the equilibrium concentration of
electrons and holes in the sample. Maintaining a system
in thermodynamic equilibrium with bulk CaO requires
�Ca��O��CaO, i.e., ��Ca���O��Hf�CaO�, where
�Hf�CaO� � �6:15 eV is the calculated formation en-
thalpy of CaO. These leave one degree of freedom (�Ca

or �O) for the chemical potentials of the constituents.
Thus, growth conditions can be chosen between the limit
of Ca-poor [�O-rich, i.e., ��Ca � �Hf�CaO�, ��O � 0]
and the limit Ca-rich [�O-poor, i.e., ��Ca � 0, ��O �

�Hf�CaO�] conditions. Figure 1 gives the formation en-
ergies for these two extreme limits. All total energies are
calculated via first-principles momentum-space pseudo-
potential method using the generalized gradient approxi-
mation (GGA) and the projector augmented wave method
as implemented in the VASP code [14]. We next address the
four questions posed above:



continuous percolation in the lattice? —Figure 4(a) shows
our calculated [22] percolation threshold concentration xper

of the fcc lattice as a function of the normalized range
dij=d0 (d0 is the CaO lattice constant) of interaction. We
see that if the interaction range was limited to first fcc
neighbors one would need a minimal concentration of
19.8% of vacancies to establish percolation, whereas if
the interaction range is fourth fcc neighbors, a minimum
concentration of 4.9% is needed to establish percolation.
This corresponds to 1:8� 1021 atoms cm�3. We next in-
quire if such a concentration can be granted, given the
vacancy formation energies in Fig. 1.

(iv) Can a minimum defect concentration xper needed for
magnetic percolation be granted thermodynamically given
the calculated formation energy? —We calculate the con-



Ca chemical potential �Ca increases as �O decreases with
temperature, increasing the formation energy of VCa by the
same amount [viz Eq. (1)]. Taking into account the tem-
perature dependent �H�V0

Ca; T� and using �H�V0
Ca; T �

0K� � 2:11 eV as before, curve (2) in Fig. 4(b) shows the
V0

Ca concentration as a function of Tg. We see that the O2

gas-phase enthalpy and entropy effects lead to a drastically
reduced maximal xV0

Ca
< 1013 cm�3.

(3) In a final step, we take into account that both VCa and
VO can form, and both can exist in several charge states
(Fig. 1). Since the formation energy �H�VCa� is reduced
when EF rises in the band gap, due to formation of V�Ca and
V2�

Ca (viz Fig. 1), the total concentration xVCa
is much higher

than that obtained under consideration of V0
Ca only. We thus

calculate the defect concentrations of V0
Ca and V�Ca along

with the equilibrium Fermi level in a self-consistent pro-
cedure [26], subject to the charge neutrality condition.
Curve (3) in Fig. 4(b) shows for this model the calculated
concentration of uncompensated, magnetic V0

Ca rising
above 1018 cm�3 (0.003%) for Tg � 2400 K at Pg �

1 atm [Fig. 4(b)].
Comparing Figs. 4(a) and 4(b), we see that the highest

possible equilibrium concentration of Ca vacancies
(0.003%) fall considerably short of supplying the concen-
tration of vacancies needed to achieve magnetic percola-
tion in CaO (4.9%), even if we use the optimal chemical
potentials during growth. We thus find that nonequilibrium
thin film growth conditions would have to provide for an
enhancement factor of about three orders of magnitude in
the Ca-vacancy concentration relative to equilibrium
growth in order to meet the percolation threshold.

In conclusion, we investigated the prospect of collective
ferromagnetism mediated by intrinsic cation vacancy de-
fects in CaO, using first-principles total-energy calcula-
tions. The employed comprehensive validation process
covers the study of the magnetic properties of the isolated
defects, the magnetic interaction of defect pairs and their
range of interaction, and, finally, the thermodynamically
generated defect concentrations. We find a substantial but
short-ranged ferromagnetic coupling between Ca vacan-
cies, requiring defect concentrations far in excess of ther-
modynamic equilibrium to achieve magnetic percolation.
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