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Carrier-induced ferromagnetism in wide-gap transparent conductive oxides has been widely discussed
and debated, leading to confusion and skepticism regarding whether dilute magnetic oxides exist at all.
We show from density-functional calculations within a band-gap corrected approach that ferromagnetic
Cr–Cr coupling can be switched on and off via electron doping in the wide-gap transparent n-type
conductive oxide In2O3. We show that (i) Cr does not produce in In2O3 any free electrons and renders the
system an insulating paramagnet. (ii) Extrinsic n-type doping of In2O3:Cr via Sn produces free eleT6TD
Ins,magnetic signals have been observed in V, Cr, Mn, Fe,Co, and Ni containing In

2O3 samples [4,11–18
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In2O3 in 80 atom supercells, where one or two In atoms are
replaced by a Cr atom, are carried out using the projector
augmented-wave method [24] and a 3� 3� 3 ~k-point
sampling mesh.

In the bixbyite structure of In2O3 (space group Ia�3), one
quarter of the In atoms (Wyckoff position b, denoted � in
the following), are located inside an oxygen tetrahedron
with equal In–O distances, and three quarters of the In
atoms (Wyckoff position d, denoted �), are located inside a
more distorted octahedron with three different In–O dis-
tances. The isolated Cr0 shows (center column in Fig. 1) a
fully occupied majority spin t3

� level in the lower part of
the band gap and an empty e0

� level resonant slightly above
the conduction band minimum Ec. All minority spin levels
are unoccupied. Thus, in the t3

� configuration each Cr atom
induces a net magnetization of 3 Bohr magnetons. The
occupied Cr0 gap levels can be ionized to Cr� (t3

� !
e2
�a0
�, left column in Fig. 1), giving a deep donor with a

transition energy at "�0=�� � Ec � 2:9 eV in the lower
part of the band gap. This is calculated from total-energy
differences for charge states q and q0 as

 "�q=q0� �
E�q� � E�q0�

q� q0
� Ec: (1)

Since "�0=�� is far below Ec, ionizing this donor does not
occur thermally and requires p-type doping, which is un-
likely, as In2O3 is naturally n-type even without external
doping [20



paramagnetic response can be expected as indeed is ex-
perimentally observed [4,10].

To assess the possibility of ferromagnetism induced by
additional n-type doping, we consider the degenerate
Sn doping, where E



To conclude, we have shown, based on a band-gap
corrected total-energy functional that In2O3 doped with
Cr is a ferromagnetic semiconductor, where the ferromag-
netism can be turned on and off by tuning the carrier
concentration via external doping. As a dielectric insulator,
in the absence of free carriers, In2O3:Cr is paramagnetic,
whereas in the degenerate doping regime, In2O3:Cr aligns
ferromagnetically. The onset of ferromagnetism occurs as
the free-electron concentration reaches half of the Cr con-
centration. For these Cr and free-electron concentrations a
Curie temperature around room temperature could be
expected.
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