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ers� localized on neighboring TM impurities, and that the FM
interaction is strongest for t2 type �rather than e type� orbital,
which shows the greatest overlap along the �110� crystallo-
graphic orientation. This surprising orientational dependence
of FM revealed by our calculations11 conflicts with the pre-
dictions of the model-Hamiltonian approaches but opens av-
enues for designing FM superlattices with high TC.

II. MAGNETISM AND IMPURITY ORBITAL CHARACTER

We start by a description of the competition between FM
and AFM interaction for two TM impurities �





�GaAs:Mn0� or tetravalent cation �Ge :Mn0�, its oxidation
state �OS� is III and IV, respectively. If the system is doped p
type so as to transform the impurity to a positively charged
donor, the nominal OS increases. For example, ZnSe:Mn+

has oxidation III and GaAs:Mn+ has oxidation IV. If, on the
other hand, the system is doped n type so the impurity is a
negatively charged acceptor, the nominal OS decreases. For
example, ZnSe:Mn− has oxidation I and GaAs:Mn− has oxi-
dation II.

Table I gives the rules relating TM impurities of various
oxidation states in a given semiconductor to the predicted
magnetic state. We give the possible electronic configuration
of TM impurities in various OS via the distribution of elec-
trons in the e+, e−, t+

bond, t−
bond, t+

anti, and t−
anti states �cf. Fig. 2�.

We then give the predicted magnetic state and the total mag-
netic moment �. We distinguish “high-spin” �HS� configura-
tion �e.g., �e+

2t+
3��t−

3t+
2e−

0� for Mn�III� having �=4� from “low-
spin” �LS� configuration �e.g., �e+

2t+
3
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approximation calculation predicts weak FM for V�III� in
III-V’s. �c� While Mn�II� in ZnO is expected according to the
rules to be AFM as confirmed by many calculations,32,34 a
recent calculation suggested FM coupling under 5% Mn
concentration.35 This calculation is questionable. �d� Co�II�
in ZnO, according to the rule, is expected to be AFM but
some calculations suggested FM coupling.32,36 This calcula-
tion is questionable. However, a recent calculation concludes
that Co�II� actually prefers the spin-glasslike state to the FM
coupling although a very weakly FM coupling exists along
the wurtzite c axis.37

�ii� Weak FM or AFM is predicted in cases having a hole
in an e-type state, e.g., group B of HS �t6e1� Mn�I�, Fe�II�,
Co�III�, and Ni�IV�. The same is true for the LS group E
�t3e1� V�II�, Cr�III�, and Mn�IV�.

First-principles calculated examples agreeing with this
include Fe in II-VI’s,29,32 and CdGeP2 pnictides,33 and Co in
GaN �Ref. 9� �




