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n-type CdCr2Se4. A Mott extrinsic semiconductor
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Recent photoemission studies in CdCr2Se4 give direct evidence for the transport of excess
electrons in a narrow d band. This implies that the large anomalies in optical and transport
properties near the Curie point are not due to s-d exchange, but to strong d-electron correla-
tions.

Eight years ago it was proposed that n-type
CdCr2Se4 was a Mott extrinsic semiconductor, ' 5 i.e.,
that excess electrons, due to nonstoichiometry or im-
purity doping, propagate in a strongly correlated nar-
row d band. In this model, strong electron-electron
correlations can explain the large anomalies observed
around the Curie point of this ferromagnetic semi-
conductor: "Red shift" of the optical-absorption-
edge, increase of the mobility and of the number of
carriers' with increasing magnetic order, etc.

Qn the contrary, in all the other existing theo-
ries, 8 " these effects are ascribed to s-d exchange,
probably because they are somewhat reminiscent of
those observed in rare-earth chalcogenides, where
this kind of theory is adequate. In these more or less
sophisticated versions of the s-d model, it is assumed
that conduction takes place in a broad band coupled
by exchange to 3d or 4f localized magnetic moments.

Although both kinds of theory lead to roughly
similar behaviors of the conductivity versus tempera-
ture, the d-d correlation model predicts a qualitatively
different behavior if one looks at more detailed
features, for which experimental data are now avail-
able. In particular, (i) the mobility increases mono-
tonously with increasing magnetic order, ' as ob-
served in HgCr2Se4 (Refs. 13 and 14); (ii) the
optical-absorption edge exhibits a complex critical
behavior, without term proportional to the magnetiza-
tion, "as observed in CdCr2Se4 (Ref. 16); and (iii)
the excess electron density of states does not undergo
a simple translation but a strong modification of
its shape when the ferromagnetic order sets in '
as shown by precise optical measurements in
HgCr2Se4. '

In spite of these indirect evidences in favor of the
d-d correlation model, currently published interpreta-
tions of CdCr2Se4 properties rely on the s-d ex-

change. The recent photoemission studies of Minis-
calco et al. ' determine the position of the d bands in
CdCr2Se4. The filled t2g band lies below the top of
the broad valence band. The eg band is the lowest
empty band, in accord with the band model of Refs.
1 —5. The density of states of Miniscalco et al. '9 is
identical with that of Ref. 3, Fig. VI-9, drawn eight
years ago. This energy-band scheme rules out the in-
terpretations based on s-d exchange. If s-d or p-d
exchange played any role in CdCr2Se4, anomalies
would be expected in the case of conduction in the
broad valence band, i.e. , in p-type samples, at vari-
ance with the data. Of course the effects observed in
the case of n-type conduction in the d band cannot be
ascribed to s-d exchange. The experiments of Minis-
calco et al. are, therefore, a clear and direct evidence
for large effects of d-d correlations in CdCr2Se4. The
order of magnitude of the d bandwidth which can be
inferred from the data ( —0.5—1 eV) is much larger
than the estimate of the intra-atomic Coulomb in-
teraction ( —10 eV), which justifies the narrow band
limit used in the theoretical analysis. ' ~ It is also in
good agreement with the value deduced from the red
shift of the optical absorption edge, if one interprets
it as the broadening of the d band in the ferromag-
netic phase.

CdCr2Se4 is the first indisputable example of a
new class of magnetic semiconductors in which the
same electrons are responsible for both conduction
and magnetism. It contrasts with the usual class of
semiconductors in which conduction takes place in
broad bands, coupled by exchange to localized 3d or
4f'magnetic moments. This distinction is somewhat
analogous to the distinction between transition metals
in which magnetic properties are due to itinerant
electrons in a d band and rare-earth metals in which
magnetism is due to localized moments.
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