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The possibility of half-metallic antiferromagnetism, a special case of ferrimagnetism with a compen-
sated magnetization, in the diluted magnetic semiconductors is highlighted on the basis of the first-
principles electronic structure calculation. As typical examples, the electrical and magnetic properties of
II-VI compound semiconductors doped with 3d transition metal ion pairs—(V, Co) and (Fe, Cr)—are

discussed.
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Since the discovery of ferromagnetic diluted magnetic
semiconductors (DMSs) [1-3], considerable attention has
been paid to the origin and stability of their ferromagne-
tism [4-9]. One of the main issues has been how to realize
the magnetic transition temperature that exceeds room
temperature for these DMSs. This is partly due to the
possible applications of such materials to spintronics
[10]. Well-defined magnetization is certainly an indication
of a new degree of freedom that can store and transfer
information. However, attaining a sufficiently high mag-
netic transition temperature for such applications seems to
be a difficult task currently [3,11-14]. Such a functionality
that is expected for DMSs, however, is not restricted only
to the ferromagnetic DMSs. In this Letter, we propose a
new candidate for spintronics materials, namely, half-
metallic diluted antiferromagnetic semiconductors. We ex-
pect that these materials will show significant spin-
dependent electronic properties, and hence can be used
as spintronics materials.

The concept of half-metallic antiferromagnets was first
proposed by van Leuken and de Groot many years ago
[15]. They pointed out that in a special case of ferrimag-
netism it might be possible for a system to become half-
metallic, i.e., metallic in one spin direction of electrons but
insulated in the other spin direction. Obviously, this is
impossible for usual antiferromagnets because of the
spin-rotational symmetry, but it is not necessarily the
case for ferrimagnets with a compensated magnetic mo-
ment. van Leuken and de Groot referred to such cases as
half-metallic antiferromagnetism. Later, Pickett pointed
out on the basis of first-principles calculation that
La,VCuOg4, La,MnOg, and La,MnCoOg with a double-
perovskite structure might be likely candidates for half-
metallic antiferromagnets [16]. However, thus far, the ex-
istence of such materials has not been verified experimen-
tally. This indicates that intermetallic compounds or oxides
may not be suitable candidates for half-metallic antiferro-
magnets. It could be possible that their magnetic and
crystal structures are not as stable energetically as pre-
dicted by LDA (local density approximation) calculations.

In contrast to the above cases where the band structure is
hardly controlled by small modifications of the component
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atoms and/or the crystal geometries, doped semiconductors
provide us with a much wider range of choices to obtain
half-metallic antiferromagnets. This is because they often
form impurity bands within a band gap. Because of the
existence of the gap in the host semiconductors, these
impurity bands sometimes also have a gap at the Fermi
level. In this regard, as long as the impurity ions carry a
local magnetic moment, as in the case of DMSs, the system
can easily become half-metallic.

First let us observe the electronic structure of ferromag-
netic DMSs briefly. Consider II-VI compound semicon-
ductors doped with 3d magnetic ions, such as (Zn, Cr)S. In
this case, well-defined impurity bands originating from Cr
are formed within the band gap. Irrespective of the mag-
netic structure, a local magnetic moment of approximately
4 g is formed on the Cr ions. The electronic structure of a
single Cr ion in the host is schematically shown in
Fig. 1(a). If two Cr ions with such an electronic structure
forms a ferromagnetic coupling, the resulting electronic
structure of the system is as shown in Fig. 1(b). On the
other hand, if it forms an antiferromagnetic coupling, the
electronic structure appears different as shown in Fig. 1(c).
The ferromagnetic coupling realizes a half-metallic struc-
ture although the antiferromagnetic coupling does not. In
these cases, the energy gain due to the coupling is much
larger for the ferromagnetic coupling, which is referred to
as double exchange, than the superexchange of the anti-
ferromangetic coupling, as pointed out by one of the
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FIG. 1. Schematic views of the local density of the Cr states is
as a function of the energy. The shaded part indicates the
occupied state. (a) Single Cr ion embedded in the host,
(b) two Cr ions with a ferromagnetic coupling, (c) two ions
with an antiferromagnetic coupling.
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present authors [4]. Therefore, such systems become a
half-metallic ferromagnet in their ground state.

We can make similar arguments for the half-metallic
antiferromagnetic DMSs. It is obvious from a symmetry
consideration that we need at least two different types of
magnetic ions to realize a half-metallic structure. We con-
sider two 3d magnetic ions: one of them has less than half
filled d electrons, for example, Cr, while the other has more
than half filled d electrons, for example, Fe. When the host
is a II-VI compound semiconductor, a Cr ion is usually in
the nominally d* configuration and Fe is in the nominally
d® configuration. In this case, the electronic structures of a
single Cr and Fe ion are as shown in Fig. 2(a). The results
of the coupling between the Cr and Fe ions, which can
either be ferromagnetic or antiferromagnetic, are schemati-
cally shown in Fig. 3(a) and 3(b). Though the ferromag-
netic coupling produces a metallic band in both spin
directions, the antiferromagnetic coupling realizes the
half-metallic bands.

With regard to the gain in the band energy, which is
relevant to the coupling between ions, the band energy for
antiferromagnetic coupling is larger than that of the ferro-
magnetic coupling. This is because the antiferromagnetic
coupling produces a common band for Cr and Fe in the up-
spin state (we choose the metallic band as up-spin). This is
a basic requirement for the double exchange to occur
because the double exchange is simply the hybridization
between two degenerate (or nearly degenerate) local states.
This situation would be ideal if each spin band was half
filled as shown in Fig. 2(b). On the other hand, the anti-
ferromagnetic coupling causes hybridization between en-
ergetically separated states. We may call the latter as a
superexchange though it is actually ferromagnetic as op-
posed to the usual superexchange that is mostly the origin
of antiferromagnetism. Using the same argument as that
for ferromagnetic DMSs [4], the double exchange should
be much stronger than the superexchange, thus causing
antiferromagnetic ordering in the present case.

In the above, the mechanism that stabilizes an antiferro-
magnetic coupling was explained in the framework of band
structure. The same mechanism can also be described in
terms of many-electron states in an analogous way to that
for ferromagnetic double exchange. Let us consider a pair
of d* and d® ions. When it forms a ferromagnetic coupling
[Fig. 4(a)], there are two possible ways to transfer an
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FIG. 2. (a) Schematic views of the density of states of Cr
(upper) and Fe (lower). (b) The case where each spin band is
half filled.

electron from one ion to another: to move one of up-spin
electrons from the d° to d* ion or to move one of down-spin
electrons from the d® to d* ion. Both ways, however,
violate Hund’s first law and each requires an additional
energy of ~Jy (intra-atomic exchange energy). In the case
of antiferromagnetic coupling [Fig. 4(b)], in addition to the
above two possibilities, it is also possible to move a down-
spin electron from the d* to d° ion. Whereas the transfer of
an up-spin electron from the d® to d* ion violates Hund’s
law twice (first at the d° ion and second at the d* ion), other
transfers do not. Since the electron transfers without an
additional energy lowered the total energy of an ion pair to
the first order of the transfer integral, the antiferromagnetic
coupling energetically more stable than the ferromagnetic
one.

In order to verify the above concept, we have performed
the first-principles electronic structure calculation by the
Korringa-Kohn-Rostoker Green’s function method with
coherent potential approximation and local density ap-
proximation of the density functional method (KKR-
CPA-LDA). The details of the calculation are mostly the
same as those used in our previous Letter [4] and used by
other authors for similar calculations on ferromagnetic
DMSs [7]. The only difference is that we introduce two
magnetic ions instead of one: these ions act as a substitute
for the host atoms.

Figure 5 shows the calculated electronic structure of
(Zng 9Crg gsFeq 05)S. The three cases are as follows: (a) is
for the antiferromagnetic state, (b) the ferromagnetic state,
and (c) the local-moment-disordered (LMD) state that
simulates a paramagmetic or spinglass state. It is apparent
that a half-metallic electronic structure can be realized
only by the antiferromagnetic state. The total magnetiza-
tion vanishes in the antiferromagnetic case. Though the
magnetization is not necessarily zero when considering the
symmetry, the existence of a gap for the down-spin state
(the definition of the direction of the spin is the same as
mentioned earlier) prevents each spin state to take an
arbitrary occupation number. In the case of doubly doped
II-VI compound semiconductors, also the magnetic mo-
ments of the two individual impurities assume integer
values. For the (d*, d°) pair, which is the present case,
the vanishing magnetization for the antiferromagnetic case
seems reasonable.
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FIG. 3. Schematic views of the density of states of Cr and Fe.
(a) Cr and Fe with a ferromagnetic coupling. (b) Cr and Fe with
an antiferromagnetic coupling.
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FIG. 4. A pair of the d* and d® ions with (a) ferromagnetic and
(b) antiferromagnetic coupling. The black and gray arrows
indicate occupied and unoccupied electron states, respectively,
and the dotted arrows indicate possible electron transfer.

The total energy for the antiferromagnetic and ferromag-
netic states are —0.418 and 0.182 mRy, respectively, com-
pared with the LMD state; this indicates that the
antiferromagnetic state should be the ground state. The
energy difference between the antiferromagnetic and
LMD states gives a fair estimation of the Néel temperature
if suitable factors are included, i.e., divided by the concen-
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FIG. 5. Density of states (DOS) for (ZngoCrygsFeqs)S.
(a) DOS for the antiferromagnetic state. The solid line shows
the total DOS (left axis) and the dashed lines show the local d
DOS of Cr and Fe (right axis). The DOS for the up- and down-
spin are drawn in the upper and lower half of the panel,
respectively. (b) Ferromagnetic state and (c) LMD state.

tration of the magnetic ions and multiplied by % In the
present case of (ZngoCrg osFeg o5)S, the Néel temperature
is 440 K. The real Néel temperature, however, could be
considerably lower than 440 K due to the fluctuations in the
spin state and that in the atomic arrangement (configura-
tion) [7].

The local density of states indicates that our schematic
image clearly reveals the structure of the impurity bands
formed by the two different magnetic ions; this is well
understood in terms of the hybridization between the local
electron states originating from those magnetic ions. The
essential point is to lower the band energy, i.e., the sum of
the single particle energy, through the hybridization, which
determines the nature of the coupling.

Figure 6 shows a similar plot for (Zng ¢V 05C00,05)S.
This is the case of the d* and d’ combination of the
magnetic ions. Again, the antiferromagnetic state is half-
metallic and energetically the most stable. The magnetiza-
tion in the antiferromagnetic case is again exactly zero.
The overall behavior of the DOS is similar to
(Zng oCry gsFeq o5)S, but in this case, the feature of the
common bands for the up-spin state and that of the split
band for the down-spin state are more clearly observed.
Compared with the LMD state, the total energy in this
case are —0.282 and 0.026 mRy for the antiferromagnetic
and ferromagnetic state, respectively, thus, the expected
Néel temperature is lower than that in the case of
(Zng ¢Crg gsFeq,05)S. Since each spin state of a single ion
(i.e., before hybridization between the magnetic ions) with
regard to (ZnggV,05C00,05)S is closer to half filling than
(Zng oCrp gsFeq05)S, a stronger double exchange can be
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FIG 6 DOS Of (Zn0'9V0'05C00_05)S.
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FIG. 7. (a) Total energy of (Zn,_,,Cr,Fe,)S as a function of
the impurity concentration x. The closed and open circles
correspond to the antiferromagnetic and ferromagnetic state,
respectively. (b) Total energy of (Zn;_,,V,Co,)S.

expected for the former as opposed to the result of the
calculation. This indicates that the local magnetic moments
of Vand Co are considerably smaller than those of Fe and
Cr. This causes a smaller exchange splitting, thus reducing
the energy gain due to the double exchange as compared to
the superexchange.

The concentration dependence of the total energy is also
shown in Fig. 7. The behavior near the impurity limit is
well fitted by o x*2 for (Zn, Cr, Fe)S, indicating that the
double exchange plays a role in determining the magnetic
coupling. On the other hand, the concentration dependence
for (Zn, V, Co)S is expressed as « x2. This implies that the
hybridization of the d states of magnetic ions to the p states
of the surrounding S atoms also contributes to the magnetic
coupling [7].

In order to obtain a compensated magnetic moment in
such a half-metallic antiferromagnet (or ferrimagnet),
it is essential that the sum of valence d electron numbers
of two (or more) types of ions is 10, such as (d°, d’) and
(d*, d°). In the case of II-VI compounds semiconduc-
tors, this combination is (V, Co) and (Cr, Fe). On the other
hand, in the case of III-V, this combination should be (Cr,
Ni) and (Mn, Co). For the other combinations, it is still
possible to obtain a half-metallic ferrimagnet but the
magnetization in such cases would not be completely
compensated.

Half-metallic antiferromagnets could be even more use-
ful than half-metallic ferromagnets because (i) they usually

have high magnetic transition temperature, (ii) they are
insensitive to external fields, and (iii) it might be rather
easy to inject spins because of their small shape magnetic
anisotropy. Half-metallic antiferromagnets are, therefore,
expected to be used for possible spintronics applications.
The present predictions have a high chance to be realized,
since molecular beam epitaxy (MBE) techniques allow to
make many more systems than occurring in nature. Note
that, basically all DMSs produced by MBE are thermody-
namically instable.

In summary, we have proposed a new magnetic system
composed of semiconductors doped with two types of
magnetic ions; the sum of their valence d electrons is 10.
We predict a significant feature of these systems to be half-
metallic antiferromagnetism (or the special case of ferri-
magnetism with compensated magnetic moments.) Since
the systems have 100% spin polarized Fermi surfaces like
usual ferromagnetic DMSs, they can also be used as spin-
electronics materials.
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