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Using the first-principles method, we calculate the atom and angular momentum resolved local moments in
diluted GaMnAs, GaMnN, and CdMnTe. We show that the local moments are correlated with magnetic
stability and can be explained by the occupation and hybridization of the host states with the Mn 3d states in
both spin channels. We also show that the splitting of the localized core orbitals follow the sign of the local
magnetic moments, but for the delocalized valence states the splitting is determined by hybridization with Mn
states. We propose that spin-polarized photoemission measurement of the shallow core states could be used to
measure the local moments of the host elements.
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I. INTRODUCTION

Because of the coupling of hosts andp states with local-
ized Mn 3d states, Mn-doped II-VI and III-V diluted mag-
netic semiconductorssDMSd exhibit interesting properties
that combine semiconductor electronics with magnetism.1–4

Most of the Mn DMS, such as CdMnTe, shows antiferro-
magnetic behavior caused by the superexchange interaction,
where occupied Mnd states couple with the neighboring
unoccupied Mnd states, thus lowering the total energy.1,5

However, recent discovery that Mn-doped III-V semiconduc-
tors can have ferromagnetic ground states2 has led to an in-
tensified search for high-Tc ferromagnetic DMS and stimu-
lated investigations to understand the mechanism of
ferromagnetic exchange in these systems.

It is now well established that the presence of holes is
crucial for the ferromagnetism in Mn doped III-V
systems.3,6–9 This can be understood through band-structure
models. As an example, we show schematically in Fig. 1
where the hole is at the valence band edgese.g., GaMnAsd.
In the ferromagnetic case, the exchange splitting caused by
coupling between hostp state and Mnsoccupied and unoc-
cupiedd d state pushes one spin state upward and the opposite
spin state downward relative to the antiferromagnetic case.
When the hole is present, it occupies the high energy state,
thus lowering the total energy. In the case where no hole is
present, such as in CdMnTe, the ferromagnetic splitting does
not lower the total energy to the first order, and thus the
material remains antiferromagnetic through the superex-
change. When the hole is at the Mnd level se.g., GaMnNd,
the exchange splitting due mostly to the directd-d coupling
between the Mn ions is responsible for the ferromagnetic
order.

It has been shown10,11 that understanding the Mn ion-
induced local magnetic moments in semiconductor host is a
key issue in testing the various mechanism of ferromagnetic

order in semiconductors. Recently, Keavneyet al.,11 using
x-ray magnetic circular dichroismsXMCDd, which measures
the magnetic field-induced differential absorption of theL3,2
edges of right and left circularly polarized x-ray radiation,
have deduced for the first time the atom-resolved spin con-
figuration in ferromagnetic diluted GaMnAs. They find that,
in GaMnAs, the As local moment is antiparallel to the Mn,
whereas Ga has a small parallel moment. However, their
measurement is based on several assumptions whose validity
is yet to be established. For example, they assumed the As
valence 4s and 4p moments have the same sign as the ex-
change splitting and the XMCD spectrum follows the sign of
the corresponding local moment.12

In this paper, using first-principles density functional
theory, we calculate the band structures, density of states
sDOSd, and atom and angular momentum resolved local mo-
ments in diluted GaMnAs, GaMnN, and CdMnTe, as well as
the hypothetical zinc-blende MnAs, MnN, and MnTe. We
find that sid in GaMnAs, the As local moment is antiparallel
to the Mn.sii d In CdMnTe, the Te local moment is parallel to
the Mn.siii d In GaMnN, depending on the Mn concentration,
the sign of the N local moment could be either positive or
negative. We show that these trends of local moments can be
explained by the occupation and hybridization of the host
states with the Mn 3d states in both spin channels and are
consistent with available theoretical models of magnetic cou-
pling in these systems.3,6,7,9 We also find thatsivd the split-
ting of the core orbitals follow the sign of the local magnetic
moments due to the directspotentiald exchange, but forde-

FIG. 1. Schematic model of hole-stabilized ferromagnetism.
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localized host valence states, the splitting depends on the
hybridization of these states with localized Mn 3d states, i.e.,
the kinetic exchange effect is more important. This indicates
that the differential spin density of statessSDOSd of the de-
localized valence states usually does not follow the sign of
its local moment; thus deducing the local moment through
the measurement of XMCD may require prior knowledge of
the band structure.11 We propose that direct spin-polarized
photoemission measurement of the shallow core state could
be a possible alternative to measure the local moments of
host elements.

II. METHODS OF CALCULATION

The total energy and band structure calculations in this
study were performed using the general potential linearized
augmented plane wavesLAPWd method13 within the local
spin density approximation. For the exchange-correlation po-
tential, we used the generalized gradient approximation
sGGAd of Perdew and Wang.14 The muffin-tinsMTd radii are
1.25 Bohr for N and 2.20 Bohr for all other elements. The
local moments are defined as the moments within the MT
spheres. Although this somewhat underestimates the true
moments, especially for extended states, our test shows that

the sign of the moment is independent of MT size. The
Brillouin-zone integrations were performed using 60
Monkhorst-Pack specialk-points15 in the irreducible Bril-
louin zone of the zinc-blende phase and equivalentk-points
for the superstructures. We find that GGA overestimates the
lattice constants of GaAs and CdTe by less than 2%, but have
much better agreement with experiment16 for GaN and MnX
sX=N, As, and Ted in their respective ground states.17 For the
alloys, we assume Vegard’s rule is obeyed, but the internal
atomic positions are fully relaxed.

III. RESULTS AND DISCUSSION

The calculated lattice constants and local moments of
Ga1−xMnxAs, Ga1−xMnxN, and Cd1−xMnxTe are shown in
Table I. For each system, we calculated the results atx
=1.0, x=0.25, andx=0.0625, respectively. There are one
Mn per unit cell. Figure 2 shows the calculated band struc-
tures atx=1.0 andx=0.25, and Fig. 3 shows the spin-density
contour of the three systems. For GaMnAs, we find the local
magnetic moment of Mn is close to 3.6mB, whereas for the
nearest neighbor As atom, the moment is negativesi.e., an-
tiparallel to the Mn momentd. This can also be observed in
Fig. 3sad. The magnitude of the As moment at dilute limit

TABLE I. Calculated lattice constants and thes, p, d, and total local momentssin mBd inside the MT
spheres of zinc-blende ferromagnetic Ga1−xMnxAs, Ga1−xMnxN, and Cd1−xMnxTe. Only the moments of the
Mn atom and its nearest neighbor anion and cation atoms are shown.

Compounds Atom mtotal ms mp md a sÅd

MnAs Mn 3.57 0.05 0.03 3.49 5.700

As −0.16 0.01 −0.19 0.02

Ga3MnAs4 Mn 3.57 0.04 0.03 3.50

As −0.04 0.00 −0.05 0.01 5.752

Ga 0.03 0.02 0.01 0.00

Ga15MnAs16 Mn 3.62 0.04 0.04 3.54

As −0.04 0.00 −0.05 0.01 5.765

Ga 0.01 0.01 0.00 0.00

MnN Mn 1.39 0.02 0.00 1.37 4.378

N −0.04 0.00 −0.04 0.00

Ga3MnN4 Mn 3.39 0.03 0.05 3.31

N 0.01 0.01 0.00 0.00 4.489

Ga 0.05 0.02 0.02 0.01

Ga15MnN16 Mn 3.37 0.02 0.05 3.30

N 0.01 0.01 0.00 0.00 4.512

Ga 0.01 0.01 0.01 0.00

MnTe Mn 4.24 0.05 0.05 4.14 6.402

Te 0.08 0.01 0.06 0.01

Cd3MnTe4 Mn 4.12 0.04 0.03 4.05

Te 0.02 0.00 0.02 0.00 6.574

Cd 0.02 0.01 0.01 0.00

Cd15MnTe16 Mn 4.12 0.04 0.04 4.04

Te 0.01 0.00 0.01 0.00 6.617

Cd 0.00 0.00 0.00 0.00
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FIG. 2. Calculated band struc-
tures for the three systems. The
dashed line shows the Fermi en-
ergy. The labels indicate the ma-
jority character of the bands at the
G point.

FIG. 3. sColor onlined Contour
plot of the spin density forsad
Ga1−xMnxAs, sbd Ga1−xMnxN, and
scd Cd1−xMnxTe at x=0.25. Solid
black lines represent positive
charge densities and dashed red
lines indicate negative charge den-
sity. The charges are in the loga-
rithmic scale.
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s−0.04mBd is about four times smaller than that atx=1
s−0.16mBd. This is consistent with the fact that at dilute limit
As has only one Mn nearest neighbor, whereas atx=1, As
has four Mn neighbors. The Ga atom has a slightly positive
moment. The moments decay very fast when it is further
away from the Mn atom. Our results are consistent with pre-
vious calculations18,19 and the results deduced from the
XMCD measurements.11

To understand the results, we note that the local magnetic
moment of an element is determined by two factors:sid the
occupation of the corresponding spin-up and spin-down
bands andsii d the hybridization of the states with otheroc-
cupied and unoccupiedstates. For example, for the Mn atom
in GaAs, Hund’s rule for the half-filled 3d shell is obeyed.
The five spin-up 3d states are occupied, whereas the five
spin-down 3d states are unoccupiedfFig. 2sadg, thus the local
magnetic moment of Mn would be close to 5mB if the Mn
does not couple to host elements. However, because the Mn
t2d state has the same symmetry as the aniont2p state in the
crystal, the two states couple strongly with each othersFig.
2d.5 This coupling has two important effects.sad It pushes the
spin-upt2p level upward and the spin-downt2p level down-
ward, resulting in a negative exchange splitting of the anion
p state.20 The hole introduced by the Mn substitution on the
Ga site is located in the spin-up channel.sbd The coupling
leads to wave function hybridization, which introduces a Mn
d character into the nominally aniont2p state and an anionp
character into nominally Mnt2d statesssee Fig. 4d. Because
this hybridization introduces the spin-down Mn 3d character
into the occupied states and, furthermore, the hole is on the
spin-up t2p state with spin-up Mn 3d character, the local
moment at the Mn site is significantly reduced. This explains
why the Mn local moments3.6 mBd in GaMnAs is much
smaller than the 5mB one may expect from the simple
Hund’s rule.18,21 Moreover, because the hole is on the
spin-upt2p state, it also explains why As has a negative local
moment with mostly As 4p character. It is interesting to note
in Table I that the Ass orbital moment ispositive, i.e., op-
posite to the Asp moment. This is because the hole at va-
lence band maximumsVBM d has mostly Asp characters,5

and the Ass and Mnd coupling is not allowed by symmetry
at the zone center.

The situation in the CdMnTe system is different from that
in GaMnAs, because the substitution of Mn on the Cd site
does not introduce holes.1,5 This has the following conse-

quences.sad The filling of the spin-up hole state increases the
local moment of Mn in CdMnTe relative to that in GaMnAs,
because the hybridized hole state contains spin-up Mn 3d
character.sbd The filled spin-up hole state contains mostly
anion p orbital. Furthermore, because the hybridization be-
tween the spin-down Tet2p state and the unoccupied spin-
down Mn t2d state reduces the spin-down Te 5p contentssee
Fig. 4d, it also explains why the Mn-induced local moment of
Te in CdMnTe is positivefi.e., parallel to the Mn moment,
see also Fig. 3scdg.

For GaMnN, we find that the Mn-induced local moment
of N is negative when the Mn concentration is highsx=1d,
but changes to positive value when the Mn concentration is
small. This can be understood by noticing that due to the
high electronegativity of N, both the spin-up and spin-down
Mn 3d states are higher in energy than the N 2p levelsfFigs.
2scd and 2sddg. For high Mn concentration, the strongp-d
coupling results in a high crystal field splitting, pushing the
unoccupied Mnt2d state to a higher energy, so that only the
ed state is mostly occupiedfFig. 2scdg. This leads to a low-
spin configuration at the Mn sites,1.4 mBd and antiferro-
magnetic coupling between the Mn ions.17 Because the
spin-up Mn t2d state energy is slightly lower than that of
spin-down Mnt2d state energy, the slightly strongerp-d hy-
bridization in the spin-up channel leads to a small negative
local moment on the N site. At low Mn concentration, how-
ever, thep-d coupling is reduced. When the crystal field
splitting is smaller than the exchange splitting, Mn will have
a high-spin configuration at the Mn sites,3.4 mBd, where
the spin-up Mnt2d state is now mostly occupied and the
spin-down Mned state is mostly unoccupiedfFig. 2sddg. Be-
cause the occupied spin-up Mnt2d state also contains spin-up
N p character due to hybridization, it increases the spin-up
character at the N site, switching its moment from negative
to positive. The creation of holes at the nominally Mnt2d
state also results in a ferromagnetic coupling between the Mn
ions.

Our analysis above shows that in GaMnAs, the system
has a ferromagnetic ground state, which is accompanied by a
negative local moment at the As site. For CdMnTe, because
it has no hole at the VBM, the system has an antiferromag-
netic ground state, and the local moment at the Te site is
positive in the ferromagnetic phase. For GaMnN, as the sys-
tem’s ground state changes from antiferromagnetic to ferro-
magnetic, the local moment at N site also changes from
negative to positive values in the ferromagnetic phase.

FIG. 4. Schematic plot to show the hybridization-induced mix-
ing of the charge character of spin-up and spin-down Mnt2d and
anion t2p levels.

FIG. 5. Differential spin density of states for atoms in
Ga0.75Mn0.25As. The zero is at the Fermi energy.
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Therefore, Mn-induced local moments at the host site are
strongly correlated to the magnetic coupling of Mn ions.

We have considered whether the host local moment is
reflected in the differential spin DOS, as assumed in
magneto-optical measurementse.g., XMCDd.11,12 Table II
lists the splitting of the core levels. We find that the sign of
the spin splitting of the localized core states is strongly cor-
related to the local moments shown in Table I. When the
moment is positive, the splittingDec=ec

↓−ec
↑ is also positive.

This is because the splitting of the localized state is caused
mainly by the directspotentiald exchange, which is propor-
tional to the local moment. On the other hand, we find that
the correlation does not exist for the extended unoccupied
conductions and p states. For example, in Fig. 5 we show
the calculated differential SDOS of the unoccupied conduc-
tion band states. We observe that although Ga in GaMnAs
has a very smallpositive moment, the differential SDOS
shows a largenegativepeak at a position where Mn has a
large spin-down density. This is because for these extended
states, the differential SDOS is mainly determined by hybrid-
ization with the spin-polarized Mn 3d states. Our results sug-
gest that deducing the moment of host elements using tech-
niques such as XMCD, which samples the extended
conduction band state, requires a prior detailed knowledge of

the band structure.11 We propose that a possible alternative
would be to measure the spin-polarized photoemission of the
shallow core state.22

IV. SUMMARY

In summary, we calculate the atom and angular
momentum-resolved local moments in diluted GaMnAs,
GaMnN, and CdMnTe. We find that the local moments are
correlated with the magnetic stability of these systems and
can be explained by the occupation and hybridization of the
host states with the Mn 3d states in both spin channels. We
propose that spin-polarized photoemission measurement of
the shallow core state could be used to measure the local
moments of the host elements.
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