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Electronic structure and ferromagnetism of Mn-doped group-IV semiconductors
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Accurateab initio full-potential augmented plane wave~FLAPW! electronic calculations within density
functional theory in both local density and generalized gradient approximations have been performed for
MnxGe12x and MnxSi12x ordered alloys, focusing on their electronic and magnetic properties as a function of
the host semiconducting matrix~i.e., Si vs Ge!, the Mn concentration, and the spin magnetic alignment~i.e.,
ferromagnetic vs antiferromagnetic!. As expected, Mn is found to be a source of holes and localized magnetic
moments of about 3mB /Mn. The results show that irrespective of the Mn content, the Ge-based systems are
very close to half-metallicity, whereas the Si-based structures just miss the half-metallic behavior due to the
crossing of the Fermi level by the lowest conduction bands. Moreover, the ferromagnetic alignment is favored
compared to the antiferromagnetic one, with its stabilization generally increasing with Mn content; this is in
agreement with recent experimental findings for MnGe systems and supports the view that this class of
ferromagnetic semiconductors constitute basic spintronic materials.

DOI: 10.1103/PhysRevB.68.155203 PACS number~s!: 75.50.Pp, 71.20.Nr
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I. INTRODUCTION

The investigation of transition metal impurities in sem
conductors has received a great deal of renewed attentio
the last few years, due to the enormous potential of roo
temperature ferromagnetic diluted magnetic semiconduc
~DMSs! as basic materials for spintronic devices.1–4 In par-
ticular, a lot of work has focused on Mn-doped III-V sem
conductors, where ferromagnetism has been experimen
observed2 and theoretically confirmed by electronic structu
calculations.5–8 However, the origin of the ferromagnetism
III-V semiconductors is still a matter of debate, and seve
different mechanisms~such as the Ruderman-Kittel-Kasuy
Yoshida ~RKKY ! interaction,9 double exchange,10 double
resonance,11 the Zener model,4 and mean-field theory12! have
been proposed. Since the early eighties, there has also b
lot of interest in ‘‘traditional’’ II-VI DMSs,13 such as Cd-
MnTe, where the Mn solubility is high~at variance with the
III-V compounds, where phase segregation is found to oc
for Mn concentrations higher than;8%), but which are
considered to be less attractive, due to superexchange w
favors the antiferromagnetic spin configuration.

On the other hand, group-IV semiconductors~such as Si
and Ge! have not been as intensively investigated as III-V
II-VI families, although recently this important class of sem
conductors was rediscovered within the spintronics cont
In particular, a combined theoretical and experimental w
was recently reported for MnxGe12x ~Ref. 14!; the Curie
temperature was found to increase linearly with the Mn c
centration up to about 120 K, and thep-type semiconducting
character and hole-mediated exchange permitted contro
the ferromagnetic order through use of a gate voltage
60.5 V. From a theoretical point of view,14 it was shown
that the long-range ferromagnetic interaction dominates
short-range antiferromagnetic exchange.

In this same context, ferromagnetic properties and m
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netoresistance phenomena below room temperature
been reported for MnGe, which was partly attributed
MnnGem ferromagnetic clusters rather than to Mn impuriti
in the zinc-blende Ge host.15 Moreover, the discovery of fer-
romagnetism was reported in highly Mn-doped~up to 6%!
Ge single crystals withTc5285 K,16 as determined from
temperature dependent magnetization and resistance
surements, and a coercive field of 1260 Oe forx50.06 at
250 K. Finally, Mn ions have been implanted in a G
matrix17 and investigated by means of Kerr effect rotation
magnetic cycle with a coercive field of about 3000 Oe an
hysteresis appearing just below room-temperature were
perimentally obtained. Within the theoretical field, the Zen
model of carrier-mediated ferromagnetism was used to
culate the Curie temperatures, and a good agreement
experimental data was obtained for III-V materials as a fu
tion of Mn concentration18; according to this model, the pre
dicted Curie temperatures forp-type doped semiconductor
with 5% of Mn and 3.531020 holes/cm3 are 150 and 75 K
for Si and Ge, respectively. Finally, the electronic and ma
netic properties of MnxGe12x were studied by accurate firs
principles full-potential linearized augmented plane wa
~FLAPW! calculations19 as a function of the Mn positions in
a large supercell. The exchange interaction between Mn
was found to oscillate as a function of the distance betw
them, obeying an RKKY analytic formula. The estimat
Curie temperature19 ranged from 134 up to 400 K, in goo
agreement with experiments.14,16

Within this framework, we performed first-principles ca
culations of the electronic and magnetic properties of M
doped Si and Ge, using the local spin density approxima
to density functional theory~except for one case; see below!.
Our results, obtained with the highly accurate FLAP
method,20 show that the ferromagnetic configuration is f
vored, with all the systems investigated exhibiting a situat
very close to half-metallicity. The paper is organized as f
©2003 The American Physical Society03-1
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lows: in Sec. II, we report structural and computational d
tails; in Sec. III, we discuss the most important electro
features in both compounds considering the zinc-ble
phase; in Sec. IV, we discuss the structural, electronic,
magnetic properties of a single Mn impurity in a group-
host, focusing on the difference between Si and Ge; in S
V, we determine the effects of the Mn concentrationx on the
relevant properties of the alloys, in terms of magnetic alig
ment, magnetic moments and half-metallicity, and in Sec.
we draw some conclusions.

II. STRUCTURAL AND COMPUTATIONAL DETAILS

The calculations were performed using the all-elect
FLAPW ~Ref. 20! method within density functional theory i
the local spin density approximation~LSDA!.21 For high
transition-metal concentrations, we also considered the g
eralized gradient approximation~GGA!,22 which is known to
affect structural and consequently electronic and magn
properties.23 At lower Mn concentrations, however, th
LSDA is considered, since it better reproduces the struct
properties of pure semiconductors. In the zinc-blende ph
both the GGA and LSDA are considered.

We used a basis set of plane waves with a wave vecto
to Kmax53.4 a.u. and an angular momentum expansion u
l max58 for the potential and the charge density. The muffi
tin radius,RMT , for Mn was chosen equal to 2.4 a.u., whi
for Si and Ge we usedRMT51.8 and 2.0 a.u., respectivel
The Brillouin zone sampling was performed using from 6
40 special k points according to the Monkhorst-Pac
scheme.24 We carefully checked that these computational
rameters were sufficient to accurately determine total e
gies and magnetic moments within 10–15 meV/Mn a
0.01mB ~keeping the muffin-tin radii fixed!, respectively.

To simulate the alloys, for both the Si- and Ge-based s
tems, we investigated various concentrations~i.e., x50.5,
0.25, 0.125, 0.0625, and 0.03125! and various different unit
cells, having a tetragonal Bravais lattice~except for the zinc-
blende phase! and include 32 atoms for thex50.0625 and
0.03125 cases; for higher concentrations, we employed 1
and 4 atoms in thex50.125, 0.25, and 0.5 cases, respe
tively. A detailed list of the unit cells considered at differe
concentrations is given in Table I; each contains two M
impurities in the substitutional site, except for thex

TABLE I. Mn concentration (x), number of atoms in the uni
cell (N), Bravais vectors (a1 ,a2 ,a3), and second Mn atom positio
~the first Mn atom is located in the origin!, in internal coordinates

x N a1 a2 a3 Mn pos

0.0625 32 (aA2,0,0) (0,aA2,0) (2a,0,0) ( 1
2 , 1

2 , 1
2 )

0.125 16 (aA2,0,0) (0,aA2,0) (a,0,0) ( 1
2 , 1

2 ,0)
0.25 8 (aA2,0,0) S0,

a

A2
,0D (a,0,0) ( 1

2 ,0,0)

0.50 4 S a

A2
,0,0D S 0,

a

A2
,0D (a,0,0) ( 1

2 , 1
2 , 1

2 )
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50.03125 and the zinc-blende case, where a single Mn
purity occupies the origin of the unit cell. The ferromagne
~antiferromagnetic! alignment is realized with parallel~anti-
parallel! magnetic moments on the Mn sites in each cell. T
lattice constants are relaxed in the zinc-blende phase, w
they are fixed in the other cases at the experimental lat
constant of the host semiconducting matrix,25 i.e., 10.24 and
10.65 a.u. for Si and Ge, respectively. The internal positio
are fully relaxed, according to the calculatedab initio atomic
forces.

III. MNGE AND MNSI ZINC-BLENDE STRUCTURES

In order to gain insights into the Mn group-IV bonding
we first discuss thex550% concentration~MnGe, MnSi! in
the zinc-blende structure, where the Mn atom occupie
group-IV site. While such high Mn concentrations cannot
easily reproduced experimentally due to the low solubility
Mn impurities in semiconductors, important aspects of
bonding in a tetrahedral coordination can be extracted fr
such a study.

We have calculated the MnGe and MnSi total energies
volume curves for different magnetic alignments, namely
tiferromagnetic~AFM!, ferromagnetic~FM!, and paramag-
netic; both GGA and LSDA approximations to density fun
tional theory were considered. Our results for the equilibriu
lattice constants, along with the relative total magnetic m
ments, are reported in Table II. As expected, the magn
phases are energetically favored more than the paramag
one in all cases~at least by 200 meV/Mn!. In particular, the
FM alignment is the most stable both in the LSDA and GG
As shown in Table II, the calculated GGA equilibrium lattic
constants for both MnSi and MnGe nearly match the c
stants of the corresponding bulk semiconductor~i.e., Si and
Ge, respectively!, whereas more significant deviations a
present with the local density approximation results.

As far as the electronic properties are concerned, we
port in Fig. 1 the GGA calculated MnGe and MnSi ban
structure at equilibrium. A study of the eigenvalue decomp
sition into atomic-site-projected wave functions shows t
the lower energy region is associated with states having
anion s character, while the states in the energy region
tween23.5 and 4.7 eV~in the majority spin channel! and
between21.0 and 5.0 eV~minority spin channel! have
mainly a Mnd character. Since each atomic site has a te
hedral symmetry, the Mnd states are split intot2g (G15) and
eg (G12) states by the crystal field. Thet2g states interact

TABLE II. Equilibrium lattice constanta and total magnetic
momentm tot for MnSi and MnGe zinc-blende structures. Also r
ported are the exchange splittings (Dx

t2g ,Dx
eg) and crystal field split-

ting (DCF), evaluated atG, in the GGA calculated MnGe and MnS
band structures.

a ~a.u.! m tot(mB) Dx
t2g~eV! Dx

eg~eV! DCF~eV!

LSDA GGA LSDA GGA

MnSi 9.90 10.29 2.01 2.65 1.5 2.9 1.5
MnGe 10.22 10.69 2.70 3.00 1.8 3.2 1.5
3-2
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FIG. 1. Majority- and minority-spin band
structures for zinc-blende MnGe and MnSi, ca
culated at equilibrium within the GGA.
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with states having the same symmetry from nearest-neigh
atoms, so as to give rise to bonding (t2g

b ) and antibonding
(t2g

a ) levels. On the other hand, theeg states cannot bond b
symmetry and remain more or less unperturbed in the s
compared to the atomic situation. Considering all spin co
ponents, we have the following level ordering for both sem
conductors:t2g

1 ,eg
1,t2g

2 ,eg
2 ~where1/2 refers to spin-up

and -down respectively!, called ahigh-spin-like~HSL! level
ordering.

In Table II we also report the exchange splittingsDx
t2g and

Dx
eg and the crystal field splitting~mediated on the spin di

rections!, Deg2t2g
5DCF , evaluated atG. The electronic

band structure has qualitatively the same features in b
compounds; there are, however, some important differen
In MnSi, the minority spineg band is partially occupied fo
kW vectors nearX while in MnGe it is completely unoccupied
This is related to two main aspects:~i! the minorityeg level
is closer to the Fermi level~set as the zero in the energ
scale! in MnSi than in MnGe, and~ii ! the dispersion of the
minority eg band is larger in MnSi. These are related to tw
different aspects: chemical and structural. The differ
chemical species determine the relative positions of the
ion and cation atomic energy levels in the MnSi and Mn
cases, while the different anion size dictates essentially
equilibrium lattice constants. The calculated band structu
for both MnSi and MnGe at the same lattice constant sh
very similar features and we find that the half-metallicity
lost in MnGe if we constrain it at the MnSi equilibrium
volume. Both chemical and structural effects lead to a gre
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hybridization~highereg band dispersion! in MnSi, which is
in part responsible for the loss of the half-metallicity.

IV. MN IMPURITY IN A GROUP-IV MATRIX: SI VS GE

In Table III we report, the FLAPW calculated releva
properties of the Mn impurity in a Si and Ge matrix~i.e., one
Mn atom in a 32-atom cell!, namely, formation energies
relevant bond lengths, and magnetic moments. Recall tha
this configuration, the Mn atoms are forced to be ferrom
netically aligned; the paramagnetic state was also con
ered, but the resulting total energy for Mn:Si was found to
about 390 meV higher than the FM spin configuration,
agreement with the experimental magnetic state
MnxGe12x alloys.14 Therefore, in the following, we focus
only on the FM and AFM alignments.

Let us first examine the formation energies, evaluated
in Ref. 26 and taking as reference for the Mn chemical p
tential the value in the AFM@001#-ordered fcc lattice. The

TABLE III. FLAPW calculated relevant properties in
Mn0.03125Si0.96875 and Mn0.03125Ge0.96875: formation energiesEf

~eV!, nearest neighbor bond lengthdMn2IV ~a.u.!, total magnetic
momentm tot ~in mB), Mn magnetic momentmMn ~in mB), and
nearest neighbor group-IV magnetic momentm IVn.n.

~in mB).

Ef dMn2IV m tot mMn m IVn.n.

Mn0.03125Si0.96875 2.3 4.43 2.99 2.83 20.03
Mn0.03125Ge0.96875 1.5 4.55 3.00 3.10 20.04
3-3
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relatively high formation energies of a Mn defect in
group-IV matrix suggests that, similar to the case of III
semiconductors, a high level of Mn concentration cou
cause a clustering of Mn atoms and/or the formation of
desired Mn-IV compounds15 ~such as Mn11Ge8 or Mn2Ge5),
rather than a MnxIV12x alloy in which Mn impurities ran-
domly substitute the group-IV atom in a zinc-blende-like o
dering. The formation energy shown in Table III is higher
the Si matrix than in the Ge matrix; this may be due
size-related effects. In fact, the Mn atom belongs to the sa
row of the Periodic Table as Ge, so we might expect
introduction of Mn to be less expensive energetically in a
matrix compared to a Si matrix.

The Mn-Ge and Mn-Si bond lengths are more or le
unaltered compared to their respective bulk group-IV bo
lengths~the deviations are at most 1.7%!. This is in agree-
ment with the results of Parket al.14 In their work, the inter-
nal relaxations were not considered due to negligible for
acting on the Mn atom substituting Ge sites. For the disc
sion of the electronic and magnetic properties, it is helpfu
look at the density of states~DOS! of the MnSi @Fig. 2~a!#
and MnGe@Fig. 2~b!# systems. A comparison between th
total DOS with and without the impurity shows that far fro
the Fermi levelEF , the DOS remains close to that of th
host matrix DOS, since the effect of Mn is evident on
starting at about24 eV belowEF ~set as zero of the energ
scale!; in particular, the most affected component in the v
lence region is the spin-up part. In the region between21
and 2 eV, the perturbation is evident for both spin comp
nents. In particular, the hybridization between Mn and
group-IV atom results in states in proximity toEF and, in
particular, in the energy gap region of the semiconductor

Further insights can be gained from the Mnd partial DOS
@see the shadowed region in Figs. 2~a! and 2~b!#. An analysis
of the eigenvalue decomposition shows the following.~i! In
the spin-up part, the main peak~centered at about22.3 eV
in both Si and Ge hosts! corresponds to botheg and t2g

b

levels, whereas the feature aroundEF has at2g
a character,

with these states only partially occupied.~ii ! In the spin-
down part, the peak centered at about21 eV corresponds to
t2g
b states, whereas the well-localized peak at about 0.5

aboveEF has aneg origin and the features at around 1 e
havet2g

a character. It is therefore evident that the spin-do
~spin-up! bands are mostly unoccupied~occupied!; this re-
sults in the total magnetic moment being close to 3mb in
both compounds, which is mostly localized on Mn~see Table
III !. Furthermore, an estimate of the crystal field splittin
Deg2t2g

, and exchange splitting,Dx , for the eg state in the
Ge ~Si! case leads to 1.4 and 2.7 eV~1.2 and 2.4 eV!, re-
spectively. These values are nearly the same as those re
to the zinc-blende case.

The integer total magnetic moment~see Table III! sug-
gests MnGe to be a half-metallic compound, whereas M
is ‘‘close’’ to half-metallicity. This behavior is clearly eviden
in the total DOS shown in Figs. 2~a! and 2~b!: in the Ge case,
the DOS shows a valley aroundEF and is strictly zero atEF
in the minority spin channel; on the other hand, this sa
valley is still present in the Si case, but is located just bel
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EF ~see the discussion in Sec. III! so that the spin-down DOS
at EF is finite. A comparison between the Mnd partial den-
sity of states~PDOS! in the two systems also explains th
smaller Mn magnetic moment in the Si case; the upper D
is more or less unaltered, giving rise to a very similar in
gral @i.e., same spin-up charge within the muffin tin~MT!
sphere#. On the other hand, the integral of the spin-dow
DOS ~i.e., spin-down charge within the MT sphere! is larger
in the Si case~by about 0.2 electrons!, and so the final mag-
netic moment is larger in the Ge case. This difference
related to the states in proximity toEF : as shown in the high
concentration limit~50%!, the larger hybridization occurring
in Si makes some of theeg-like states lying close toEF
occupied.

The band structure of the diluted systems is shown in F
3. The lower energy region, between;212 eV and ;
25 eV ~not shown!, has mainly a group-IVs character, fol-

FIG. 2. ~a! Total DOS ~bold line! for FM Mn0.03125Ge0.96875,
bulk Ge total DOS~dashed line!, and Mn d PDOS ~solid line—
shaded region!. ~b! Total DOS~bold line! for FM Mn0.03125Si0.96875,
bulk Si total DOS~dashed line!, and Mn d PDOS ~solid line—
shaded region!. To demonstrate more clearly the role of the ma
netic impurity in the plot, the Mn 3d PDOS is multiplied by a factor
of 2. The total DOSs with and without Mn are aligned in energy
shifting the semiconducting DOS so as to make the core le
coincident with a core level of a group-IV atom far from the imp
rity.
3-4
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FIG. 3. ~a! Majority-spin and
~b! minority-spin band structures
for FM Mn0.03125Ge0.96875. ~c!
Majority-spin and ~d! minority-
spin band structures for FM
Mn0.03125Si0.96875.
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lows the expected trend in energy~i.e., the binding energy o
Ge 4s states are higher than those of Si 3s states!, and is
basically unaffected by the exchange splitting of Mnd states.
The character of the bands in the energy range show
mainly of Mn d and group-IVp. As far as the half-metallicity
is concerned, the valence band maximum of the mino
spin channel in MnGe@see Fig. 3~d!# reachesEF at G, so
that the spin gap~i.e., the minimum energy required to fli
the electron spin! is zero; on the other hand, the energy g
is indirect~since the lowest conduction energy level is alo
the G-Z line! and is about 0.14 eV. The bands aroundEF in
the majority spin channel arise from Mnd and Gep hybrid-
izations, so as to give rise to hole pockets close toG. The
band structure of MnSi@see Figs. 3~a! and 3~b!# is qualita-
tively similar to the MnGe case, except thatEF intercepts
energy bands in both the up- and down-spin channels so
the half-metallicity is lost and the behavior is metallic.
15520
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As seen in Fig. 4~a!, in Mn:Ge the spin-density contou
plots show that the spin magnetic moments are essent
localized around the Mn atom~as is also evident from Table
III ! and the polarization induced on the nearest-neigh
atom~Si or Ge! is negative. Moreover, the spin density sp
tial distribution along the nearest-neighbor Ge bonds reve
its p character. This is believed to be a signature of the AF
coupling between the polarized hole and the Mn spin in
model proposed by Zener4 to explain DMS ferromagnetism
It was also suggested6 that in Mn-doped magnetic semicon
ductors, the antiferromagnetic interaction between Mnd
and its nearest-neighbor anionp states could lower the tota
energy, therefore stabilizing the ferromagnetic alignme
This is consistent with our present findings. In addition
careful inspection of the magnetic moments induced on
group-IV atoms shows an oscillatory and decreasing tren
a function of the distance from the Mn impurity@see Fig.
3-5
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FIG. 4. ~a! Spin density for Mn0.03125Ge0.96875in the @110# plane. Spin density contours start at 131023e2/cell and increase successive
by a factor of 21/2e2/cell. The positive~negative! spin density is shown by solid~dashed! lines. ~b! Induced Si magnetic moments~in mB)
vs distance from the Mn atom.~c! Induced Ge magnetic moments~in mB) vs distance from Mn.
ut
e

ta
M
ta
-

ign
ve
-
ic

ces.
hao
is
n-
lly

mi-
r
ces,
he
han

to-
st

ntal

e
in
4~b!#. This oscillatory trend is more evident for thes rather
than thep polarization. Overall, the group-IV atoms have b
a negligible polarization, giving further evidence of th
strongly localized nature of the magnetism in DMSs.

V. HIGHER MN CONCENTRATION IN A GROUP-IV
MATRIX

In Fig. 5, we plot the relevant properties, such as to
energies and magnetic moments, as a function of the
concentration. Let us first focus on the difference of to
energies,DFA5EAFM2EFM , between the AFM and ferro
magnetic~FM! spin configurations, shown in Fig. 5~a!, for
both MnxGe12x and MnxSi12x . It is remarkable that all
structures show the FM alignment as the favored spin al
ment; this is in agreement with the experimentally obser
ferromagnetic state in MnxGe12x alloys and therefore sug
gests these systems as a new class of ferromagnetic sem
15520
l
n
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ductors, to be used as basic materials in spintronic devi
These findings are in agreement with those obtained by Z
et al.,19 which found that the Mn-Mn magnetic coupling
strongly dependent on the overall Mn distribution in the e
vironment and that the FM coupling is always energetica
very competitive. Moreover, Si and Ge hosts show very si
lar behaviors; in particular,DFA is more or less unaltered fo
the two lowest concentrations, whereas some differen
though small, show up in the high concentration limit: t
Ge-based structures seem to favor FM alignment more t
the Si-based alloys do. Furthermore, as a general trend,DFA
increases with Mn concentration; however, the tendency
wards FM alignment is clearly evident even for the lowe
concentration examined~i.e., x50.0625, which is of the
same order of magnitude as that achieved in experime
samples!, namely,DFA is of the order of 100 meV/Mn. The
trend in DFA with x is consistent with the increase of th
Curie temperature with Mn concentration observed
MnxGe12x alloys.14
3-6
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As for the trends of the total magnetic moments shown
Fig. 5~b! only for the FM spin alignment, we note that th
MnGe systems tend to keep a total magnetic moment c
to 3mB ~i.e., consistent with the half-metallic behavio
shown by the DOS!, irrespective of the Mn content. On th
other hand, the MnSi systems are more sensitive tox, show-
ing in particular an increasing tendency towards ha
metallicity as the Mn concentration is reduced.

Finally, we discuss the trends of the Mn magnetic m
ment,mMn , as a function ofx, shown in Fig. 5~c!. First of
all, the magnetic moment is essentially of 3d origin, since
the 4s and 4p spin polarizations are very weak. It is remar
able that the Mn total charge and totald electron population
in the muffin-tin sphere are about 6e2 and 5.85e2 (5.2e2

and 5.15e2) in the MnGe~MnSi! alloys, respectively, for all
concentrations. This is consistent with what was alrea
pointed out in the MnGaAs case:6 since thed population is
higher than in the Mn free atom, there could be a populat
inversion, i.e., ans→d promotion, in marked contrast with
the Ludwig-Woodbury model.27 The relevant feature of Fig
5~c! is that neither MnSi nor MnGe show a definite~i.e.,
increasing or decreasing! trend with Mn content, but rather
very similar value is kept for all concentrations. This co
firms that, as noticed when discussing the spin density,
Mn magnetic moment is to a large extent determined by lo
effects, i.e., by the four nearest neighbors~tetrahedrally co-
ordinated at a fixed distance!. The critical distance and th

FIG. 5. ~a! Difference between total energies in the AFM a
FM configurations,~b! total magnetic moment per Mn atom~in
mB), and~c! Mn magnetic moments in the muffin tin sphere~in mB)
for MnxSi12x ~squares and dashed line! and MnxGe12x ~circles and
solid line!.
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anion chemical species are, on the other hand, relevan
determining the Mn magnetic moment within the Mn muffi
tin sphere~with a radius kept equal in the Si and Ge case!:
it is clear from Fig. 5~c! thatmMn is larger for the Ge~about
3.1mB) compared to the Si host matrix~about 2.75mB). As
already discussed, this is due to both chemical and size
fects: in fact, we find a largerp-d hybridization in the case o
Si compared to Ge, and a resulting reduction of the Mn m
netic moment compared to the ideal atomic value.

As a final remark, we point out that the exchang
correlation parametrization~i.e., LSDA vs GGA! does not
play a crucial role. Tests performed for the Mn0.125Si0.875
case within both parametrizations show that both the to
and Mn magnetic moments are larger by about 0.1mB within
the GGA compared to the LSDA. However, this sm
change does not alter the half-metallic vs metallic chara
of the system: for MnSi~with x<0.0625), half-metallicity is
lost both within the LSDA and GGA.

In Fig. 6 we show the DOS in the AFM and FM configu
rations forx50.0625 in both Si and Ge. A comparison b
tween the total DOS shows that in the Ge case the beha
is dramatically changed by the magnetic alignment: the h
metallic character of the FM spin configuration is lost, sin
the AFM configuration shows a metallic behavior, due to t
introduction of states atEF . A similar mechanism acts in the

FIG. 6. DOS for Mn0.0625Si0.9375: ~a! Total, ~b! Mn d PDOS,~c!
Si PDOS,~d! total, ~e! Mn d PDOS, and~f! Ge PDOS. The solid
~dashed! lines show the FM~AFM! spin configuration.
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TABLE IV. FLAPW calculated magnetic moments in MnxSi12x and MnxGe12x as a function of Mn
concentrationx in FM and AFM spin configurations: Mn magnetic momentmMn ~in mB), and nearest
neighbor magnetic moment (mSin.n.

andmGen.n.
) ~in mB).

Si0.9375Mn0.0625 Si0.875Mn0.125 Si0.75Mn0.25 Si0.5Mn0.5

FM AFM FM AFM FM AFM FM AFM

mMn 2.73 62.59 2.77 62.56 2.77 62.54 2.71 62.39
mSin.n.

20.03 70.03 20.03 70.03 20.06 70.06 20.12 0
Ge0.9375Mn0.0625 Ge0.875Mn0.125 Ge0.75Mn0.25 Ge0.5Mn0.5

FM AFM FM AFM FM AFM FM AFM
mMn 3.09 63.02 3.06 62.99 3.07 62.97 3.22 62.89
mGen.n.

20.05 70.04 20.05 70.04 20.09 70.09 20.17 0
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Si case, so that there is a filling of states in the valley
proximity to EF ; however, the resulting effects are relative
less important compared to Ge, since some states atEF were
already present in the FM case, so that the overall meta
behavior is not changed.

The Mn d PDOS shows similar features in the FM an
AFM cases, consistent with their very similar magnetic m
ment values. This suggests that the magnetic moment
these diluted semiconducting systems are well localized
Figs. 6~c! and 6~f! we show the PDOS relative to th
group-IV atom that is the nearest neighbor of Mn. It is e
dent that anion states~essentially ofp origin! strongly hy-
bridize with Mn d states, resulting in an induced spin pola
ization.

The Mn and IV magnetic moments as a function of co
centration are reported in Table IV for the FM and AFM sp
configurations. What was pointed out when discussing F
6, namely,~i! the slightly negative spin polarization of th
group-IV nearest neighbor atoms, and~ii ! the similarity be-
tween the Mn and group-IV magnetic moments in FM a
AFM spin configurations~even with a relatively high con
centration of magnetic impurities,x<0.25), is basically un-
affected by the Mn content, showing once more that the
evant magnetic properties are determined locally.

VI. CONCLUSIONS

Accurate FLAPW calculations have been perform
within the local density approximation and the GGA to de
sity functional theory for MnGe and MnSi systems, focusi
n

A

ci
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on the effects of~i! the host matrix~i.e., Si vs Ge!, ~ii ! the
Mn content, and~iii ! the spin magnetic alignment~i.e., FM
vs AFM! on the relevant electronic and magnetic properti
Common to other DMSs, Mn is found to stabilize a magne
state~compared to the paramagnetic one!, being a source of
hole pockets and of localized magnetic moments of ab
3mB . We were able to show that due to a lower degree
hybridization, half-metallicity is found for the Ge-based sy
tems, whereas it is just missed when Mn-doped Si. Mo
over, our results indicate a stable FM alignment in all t
systems investigated in both Si- and Ge-based structu
with DFA increasing with the magnetic impurity concentr
tion. These findings are in agreement with the experime
observation of a stable MnxGe12x ferromagnetic semicon
ductor, with a Curie temperature increasing with the Mn co
tent. Based on our results and on recent experiments,14,16,17

the use of these materials in potentially new spin-based
vices is suggested; in particular, the 100% spin polarizat
of the carriers and the stronger stability of the FM spin co
figuration compared to the AFM configurations seem to s
gest Ge-based structures as more promising within the s
tronics framework.
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