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Electronic structure and ferromagnetism of Mn-doped group-IV semiconductors
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Accurateab initio full-potential augmented plane wafELAPW) electronic calculations within density
functional theory in both local density and generalized gradient approximations have been performed for
Mn,Ge, _, and MnSi, _, ordered alloys, focusing on their electronic and magnetic properties as a function of
the host semiconducting matrike., Si vs Gg, the Mn concentration, and the spin magnetic alignnieet,
ferromagnetic vs antiferromagnetids expected, Mn is found to be a source of holes and localized magnetic
moments of about @g/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.
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[. INTRODUCTION netoresistance phenomena below room temperature have
been reported for MnGe, which was partly attributed to
The investigation of transition metal impurities in semi- Mn,Ge,, ferromagnetic clusters rather than to Mn impurities
conductors has received a great deal of renewed attention in the zinc-blende Ge ho$t.Moreover, the discovery of fer-
the last few years, due to the enormous potential of roomromagnetism was reported in highly Mn-dopagp to 6%
temperature ferromagnetic diluted magnetic semiconductor&e single crystals withl,=285 K '® as determined from
(DMSs) as basic materials for spintronic deviceé.In par-  temperature dependent magnetization and resistance mea-
ticular, a lot of work has focused on Mn-doped IlI-V semi- surements, and a coercive field of 1260 Oe xer0.06 at
conductors, where ferromagnetism has been experimentalB50 K. Finally, Mn ions have been implanted in a Ge
observed and theoretically confirmed by electronic structure matrixt” and investigated by means of Kerr effect rotation; a
calculations’"® However, the origin of the ferromagnetism in magnetic cycle with a coercive field of about 3000 Oe and a
[1I-V semiconductors is still a matter of debate, and severahysteresis appearing just below room-temperature were ex-
different mechanismésuch as the Ruderman-Kittel-Kasuya- perimentally obtained. Within the theoretical field, the Zener
Yoshida (RKKY) interaction’ double exchang¥ double model of carrier-mediated ferromagnetism was used to cal-
resonancé! the Zener modél and mean-field theol§) have  culate the Curie temperatures, and a good agreement with
been proposed. Since the early eighties, there has also beeexperimental data was obtained for 11I-V materials as a func-
lot of interest in “traditional” 1I-VI DMSs*® such as Cd- tion of Mn concentratiotf; according to this model, the pre-
MnTe, where the Mn solubility is higkat variance with the dicted Curie temperatures fartype doped semiconductors
l1I-V compounds, where phase segregation is found to occuwith 5% of Mn and 3.5 10?° holes/cni are 150 and 75 K
for Mn concentrations higher than8%), butwhich are for Si and Ge, respectively. Finally, the electronic and mag-
considered to be less attractive, due to superexchange whictetic properties of MgGe, _, were studied by accurate first-
favors the antiferromagnetic spin configuration. principles full-potential linearized augmented plane wave
On the other hand, group-1V semiconducté¢ssich as Si (FLAPW) calculations® as a function of the Mn positions in
and G¢ have not been as intensively investigated as Ill-V ora large supercell. The exchange interaction between Mn ions
[I-VI families, although recently this important class of semi- was found to oscillate as a function of the distance between
conductors was rediscovered within the spintronics contexthem, obeying an RKKY analytic formula. The estimated
In particular, a combined theoretical and experimental workCurie temperaturé ranged from 134 up to 400 K, in good
was recently reported for M@Ge,_, (Ref. 14; the Curie agreement with experiments®
temperature was found to increase linearly with the Mn con-  Within this framework, we performed first-principles cal-
centration up to about 120 K, and theype semiconducting culations of the electronic and magnetic properties of Mn-
character and hole-mediated exchange permitted control afoped Si and Ge, using the local spin density approximation
the ferromagnetic order through use of a gate voltage ofo density functional theorgexcept for one case; see below
+0.5 V. From a theoretical point of vielfl,it was shown Our results, obtained with the highly accurate FLAPW
that the long-range ferromagnetic interaction dominates thenethod?® show that the ferromagnetic configuration is fa-
short-range antiferromagnetic exchange. vored, with all the systems investigated exhibiting a situation
In this same context, ferromagnetic properties and magvery close to half-metallicity. The paper is organized as fol-
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TABLE I. Mn concentration X), number of atoms in the unit TABLE II. Equilibrium lattice constanta and total magnetic
cell (N), Bravais vectorsd; ,a,,a;), and second Mn atom position momentu,,, for MnSi and MnGe zinc-blende structures. Also re-
(the first Mn atom is located in the originin internal coordinates. ported are the exchange splittings;{Q ,Aig) and crystal field split-
ting (Acp), evaluated al’, in the GGA calculated MnGe and MnSi

X N a a ag Mn pos band structures.
00625 32 (ay200) (0820) (2200) (3,3 3) a@u  pale)  A%(EV) A%SEY) AckeV)
0.125 16 (ay2,0,0) (0ay2,0) (a00) (110
0.25 8 (av2.00) | 4 (200)  (200) LSDA GGA LSDA GGA
(O,ﬁ@) MnSi  9.90 1029 201 2.65 15 2.9 15
0.50 4 R . (a00) (211 MnGe 10.22 10.69 2.70 3.00 1.8 3.2 1.5
—,0,0/ {0/—=0

=0.03125 and the zinc-blende case, where a single Mn im-
purity occupies the origin of the unit cell. The ferromagnetic
lows: in Sec. Il, we report structural and computational de_(antiferromagne}D:aIignment is realized .With. paralleanti-
tails; in Sec. Ill, we discuss the most important electronic‘:)"’lr"’1|Ieb magnetic moments on the Mn sites in each cell. The

features in both compounds considering the zinc-blend attice constants are relaxed in the zinc-blende phase, while
phase; in Sec. IV, we discuss the structural, electronic, an ey are fixed in the other cases at the experimental lattice

magnetic properties of a single Mn impurity in a group-1V constant of the host semiconducting mafrix.e., 10.24 and

host, focusing on the difference between Si and Ge; in Sec10'65 a.u. for Si and Ge, respectively. The internal positions

V, we determine the effects of the Mn concentratioon the fagrecgusny relaxed, according to the calculatalinitio atomic
relevant properties of the alloys, in terms of magnetic align- :
ment, magnetic moments and half-metallicity, and in Sec. VI,

we draw some conclusions.

IlIl. MNGE AND MNSI ZINC-BLENDE STRUCTURES

In order to gain insights into the Mn group-IV bonding,
II. STRUCTURAL AND COMPUTATIONAL DETAILS we first discuss th&=50% ConcentratiOI(anGe, MnS) in
the zinc-blende structure, where the Mn atom occupies a
The calculations were performed using the all-electrorgroup-IV site. While such high Mn concentrations cannot be
FLAPW (Ref. 20 method within density functional theory in easily reproduced experimentally due to the low solubility of
the local spin density approximatiotSDA).?" For high  Mn impurities in semiconductors, important aspects of the
transition-metal concentrations, we also considered the gerbonding in a tetrahedral coordination can be extracted from
eralized gradient approximatid@®GA),* which is known to  such a study.
affect structural and consequently electronic and magnetic We have calculated the MnGe and MnSi total energies vs
properties® At lower Mn concentrations, however, the volume curves for different magnetic alignments, namely an-
LSDA is considered, since it better reproduces the structuralferromagnetic(AFM), ferromagnetic(FM), and paramag-
properties of pure semiconductors. In the zinc-blende phaseetic; both GGA and LSDA approximations to density func-
both the GGA and LSDA are considered. tional theory were considered. Our results for the equilibrium
We used a basis set of plane waves with a wave vector uittice constants, along with the relative total magnetic mo-
t0 Kmax=3.4 a.u. and an angular momentum expansion up tenents, are reported in Table Il. As expected, the magnetic
I max=28 for the potential and the charge density. The muffin-phases are energetically favored more than the paramagnetic
tin radius,Ry 1, for Mn was chosen equal to 2.4 a.u., while one in all casesat least by 200 meV/Mn In particular, the
for Si and Ge we use®yr=1.8 and 2.0 a.u., respectively. FM alignment is the most stable both in the LSDA and GGA.
The Brillouin zone sampling was performed using from 6 toAs shown in Table Il, the calculated GGA equilibrium lattice
40 special k points according to the Monkhorst-Pack constants for both MnSi and MnGe nearly match the con-
schemé* We carefully checked that these computational pa-=stants of the corresponding bulk semiconducta@., Si and
rameters were sufficient to accurately determine total eneriGe, respectively whereas more significant deviations are
gies and magnetic moments within 10-15 meV/Mn andpresent with the local density approximation results.
0.01ug (keeping the muffin-tin radii fixed respectively. As far as the electronic properties are concerned, we re-
To simulate the alloys, for both the Si- and Ge-based sysport in Fig. 1 the GGA calculated MnGe and MnSi band
tems, we investigated various concentratidns., x=0.5,  structure at equilibrium. A study of the eigenvalue decompo-
0.25, 0.125, 0.0625, and 0.0322&nd various different unit sition into atomic-site-projected wave functions shows that
cells, having a tetragonal Bravais latti@xcept for the zinc-  the lower energy region is associated with states having an
blende phaseand include 32 atoms for the=0.0625 and anions character, while the states in the energy region be-
0.03125 cases; for higher concentrations, we employed 16, 8yeen —3.5 and 4.7 eMin the majority spin channgland
and 4 atoms in thex=0.125, 0.25, and 0.5 cases, respec-between—1.0 and 5.0 eV(minority spin channel have
tively. A detailed list of the unit cells considered at different mainly a Mnd character. Since each atomic site has a tetra-
concentrations is given in Table I; each contains two Mnhedral symmetry, the Md states are split intt,q (I'15) and
impurities in the substitutional site, except for the e, (I'y,) states by the crystal field. Theg, states interact
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MnSi zincblende (majority) MnSi zincblende (minority)

-10 -10 FIG. 1. Majority- and minority-spin band
X r L X r L structures for zinc-blende MnGe and MnSi, cal-
culated at equilibrium within the GGA.

with states having the same symmetry from nearest-neighbdrybridization(higherey band dispersionin MnSi, which is
atoms, so as to give rise to bondinﬁgo and antibonding in part responsible for the loss of the half-metallicity.

(tgg) levels. On the other hand, tfeg states cannot bond by

symmetry and remain more or less unperturbed in the solid v MN IMPURITY IN A GROUP-IV MATRIX: SI VS GE
compared to the atomic situation. Considering all spin com-

ponents, we have the following level ordering for both semi- In Table lil we report, the FLAPW calculated relevant
conductorst§g<eg<t2’g<eg (where+/— refers to spin-up Properties of the Mn impurity in a Si and Ge mattie., one

and -down respectivelycalled ahigh-spin-like(HSL) level ~ Mn atom in a 32-atom cell namely, formation energies, -
ordering. relevant bond lengths, and magnetic moments. Recall that in

this configuration, the Mn atoms are forced to be ferromag-
e , " , __ netically aligned; the paramagnetic state was also consid-
A7 and the crystal field splittingmediated on the spin di- greq, but the resulting total energy for Mn:Si was found to be
rections, A, =Acr, evaluated afl’. The electronic apout 390 meV higher than the FM spin configuration, in

band structure has qualitatively the same features in botagreement with the experimental magnetic state of
compounds; there are, however, some important differencedin,Ge, _, alloys!* Therefore, in the following, we focus

In MnSi, the minority spirey band is partially occupied for only on the FM and AFM alignments.

k vectors neak while in MnGe it is completely unoccupied.  Let us first examine the formation energies, evaluated as
This is related to two main aspect#) the minoritye, level I Ref. 26 and taking as reference for the Mn chemical po-
is closer to the Fermi levelset as the zero in the energy tential the value in the AFMO001]-ordered fcc lattice. The
scalg in MnSi than in MnGe, andii) the dispersion of the _ _
minority e, band is larger in MnSi. These are related to two  TABLE lll. - FLAPW calculated = relevant properties in
different aspects: chemical and structural. The differenfNoosizsSloossrs aNd Mmos1265&g6e75 formation energiese,
chemical species determine the relative positions of the arf€V): nearest neighbor bond lengt'" " (a.u), total magnetic

ion and cation atomic energy levels in the MnSi and MnGeMPMeNt stor (i 1g), Mn magnetic momenguy, (i ug), and
cases, while the different anion size dictates essentially thBSarest neighbor group-IV magnetic momeny (i ug).
equilibrium lattice constants. The calculated band structures E gMn-1v
for both MnSi and MnGe at the same lattice constant show f Fior  Hun  Hv
very similar features and we find that the half-metallicity is Mng 431,Si; 95875 2.3 4.43 299 283 -0.03
lost in MnGe if we constrain it at the MnSi equilibrium Mn, ;41,656 osa7s 15 4.55 3.00 3.10 -0.04
volume. Both chemical and structural effects lead to a greater

In Table Il we also report the exchange splittingfgg and

n.n.
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relatively high formation energies of a Mn defect in a 20

group-IV matrix suggests that, similar to the case of IlI-V
semiconductors, a high level of Mn concentration could
cause a clustering of Mn atoms and/or the formation of un-
desired Mn-IV compounds (such as Mp,Ge; or Mn,Ge;),
rather than a MgV, _, alloy in which Mn impurities ran-
domly substitute the group-1V atom in a zinc-blende-like or-
dering. The formation energy shown in Table Il is higher in
the Si matrix than in the Ge matrix; this may be due to
size-related effects. In fact, the Mn atom belongs to the same

row of the Periodic Table as Ge, so we might expect the_

introduction of Mn to be less expensive energetically in a Ge — Mn Ge \
matrix compared to a Si matrix. L Bul(ll‘ogés 0.96875 i
The Mn-Ge and Mn-Si bond lengths are more or less — Mnd(x2) | |
| l
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10 —

0

unaltered compared to their respective bulk group-1V bond-20

lengths(the deviations are at most 1.7% his is in agree-
ment with the results of Parét all* In their work, the inter-

nal relaxations were not considered due to negligible forces
acting on the Mn atom substituting Ge sites. For the discus-
sion of the electronic and magnetic properties, it is helpful to
look at the density of state®OS) of the MnSi[Fig. 2(a)]

and MnGe[Fig. 2(b)] systems. A comparison between the
total DOS with and without the impurity shows that far from
the Fermi levelEg, the DOS remains close to that of the
host matrix DOS, since the effect of Mn is evident only
starting at about-4 eV belowEg (set as zero of the energy
scalg; in particular, the most affected component in the va-
lence region is the spin-up part. In the region betweeh

-10

(@)

---- Bulk Si
—— Mnd (x2)
— Mn

and 2 eV, the perturbation is evident for both spin compo-_»( 0031253096875 P T I !
nents. In particular, the hybridization between Mn and the -10 -8 -6 -4 -2 0

group-1V atom results in states in proximity #: and, in .
particular, in the energy gap region of the semiconductor. bulElgé 2;&(:? ;%tgl( dz(s)k?e (db?i:iﬁl'gﬁ) df%nZMng??;%f?i?ggei
Further insights can be gained from the Mpartial DOS . ) )

- ; shaded region (b) Total DOS(bold line) for FM Mng 312:Sig 96875
[see the shadowed region in Figeajzand 2b)]. An analysis 1 ;i ota DOS(dashed fing and Mnd PDOS (solid line—
of the 'elgenvalue decomposmon shows the followi(igIn shaded region To demonstrate more clearly the role of the mag-
the spin-up part, the main pedéentered at about 2.3 V' neticimpurity in the plot, the Mn 8 PDOS is multiplied by a factor
in both Si and Ge hostscorresponds to botley andt;;  of 2. The total DOSs with and without Mn are aligned in energy by
levels, whereas the feature aroulid has aty, character, shifting the semiconducting DOS so as to make the core levels
with these states only partially occupie@i) In the spin-  coincident with a core level of a group-1V atom far from the impu-
down part, the peak centered at abettt eV corresponds to rity.
tgg states, whereas the well-localized peak at about 0.5 eV

aboveE has aneq origin and the features at around 1 eV g_ (see the discussion in Sec.)Ito that the spin-down DOS

havet29 character. It is therefore evident that the spin- downat Er is finite. A comparison between the Mhpartial den-

(spin-up bands are mostly unoccupiédccupied; this re-  sjty of states(PDOS in the two systems also explains the

sults in the total magnetic moment being close @3N smaller Mn magnetic moment in the Si case; the upper DOS

both compounds, which is mostly localized on Mee Table is more or less unaltered, giving rise to a very similar inte-

). Furthermore, an estimate of the crystal field splitting,gral [i.e., same spin-up charge within the muffin GMT)

Ag, -1,, and exchange splittingy,, for the ey state in the  spherd. On the other hand, the integral of the spin-down

Ge (Si) case leads to 1.4 and 2.7 V.2 and 2.4 ey, re- DOS(i.e., spin-down charge within the MT sphegis larger

spectively. These values are nearly the same as those relativethe Si casdby about 0.2 electronsand so the final mag-

to the zinc-blende case. netic moment is larger in the Ge case. This difference is
The integer total magnetic mome(gee Table Il sug- related to the states in proximity & : as shown in the high

gests MnGe to be a half-metallic compound, whereas MnSgoncentration limit{50%), the larger hybridization occurring

is “close” to half-metallicity. This behavior is clearly evident in Si makes some of they-like states lying close tdeg

in the total DOS shown in Figs(& and Zb): in the Ge case, occupied.

the DOS shows a valley arourfit} and is strictly zero aEr The band structure of the diluted systems is shown in Fig.

in the minority spin channel; on the other hand, this same3. The lower energy region, between—12 eV and ~

valley is still present in the Si case, but is located just below—5 eV (not shown, has mainly a group-I\é character, fol-
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(8) M1 0315 S, ggg75 (jority) (b) Mn S (minority)
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lows the expected trend in ener@ye., the binding energy of As seen in Fig. &), in Mn:Ge the spin-density contour
Ge 4s states are higher than those of S 8tate$, and is  plots show that the spin magnetic moments are essentially
basically unaffected by the exchange splitting of Mstates. localized around the Mn atolfas is also evident from Table
The character of the bands in the energy range shown iél) and the polarization induced on the nearest-neighbor
mainly of Mnd and group-IVp. As far as the half-metallicity atom(Si or Ge is negative. Moreover, the spin density spa-
is concerned, the valence band maximum of the minoritytial distribution along the nearest-neighbor Ge bonds reveals
spin channel in MnGésee Fig. &)] reachesEg atI', so its p character. This is believed to be a signature of the AFM
that the spin gapi.e., the minimum energy required to flip coupling between the polarized hole and the Mn spin in the
the electron spinis zero; on the other hand, the energy gapmodel proposed by Zerfeto explain DMS ferromagnetism.

is indirect(since the lowest conduction energy level is alonglt was also suggestédhat in Mn-doped magnetic semicon-
theI'-Z line) and is about 0.14 eV. The bands aroufdin  ductors, the antiferromagnetic interaction between Mh 3
the majority spin channel arise from Mhand Gep hybrid-  and its nearest-neighbor aniprstates could lower the total
izations, so as to give rise to hole pockets closd'toThe  energy, therefore stabilizing the ferromagnetic alignment.
band structure of MnSisee Figs. @) and 3b)] is qualita- This is consistent with our present findings. In addition, a
tively similar to the MnGe case, except that intercepts careful inspection of the magnetic moments induced on the
energy bands in both the up- and down-spin channels so thgroup-IV atoms shows an oscillatory and decreasing trend as
the half-metallicity is lost and the behavior is metallic. a function of the distance from the Mn impurifgee Fig.
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(a)

FIG. 4. (a) Spin density for Mi g31245& gss75in the[110] plane. Spin density contours start at 10”%e~/cell and increase successively
by a factor of 2% /cell. The positive(negative spin density is shown by soli@lashedl lines. (b) Induced Si magnetic moment® wz)
vs distance from the Mn atontc) Induced Ge magnetic momer(is ug) vs distance from Mn.

4(b)]. This oscillatory trend is more evident for tlserather  ductors, to be used as basic materials in spintronic devices.
than thep polarization. Overall, the group-1V atoms have but These findings are in agreement with those obtained by Zhao
a negligible polarization, giving further evidence of the et al,'® which found that the Mn-Mn magnetic coupling is

strongly localized nature of the magnetism in DMSs. strongly dependent on the overall Mn distribution in the en-
vironment and that the FM coupling is always energetically

very competitive. Moreover, Si and Ge hosts show very simi-
V. HIGHER MN CONCENTRATION IN A GROUP-IV lar behaviors; in particula\ g is more or less unaltered for
MATRIX the two lowest concentrations, whereas some differences,
. ) though small, show up in the high concentration limit: the
In Fig. 5, we plot the relevant properties, such as totalge-pased structures seem to favor FM alignment more than
energies and magnetic moments, as a function of the Mie Sj-based alloys do. Furthermore, as a general teepag,
concentration. Let us first focus on the difference of totalincreases with Mn Concentration; however’ the tendency to-
energiesAppa=Earm—Egnm, between the AFM and ferro- wards FM alignment is clearly evident even for the lowest
magnetic(FM) spin configurations, shown in Fig(&, for  concentration examinedi.e., x=0.0625, which is of the
both MnGe,_, and MnSi;_,. It is remarkable that all same order of magnitude as that achieved in experimental
structures show the FM alignment as the favored spin alignsamples namely,Ag, is of the order of 100 meV/Mn. The
ment; this is in agreement with the experimentally observedrend in Ag5 with x is consistent with the increase of the
ferromagnetic state in Mi&e,_, alloys and therefore sug- Curie temperature with Mn concentration observed in
gests these systems as a new class of ferromagnetic semicdvn,Ge, _, alloys!*
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FIG. 5. (a) Difference between total energies in the AFM and

FM configurations,(b) total magnetic moment per Mn atokin So43 20 5o 32 b0

ug), and(c) Mn magnetic moments in the muffin tin sphéie ug) EEV) E(V)

for_Mn_XSil,X (squares and dashed lirend MnGe, _, (circles and FIG. 6. DOS for M 062:Sio ¢375: (@) Total, (b) Mn d PDOS, (c)
solid line). Si PDOS,(d) total, (6) Mn d PDOS, andf) Ge PDOS. The solid

As for the trends of the total magnetic moments shown in(daSheOi lines show the FMAFM) spin configuration.

Fig. 5(b) only for the FM spin alignment, we note that the
MnGe systems tend to keep a total magnetic moment clos&nion chemical species are, on the other hand, relevant in
to 3ug (i.e., consistent with the half-metallic behavior determining the Mn magnetic moment within the Mn muffin-
shown by the DOS irrespective of the Mn content. On the tin sphere(with a radius kept equal in the Si and Ge cases
other hand, the MnSi systems are more sensitive &how- it is clear from Fig. %c) that uy, is larger for the Geéabout
ing in particular an increasing tendency towards half-3.1ug) compared to the Si host matrigbout 2.7%p). As
metallicity as the Mn concentration is reduced. already discussed, this is due to both chemical and size ef-
Finally, we discuss the trends of the Mn magnetic mo-fects: in fact, we find a larggy-d hybridization in the case of
ment, wyn, as a function ofk, shown in Fig. %c). First of  Si compared to Ge, and a resulting reduction of the Mn mag-
all, the magnetic moment is essentially of ®rigin, since  netic moment compared to the ideal atomic value.
the 4s and 4p spin polarizations are very weak. It is remark- As a final remark, we point out that the exchange-
able that the Mn total charge and tothklectron population — correlation parametrizatiofi.e., LSDA vs GGA does not
in the muffin-tin sphere are aboue® and 5.88~ (5.2e~  play a crucial role. Tests performed for the MnsSiys7s
and 5.1%87) in the MnGe(MnSi) alloys, respectively, for all case within both parametrizations show that both the total
concentrations. This is consistent with what was alreadyand Mn magnetic moments are larger by aboup@. Within
pointed out in the MnGaAs cadesince thed population is the GGA compared to the LSDA. However, this small
higher than in the Mn free atom, there could be a populatiorchange does not alter the half-metallic vs metallic character
inversion, i.e., ars—d promotion, in marked contrast with of the system: for MnSfwith x<0.0625), half-metallicity is
the Ludwig-Woodbury modél’ The relevant feature of Fig. lost both within the LSDA and GGA.
5(c) is that neither MnSi nor MnGe show a definitee., In Fig. 6 we show the DOS in the AFM and FM configu-
increasing or decreasingrend with Mn content, but rather a rations forx=0.0625 in both Si and Ge. A comparison be-
very similar value is kept for all concentrations. This con-tween the total DOS shows that in the Ge case the behavior
firms that, as noticed when discussing the spin density, thés dramatically changed by the magnetic alignment: the half-
Mn magnetic moment is to a large extent determined by locametallic character of the FM spin configuration is lost, since
effects, i.e., by the four nearest neighbétetrahedrally co- the AFM configuration shows a metallic behavior, due to the
ordinated at a fixed distanceThe critical distance and the introduction of states & . A similar mechanism acts in the
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TABLE IV. FLAPW calculated magnetic moments in 8i; , and MnGe, _, as a function of Mn
concentrationx in FM and AFM spin configurations: Mn magnetic momeg,,, (in wg), and nearest
neighbor magnetic momenpgin_n_ and '“Gen.n.) (in ug).

Sig.g378MINo 0625 Sio.g7dVINg 125 Sig.78MNg 25 Sig.sMng 5

FM AFM FM AFM FM AFM FM AFM
MMn 2.73 +2.59 2.77 +2.56 2.77 +2.54 2.71 +2.39
Hsi, —0.03 +0.03 —-0.03 +0.03 —0.06 +0.06 -0.12 0

Gey 937MNg 0625 Gep g7dMNg 125 Gey 79MNg.25 GeysMngs

FM AFM FM AFM FM AFM FM AFM
MMn 3.09 +3.02 3.06 +2.99 3.07 *+2.97 3.22 +2.89
MGe —-0.05 +0.04 —0.05 +0.04 —-0.09 +0.09 —-0.17 0

n.n.

Si case, so that there is a filling of states in the valley inon the effects ofi) the host matrixi.e., Si vs G¢, (ii) the
proximity to Eg ; however, the resulting effects are relatively Mn content, andiii) the spin magnetic alignmeite., FM
less important compared to Ge, since some statEg atere  vs AFM) on the relevant electronic and magnetic properties.
already present in the FM case, so that the overall metalli€ommon to other DMSs, Mn is found to stabilize a magnetic
behavior is not changed. state(compared to the paramagnetic @nigeing a source of

The Mn d PDOS shows similar features in the FM and hole pockets and of localized magnetic moments of about
AFM cases, consistent with their very similar magnetic mo-3ug. We were able to show that due to a lower degree of
ment values. This suggests that the magnetic moments imybridization, half-metallicity is found for the Ge-based sys-
these diluted semiconducting systems are well localized. Items, whereas it is just missed when Mn-doped Si. More-
Figs. 6¢c) and G&f) we show the PDOS relative to the over, our results indicate a stable FM alignment in all the
group-1V atom that is the nearest neighbor of Mn. It is evi-systems investigated in both Si- and Ge-based structures,
dent that anion state@ssentially ofp origin) strongly hy-  with A, increasing with the magnetic impurity concentra-
bridize with Mnd states, resulting in an induced spin polar-tion. These findings are in agreement with the experimental
ization. observation of a stable M@e, _, ferromagnetic semicon-

The Mn and IV magnetic moments as a function of con-ductor, with a Curie temperature increasing with the Mn con-
centration are reported in Table IV for the FM and AFM spin tent. Based on our results and on recent experiménifs.’
configurations. What was pointed out when discussing Figthe use of these materials in potentially new spin-based de-
6, namely,(i) the slightly negative spin polarization of the vices is suggested; in particular, the 100% spin polarization
group-lV nearest neighbor atoms, atig the similarity be-  of the carriers and the stronger stability of the FM spin con-
tween the Mn and group-1V magnetic moments in FM andfiguration compared to the AFM configurations seem to sug-
AFM spin configurationgeven with a relatively high con- gest Ge-based structures as more promising within the spin-
centration of magnetic impuritieg=<0.25), is basically un- tronics framework.
affected by the Mn content, showing once more that the rel-
evant magnetic properties are determined locally.
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