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Stabilization of half metallicity in Mn-doped silicon upon Ge alloying
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We propose SGe,_, alloys as suitable candidates for spintronic applications. Remarkably, our first-
principles investigation explains, within the local spin density approximation, the microscopic mechanism that
stabilizes the half metallicity in Si matrices under Ge alloying and shows that it can spontaneously occur: in
fact, half metallicity is determined by-d hybridization in the presence of Ge atoms surrounding Mn impuri-
ties, and this particular environment is energetically favored over other possible local composition fluctuations,
such as excess of Si atoms around Mn. A detailed discussion of the trends of defect formation energy and of
magnetization as a function of alloy composition and configuration completes the present work.
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[. INTRODUCTION conduction bands. Very recently, the energetics of interstitial
and substitutional Mn in Si, Ge, and,Sie,_, alloys has been

Diluted magnetic semiconductdr@OMS's) represent one investigated by means of first-principles calculatiéhsor
of the most recent, challenging, and exciting topics in thex=<0.84, substitutional Mn in a Ge-rich neighborhood was
condensed matter area, due to the many unresolved issut€s!nd to be more stable than interstitial Mn.
from a fundamental point of view, as well as to the enormous A combined theoretical and experimental study was fo-
potentialities as basic spintronic materials for device applicused on GGe,y and CyMn,Ge, (00D thin films grown
cations. So far, great interest has been devoted to transitio® GaA$001) (Ref. 11 the samples were found to be
metal-(TM-) doped I1I-V semiconductorghaving its proto- ~ Stongly p type, with the hole density increasing with Cr
type in MnGaAs(Refs. 2-4] and to TM-doped oxidegthe ~ concentration. GGe,_, systems were paramagnetic for the
prototype being Cgri; O, (Ref. 5]. Recently, however, 9rowth conditions and low Cr concentrations employed
some attentiotT has been devoted to TM-doped group-IV (y<<0.04), in agreement with first-principles predictions. Ad-

: : : dition of Cr into the ferromagnetic semiconductor &,
- - - P S
_seml_conductoren part|culgr to Mn-, Cr-, and Fe qloped ﬁ_e host, however, systematically reduced the Curie temperature
in this case, the complexity related to the chemical environ- o
: and the total magnetization.
ment with the consequent presence of defésteh as Ag,

T : ) An interesting question to address is whether the occur-
antisites in MnGaAgis believed to be reduced thanks to the .o oo of half-metallicity found in some of the Mn:Ge sys-

single atomic species of the host matrix. This might open theams results from long-range effects or rather from short-
way to a better understanding of the fundamental mechamznge interactions. In the former case, it would be interesting
nisms leading to the observed ferromagneti$fM). Het- o know the critical compositiox which would cause the
eroepitaxial growth of MgGe ., thin films has been |oss of half-metallicity in Mn-doped SBe,_, alloys, while,
achieved and reported by a few grotipand showed Curie  in the latter case, it would be desirable to understand how the
temperatures up to 116 K, along withpatype character and |ocal environment—from both chemical and structural points
hole-mediated exchandeHigher Curie temperature@ip to  of view—affects half metallicity. In this work, we extend the
285 K) were also reported for Mn-doped bulk Ge single previous study reported in Ref. 14 and focus on the effect of
crystals® From the theoretical point of view, several density- the Si-Ge relative composition. SiGe alloys have been the
functional-based studies were undertaken. In particular, @bject of several theoretical as well as experimental
Ruderman-Kittel-Kasuya-YoshidéRKKY) mechanism was investigation&® due to their technological relevance in the
invoked to explain the exchange interactions in e _, as  realization of multiple-well and quantum-dot systems. More-
a function of the Mn local environmeft. Accurate full-  over, strain effects in these systems have been deeply inves-
potential linearized augmented-plane-wevg=LAPW) cal-  tigated and exploited in the design of new devices. Due to
culations were performed by some of'tifor Mn,(IV);_,  the importance of Si in modern technology, the possibility of
(IV=Si, Ge) systems, suggesting Mn to be a source of holesMn doping in suitable Si:Ge-diluted systems, properly tai-
and localized magnetic moments of aboutgBMn. More-  lored to adjust matching constraints, might open the way to
over, ferromagnetic alignment was found to be favored overealize the integration of magnetic semiconductors into Si-
antiferromagnetism, its stabilization generally increasingbased devices. Moreover, these systems offer a base of in-
with Mn content. Irrespective of the Mn content, Ge-basedvestigation to ascertain the effects of the chemical and struc-
systems were found to be very close to half metallicity,tural environment on the ferromagnetic properties.

whereas the Si-based structures just missed the half-metallic In this study, we concentrate on the electronic and mag-
behavior due to the crossing of the Fermi level by the loweshetic properties of Mn impurities in Sbe,_, alloys at differ-
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TABLE I. Atomic shellsS(i=1,...,5 in a 32-atom bcc supercell and their filling according to thg&8j_, alloy compositionx for the
different studied systems as a function of concentrationSi,Ge, _, host matrices. In parentheses, we show the number of independent sites
of each shell. In all the systems considered, the Mn atom is located at the origin.

S S S S S
X D 4 (12 (12 ©)
0.0 Mn Ge Ge Ge Ge
0.094 Mn Ge Ge Ge Si
0.125 Mn Si Ge Ge Ge
0.25 Mn Si Ge Ge Si
0.375R, Mn Ge Si Ge Ge
0.375R, Mn Ge Ge Si Ge
0.5R; Mn Si Ge Si Ge
0.5R, Mn Ge Si Si Ge
0.75 Mn Ge Si Si Si
1.0 Mn Si Si Si Si

entx concentrations. Due to the limited solubility of Mn in loys (0<x<1) were simulated in two way$1) by means of
group-1V semiconductors, we limit our study to small Mn the virtual-crystal approximation, in the Ramer-Rafipe
concentrations and describe the impurity limit using superimplementation, using pseudopotentials in separable férm;
cells with one substitutional Mn impurity only. As already this allows formulation of the virtual-ion PP in terms of the
pointed outl® substitutional Mn is generally favored over the Kleinman-Bylander projectors of the true pseudopotentials
interstitial site, whereas, for large Si concentrations in theand a simple mixing of the local potential contributions; and
Si,Ge  host, interstitial Mn is expected to be favored. How- (2) using real atoms to investigate the role of the local envi-
ever, in order to focus on trends of relevant structural, elecronment.
tronic, and magnetic properties as a function of xheon- In order to evaluate the numerical uncertainty, we com-
centration, we limit our study to the substitutional Mn site. pare our pseudopotential calculations with those obtained
In Sec. Il we report computational and structural details;with the FLAPW method for some selected Mn-based struc-
in Sec. lll we discuss our results, in terms of energeticstures such as bulk bcc MfiQ01]-ordered antiferromagnetic
structural, electronic, and magnetic properties as a functiogAFM) Mn, ideal MnSi and MnGe zinc-blende compounds,
of the relative concentratiorn in Mn-doped SjGe,_, alloys, and diluted MgSi,_, alloys. Taking into account also the
both using the “real-atom(RA) and “virtual-crystal”(VC) numerical uncertainty in pseudopotential calculations due to
approaches. Finally, we summarize our results and draw theonvergence parameters, we found that estimated errors were
conclusions. of (i) less than 0.1 eV on thelative formation energiegi)
about 0.01 A on the bond lengths, afiiil) about 0.0%g on
the magnetic moments. As shown in the following, none of
II. TECHNICALITIES these numerical errors is going to affect the physical picture
A. Computational details that emerges from the results.

The calculations in this work were performed using the
PWsCFpackagé’ within the local spin density approximation
(LSDA) to density functional theory. As is well known, this  In order to simulate random semiconducting alloys from
scheme does not allow an exact evaluation of the exchangdi¥st principles, several approaches have been propdséd.
correlation interactions, which may affect the electronic andHere, for the SiGe,, alloy (0<x=1), which is the matrix
magnetic properties of these correlated compounds. In pafer the substitutional Mn impurity, we adopted the approach
ticular, the effects on the unoccupied states might be relproposed by Baldereschi and Perés$or both ionic and
evant, as shown in Refs. 18 and 19 by means of LSDAsemiconducting solid solutions, based on cubic supercells,
+self-interaction-correction(LSDA+SIC) and LSDA+U filled shell by shell with Ge and Si atoms according to cubic
calculations, respectively, for the similar GaMnAs com-symmetry. This symmetry constraint limits the allowed com-
pound. An ultrasoftUS) pseudopotentid? (PP was used for  positions and the internal distortions that can be described by
Mn, with semicore ® and 3 states kept in the valence shell a given supercell. In particular, we used here a 32-atom
while Si and Ge were described using a norm-conserving PlRcc cell, its Bravais vectors beinga;=(ag,ag,ap),

The kinetic energy cutoff used for the wave functions wasa,=(-ag,ap,a), andas=(-ag, —ag,ay), Wherea, is the cu-
fixed at 25 Ry; a 250 Ry cutoff was chosen for the chargebic lattice constant of the host compound. The atomic shells
density, due to the presence of the US Mn pseudopotentialdenotedSl, 2, S3, $4, andSb in Table ) contain, respec-
The irreducible wedge of the zinc-blende Brillouin zone wastively, 1, 4, 12, 12, and 3 atomsee Table )l and therefore
sampled with a444) Monkhorst-Pack! mesh. SiGe,_, al-  allow for compositionx=0.03125, 0.09375, 0.125, 0.15625,

B. Structural details
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TABLE II. Relevant properties of a Mn impurity in a,&e;_, matrix as a function of the Si concentration Jattice constanfa in a.u),
difference of defect formation energH;, in eV) with respect to the Mn-doped Ge system taken as reference,(tqtgl and absolute
(maps Magnetization(both in Bohr magnetons Mn nearest-neighbor distance and ideal nearest-neighbor distdfda-NN), d(NN),
respectively, in a.).

0.375 0.5
X 0.0 0.094 0.125 0.25 Ry R Rs R, 0.75 1.0

a 10.650  10.611 10597  10.545  10.492  10.492  10.440 10440  10.335  10.230
AHq 0.00 0.00 0.15 0.17 0.09 0.04 0.25 0.09 0.15 0.33
oot 3.03 3.01 2.91 2.96 3.00 2.97 2.77 3.00 2.97 2.73
Habs 4.06 4.03 3.81 3.80 4.07 3.90 3.59 4.02 3.95 3.59
d(Mn-NN) 4.55 4.54 4.47 4.48 4.55 4.51 4.44 453 4.51 4.43
d(NN) 4.61 4.59 4.59 4.57 4.54 4.54 452 4.52 4.48 4.43

0.21875, 0.25, 0.375, 0.40625, 0.46875, and 0.5 of the ureompositionsx=0, 0.09375, 0.125, 0.25, 0.375, 0.5, 0.75,

doped SiGe,_, alloy and for the complementary ones. and 1. In Table | we report the chemical occupation of the
In the systems considered, we fully relaxed all the internalifferent atomic shells for different selected compositioof

positions according to theab initio—calculated atomic the SjGe,_, host matrices. For each composition, the lattice

forces; therefore, local strain effects are correctly taken int@wonstant is taken equal to that of the undoped case; again,

account. For the pure end poirfts., x=0 or =1), the calcu-  our tests show that this is a good approximation, due to the

lated bulk lattice constants weray'=10.23 a.u. anda§®  very small Mn concentration.

=10.65 a.u., in good agreement with the corresponding ex-

perimental valuega5'=10.26 a.u. anca§®=10.69 a.u. As

for 0<x<1, the average lattice constant has been calculated ll. Mn DEFECTS IN A Si ,Ge;—x MATRIX

according to Vegard’s law—i.e., by means of a linear inter-

olation between the end points. This is iustified by alread In this section, we will discuss the results for a single Mn
pora 6.28 poInts. | y meurity as a function of the different host matrix—i.e., by
published®?8 results and confirmed by some of our tests.

We note that undoped Si-Ge isotropic cells reproduce saé—') varying the Si concentrationin the S}Ge,, matrix and

. . . ; S i) comparing the VC and the corresponding structures with
isfactorily the main experimental trends as far as individua .

Lo i . real atoms at the same concentration vakuén Table Il we
bond lengthgd; ; with i, j=Si, Gg are concerned; we find

: L show the relevant properties of the different systems, in
that the_ relevant bond Iength_s show quite small variations a8 rms of formation energiH,) differences, structural param-
a function of the concentratiomg.g. varies between 4.58 tersilatti tant dfM t-’ iohH9N) bond
and 4.61 a.u.dgice between 4.52 and 4.54 a.u., adg.g; E}re]rsﬂ[]a ;:nedct%rtil(an 3 aar:1d agsgleua,:;es r:)erlgab:et)iza(t)ign
between 4.46 and 4.50 a.u. which compare very well withc"9th%: o HMab 9 '

the experimentd? and previous theoretic&l?8 values(4.61, \thiCh are defined as“‘Pt:fdr[pT(r)_pi(r)] and faps
453, and 4.44 a.u., respectively, with error bars of about‘fdr|PT(r)‘Pl(f)|, re;spectwely. . o

0.02 a.u). Of course, the structures considered are only a We remark that, in the following, we will discuss results
very simple possible choice to represent a complex systefiPtained using the local spin density approximation; of
such as the SGe,_, alloy: much larger cells along with dif- coUrse, a different treatment of exchange and correlation ef-

ferent site occupation criteria should be considered for a bef€CtS might change some of the conclusions, in particular
ter description of the randomness effects. However, our ﬁndt_hose_ related to the half-metallic versus metallic character of
ings give us confidence that the present simple model ighe different systems.
sufficient to obtain the main important results for the un-
doped alloy in terms of formation energies and structural and
electronic properties, and it can be easily extended to the
case of Mn doping in order to describe reliably the effects of Let us first consider the real-atom case. The formation
different local environments around the impurity on the mac-energy for a Mn impurity in a $Ge,_, matrix is evaluated as
roscopic quantities listed above. Moreover, as we will showH;=E%®*~EPue— ;M1 4,V whereE%" and EPU"® are the total
in detail, the overall magnetic properties of the compoundenergies of the unit cell with and without Mn defect—which
are essentially determined by theeal environment, so that substitutes for the group-1V atom—respectivel" (V) is
our simple structures can already be representative of sonibe chemical potential of a bulk M¢group 1V). As a refer-
of the possible occurring cases. ence for the Mn chemical potential, we considered the value
In the case of Mn doping, we extend this simple modelin the AFM [001]-ordered fcc lattice. Only neutral defects
considering the Mn impurity at the center of the cell andare considered. Of course, both the assumptions of neglect-
using the isotropic filling criterium for the remaining atomic ing (i) Mn,Gg, or Mn,Si, competing phases in the Mn
shells. This allows for almost the same alloy compositionschemical potential andii) charged states are arbitrary
listed for the undoped alloy. Here, we explicitly consider thechoices which may affect the final resutfs.

A. Formation energies

165205-3



S. PICOZZlet al. PHYSICAL REVIEW B 70, 165205(2004)

We found that the formation energy is very sensitive to
the kinetic energy cutoff employed for the plane-wave ex-
pansion set; with the cutoff used here, we estimatalzso-
lute numerical uncertainty of about 0.5 eV. We find quite
large valueq>1.5 eV, clearly beyond our numerical uncer-
tainty) for the formation energies of all the systems consid-
ered, which highlights the difficulties in doping,Sie,-, al-
loys with Mn; this is consistent with the experimentally
observefl tendency towards clustering of Mn atoms and/or
formation of different magnetic phasésich as Mp,Ge;) at
Mn concentrations higher than about 10%.

We point out that, despite the quite large numerical uncer-
tainty in the H; absolutevalue, itsrelative variations with
respect to the host chemical composition are much less ser
sitive to computational detail@he relative numerical uncer-
tainty being less than 0.1 VA comparative analysis of the
formation energies for the different compositions and con- ~
figurations is therefore possible and meaningful. We choose§ 38
as reference system a Mn impurity in a Ge host, wheye :fﬁ ........................

reaches its minimum, and we report in Table Il the differ- 3.6 [ OO
ences of the formation energies with respect to that case [ | . | . | . | . ©1
Usually, the formation energy and magnetization are consid- 3.4 ' I ol ' I ' [ T

ered to be a function of one parameter only: the concentra~
tion x. Looking at the results displayed in Fig. 1, we notice ;;4'52
that this statement can be valid only to a first, quite rough, g

approximation. The estimate afH; based on the end points § ________

(pure Si or Ge matrixonly may suggest that the formation % F e

energy regularly increases with Si concentration. However, 4441~ | T ]
even from a first look at the results reported in Table Il and in 0 ' 0.2 ) 04 ' 06 ' 0.8 ' 1
the first panel of Fig. J(open symbolg we find that the Si concentration x

average compositiois not the only important quantity. In
fact, at a given composition, sizable fluctuationsAdt; oc-
cur for different specificonfigurations This is related to the
relevance of the local environme(te., limited to the NN

448 [, ° —

FIG. 1. (a) Formation energy differenc&\H;), (b) total mag-
netic moment ), and(c) absolute magnetic momer(g,,y as a
function of concentratiorx in Mn-doped SiGe,_, alloys for VC
systemg(solid circleg. For comparison, values for the RA systems

shell: in the case of a Si NN shell, we find formation ener- Iso sh b . )
ies larger than those corresponding to systems where Mn are also showitopen symbols squares if NN of Mn are Si, circles
g hsthey are Ge. Dotted and dashed lines are a guide to the eye

surrounded by a Ge NN shell, thus evidentiating the IOWerconnecting configurations with similar local environments.

energy cost of Mn to bind with Ge rather than Si. This is
consistent with the results of da Sileaal,'® who varied the
number of Si versus Ge neighbors in the Mn first coordinathe other structures of Table | we notice tlibtthe contri-
tion shell(denoted as) and found that Ge-rich neighboor- bution toAH; per Si atom decreases as the order of the shell
hoods have lower formation energig®., the formation en- increases, going from 0.04 eV of the nearest-neighbor shell
ergy decreases about 0.3 eV in going from0 (i.e., no Sias to 0.007, 0.003, and 0.000 eV for the second-, third-, and
nearest neighbotto v=4 (i.e., no Ge as nearest neighfjor  fourth-neighbor shells, respectively, showing an almost ex-
Moreover, the two structureR; and R, with equal con-  ponential trend{ii) the contributions taAH; per Si atom of
centration atx=0.375 have different formation energies andeach of the four neighbor shells considered are almost addi-
different magnetizations, as a consequence of the fact théitve. In fact, summing the contributions of the various shells
they correspond to filling of shells at different distances fromwe obtain 0.28 eV, in substantial agreement with the value
the Mn impurity. As expected, single shells contribute differ-of 0.33 eV found for the direct calculation of Mn impurity in
ently, according to the distance from the Mn atom. This ispure Si. Similar considerations also hold for the other struc-
particularly evident for the formation energy. tures of Table I. The additivity of the single-shell contribu-
We did not investigate all the complementary configura-tions denotes a relatively small three-body contribution with
tions; however, we payed much attention to low Sirespect to the relevant two-body Mn-8r Mn-Ge direct
concentration—which is also the most favored case—andhteraction.
study the behavior of the formation energy upon filing up  For completeness, we also discuss the results for the VC
with silicon atoms only one shell at a time—namely, o8B,  case; by its nature, the VC model accounts for the average
3, HA, or $H. Considering these structurgsamely, x ~ composition only and neglects details of the local environ-
=0.125,R1, R2, andx=0.094, in Tables | and Jland com- ment. In general, the results from the VC mo¢=lid sym-
paring their formation energy with those corresponding tobols in Fig. ) show regular trends of the different properties
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TABLE Ill. Total and absolute magnetic momeriis ug) of the  structure MNGe(MnSi) at a=ag; (a=ag,) is obtained from
Mn impurity in pure Ge and Si matrices at different lattice constantsthe fully relaxed MnS{MnGe) ata=ag; (a=age) by a simple
(see texy exchange of group-IV atoms; those at the Sie, 5 lattice
constant are at the ideal unrelaxed zinc-blende posistions.
The general trend of larger magnetic moments at larger vol-

a=10.230 a.u. a=10.440 a.u. a=10.650 a.u.

Mnin Ge 2.92 3.00 3.03 umes is confirmed in both compounds; however, we can ob-
LLabs 3.73 398 4.06 serve that, _at fixed volume, _Mn in Ge always shows a larger

M in Si 273 295 298 magnetization than Mn in Si. Mpreqver, we can see that_ the
fabe 359 301 4.00 total magnetic moment of Mn in Si at intermediate lattice

constant (a:as-b Geys— 10 a.u) is appreciably larger
(2.95up) than in theR; structure (2.77ug; cf. Table II),

with the average composition of the host alloy. As &dd;, ~ where Mn is also surrounded by Si atoms and where the
in particular, the dependence aris almost linear, and this average lattice constant is the same. This is a mere local
behavior is also recovered by averaging the different valuestrain effect, due to the full relaxations allowed in the alloy
for the different possible configurations with real atoms.  case(R; structure that lead to a Mn-Si distanc&dy;.nn
=4.44 a.u. much shorter than in the ideal cage52 a.u). In

this situation, therefore, local strain relaxation dictated by the
Si size strongly suppresses the magnetic moment.

The Study of hypOthetlcal MnGe and MnSi zinc-blende The apparently anoma'ous case cﬁ.Z%Q)JS Where the
compounds shows a sizable reduction of the lattice paramnagnetic moment is close to three, despite Si being the Mn
eter with respect to the corresponding pure Si and Ge bulksyn " can be explained on the basis of the same arguments:
the equilibrium bond lengths as calculated within PWSCFy,o16 the jarger Mn-Si distance, combined with the larger lat-
LSDA are found 4.48 a.u. and 4.32 a.u. for MnGe and MnSijce constant, results in an enhanced total magnetic moment,
respectively—i.e., 0.13 a.u. and 0.11 a.u. less than those @fose to Mn in pure Si at the average Ge-Si lattice constant.
the corresponding group-1V elements. This suggests that siz- The reason for this behavior can be traced back to the
able. Iocall I_attiqe con;ractions must jo_in j[hg substitution Ofp-d hybridization and related exchange splittisge below:

Mn impurities into SjGe, alloys. This is indeed found 5 ever as a general trend, we can conclude that the result-
from the analysis of the individual Mn NN distances in the j,q magnetic moment is determined by the interplay of size
different configurations, together with other opposite relax-,,4 chemical effects related only to the NN shell or, equiva-
ations for nontrivigl compen§qtion effects taking into accounqenﬂy, that the local environment around the Mn impurity is
the average matrix composition. If the NN's of Mn are Ge, e main ingredient in determining the final electronic and
the dy.c. distances are always smaller théig(Ge) in bulk 5 anetic properties. The higher value of the absolute mag-
Ge, but remain larger thady(MnGe) in the MnGe zinc  petization, compared to the total magnetization, denotes the
blende. At variance, if the NN's of Mn are Si, th,si  presence of antiferromagnetic regions; this is well kndfvn,
distances are always equal or larger tig(Si) in bulk Si.  gjnce the polarization induced on the NN shell is generally
As a common feature, they,yy bond lengths are in be- negative. This is also confirmed by the present results: for
tween thedyy(Ge) anddy(Si) in the corresponding elemen- example, calculations of the Lowdin chardfem the x=0.5

tal bulk. case show that the polarization induced on the NN Ge and Si

This suggests that both chemigatlated to the dominant atoms is —0.185 and —-0.12:5 in the R, and R; cases, re-
hybridization in DMS'’s, between Md states and anion Sivs spectively. Also for the absolute magnetization, similar
Ge p states and size(related to the Si vs Ge local environ- arguments—in terms of chemical and size effects of the local
meny effects are quite important in determining the final environment—can be invoked to explain the trends as a
local structure and the consequent stability. function of the SiGe,_, concentratiorx.

In this regard, it is interesting to study how the induced
spin polarization behaves as the distance from the Mn impu-
rity is increased. In Fig. 2 we show the magnetic moment on

Similar considerations hold to explain the magnetizationatomic positions belonging to successive neighbor shells,
trends: a total magnetic moment very close tocalculated as the difference of the Lowdin charges for up-
3ug—presumably leading to half-metallicity; see below—is and down-spin states: the curves plotted in Fig. 2 differ only
found in systems where the TM impurity is bonded with Gefor the magnetic moment value on the Mn impurilycated
atoms, whereas, in the case of a Mn-Si bond, the magnetiat the cell origin; as the distance from the magnetic impurity
moment is reduced to abo(R.7-2.8ug, leading to a situa- s increased, the induced spin polarization is the same, irre-
tion where half metallicity is just missed. spectively of the chemical species occupying title neigh-

However, as is well known, magnetic properties are veryboring shell. This shows that we are dealing with a mere
often strongly dependent on the volume and this is also truécal effect, which is very little affected by tteveragecom-
in these compounds. In order to separate chemical from vobosition andong-rangeordering of the host matrix.
ume contributions, we show in Table Il the total and abso- If we look at the results of the VC calculation in Fig. 1,
lute magnetic moments for=0, 1 at different volumes. The we find that, since local effects are wiped out, the behavior is

B. Structural properties

C. Magnetic properties
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T | T | T 20 T | T |
3-8 x=050 R,) i L (b)
o—o x=0.50 (R,) : 10
A-A x=025 ]
-
=]
=
o =t &
1 1 | 1 | 1 | 1
0 1 2 3 4
Neighbours shell

FIG. 2. Magnetic momengk (ug) on the atomic sites occupying
different neighboring shells as a function of the distance from the
Mn impurity placed at the origin of the cell. The different curves are
relative to different SiGe,_ x concentrations. 0.4

0.2

more regular and less scattered than in the RA case: here, g
both w,; and ups Show a deviation from the linear trend; in
particular, for both total and absolute moments, a parabolic “02
fit (i.e., a linear trend plus a quadratic term related to the g4 : 5
bowing) is a reasonable approximation, the deviation being Ty Dot i ]
comparable to our estimated numerical uncertainty. 654321012 65432-1012

E (eV) E (eV)
D. Electronic properties FIG. 3. Density of states for the=0.5 concentration(a), (b)

Total density of states fdR, and R; systems, respectively. Density

In order to deeper investigate the electronic and magnetigf states projected ofe) Mn in Ry, (d) Mn in Ry, () Ge NN inR,,
properties, we focus on the 50% case and report in Fig. 3 th@no_l(f)_ SiNNin Rs. I_Dosm\_/e and negative v_alues are relative to the
total density of state€DOS), along with the DOS projected Malority- and minority-spin states, respectively.

(PDOS on the Mn impurity and on the first NN Si or Ge for

both R; andR, cases. As expected, a strong hybridization is i , )

found between the Md and group-IVp states, along with a  [Panel(b)]is quite close to the case of Mn in GafRef. 32

Mn atom showing a minority DOS mostly unoccupigdf. W€ find major_|ty bon(.jmgtzg-lllke .states at higher binding
Fig. 3, panelgc) and (d)]; this feature is common to most €nergy and with spatial localization on the Mn, completely
DMS'’s. From the total DOS, it is clear that the two systems,ﬁ”ed- The Fermi level cuts at almost half-filling thg,-like
though showing similar features, remarkably differ for theantibonding majority states with spatial localization on the Si
position of the Fermi levelEg, with respect to the conduc- site and touches the minorigy-like states poorly hybridized
tion bands, theR, (R;) system showingnot showing half ~ with Si states. Comparing Fig. 3 for the 50% SiGe allgig
metallicity. In particular, the density of states for the andR,) with Fig. 4 [panel(b)] for the Mn impurity in pure
majority-spin bands are almost exactly equal; on the otheBi, we can see that the projected DOS on the Mn sites are
hand, for the minority-spin component, the occupied statesery similar: the minority states witke, symmetry are lo-
still show a very similar behavior, whereas the unoccupiedctated at the same energy position above the Fermi level and
bands are systematically lowgsy as much as 0.2 e\in the  are slightly occupied, causing the loss of half-metallicity. We
R; case compared to th, case, due to the lower-energy remark, however, that the Fermi level position with respect
position of the Mn eé bands [see the peak at about to the highly localized, states is strongly dependent on the
0.3-0.5 eV in Figs. @) and 3d)]. This can be traced back treatment of the exchange-correlation interaction. Prelimi-
to the exchange splitting, which, due to the larger Mnnary LSDA+U calculations whereU is self-consistently
d—(IV)p hybridization, is smaller in the case of the Mn-Si determineé® suggest that)~3.0 eV is appropriate for Mn
bond (present inR;) compared to the Mn-Ge bongresent in Si and Ge environments. For this valueldfhalf-metallic

in Ry). behavior is recovered in Mn-doped Si as well. Other relevant

In Fig. 4 we plot the density of states projected on the Mnresults discussed here, such as the formation energy trends,
site and resolved in,;- and eg-like symmetry for the are unchanged within LSDAY. We caution the reader that
SiGe, alloy atx=0.25 andx=1.0, panelga) and (b), re-  previous LSDA+J calculations used to fit photoemission
spectively. The case of the Mn impurity into a Si matrix spectroscopy data for substitutional Mn inpurities in other
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6 dramatic effects in terms of occupation of minority states and
ro-—-% @ 7 total magnetic moment.
o 7 The situation for Ge is rather different: the exchange split-
5 L N ting being larger than in Si, as shown in Fig. 3, thelike
N ] minority states are empty and well above the Fermi level, in
0 the bond-length range of interest; therefore, structures with
- 3 W] - Ge in the nearest coordination shell of the Mn impurity al-
2 £29 Iu: — ways show a stable and quite large total magnetic moment,
- 228 1 q consistent with a character very close to half metallicity.
4 27,5 s ',: - In summary, our calculations for Mn-doped,Se,_, al-
r "~ Aynsi o) 1 7 loys show that, for a given concentratianthe local envi-
2] L N L ' T ronment can dramatically change the electronic and magnetic
4'_ ® ] properties and, in particular, the conducting charagter,

metallic versus half-metalljcof the system. In particular,
within LSDA, when Mn has Si as first NN, the Mn-Si hy-
bridization reduces the exchange splitting, so tkatis
shifted from the minority band gap towards the lowest con-
duction bands, rendering the system less appealing for spin-
tronic applications. On the other hand, a Ge NN shell around
the Mn defect is favored from the energetic point of view
and results in half metallicity, therefore opening the way to
group-1V-based spintronic devices.

Partial density of states (states/eV-Mn atom)

6 -5 4 3 2 -1 0 1 2
Energy (eV)

. . ) ) IV. CONCLUSIONS
FIG. 4. Projected density of states on the Mn site resolved into

states witht,,- and e,-like symmetries for the SBe; -, alloy with Accurate first-principles pseudopotential calculations
x=0.25 andx=1.0 [panels(a) and (b), respectively. The inset within the local spin density approximation to the density
shows the total magnetic moment behavior as a function of théunctional theory have been performed forGe,_, alloys
Mn-Si distance in structures having Mn surrounded by four Sidoped with Mn, focusing on the structural, electronic, and
atoms. magnetic properties as a function of the host matrix and dis-
tribution of Mn atoms.

We have shown that $be,_, alloys are suitable candi-
dates for spintronic applications. The presence of Si guaran-
k . i tees the desired integrability with the well-assessed Si tech-
uncertainty(1 eV according to Ref. 35Therefore our find- 550y \whereas the presence of Ge stabilizes the desidered
ing based on preliminary LSDAY calculations awaits both 5 gnetic properties. In fact, our results show that half me-
for experimental validations and deeper theoretical inVEStigat'aIlicity, typical of some diluted magnetic semiconductors, is

tion. In general, the effect of the exchange-correlation treatyqry sensitive to the exchange-correlation treatment and to
ment as a function of the different SiGe composition on thea"|ocal environment around the Mn impurity: within the

electronic and magnetic properties of these compounds neefggpa  for those systems where Mn is surrounded by Ge
to be carefully investigated and is beyond the goals of the;nms half metallicity is preserved for all the considered

present work. _ _ range, whereas it is generally lost when Si atoms are first
The PDOS for the $Ge,, atx=0.25[Fig. 4, panel@]  nearest neighbors of the Mn impurity. This has been ex-

shows the minorityey-like states at energies higher than the ,ineq in terms op-d hybridization, which affects the ex-
Fermi level and completely empty, leading to an higher total, 5046 splitting and results in a Fermi level that can move

magnetic moment and to a character very close to halffom the minority band gap up within the conduction band,
metallic. Now, going back to Table II, we can see that theyerefore changing the character from half-metallic to metal-
main d'ﬁ?re”‘:? among t_hE:_O'ZS’ 0.5, and_l.O alloyall lic. Remarkably, the calculated formation energies show that
having Si as first coordination shell of Mns the dynxy 3 ocal Ge environment around Mn impurity is favored over
distance: very similar in the=0.5 and 1.0 cases and smaller 5 gj |ocal environment: therefore, these systems, along with

than atx=0.25 concentration. A smallehy, yy distance in- o gesired half metallicity, hold promise for spintronics
creases the hybridization of the Mhstates with the Sp applications®

states, thus reducing thg exchange interaction: this is a
crucial mechanism in the bond-length range we are explor-
ing, as clear from the inset of Fig. 4 showing the total mag-
netic moment behavior as a function of ttg,,.n distance.

As we can see, the magnetic moment is very sensitive to the We gratefully acknowledge support from INFM through
local distances: the minoritg, states being very well local- Iniziativa Trasversale Calcolo Parallelo. Work in L'Aquila
ized in energy, a small change in their energy position causesupported by INFM through PAIS-GEMASE.

semiconductorslll-V and 1I-VI) indicate values otJ vary-
ing from 2 eV(Ref. 32 to 4 eV (Ref. 39 with a rather large
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