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We systematically investigate, usingab initio density-functional theory calculations, the properties of inter-
stitial and substitutional Mn in both Si and Ge, as well as in the Si1−xGex alloy. We show that volume effects
are not the main reason Mn prefers to be a subsitutional impurity in pure Ge, and chemical effects, therefore,
play an important role. Using realistic models of Si1−xGex, we show that forx*0.16 substitutional Mn in
Ge-rich neighborhoods become more stable than interstitial Mn, which may allow the growth of Si-based
diluted magnetic semiconductors.
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Diluted magnetic semiconductor(DMS) materials1–4 have
been know for a long time,5 however, it was the relatively
recent growth of III-V3,6 Mn-based ferromagnetic DMS that
have brought these materials to the spotlight, motivated by
the possibility of fabricating useful spintronic devices. Al-
though these accomplishments are rather significant, if one
considers the possible technological impact there is no doubt
that the synthesis of a Si-based DMS material would be of
great relevance. Ferromagnetism in the MnxGe1−x compound
has been reported by more than one group,7 which makes
one ask the obvious question: would it be possible to grow a
similar MnxSi1−x ferromagnetic material?

Considering this question in a recent article,8 we have
argued that:(i) as Si and Ge have similar electronic struc-
tures, it is reasonable to expect that for large enoughx,
MnxSi1−x would become ferromagnetic below some critical
temperature, in the same way MnxGe1−x does it. This hypoth-
esis is supported by a recent calculation9 where both
MnxGe1−x and MnxSi1−x were studied. The question then is if
the required values ofx can be achieved;(ii ) in Si, a Mn
impurity favors an interstitial site, whereas in Ge it prefers a
substitutional site(see below); (iii ) as a consequence, a Mn
substitutional impurity in Ge cannot diffuse as easily as an
interstitial Mn in Si,10–12allowing the introduction of a large
enough number of impurities without their diffusion and sub-
sequent clustering. Therefore,it seems that a crucial issue to
obtain aMnxSi1−x material is to find a way to have theMn
occupying substitutional sites. As in Ge Mn prefers to be a
substitutional impurity, whereas in Si it is at interstitial sites,
the SiGe alloy seems to be a good candidate where a change
in this behavior might happen, i.e., if one starts with a Si
crystal and increases the Ge content, we expect to see an
increase in the stability of sustitutional Mn impurities. If this
seemingly obvious trend is correct, one then has a possible
way to dope a Si-based material with large and stable enough
contents of Mn atoms to obtain a DMS material, like the
MnxGe1−x compound.7

In this paper we address the following questions:(i) Is it
simply a volume effect that would make Mn prefer a tetra-
hedral interstitial site in Si whereas it prefers a substitutional
site in Ge?(ii ) Will a Ge rich environment in the SiGe alloy

also favor a substitutional Mn site? Regarding question(i),
we find that the cause Mn is substitutional in Ge is not sim-
ply a volume effect, and therefore finding ways to increase
the Si lattice parameter would not suffice to stabilize the
substitutional Mn impurity. However, since specific chemical
interactions are the possible explanation for the differences
between Mn in Si and Ge, this implies that the answer to
question(ii ) above is yes. We actually find that the substitu-
tional Mn site should be the predominant one for Ge concen-
trations in the Si1−xGex alloy for x&0.16. Therefore, as it is
easier to grow unstrained alloys of SiGe rather than strained
Si, the behavior described above will have the important
technological consequence that it will be easier to grow Mn
in SiGe alloys with a suitable Ge concentration than if one
had to strain Si to mimic Ge. All these findings have the
important consequence that a Mn doped SiGe alloy may
present similar ferromagnetic properties as the MnxGe1−x
material, opening up the possibility of Si-based spintronics.

All our results are based onab initio calculations, based
on spin-polarized density functional theory within the gener-
alized gradient approximation(GGA).13 We have used ultra-
soft pseudopotentials14 and a plane wave expansion up to
230 eV, as implemented in theVASP code.15 We have used a
fcc-based supercell containing 128 sites, and theL points for
the Brillouin zone sampling. In all calculations the positions
of all atoms in the supercell were relaxed until all the forces
components were smaller than 0.02 eV/Å. We estimate that
the errors in energy differences due to all our approximations
are of the order of 0.1 eV, which is similar to the variations
in the results due to the statistical fluctuations related to dif-
ferent neighborhoods in the alloy(see below).

We initially considered pure Si and Ge crystals. We
placed a Mn atom both at an interstitial as well as at a sub-
stitutional site. The formation energy of a neutral interstitial
impurity,16 Ef

I , is calculated asEf
I =Edef−Ebulk−mMn, where

Edef is the total energy of the supercell with the defect,Ebulk
is the total energy of the supercell without the defect(either
pure Si or pure Ge), andmMn is the Mn chemical potential.17

For neutral substitutional impurities16 the formation energy
sEf

Sd is given byEf
S=sEdef+mXd−Ebulk−mMn, wheremX is the

chemical potential of either Si or Ge.17
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In Table I we present the results for Mn atoms in Si and
Ge at their equilibrium lattice constants(we find aSi
=5.445 Å for Si andaGe=5.750 Å for Ge). As expected,11,12

for silicon the Mn atoms prefer to be at interstitial sites, with
an energy differenceDES−I between the substitutional and
interstitial sites ofDES−I =0.3 eV. For Mn in Ge, on the other
hand, we show that the Mn substitutional impurity has a
lower formation energy byDES−I =−0.6 eV. In order to in-
vestigate how much of this difference between Si and Ge is a
result of their lattice parameter difference, i.e., how much is
due to a volume effect, we repeated the same calculations for
Si (Ge) in the lattice parameter of Ge(Si).17 The results are
also presented in Table I. In silicon, no significant changes
were observed, with a small reduction in the substitutional
Mn formation energy, which led toDES−I =0.2 eV instead of
0.3 eV. For Mn in Ge, the interstitial site becomes highly
unfavorable, with the formation energy changing by more
than 1 eV. The formation energy for the substitutional site,
on the other hand, changed very little. This leads to a large
increase in the energy difference between the substitutional
and interstitial sites:DES−I =−1.7 eV. Therefore, even though
increasing the Si lattice parameter has a small tendency to-
wards favoring a Mn atom in a substitutional site,the differ-
ence in lattice parameter betweenSi andGecannot account,
by itself, for the distinct behavior ofMn in these materials.
Thus, specific chemical interactions between the Mn atom
and the host atoms, most likely related to the presence ofd
electrons in Ge, are crucial in determining the distinct behav-
ior in Si and Ge. This suggests that in the Si1−xGex alloy the
Mn atoms may prefer to be at a substitutional site with a Ge
rich environment, instead of at an interstitial site. In order to
confirm this possibility, we performed calculations for both
interstitial as well as substitutional Mn in Si1−xGex, for x
=0.25, 0.5, and 0.75. Since the Si1−xGex is a substitutionally
disordered alloy, the vicinity of a Mn impurity is not
uniquely determined, and for either the substitutional or the
interstitial Mn, there are five different types of sites, if only
the nearest-neighborhood is considered, i.e., a Mn sur-
rounded by a configuration of Si and Ge atoms that can be
labeled as SinGe4−n, for n varying from 0 to 4.

To simulate the Si1−xGex disordered alloys, we used su-
percells with 128 atoms where the atoms were distributed as
special quasirandom structures(SQS).18 Details of the prepa-
ration of the supercells were given elsewhere,19 and a similar
procedure has already been used to study vacancies in this
alloy.20,21 It should be mentioned that due to the SQS ap-
proach, the disorder of the alloy is taken into account in an
explicit way. As we have shown,19 the alloy lattice parameter
follows very closely the Vegard’s law, and we therefore use
aSi1−xGex

=s1−xdaSi+xaGe.

To study the interstitial Mn defects, we randomly selected
five sites with distinct first neighborhoods. As these sites will
also have different second, third, etc., neighborhoods, an av-
eraging procedure should be performed. From previous stud-
ies of vacancies in the alloy,20,21 we estimate an overall
variation in the formation energies of the order of ±0.1 eV
due to the different vicinities, and hence this averaging will
not alter our conclusions in any significative way. The for-
mation energyEf

Isn ,xd of a neutral interstitial16 Mn in the
Si1−xGex alloy, in a given neighborhood SinGe4−n, labeled by
n, is given by Ef

Isn ,xd=EIsn ,xd−Ebulksxd−mMnsxd. Here
EIsn ,xd is the total energy of the SQS structure with the Mn
interstitital,Ebulksxd is the total energy of the SQS alloy with-
out any defects, andmMnsxd is the Mn chemical potential in
the Si1−xGex alloy, which we determine22 as mMnsxd=s1
−xdmMnSi+xmMnGe−mSis1−xdGex

.

To study substitutional Mn defects a similar procedure as
described above was employed. Since an atom from the
original SQS structure must now be removed, there is the
extra possibility of having the Mn replacing either a Si or a
Ge atom. The formation energyEf

SsX,n ,xd of a neutral16 Mn
substituting an atomX (X=Si and Ge), in the Si1−xGex alloy,
with a neighborhood SinGe4−n, labeled by n, is given
by Ef

SsX,n ,xd=ESsX,n ,xd−Ebulksxd+mXsxd−mMnsxd. Here
ESsX,n ,xd is the total energy of the SQS structure with the
Mn in place of an atomX (X=Si and Ge), which has a
chemical potentialmXsxd in the Si1−xGex alloy.23

All our results are presented in Table II and Fig. 1. For the
substitutional Mn calculations, we always removed a Si atom
to place the Mn impurity, except forx=0.5 where a Ge atom
was also removed. These latter results are shown in paren-
theses in Table II. As can be seen, the formation energies are
always very similar, indicating that our conclusions do not
depend on Mn replacing either a Si or Ge atom. For intersti-
tial Mn, the differences between the formation energies for
the local configurations Si0Ge4 and Si4Ge0 are always
0.4 eV, for allx, with the lowest values occurring in Si-rich
vicinities sSi4Ge0d. For substitutional Mn this formation-
energy spread is also independent ofx, and has a value of
0.3 eV. Ge-rich neighborhoods, however, have lower forma-
tion energies. An important result is the fact that the lowest
formation energy for a substitutional Mnis always smaller
than the lowest formation energy for an interstitial Mn. The

TABLE I. Formation energies(in eV) for interstitial and substi-
tutional Mn in bulk Si and Ge. For both materials, the results are
reported for the SisaSid as well as the GesaGed lattice constants.

Lattice constant MnI
Si MnSi MnI

Ge MnGe

aSi 2.5 2.8 3.4 1.7

aGe 2.5 2.7 2.1 1.5

TABLE II. Formation energies(in eV) for the interstitial and
substitutional Mn in Sis1−xdGex, for x=0.25, 0.5, and 0.75, and for
the distinct neighborhoods SinGe4−n. For the substitutional cases,
Mn was always replacing a Si atom, except forx=0.5 where Mn
replacing Ge atoms were also considered(results in parentheses).

x=0.25 x=0.5 x=0.75

n Ef
I Ef

S Ef
I Ef

S Ef
I Ef

S

4 2.5 2.6 2.4 2.3(2.2) 2.2 2.0

3 2.4 2.5 2.5 2.2(2.2) 2.2 1.9

2 2.6 2.4 2.6 2.2(2.1) 2.5 1.8

1 2.8 2.3 2.7 2.0(2.1) 2.5 1.8

0 2.9 2.3 2.8 2.0(2.0) 2.6 1.7
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difference between these two lowest formation energies is
0.1 eV for x=0.25, 0.4 eV forx=0.5, and 0.5 eV forx
=0.75. This indicates that for the Si0.75Ge0.25 alloy, there are
local configurations that make substitutional Mn the lowest
energy structure. Another significant result is the fact that for
xù0.5, all substitutional configurations have formation en-
ergies that are smaller than the smallest formation energy for
interstitial Mn. The overall image of our results can be ap-
preciated in Fig. 1. Curve fittings to both the average values
(continuous curves) of the formation energies as well as to
the lowest values(long-dashed curves) of the formation en-
ergies are also presented in Fig. 1. The average values curves
cross atx.0.14, whereas the lowest values curves cross at
x.0.18. These results indicate that forx*0.16±0.02 there
should be Ge-rich neighborhoods in Sis1−xdGex where substi-
tutional Mn atoms becomes more stable than interstitial Mn.

At thermodynamic equilibrium, and assuming that the de-
fects are independent of each other, the population of Mn
interstitial defects in Si1−xGex is given by20

NIsnd = NSP
nsxdexpf− Gf

Isnd/kBTg, s1d

whereNS is the total number of sites in the lattice,Pnsxd is
the probability24 for the n configuration to exist in the
x-concentration alloy,Gf

Isnd is the Gibbs free formation en-
ergy of interstitial Mn at configurationn, andT is the tem-
perature. Note thatNSP

nsxd is the effective number of inter-
stitial sites of typen. Under the same assumptions, the
population of Mn substitutional defects in Si1−xGex are given
by

NSsnd = NSP
nsxdfsX,xdexpf− Gf

SsX,nd/kBTg, s2d

where fsX,xd=s1−xd if X=Si and fsX,xd=x if X=Ge, and
Gf

SsX,nd is the Gibbs free formation energy of substitutional
Mn at configurationn, with Mn replacing an atomX (X=Si
and Ge). Assuming that, for a given temperature and compo-
sition, the vibrational entropies of all defects are similar and
independent on their vicinities, we can calculate the relative
population of the Mn defects as

nDsn,x,Td =
Pnsxdexpf− Ef

Dsnd/kBTg

on,D
Pnsxdexpf− Ef

Dsnd/kBTg
, s3d

whereD= I andS represents both the interstitial and substi-
tutional defects. For substitutional defects, since the forma-
tion energies for Mn replacing either a Ge or a Si atom are
quite similar, and given thatoXfsX,xd=1, the above expres-
sion for nSsn ,x,Td is obtained after a summation overX is
performed.

In Table III we present the relative populations for the
interstitial and substitutional Mn impurities in the Sis1−xdGex

alloy, for x=0.25, 0.5, and 0.75, for two temperatures,T
=300 K andT=600 K. In all cases the overall population of
substitutional Mn is larger than the interstitial one. At 300 K,
even forx=0.25 we already have,78% of Mn at substitu-
tional sites. As the temperature is increased to 600 K, this
percentage decreases to 56%. The significance of this result
can be appreciated by noting that in bulk Si, atT=300 K,
basically 100% of Mn are at interstitial sites, whereas atT
=600 K there are approximately 99.7% of interstitial Mn.
This means that by alloying with Ge one can revert the over-
all population of defects from interstitial to substitutional
Mn.

FIG. 1. Formation energies for interstitial and substitutional Mn
in Sis1−xdGex, for x=0.25, 0.5, and 0.75, and for the distinct neigh-
borhoods SinGe4−n. The results are slightly displaced inx sx
=x±0.01d for clarity. Error barss±0.1 eVd are estimates of the in-
fluence of vicinities beyond the nearest-neighborhood. Data for
pure Si and Ge are also shown. The continuous lines are fits to
average formations energies, whereas the long-dashed curves are
fits to lowest formation energies.

TABLE III. Relative populations for the interstitial and substitutional Mn in Sis1−xdGex, for x=0.25, 0.5,
and 0.75, and for the distinct neighborhoods SinGe4−n. The results were obtained according to Eq.(3), using
the data from Table II.

T=300 K T=600 K

x=0.25 x=0.5 x=0.75 x=0.25 x=0.5 x=0.75

n nI nS nI nS nI nS nI nS nI nS nI nS

4 0. 0. 0. 0. 0. 0. 0.04 0.01 0. 0.00 0. 0.

3 0.22 0.01 0. 0. 0. 0. 0.40 0.11 0. 0.02 0. 0.

2 0. 0.11 0. 0.00 0. 0.01 0. 0.21 0. 0.06 0. 0.06

1 0. 0.36 0. 0.56 0. 0.04 0. 0.18 0. 0.64 0. 0.18

0 0. 0.30 0. 0.44 0. 0.95 0. 0.05 0. 0.28 0. 0.76
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In conclusion, we have shown that volume effects cannot
be the main reason Mn prefers to be a subsitutional impurity
in pure Ge. Chemical effects, therefore, must clearly play an
important role. Through a systematic study of interstitial and
substitutional Mn atoms in realistic models of the Sis1−xdGex

alloy, we have shown that forx*0.16 the substitutional Mn
in Ge-rich neighborhoods becomes more stable than the in-
terstitial Mn. By playing with the temperature and the con-
centrationx, and maybe also using nonequilibrium growth
conditions,8 it should be possible to obtain Sis1−xdGex alloys
with a large enough concentration of substitutional Mn at-

oms. Considering that in all calculations in the alloy we ob-
tained a Mn local moment with the same value as in the pure
crystals, and given that recent studies9 have shown that both
MnxSi1−x and MnxGe1−x should have similar magnetic prop-
erties, all these facts indicate that Mn:Sis1−xdGex is poten-
tially a magnetic material like MnxGe1−x,

7 opening up in this
way the road towards Si-based DMS.
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