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By using ab initio electronic structure calculations within density functional theory, we study the structural,
electronic, and magnetic properties of Si doped with a transition metal impurity. We consider the transition
metals of the 3d series V, Cr, Mn, Fe, Co, and Ni. To get insight into the level filling mechanism and the
magnetization saturation, we first investigate the transition metal-Si alloys in the zinc-blende structure. Next,
we investigate the doping of bulk Si with a transition metal atom, in which it occupies the substitutional site,
the interstitial site with tetrahedral symmetry, and the interstitial site with hexagonal symmetry. It is found that
all of these transition metal impurities prefer an interstitial position in Si. Furthermore, we show that it is
possible to interpret the electronic and magnetic properties by using a simple level filling picture and a
comparison is made to Ge doped with the same transition metal atoms. In order to get insight into the effect of
a strained environment, we calculate the formation energy as a function of an applied homogeneous pressure
and we show that an applied pressure can stabilize the substitutional position of transition metal impurities in
Si. Finally, the energies of the ferromagnetic states are compared to those of the antiferromagnetic states. It is
shown that the interstitial site of the Mn dopant helps us to stabilize the nearest neighbor substitutional site to

realize the ferromagnetic state. For doping of Si with Cr, a ferrimagnetic behavior is predicted.
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I. INTRODUCTION

The investigation of transition metal (TM) impurities in
semiconductors has received a lot of attention in the last few
years due to the enormous potential for applications of room
temperature ferromagnetic semiconductors as basic materials
for spintronic devices.!? In particular, much attention has
gone to Mn-doped III-V semiconductors, such as GaMnAs
and GaMnN, which were thoroughly investigated experi-
mentally and theoretically. Unfortunately, the highest 7.
achieved for GaMnAs up to now is 250 K.3 Although T, of
GaMnN is above room temperature, it is well known that
p-type doping in nitides is very difficult.*

More recently, Mn-doped group IV semiconductors also
attracted a lot of attention because of their relevance in the
present device technology. Most of the experimental’® and
theoretical®’ attention has gone to Mn-doped Ge. However,
adding functionality to the most common semiconductor Si
is still in its infancy. Lately, the first reports appeared about
room temperature ferromagnetism in Mn-doped Si.® The
main difference between Mn-doped Ge and Si is that the Mn
atom locates a substitutional site in Ge but an interstitial site
in Si. Because a substitutional impurity cannot diffuse as
easily as an interstitial one, it may be problematic to reach
large enough impurity concentrations in Si before they dif-
fuse into clusters. This motivated the authors of Refs. 9—-11
to investigate mechanisms on how the substitutional Mn im-
purities in Si could be stabilized. Recently, Qian et al.'? pro-
posed a half-metallic digital ferromagnetic heterostructure
composed of a 5-doped layer of Mn in Si. A stable Si-based
heterostructure with interstitial doped Mn was also
proposed.'® Experimentally, enhanced room temperature fer-
romagnetism was found in silicon implanted by Co and
Mn_ 1415

Concerning Si, most of the interest has been so far limited
to doping with Mn. Only a few theoretical works have con-
sidered doping with other TM atoms. Pioneering first-
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principles Green’s-function simulations were performed for
isolated impurities in Si.'®!7 In Ref. 18, Cr and Fe doped Si
were considered, however, only in the substitutional configu-
ration. Reference 19 focused on the diffusion of all 3d TM
atoms in bulk Si, but no spin effects were taken into account
in the ab initio calculations. Because a careful theoretical
study focused on the interaction between TM atoms in a Si
matrix, which is based on large supercell density functional
calculations that include structural relaxation, is still lacking,
we present a systematic study of the TM impurities V, Cr,
Mn, Fe, Co, and Ni in Si, as was recently done also for Ge.”
In this work, we initially examine if all TMs in Si prefer
interstitial doping over substitutional doping and if the tetra-
hedral or hexagonal interstitial position is favored. Further-
more, the electronic, structural, and magnetic properties for
the different TMs in Si are investigated. To get an insight
into the effects of strain, we calculate next the formation
energies in the case of an applied homogeneous pressure.
The energetics of the ferromagnetic state is also compared to
the antiferromagnetic ordering. In this work, we want to
stress that we focus on neutral TM impurity states. The cal-
culation of the formation energies under p-type or n-type
conditions, as was done for Mn dimers in Si in Ref. 9, is left
for future work.

Before discussing the case of isolated TM dopants in Si,
we deal with the TM-Si alloy in the zinc-blende structure.
Although this structure is not the ground state for these crys-
tals, it is instructive to get insight into its energetics and
magnetic properties, which will help us to interpret the re-
sults for TM-doped Si.

The present paper is organized as follows: In Sec. II, the
computational details are given. The results on the TM-Si
alloy are discussed in Sec. III, followed by the results on the
isolated dopants in Sec. IV. The effect of a homogeneous
applied pressure on these structures is considered in Sec. V.
The ferromagnetic and antiferromagnetic orders of these TM
atoms in Si are studied by considering several configurations
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FIG. 1. (Color online) The total energy as a function of the
lattice constant for the zinc-blende and B20 crystals of (a) VSi,
CrSi, and MnSi and (b) FeSi, CoSi, and NiSi. (c) and (d) show the
corresponding magnetic moments for the zinc-blende and B20
structures, respectively.

with different distances between two TM atoms in Sec. VI
Finally, our conclusions are summarized in Sec. VIL

II. COMPUTATIONAL METHOD

The calculations were performed by using the VASP
package?® within the generalized gradient approximation
(GGA) to density functional theory. We used the projector
augmented wave method?! and a plane-wave expansion of up
to 350 eV for all materials. This results in an accuracy that is
better than 1 meV per transition metal atom for the energy
difference between the ferromagnetic and antiferromagnetic
states. A Perdew-91 functional form?? for the GGA was used.

For the TM-Si alloy calculations, a Monkhorst—Pack
k-point sampling of 6 X6X 6 was used. Furthermore, we
considered low TM concentrations (3%) in Si that corre-
sponded to unit cells containing 32 (one impurity) and 64
(two impurities) atoms. Good convergence was obtained for
a Monkhorst—Pack k-point sampling of 4X4X8 and
4 X4 X4 for the supercells with 32 and 64 atoms, respec-
tively. All structures were relaxed until all force components
were smaller than 0.01 eV/A.

III. TRANSITION METAL IMPURITIES IN Si:
ZINC-BLENDE STRUCTURE

As mentioned before, although the TM-Si alloy in the
zinc-blende structure is not the ground state crystal structure,
it is instructive to look at its electronic and magnetic prop-
erties as a function of the lattice constant. It will help us to
understand the properties of the isolated TM dopant in Si.
Figure 1 shows the energy and the magnetization for the six
considered TM-Si structures as a function of the lattice con-
stant. It also shows the energies for the six TM-Si structures
in the B20 structure?’ as a function of the lattice constant. It
shows that the B20 structure indeed has a lower energy for
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TABLE I. The predicted equilibrium lattice constants (), the
experimental lattice constants (deyy), and magnetic moments per
formula unit (M) for the zinc-blende and B20 structures.

acoalc aexpt M
Structure XSi (A) (A) (up)
Zinc blende VSi 5.518 0.63
CrSi 5.456 2.0
MnSi 5.387 2.37
FeSi 5.158 0.91
CoSi 5.085 0.0
NiSi 5.430 0.0
B20 VSi 4.739 0.0
CrSi 4.600 4.629% 0.51
MnSi 4.519 4.558% 0.87
FeSi 4.448 4.489* 0.0
CoSi 4.442 4.447* 0.0
NiSi 4.535 4.437* 0.0

4Reference 24.

all considered systems and it is known that it is the ground
state structure for CrSi, MnSi, FeSi, CoSi, and NiSi.?* Pre-
vious ab initio studies of the B20 structure of FeSi and MnSi
can be found in literature.”> Table I shows our calculated
results and some experimental results of the equilibrium lat-
tice constant, and we find that our predicted values are very
close to the experimental values for CrSi up to NiSi for the
B20 structure. However, this B20 phase has a Curie tempera-
ture of around 30 K only (Ref. 26) and cannot readily ac-
count for the high Curie temperature of the materials. In the
following, we will concentrate on the results for the zinc-
blende structures.

From Fig. 1(c), one can clearly see how the magnetization
of VSi, CrSi, and MnSi reaches saturation with increase in
the lattice constant. It is remarkable that the magnetic mo-
ment of CrSi is already saturated at the equilibrium lattice
constant and it almost does not change with the lattice con-
stant. For FeSi, CoSi, and NiSi, it is not clear at which lattice
constant the magnetization saturates. We also calculated the
density of states (DOS) for these structures at the equilibrium
lattice constant, as shown in Fig. 2.

These saturation values and DOS results can be easily
understood from a simplified electron filling scheme. The
electrons that should be considered are the d and s electrons
of the TM and the p electrons from Si. This makes seven
electrons for VSi and up to 12 electrons for NiSi. Tetrahedral
symmetry splits the fivefold degenerate TM d levels into a
threefold degenerate 7, level and a twofold degenerate e
level. The d derived 7, states strongly couple with the p
levels of Si because they have the same symmetry, forming
threefold degenerate t’z’ bonding levels and 75 antibonding
levels, while the e states remain more or less unperturbed,
forming nonbonding states that are well localized in energy
and space. In Fig. 2, not only the total density of states but
also the contribution from the d states is given, which is
further split into #, and e contributions. The final state and
magnetization are now determined by the alignment of ma-
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FIG. 2. (Color online) (a)—(f) The DOS for the zinc-blende
TM-Si alloys at their equilibrium constant. For each TM-Si alloy,
the total DOS is given, together with the contribution to the DOS of
the d levels resolved into , and e components. (g) The DOS for the
zinc-blende MnSi alloy at the lattice parameter a=5.75 A. The zero
of the energy scale is set at the Fermi level.

jority and minority spin levels, which depends on the follow-
ing: (i) the exchange splitting, which favors parallel spin
alignment up to half-filling, (ii) the crystal field splitting, and
(iii) the amount of splitting between the bonding and anti-
bonding #, levels, i.e., the strength of the p-d coupling. In
Fig. 3, this simplified scheme of the levels is shown. The
levels under (a) correspond to the unsplit single particle lev-
els. The exchange splitting is taken into account under (b),
while the effect of the crystal field splitting is included under
(c). In substitutional geometry, it is known that the energy of
the e level is below the energy of the 7, level. The resulting
majority and minority levels, including the effect of the p-d
coupling, are given under (d) and (e), respectively.

Let us now start filling the levels. Figure 3 schematically
shows the two kinds of filling scenarios: one with a strong
exchange splitting (upper figure for VSi) and the other with a
weak exchange splitting (lower figure for FeSi), and is in
comparison to the strength of splitting due to the p-d cou-
pling. In the strong exchange splitting scenario, the minority
e level is empty and a high spin state is realized. For such a
high spin state, the highest occupied levels are the majority e
levels in VSi and CrSi. CrSi corresponds to a closed shell
configuration for the majority as well as for the minority
levels, which is the reason why the magnetization does not
change much if the lattice constant is varied around its
ground state value. From the DOS results for CrSi [see Fig.
2(b)], one can indeed also see that a small gap exists at the
Fermi energy for both the majority and minority spin states.
For MnSi, the maximum magnetization would be reached if
the highest occupied energy level were the antibonding 79
majority level, leading to a magnetization of 3 up. The actual
value is less as the e minority level is also partly occupied.
The magnetization increases with increasing lattice param-
eter as this diminishes the p-d level coupling. Consequently,
the antibonding #5 goes down in energy, and the electron
completely occupies this majority spin level. This scenario is
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FIG. 3. (Color online) Simplified level filling schemes for the
zinc-blende TM-Si alloys for the two different conditions. The first
is the high-spin state for VSi and the second is the low-spin state for
FeSi. (a) The unsplit single particle levels, (b) the levels with the
exchange splitting included, (c) the effect of the crystal field split-
ting, (d) the resulting majority levels, and (e) the resulting minority
levels due to the p-d coupling.

confirmed by the DOS of MnSi shown in Fig. 2(g), calcu-
lated for a lattice parameter of a=5.75 A, which is almost
6% larger than the equilibrium lattice parameter. In this situ-
ation, MnSi exhibits the half-metal property. If we assume
that the minority e level is empty due to a strong exchange
splitting, the high-spin state is realized. This single particle
picture also predicts the maximum magnetic moment for
FeSi and CoSi to be 4up and 5up, respectively, when two
and three electrons occupy the majority #5 antibonding level.
The extra electron in NiSi can go only to the minority e
level, leading to a maximum magnetic moment of 4up.
These values are not at all reached around the equilibrium
value for the lattice constant because the minority e levels
are also occupied. If we assume that the minority e levels are
fully occupied, which corresponds to the weak splitting sce-
nario, the low spin state is realized. In this scenario, the
magnetic moments for FeSi, CoSi, and NiSi are Oug, 1ug,
and Opup.

IV. ISOLATED DOPANTS IN Si

We considered TM concentrations of around 3%, which
correspond to unit cells with 32 atoms. The size of the unit
cell was taken fixed; the atomic positions within the cell
were fully relaxed. The TM dopant can be localized in dif-
ferent positions. We considered the substitutional site (re-
placing one Si atom in the diamond lattice by a TM atom)
and two interstitial sites of the diamond lattice, i.e., one tet-
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FIG. 4. (Color online) The two considered interstitial positions:
one with tetrahedral 7; symmetry (left panel) and one with hexago-
nal D3, symmetry (right panel). The small blue atoms are Si atoms
and the big gray atom is the TM atom.

rahedrally coordinated and one with hexagonal symmetry, as
indicated in Fig. 4. For all these positions, the formation
energy was calculated. The formation energy is defined as
the energy needed to insert a TM atom (taken from a reser-
voir) into the bulk Si crystal after removing one Si atom in
the case of substitutional doping (to a reservoir, taken as bulk
Si),

E;=E(Si with TM dopant) — E(bulk Si) — pry + nps;,
(1)

with n=1 for substitutional doping and n=0 for interstitial
doping, ug; as the chemical potential of Si (here, set equal to
the total energy per atom of bulk Si), and wpy; as the chemi-
cal potential of the TM atom. The choice of the reservoir that
provides the species to form the impurity is, unfortunately, a
delicate issue. However, we make the same choice as was
recently done in the study of TM impurities in Ge,’ i.e., the
energy per atom of nonmagnetic bcc V, antiferromagnetic
bee Cr, antiferromagnetic fcc Mn, ferromagnetic bee Fe, fer-
romagnetic hcp Co, and ferromagnetic fcc Ni. Figure 5(a)
shows the formation energy for the different TM impurities
in Si. From these results, we see that the tetrahedral intersti-
tial site is favored for all TM atoms except for Ni, in which
case the hexagonal interstitial site is the ground state.

It is interesting to compare these results to the corre-
sponding case for Ge, as given in Fig. 6. The results for the
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FIG. 5. (Color online) (a) The formation energies for the doping
of Si with a TM atom at the substitutional site, the interstitial site
with tetrahedral symmetry, and the interstitial site with hexagonal
symmetry for the different TM atoms. (b) The nearest neighbor
distances between a TM atom and Si for the different doping posi-
tions for the different TM atoms.
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substitutional and tetrahedral doping sites agree with those in
Ref. 7. It is clear that the TM dopants in Ge always prefer the
substitutional site. However, note that the hexagonal intersti-
tial site is preferred over the tetrahedral interstitial site for Co
and Ni, which was not considered in Ref. 7.

In Fig. 5(b), the relaxed TM-Si distances for the three
doping positions are given. The tetrahedral interstitial always
leads to a bond length that is larger than the ideal Si-Si bond
length. The TM-Si bond length for a TM atom at a hexagonal
interstitial site is, of course, smaller than for the TM atom at
the tetrahedral interstitial site. The behavior for the TM atom
at the substitutional site is rather surprising; for V, Cr, and
Mn, the distance between the TM atom and Si is larger than
the ideal Si-Si bond length, while for Fe, Co, and Ni, this
distance suddenly drops, leading to a contraction with re-
spect to the Si-Si bond length. This differs from the situation
of substitutional doping of TM atoms in Ge [see Fig. 6(b)],
in which case a more uniform behavior and a contraction
were always found’ [see also Fig. 6(b)].

We just showed that in Si all TM atoms will occupy an
interstitial site, while in Ge they will occupy a substitutional
site. However, note that the energy difference between the
lowest interstitial site and the substitutional site for the TM
atom in Si is between 0.3 eV (for Fe and Co) and 0.9 eV (for
V), while the energy difference between the substitutional
site and the lowest interstitial site for the TM atom in Ge is
between 0.7 eV (for Ni) and 1.3 eV (for Co). Therefore, we
can expect relatively more occupied substitutional sites in Si
than interstitial ones in Ge. Let us now consider the elec-
tronic and magnetic properties of the interstitial dopants. Fig-
ure 7 shows the calculated total magnetic moments for the
different TMs in Si and for the three different positions of the
dopant. In Fig. 8, the corresponding density of states is
given. We can again understand these results from a simpli-
fied level filling scheme. The situation for TM impurities at
interstitial sites is different from those at substitutional sites
(which are similar as for the alloys discussed before). The
tetrahedral interstitial site has the same symmetry as the sub-
stitutional site and, therefore, the d levels are still split into a
doublet e level and a triplet ¢, level. However, in contrast to
the substitutional site, now, the energy of the #, level is below
the energy of the e level, as can also be seen in the density of
states plots in Fig. 8. For the hexagonal interstitial site, the 7,
triplet is further split into a singlet and a doublet. The tetra-
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FIG. 7. (Color online) Total magnetic moments for a TM atom
doped in Si at a substitutional site, an interstitial site with tetrahe-
dral symmetry, and an interstitial site with hexagonal symmetry.

hedral and the hexagonal interstitial sites have no Si p orbit-
als pointing to them. Consequently, there is also much less
mixing between the p orbitals of Si and the d orbitals of the
interstitial TM impurity. Thus, only the d levels of the TM
atom are involved in our simplified level filling picture. This
makes five electrons for V and up to ten electrons for Ni. As
a result, we expect magnetic moments of Sug, 4up, and 3up
for V, Cr, and Mn, respectively, while for the more than
half-filled case, we expect 2up, lup, and Oug. As can be
seen from Fig. 7, these predictions are well reproduced by
our calculations. The magnetization for doping with V at the
hexagonal interstitial only slightly differs from our predic-
tion due to the extent of the d energy level and the small
occupation of the 7, minority level. However, the magnetiza-
tion for V at the tetrahedral interstitial position strongly dif-
fers from our prediction because the exchange splitting is
found to be smaller than the crystal field splitting. As can be
seen from the projected DOS plot for V in Fig. 8(a), the
Fermi energy also cuts the ¢, minority level. The exchange
splitting is not large enough to reach full polarization.

The electronic and magnetic properties of the substitu-
tional site can be understood from the same simplified level
filling picture that we used to understand the alloy case. The
high-spin state is found for V, Cr, and Mn. From the DOS for
Si substitutionally doped with Mn [see Fig. 8(j)], it can be
seen that not only is the majority antibonding 7 level lower
in energy than the minority e level but also the minority e
level is quite close to the Fermi energy. Therefore, in the case
of substitutional doping with Fe, two electrons move to the
minority e level, leaving the majority antibonding level 79
unoccupied (see the low spin state in Fig. 3). This results in
a state with an equal number of majority and minority occu-
pied states, thus driving the system into a nonmagnetic state,
as confirmed by the DOS for Si substitutionally doped with
Fe [see Fig. 8(m)]. However, Co has again a magnetic mo-
ment of 1up, with one electron in the majority antibonding 79
level. The ferromagnetic Si substitutionally doped with Ni is
not stable anymore and becomes nonmagnetic.
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FIG. 8. (Color online) The DOS for the TM atoms doped in Si
at a substitutional site, an interstitial site with tetrahedral symmetry,
and an interstitial site with hexagonal symmetry. For each TM
atom, the total DOS is given, together with the contribution to the
DOS of the d levels, which are resolved into 7, and e components,
and the contribution of the Si p levels. The zero of the energy scale
is set at the Fermi level.

V. ISOLATED DOPANTS IN STRAINED Si

As shown above, all TM impurities prefer an interstitial
site in Si under equilibrium circumstances. However, strain
fields can be present in bulk Si crystals, which can be caused
by grain boundaries, or induced by the presence of self-
assembled Ge dots in the Si matrix, or even by an applied
hydrostatic pressure. In order to get some insight into what
can be the effect of such strain fields on the studied impuri-
ties, we investigate the effect of a homogeneous applied
pressure. In Fig. 9, we show the formation energies for the
tetrahedral interstitial, hexagonal interstitial, and substitu-
tional positions for the six studied TM impurities in Si as a
function of the lattice constant. The needed pressure to real-
ize the change in lattice constant is shown in Fig. 10, which
is obtained from a fit of the energy of bulk Si as a function of
its volume to Murnaghan’s equation. Note that by applying a
positive pressure, the substitutional site can be favored for
Mn, Fe, Co, and Ni in Si. Of course, applying a pressure also
changes the total magnetic moment. The evolution of the
total magnetic moment as a function of the lattice parameter
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tetrahedral symmetry, and the interstitial site with hexagonal sym-
metry. The dashed lines correspond to the results for the equilibrium
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for all transition metals and the three considered positions is
shown in Fig. 11. Just as for the TM alloys, we find that the
total magnetic moment decreases with decreasing lattice con-
stant. For the lattice constant at which Mn prefers the sub-
stitutional position, its total magnetic moment is decreased to

IILLB.

VI. FERROMAGNETIC, ANTIFERROMAGNETIC,
AND FERRIMAGNETIC ORDERINGS

Finally, to analyze the magnetic order, we study the fer-
romagnetic and antiferromagnetic orderings of two TMs in a
2X 2 X2 a’ supercell (where a is the lattice constant of sili-
con), which corresponds to TM concentrations of about 3%.
The size of the unit cell was taken fixed; the atomic positions
within the cell were fully relaxed. We consider three different
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FIG. 10. The lattice constant of bulk Si as a function of the
applied homogeneous pressure.
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FIG. 11. (Color online) The total magnetic moments as a func-
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tutional site, an interstitial site with tetrahedral symmetry, and an
interstitial site with hexagonal symmetry. The dashed lines corre-
spond to the results for the equilibrium lattice constant.

situations: (i) the two TMs are at substitutional sites (X(Xy),
where X denotes a TM atom, (ii) two TMs are at tetrahedral
interstitial sites (X7X7), and (iii) one TM is at a substitutional
site and the other is at a tetrahedral interstitial site (X¢X7).
For the first situation, we consider nine configurations de-
pending on the distance between the two TMs. Each configu-
ration can be labeled by three numbers to represent the
(x,y,z) coordinates in units of a/4 (as was also done in Ref.
6), while the other TM atom is at (0,0,0). The nine configu-
rations are, reSpeCtiVely, Nlll’ N220, Nllg’ N400, N331, N224,

N335, Nago, and N4, where 3 denotes —3. The configurations
in the second situation are the same except that the TMs are
at the tetrahedral interstitial sites. In the third situation, there
are only eight configurations, which are Nii7, Nyg, Nii3s
N2, Nizz, Nago, N33z, and Noyy.

Our results for Si doped with Mn are summarized in Table
IL. It shows the formation energy per Mn atom for all con-
sidered configurations in the three situations, together with
the energy difference between the ferromagnetic (FM) and
anitferromagnetic (AFM) orderings. It also shows the dis-
tance between both TM atoms, before and after the relax-
ation, and the total magnetic moments for the FM and AFM
states.

For the MngMny situation, we find that the ground state is
of configuration N;;;, which is AFM. When the distance
(dpin-vn) between the Mn impurities increases, we find that
the FM state is always favored. The results for the ground
state agree with Ref. 18 but are different from Ref. 9, in
which a FM ground state was predicted.

Smaller formation energies are obtained for the Mn;Mny,
configurations. Furthermore, the FM state of the nine con-
figurations is always favored over the AFM state, and Ny;3 is
the ground state. In this situation, the FM N,;; state is also
lower in energy than the AFM state, which is opposite to the
Nyj; MngMng configuration.

Finally, if we look at the MngMn; configurations, the con-
figuration Nyj7 with the nearest-neighbor Mn pairs is the
ground state with FM ordering, but for the other configura-
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TABLE II. The formation energies (E/), the AFM and FM energy differences (AE), the Mn-Mn initial distances (d;,) and relaxed
distances (d,) for FM and AFM states, and the total magnetic moments (M) and the atomic magnetic moments (M and M,) in the Bohr
magnetons. In the case of MngMny, the atomic magnetic moments M, and M, refer to the substitutional and tetrahedral interstitial atoms.

E; (eV/Mn)  AE (meV/Mn)  diy (A)  dg (A)  dg (A MM My)  M(M,.M,)
Configuration (FM) (AFM-FM) (FM,AFM) (FM) (AFM) (FM) (AFM)

MngMng Nipy 2.320 —472 2.367 2.472 1.832 6.00(2.85, 2.85)  0(1.38,-1.38)
Ny 2.180 51 3.865 3.664 3.453 6.00(2.90, 2.90)  0(2.58,-2.58)

N3 2.332 34 4.532 4.491 4.434 6.00(2.92, 2.92)  0(2.92,-2.92)

Naoo 2.237 99 5.466 5.466 5.466 5.98(2.90, 2.90)  0(2.90,-2.90)

Ni3 2.229 95 5.956 5.712 5.807 6.00(2.93, 2.93)  0(2.85,-2.85)

Ny 2.336 23 6.694 6.713 6.688 6.00(2.90, 2.90)  0(2.91,-2.91)

N333 2.330 16 7.101 7.090 7.091 6.00(2.89, 2.89)  0(2.94,-2.94)

Nayao 2215 16 7.730 7.730 7.730 6.00(2.91, 2.91) 0(2.75,-2.75)

Nyagy 2.346 11 9.467 9.467 9.467 6.00(2.90, 2.90) 0(2.94,-2.94)

Mn;Mny Nijy 1.579 147 2.367 2.494 2714 6.00(2.53, 2.53) 0(2.37,-2.37)
Noog 1.605 122 3.865 3.688 3.896 6.00(2.55, 2.55) 0(2.25,-2.25)

Nz 1.566 19 4.532 4.383 4.331 6.00(2.48, 2.48) 0(2.28,-2.28)

Nyoo 1.774 374 5.466 5.466 5.466 6.08(2.67, 2.67)  0(2.67,-2.67)

N33 1.736 43 5.956 5.939 5.997 6.00(2.53, 2.53)  0(2.49,-2.49)

Nooy 1.746 32 6.694 6.684 6.686 6.00(2.55, 2.55)  0(2.43,-2.43)

N333 1.757 43 7.101 7.168 7.127 6.00(2.47, 2.47)  0(2.42,-2.42)

Nago 1.774 318 7.730 7.730 7.730 6.00(2.50, 2.50)  0(2.50,-2.50)

Nyay 1.795 380 9.467 9.467 9.467 6.00(2.57, 2.57)  0(2.57,-2.57)

MngMny Ny 1.291 159 2.367 2.378 2.317 4.00(1.70, 2.36)  0(2.56,-2.35)
Noyo 1.652 -33 2.733 2.604 2.666 4.00(1.05, 2.74)  0(2.83,-2.62)

Nip3 1.953 =20 4.532 4.478 4.400 5.69(2.61, 2.60)  0(2.96,-2.70)

Nooo 2.025 24 4.734 4711 4.754 4.00(0.16, 2.97)  0(3.01,-2.71)

Niz3 2.005 =34 5.956 5.983 5.989 4.00(0.29, 2.93)  0(3.00,-2.68)

Noso 2.025 =54 6.111 6.113 6.099 5.96(2.88, 2.53)  0(3.00,-2.72)

Ni33 2.056 -9 7.101 7.104 7.102 6.21(2.88, 2.66)  0(2.99,-2.68)

Noyy 2.031 -40 8.199 8.199 8.195 6.02(2.88, 2.55)  0(3.02,-2.67)

tions, the AFM state is lower in energy than the FM state,
except for Nyy,. Summarizing the formation energies for all
configurations for the three situations, the FM state of con-
figuration MngMny N7i7 is the ground state. This shows that
the interstitial site of the Mn dopant helps us to stabilize the
nearest neighbor substitutional site to realize the FM state.
This result is consistent with the prediction in Ref. 9. Fur-
thermore, the energy difference between the FM and AFM
states for this configuration is 159 meV and is higher than
that for Ge doped by Mn.*!'® This indicates that a higher
Curie temperature may be obtained for Si doped with Mn,
but the disadvantage is that the magnetic moment per Mn
atom decreases from 3ug to 2up.

We also calculated the FM and AFM orderings for the
other TM dopants for all configurations. The results for the
ground states are summarized in Table III. We find that all
the TM atoms tend to cluster as the ground states are always
the X¢X; Ny configurations, except for Si doped with Ni,
whose ground state is the N3 XX configuration. As we
saw in Sec. IV, the total magnetic moment for a single TM
atom at a substitutional position in Si differs from the total
magnetic moment for an interstitial position. This opens up

the possibility of the existence of ferrimagnetic states in
which the different moments of the TM atoms are opposite,
while a spontaneous magnetization remains. This is indeed
the case for Si doped with Cr: this system is not ferromag-
netic but ferrimagnetic and has a nonzero total magnetic mo-
ment of 2up. For the other TM atoms, i.e., V, Co, and Ni, we
find that their ground state configurations are nonmagnetic,

TABLE III. The formation energies (E), the configurations, the
X-X initial distances (d;,;) and relaxed distances (d,), the total
magnetic moments (M), and atomic magnetic moments (M, and
M,) in the Bohr magnetons for the ground state of Si doped by V,
Cr, Fe, Co, and Ni. The units are the same as those in Table II.

TM  Configuration — E dini dpel Mo (M, M,)
Vo NTTT/XgX, 1326 2367 2220 0.00(0.00,0.00)
Cr NTTT/XgX, 1704 2367 2099 2.00(-0.20,1.64)
Fe  NITI/XgX, 1296 2367 2377  3.38(1.20,1.98)
Co  NITT/XgX, 0941 2367 2473  0.00(0.00,0.00)
Ni  NTT3/Xx, 0718 4532 3.980  0.00(0.00,0.00)
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even if we start our relaxation procedure from an initial FM
configuration. For Fe, the ground state is found to be FM.

VII. CONCLUSIONS

By using first-principles techniques, we studied the for-
mation energy and magnetization of six TM impurities (V,
Cr, Mn, Fe, Co, and Ni) in Si, but first, the level filling
mechanism and the saturation of the magnetization of the
TM-alloy were investigated in the zinc-blende structure. We
considered three different positions for the impurity in the Si
crystal: the tetrahedrally oriented interstitial position, the
hexagonally oriented interstitial position, and the substitu-
tional position. We showed that all impurities prefer an in-
terstitial position, which is in contrast to doping of Ge with
transition metal impurities. Besides the most often used dop-
ing with Mn, it is shown that V and Cr also have large
magnetic moments. As interstitial doping can easily lead to
clustering of the impurities, and consequently, a decrease in
total magnetic moment, it is important to try to stabilize the
substitutional dopants. We showed that this can be realized
for Mn, Fe, Co, and Ni in Si by applying a positive pressure
(but of these impurities, only Mn realizes a total magnetic

PHYSICAL REVIEW B 77, 155201 (2008)

moment larger than 1ug). This suggests that a spintronic
material based on Si may be more easily realized if strain
fields are present. However, applying a pressure also de-
creases the total magnetic moment. Finally, we investigated
the clustering of the TM impurities in Si and their FM and
AFM orderings by considering two TM atoms doped into Si
for different distances between them. For most TMs, the
nearest-neighbor TM pair, in which one is at the substitu-
tional site and the other is at the tetrahedral interstitial site,
has the lowest formation energy. Among those TMs, the Mn
and Fe pairs show ferromagnetism, while V, Co, and Ni pairs
are nonmagnetic. Interestingly, ferrimagnetic behavior is
found for the Cr pair. To conclude, we may say that the best
candidates to realize a magnetic semiconductor based on Si
are Mn and Cr dopants.
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