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Abstract—This paper reports on the results of ab initio calculations of the electronic and magnetic properties
of Si digital heterostructures doped with a Fe monolayer of the substitutional or interstitial type. It has been
revealed that, after the structural relaxation, heterostructures of both types exhibit a twodimensional metallic
behavior and a ferromagnetic ordering in the range of Si spacer thicknesses up to 19 atomic layers. The mag
netization and spin polarization at the Fermi level for the heterostructures with an Fe monolayer of the sub
stitutional type are two times higher than those for the system with an Fe monolayer of the interstitial type.
DOI: 10.1134/S1063783410080184

1. INTRODUCTION
Experimental and theoretical investigations of
magnetic semiconductors are one of the most impor
tant fields of condensed matter physics from both
technological and fundamental points of view. Mag
netic semiconductors make it possible to control not
only the charge of carriers, which underlies electron
ics, but also the spin of charge carriers. Therefore, they
can have various applications. The majority of modern
investigations in this field have been devoted to the
study of GaAsbased systems. However, magnetic
materials based on Si can appear to be more useful in
practice, because it is Si that is the main material of
electronics. The study of magnetic materials that can
be easily integrated with Si electronic materials seems
to be a very important problem. In this respect, ab ini
tio investigations are growing in significance, which is
especially evident for the socalled digital magnetic
heterostructures (DMH) that consist of monolayers of
magnetic transition metals in semiconductor films [1].
The DMH based on delta doping allow one to achieve
magnetic impurity concentrations in semiconductors
that considerably exceed the equilibrium solubility
limit. The high degree of ordering of DMH and the
perfectness of interfaces favor magnetic ordering. In
the ferromagnetic (FM) case, the high concentration
of magnetic atoms leads to a considerable increase in
the Curie temperature [2]. Moreover, as follows from
ab initio calculations, the DMH can have a higher spin
polarization as compared to conventional ferromag

nets [3–5], thus representing ideal materials for spin
injection. The corresponding heterostructures have
already been prepared experimentally in GaAs/Mn [2,
6] and GaSb/Mn [7, 8] materials.
At present, investigations of Si DMH have been
predominantly associated with the doping by manga
nese because of its considerable magnetic moment,
i.e., approximately 2.3μB in the α structure (see theo
retical studies in [4, 5] and experimental investigations
in [9]). Since Fe atoms also have a substantial mag
netic moment (2.2μB in the α (bodycentered cubic)
structure), it is also expedient to investigate DMH
based on Si and Fe. Recently, Uspenskii and Kulatov
[10] investigated the discrete magnetic heterostructure
consisting of the Fe monolayer in Si by using the aug
mented plane wave method in the generalized gradient
approximation to the exchange–correlation func
tional. The Fe monolayer was formed by means of the
substitution of Fe atoms for Si atoms. In [10], it was
demonstrated that, per two Fe atoms, the antiferro
magnetic (AFM) configuration is more favorable than
the FM configuration by 30 meV. It should be noted
that no structural relaxations were performed in [10],
even though their inclusion can result in a change in
the “magnetic behavior” of the discrete magnetic het
erostructure.
Up to now, Si/Fe heterostructures with an intersti
tial monolayer (Fe atoms occupy tetrahedral inter
stices in the Si lattice) have never been investigated.
Therefore, in this work, we present the ab initio inves

1680

DIGITAL MAGNETIC HETEROSTRUCTURES BASED ON Si AND Fe
(a)

(b)

SiN/FeS

1681

(a)

3

(b)

SiN/FeI

1.5
1.0

1
0.5
–1
Δdij, %

0

–3
–0.5

–5
–1.0
–7
Si

–1.5

–9

[001]

–2.0

–11
[010]

FeS

FeI

7

11

15

19

7

11

N
[100]

Δd01
Δd12

15

19

N
Δd23
Δd34

Δd45
Δd56

Δd67
Δd78

Δd89
Δd9 10

Fig. 1. Unit cells of Si heterostructures with an Fe mono
layer of (a) the substitutional type SiN/FeS and (b) the
interstitial type SiN/FeI for N = 11. The figure was pre
pared with the Balls and Sticks program [11].

Fig. 2. Relative changes in the interplanar distances Δdij
after the performance of the structural relaxation in the
(a) SiN/FeS and (b) SiN/FeI systems. The Fe monolayer
has number 0.

tigation of the electronic structure and magnetic prop
erties of Si DMH doped with an Fe monolayer of the
substitutional (FeS) or interstitial (FeI) type with tak
ing into account the structural relaxations.

change in the total energy by no more than 1 meV per
atom. The structural relaxation was performed until
the forces at each atom in the superlattice became
<0.01 eV/Å. The densities of states were calculated
using the 12 × 12 × Nz (Nz = 6, 4, 3, 2) meshes.

2. DESCRIPTION OF THE MODEL
AND COMPUTATIONAL METHOD

3. RESULTS AND DISCUSSION

The DMH were simulated using SiN/FeS and
SiN/FeI supercells, which consisted of an Fe mono
layer and a Si spacer with the thickness varying from N
= 7 to 19 atomic layers. The basis vectors of the unit
cell a, b, and c were directed along the [100], [010],
and [001] axes, respectively, and their magnitudes were
a = b = a0 and c = (N + 1)a0/4, where a0 = 5.46 Å is
the optimized lattice constant of bulk Si with a dia
mond structure. Figure 1 shows the Si11/FeS and
Si11/FeI heterostructures. The calculations were per
formed in the framework of the density functional the
ory in the generalized gradient approximation to the
exchange–correlation energy [12] with the use of the
planewave basis set and the projectoraugmented
wave (PAW) pseudopotentials [13], as implemented in
the VASP code [14–17]. The relaxation was carried
out using the basis set of plane waves with energies
<500 eV and the 6 × 6 × Nz Γcentered kpoint mesh
[18], where Nz = 3, 2, 2, and 1 for the DMH consisting
of 8, 12, 16, and 20 layers, respectively. The use of the
denser mesh 8 × 8 × Nz in the Brillouin zone leads to a
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3.1. Structural Relaxation
The results of the calculations of the structural
relaxation in the SiN/FeS and SiN/FeI systems along
the [001] direction are presented in Fig. 2. In the
course of relaxation, each plane of the (001) type
moves as a whole (intraplanar atomic displacements
along the [001] direction are negligible and are of the
order of 10–2%), whereas the plane containing the Fe
monolayer and the (N + 1)/2th Si atomic layer remain
fixed due to the periodicity of the cell. It can be seen
from Fig. 2a that, during the relaxation in all SiN/FeS
systems, the distance Δd01 between the FeS monolayer
and the nearest Si layers decreases. With an increase in
N from 7 to 19, the quantity Δd01 decreases from –8.3
to –10.5%. In this case, the Fe–Si interatomic dis
tance is approximately equal to 2.28 Å, which is very
close to the experimentally observed distance Fe–Si
equal to 2.29 Å in the B20 structure [19]. The inter
atomic distance specified for the Fe–Si pair before the
relaxation (it corresponds to the distance between the
nearest neighbors in perfect Si) in our calculations
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material to a fixed volume) inevitably leads to the
repulsion of the neighboring layers. This effect com
petes with the mechanism of formation of a shortened
bond length between the Fe and Si atoms. Nonethe
less, an increase in the spacer thickness results in an
increase in the interplanar displacements. It is evident
that the stresses caused by the incorporation of the Fe
monolayer are redistributed between a larger number
of layers in the heterostructure and the tendency of the
Fe and Si atoms toward the formation of the bond with
the length close to the bond length in the bulk FeSi
compound is enhanced.
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Fig. 3. (a) Difference between the energies of the AFM and
FM configurations ΔE = EAFM – EFM per two Fe atoms as
a function of the spacer thickness N. (b) Dependences of
the net magnetic moment for the SiN/FeS and SiN/FeI FM
configurations.

amounts to 2.36 Å. Therefore, the decrease in the dis
tance between the FeS monolayer and the nearest Si
atomic planes in the SiN/FeS system is associated with
the formation of the chemical bond length between
the Fe and Si atoms. These atoms tend to form the
bond with the length close to the length of the bond
length between the same atoms in the conventional
FeSi compound. Figure 2b illustrates the relaxation in
the system with the FeI monolayer. It can be seen from
this figure that the changes in the interplanar distances
during the relaxation are considerably smaller than
those in the system with the substitutional monolayer:
Δd01 = –1.7% for the spacer thickness N = 19. Most
likely, these insignificant relaxations are a simple con
sequence of the fact that the addition of Fe atoms to
tetrahedral interstitials (actually, the addition of the

It can be seen from Fig. 3a that, for Si spacer thick
nesses 7 ≤ N ≤ 19, both systems SiN/Fe are ordered fer
romagnetically. It is interesting to note that the quan
tity ΔE changes substantially in the range from N = 7
to 11 layers and then varies rather weakly with a further
increase in the spacer thickness. This indicates that the
observed ferromagnetism has a twodimensional char
acter, because the contribution of spacer exchange
interaction to the total energy becomes negligible for
N ≥ 11. Consequently, the formation of the FM order
is determined by the direct exchange interaction
between electrons of Fe atoms of the same monolayer,
which are located at a distance of 3.86 Å from each
other. Since the magnetic interactions along the [001]
direction are weak, no change in the magnetic order in
the ranges of thicknesses N (7, 11), (11, 15), and (15,
19) is expected in the SiN/Fe systems. Previously,
Uspenskii and Kulatov [10] investigated the DMH
based on different semiconductors (Si, Ge, GaAs,
GaSb, GaN) and transition metals (Cr, Mn, Fe, Co)
and revealed that the Si/FeS system is antiferromag
netically ordered and that ΔE = –30 meV per two Fe
atoms. All DMH were studied without performing
structural relaxations and only for one spacer thick
ness equal to 23 layers for the DMH with a diamond
structure. Actually, in some cases, the inclusion of the
structural relaxation does not lead to a qualitative
change in the behavior of the system and, hence, can
be omitted, for example, in Si/MnS [4], where the dis
tance d01 changes insignificantly. However, the delta
doping of Si with Fe with the substitutional type results
in a decrease in the distance d01 by ~10%, which sub
stantially affects the type of magnetic ordering.
3.3. Electronic Structure
In crystalline Si, with a diamond structure, the sub
stitutional defects FeS and the interstitial defects FeI
are located in the tetrahedral environment of four Si
nearest neighbors. In this case, the fivefold degenerate
d levels of Fe atoms are split by the crystal field into the
doubly degenerate level e and the triply degenerate
level t2 [20]. The electronic orbitals of the Fe atoms
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and their Si nearest neighbors are hybridized. Accord
ing to the molecular orbital theory, the hybridization
can occur only for states with identical symmetry [21];
in our case, these are the Si t2(p) and Fe t2(d) states.
The total and partial densities of states (DOS) cal
culated for the Si19/FeS and Si19/FeI systems are shown
in Fig. 4. The DOS for the other SiN/FeS and SiN/FeI
systems, except for specially noted differences, are
very similar to those shown in Fig. 4 and, therefore, are
not presented in our work. As can be seen from Fig. 4a
(see the upper panel), the Si19/FeS system exhibits a
metallic DOS with the spin polarization at the Fermi
level P = |n↑ – n↓|/(n↑ + n↓) = 0.6 (or 60%), where
n↑ = n↑(EF) and n↓ = n↓(EF) are the differential DOS
for spins up and spins down, respectively. In the major
ityspin channel (solid lines), the states in the valence
band between –2.5 and 1.0 eV are characterized by a
strong Fe d–Si(1) p hybridization, which leads to
“metallization” of local DOS of the Si atoms of the
nearest layers (see panels Fe t2(d) and Si(1), Si(2),
etc.). A considerable contribution to the valence band
is also made by the e(d) states located 1.5 eV below the
Fermi level. In the vicinity of the upper edge of the
valence band, the contributions of the Fe d states and
Si p states are insignificant, which results in a low total
DOS at the Fermi level in the majorityspin channel.
In the conduction band, the fraction of the Fe d states
with spin up is negligible and the contribution of the Si
s and Si p states increases away from the Fermi level
(E > EF) (compare panels Total and Si(bulk) in
Fig. 4a). In the minorityspin channel (dotted lines),
the largest contribution to the conduction band in the
range 0.5 eV above the Fermi level is made by the Fe
e(d) orbitals. It is these Fe e(d) orbitals that provide a
high spin polarization of the Si19/FeS discrete mag
netic heterostructure at the Fermi level, because the
total DOS in the vicinity of the upper edge of the
valence band of the minorityspin channel is rather
low. The t2(d) orbitals make a smaller contribution to
the DOS at the Fermi level, because they are predom
inantly located in the range 2 eV below the Fermi level
EF, where the Fe d–Si(1) p hybridization is also
strong. Each FeS atom has a magnetic moment equal
to 1.53μB. The magnetic moments induced at the four
nearest atoms Si(1) are negative and amount to –
0.06μB, the magnetic moments of the Si(2) atoms of
the second coordination sphere are equal to 0.02μB,
and the magnetic moments of the father atoms located
in the subsequent layers are smaller than 0.01μB. With
allowance made for a magnetic moment of 0.13μB out
side the Wigner–Seitz spheres, the net magnetic
moment per unit cell is equal to 3.06μB (Fig. 3b).
The DOS for the Si19/FeI system are shown in Fig.
4b. The partial DOS in the range from –3 to 1 eV for
both spin channels are characterized by a strong
hybridization of the Fe d states with the p states of the
Si(1), Si(2), and Si(0) atoms, to which the distances
PHYSICS OF THE SOLID STATE
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are equal to 2.35, 2.65, and 2.73 Å, respectively. In this
case, the partial densities of t2(d) and e(d) states
acquire a more “volumelike” form as compared to
those for the Si19/FeS system (compare, for example,
the pronounced peak of the e(d) states for the Si19/FeS
system and wide bands of the e(d) states for the
Si19/FeI system in the minorityspin channels). In
combination with an insignificant exchange splitting
of the Fe d states, this leads to the following results:
(1) a relatively low (of the order of 20%) spin polariza
tion at the Fermi level and (2) a decrease in the mag
netic moment at the FeI atoms (as compared to the
Si19/FeS system) to 0.71μB. As a consequence, the
magnetic moments induced at the nearest Si atoms are
small (less than 0.01μB). With due regard for a mag
netic moment of 0.01μB outside the Wigner–Seitz
spheres, the net magnetic moment per unit cell is
equal to 1.43μB (Fig. 3b). The factor responsible for
the broadening of the Fe d bands in the interstitial
monolayer lies in a closer location of atoms and,
hence, in a stronger interatomic interaction as com
pared to that in the plane of the FeS monolayer. Actu
ally, in the case of the substitutional monolayer, the
first neighbor of the Fe atom in the monolayer plane is
also the Fe atom located at a distance of 3.86 Å. In the
interstitial monolayer, the distance between the Fe
atoms is also equal to 3.86 Å, but the Si(0) atom is
located at a distance of 2.73 Å (Fig. 1). Therefore, the
atomic density in the plane containing the interstitial
monolayer is higher than that in the substitutional
layer plane. As a result, the arising higher electron
concentration leads to a stronger interatomic interac
tion and hybridization of bands. The decrease in the
exchange splitting of the FeI d subband as compared to
the exchange splitting of the FeS d subband can be
understood using the following simple explanation.
The exchange splitting of the Fe d levels in the Si19/FeS
system is smaller than that in bodycentered cubic Fe,
because the nearest neighbors of Fe atoms in the dis
crete magnetic heterostructure are nonmagnetic Si
atoms. Since four additional nonmagnetic neighbors,
i.e., Si(0) atoms, appear for the Fe atom in the Si19/FeI
system, the exchange splitting of its d levels becomes
even smaller.
It should be noted that, in both the Si19/FeS system
and the Si19/FeI system, all Si atoms of the first seven
layers (the reference point corresponds to the Fe
monolayer) make a contribution to the DOS in the
region of the fundamental band gap. This contribution
decreases with an increase in the distance from the Si
atoms to the Fe monolayer. Beginning with the eighth
layer, the local DOS for the Si atoms exhibit a band gap
of approximately 0.6 eV and the form corresponding
to that of the local DOS of intrinsic bulk Si (see panel
Si(bulk)). Consequently, both types of the DMH
under consideration represent twodimensional met
als. It is clear that their conductivity along the [001]
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Fig. 4. Calculated total n(E) and partial np(E) DOS for the (a) Si19/FeS and (b) Si19/FeI systems. The Fermi level corresponds to
zero energy. The Si(1), Si(2), Si(3), and Si(8) atoms are the Si atoms in the layers with numbers 1, 2, 3, and 8, respectively (the
reference point corresponds to the Fe monolayer). For the Si19/FeI system, Si(0) indicates the atom located in the plane of the
FeI monolayer. The Si(bulk) atom corresponds to the atom in intrinsic bulk Si with a diamond structure (in this case, the shown
partial DOS is not spinpolarized). Partial DOS for all Si atoms represent the summarized contribution of the s and p states in the
corresponding spin channels inside the Wigner–Seitz spheres.

direction is considerably lower than the conductivity
in the plane doped with Fe. This property is retained
for the DMH with thin Si spacers. Although, at N = 7,
none of the Si atoms have a DOS with a pronounced
band gap, the conductivity of these DMH in the direc

tion perpendicular to the monolayer plane, as before,
is substantially lower than that along this plane.
Figure 5 shows the band structures for the Si19/FeS
and Si19/FeI systems along the Γ–X–M–Γ–Z symme
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Fig. 5. Spinpolarized band structures of the (a, b) Si19/FeS and (c, d) Si19/FeI systems along the Γ–M–X–Γ–Z direction of the
Brillouin zone. The coordinates of the symmetry points of the Brillouin zone are as follows: Γ = (0, 0, 0), M = (0.5, 0.5, 0), X =
(0.5, 0, 0), and Z = (0, 0, 0.5). The size of symbols reflects the relative fraction of the d states at the given k point.

try directions in the Brillouin zone. The Γ–X–M–Γ
and Γ–Z directions, which lie in the kx–ky and kz
planes of the Brillouin zone, respectively, describe the
states in the plane of the Fe monolayer (i.e., in the
(001) plane) and along the perpendicular [001] direc
tion of the direct lattice. The size of symbols in the
figures reflects the relative fraction of the d states. In
the majorityspin channel for the Si19/FeS system
(Fig. 5a), three partially occupied bands provide a
metallic conductivity. As was noted above, the states in
the conduction band of the majorityspin channel are
predominantly Si t2(p) in character, because the e(d)
and t2(d) states are located below the Fermi level (see
PHYSICS OF THE SOLID STATE
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panel Fe t2(d) in Fig. 4a). In the minorityspin chan
nel, the conductivity also exhibits a metallic behavior.
At the Fermi level and its vicinity, there are narrow
bands in which the states are predominantly e(d) in
character (see panels Fe e(d) and Fe t2(d) in Fig. 4).
These states ensure a high spin polarization at the
Fermi level of the system. Along the Γ–Z direction,
the larger the fraction of the d states in the p–d hybrid
ized bands, the higher their localization. This is a con
sequence of the specific structure of the discrete mag
netic heterostructure: along the [001] direction, the
profile of the dopant distribution is a delta function.
Therefore, along the Γ–Z direction, the narrow impu

2010

1686

OTROKOV et al.

rity bands are located in contrast to the broadened
bands located along the Γ–X–M–Γ direction, which
describe the states of electrons in the monolayer plane,
where a twodimensional metallic bonding appears.
Moreover, in both spin channels, states at the Fermi
level along the Γ–Z direction are absent; the charge
carriers are predominantly located in the vicinity of
the FeS monolayer, which also confirms the two
dimensional metallic behavior of the system under
consideration.
The metallic conductivity in the Si19/FeI system is
provided by three and two partially occupied bands in
the majorityspin and minorityspin channels, respec
tively (Figs. 5c, 5d); in this case, it can be seen from
Fig. 4b that the conduction band contains the states of
both symmetries e(d) and t2(d). In the kx–ky plane (the
Γ–X–M–Γ directions), the extent of the p–d hybrid
ized bands is larger, on average, than that in the
Si19/FeS system, which indicates a more considerable
interatomic interaction in the FeI monolayer. As
regards the Γ–Z direction, the bands with the domi
nance of the d character are also strongly localized, as
is the case in the Si19/FeS system, due to the delta pro
file of the dopant distribution in the [001] direction of
the direct lattice. The Si19/FeI system, like the Si19/FeS
system, has no states at the Fermi level along the Γ–Z
direction: the majorityspin channel has a pseudogap
equal to 29 meV. This circumstance suggests that
charge carriers are predominantly located in the vicin
ity of the FeI monolayer.

in the SiN/FeI systems by a factor of more than two:
1.53μB and 60% as compared to 0.71μB and 20%,
respectively. According to our calculations and the
data available in the literature [3–5], the twodimen
sional metallic behavior is a property in common for
DMH irrespective of a specific semiconductor matrix
and a delta doping transition metal. This means that,
in these systems, the conductivity in the direction per
pendicular to the monolayer plane is substantially
lower than the conductivity along this plane, because
charge carriers are predominantly located in the vicin
ity of the transition metal monolayer.
The calculations were performed on the SKIF
Cyberia computational cluster at the Tomsk State
University (Tomsk, Russia).
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