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1. INTRODUCTION

Diluted magnetic semiconductors (DMSs) AIV:M
based on Group�IV elements (AIV = Si, Ge) doped
with magnetic 3d�transition metals (M = Cr, Mn, Fe,
Co) have attracted large interest in recent years as new
materials of magnetic electronics used, e.g., for spin
injection [1]. On the one hand, such DMSs can be
easily integrated in the standard technology of silicon�
based nonmagnetic semiconductor structures. On the
other hand, the efficient transport of spin�polarized
charge carriers (as a rule, holes) can likely be success�
fully implemented in them. The most theoretical and
experimental advance has been achieved in studying
Ge/Mn and Si/Mn DMSs, although their magnetic
and transport properties are still far from complete
understanding.

According to the traditional terminology, Ge/Mn
and Si/Mn DMSs are disordered alloys (solid solutions)
Ge1 – xMnx and Si1 – xMnx with low or moderate (x ≈
0.001–0.1) concentrations of manganese. The ab ini�
tio calculations of the electronic structure reported in
[2] indicate that the ferromagnetic ordering in such
alloys occurs at sufficiently high Curie temperatures
(TC ≈ 300–500 K). This ordering is caused by the indi�
rect exchange of local moments on manganese ions
through free carriers (holes) whose sources are manga�
nese ions (carrier mediated ferromagnetism). The
effective moment on a manganese ion should be μ ≈
3μB, slightly depending on the position occupied by
this ion (we recall that the most energetically favorable

position for an isolated manganese ion is a substitu�
tional site in the germanium lattice or a tetrahedral
interstitial site in the silicon lattice). The situation in
real Ge1 – xMnx and Si1 – xMnx alloys appeared to be
much more complex than that assumed in the model
developed in [2] and the problem of high�temperature
ferromagnetism in these alloys remains open. The rea�
son is that any method of their growth is characterized
by the strong phase segregation with the formation of
various inclusions and clusters; this circumstance
leads to contradiction between the experimental
results and theoretical predictions for macroscopically
homogeneous systems.

The nature of ferromagnetism in Ge1 – xMnx alloys
has not yet completely determined, although the exist�
ing experimental situation is clearly understood. In
particular, epitaxial Ge1 – xMnx (x ≈ 0.035) films were
studied in [3], where a ferromagnetic order was
observed below T = 116 K; this order is likely due to
the presence of magnetic inclusions (precipitates) with
sizes from 2 to 6 nm where the concentration of man�
ganese is higher than that in the main material. Inves�
tigations of alloys with the low or moderate concentra�
tions of manganese (x ≈ 0.02–0.1) [4–7] show that
precipitates contain various manganese germanates
such as Ge3Mn5 or Ge8Mn11, which have a short�
range ferromagnetic order at temperatures near and
above room temperature. This circumstance is respon�
sible for the superparamagnetic behavior of precipi�
tates, each having a giant magnetic moment (up to
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2000μB), observed in experiments above a certain
characteristic blocking temperature. In order to con�
sistently interpret the results of magnetic measure�
ments in alloys with low and moderate concentrations
of manganese (x < 0.09), the authors of [8] introduced
two different ferromagnetic ordering temperatures,

 and TC, where the higher temperature  ≈ 300 K
corresponds to the appearance of the short�range fer�
romagnetic order inside a precipitate and the lower
temperature TC ≈ 10 K is the point of the percolation
transition to the ferromagnetic state throughout the
sample. However, the ferromagnetic order at room
temperature was observed in Ge0.94Mn0.06 [9] and
Ge0.981Fe0.019 [10]. It was emphasized in [9, 10] that
manganese and iron ions are incorporated into the
germanium lattice, whereas no secondary phases and
clusters were observed. The transport measurements
reported in [11] revealed the semiconductor conduc�
tivity type in the Ge0.81Mn0.13Fe0.06 alloy throughout
the investigated temperature interval. According to the
results of that work, the indirect ferromagnetic inter�
action is ensured by localized holes with a density of
about 1020 cm–3 and a mobility of about 10 cm2/(V s).

Thus, magnetic ordering in Ge1 – xMnx alloys
apparently occurs in several stages. At high tempera�
tures (above or near room temperature), the short�
range ferromagnetic order is formed inside individual
nanoprecipitates, which appear as a result of large�
scale fluctuations of the composition of an alloy and
contain manganese germanates or solid solutions with
an increased concentration of manganese. Then, at
lower temperatures, blocking and possibly partial
ordering of magnetic moments of these nanoprecipi�
tates in the Ge1 – xMnx matrix with a decreased con�
centration of manganese occur. Finally, at low temper�
atures, the process of the ferromagnetic ordering of the
local moments of manganese ions dispersed in the
Ge1 – xMnx matrix begins, possibly through the perco�
lation scenario (see, e.g., discussion in [5]).

The situation with understanding of the nature of fer�
romagnetism in Si1 – xMnx alloys, for which the experi�
mental results are very contradictory, is much more
uncertain. There are data on the high�temperature fer�
romagnetic order (  ≈ 250–400 K) in Si1 – xMnx alloys
with low or moderate concentrations of manganese
(x ≈ 0.001–0.1) obtained by the methods of vacuum
deposition [12], ion implantation [13], and magnetron
sputtering [14, 15] of manganese, but the mechanism
of this ordering remains unclear. At the same time, the
ferromagnetic order was not observed in α�Si1 – xMnx

alloys (0.01 < x < 0.175) obtained by manganese dop�
ing of amorphous silicon with the subsequent homog�
enization of an alloy [16], although the magnetic sus�
ceptibility of these alloys in a wide range of composi�
tions satisfies the Curie–Weiss law with a very low
effective moment (less than 0.1μB/Mn). The authors
of [16] assumed that only a small part of the total num�

TC* TC*

TC*

ber of manganese ions that are present in the silicon
lattice in the form of isolated centers with local mag�
netic moments are involved in the formation of the
ferromagnetic order in α�Si1 – xMnx alloys, whereas
the overwhelming majority of manganese ions are in
nonmagnetic configurations. The results of X�ray [17,
18] and electron [19] microscopy indicate that most
manganese ions do not occupy substitutional or inter�
stitial sites in the silicon lattice, but enter in various
silicides (such as Mn4Si7 or Mn11Si19), which form
nanoclusters or nanoinclusions (nanoprecipitates)
with a nominal composition of MnSi1.7 [20]. In this
case, the average magnetic moment per manganese
ion calculated from the data on the saturation of the
magnetization in a high magnetic field is very low
(about 0.21μB) in complete contradiction with the
theoretical predictions made in [2]. The anomalous
Hall effect with the pronounced hysteresis behavior
indicating the presence of the ferromagnetic order was
observed in [21] in Si1 – xMnx films with a high concen�
tration of manganese (x ≈ 0.35), which were obtained
by the laser sputtering method. The Curie temperature
TC ≈ 250 K and the effective moment per manganese
ion μ ≈ (0.1–0.2)μB were determined. However, we
emphasize that the system considered in [21] exhibits
the metallic conductivity type and, thereby, is strongly
different from the above�discussed systems with the
semiconductor conductivity type [12–15]. In addi�
tion, the anomalous Hall effect was also observed in
Si1 – xFex epitaxial films with x ≈ 0.07 at temperatures
below 26 K; this circumstance indicates the absence of
high�temperature ferromagnetism in this material
[22].

In view of the results reported above, serious problems
concerning the nature of ferromagnetism in Si1 – xMnx
arise. On the one hand, the model of the indirect
exchange between local moments on manganese ions
by a carrier mediated ferromagnetism mechanism
cannot evidently explain the appearance of the ferro�
magnetic order in these systems, because the number
of such moments is very small. On the other hand,
although the aforementioned manganese silicides are
weak itinerant ferromagnets, it is very difficult to inter�
pret the ferromagnetic order in Si1 – xMnx alloys in the
framework of the traditional mechanism of itinerant
ferromagnetism. The reason is that the Curie temper�
ature for most of known manganese silicides is TC ≈ 50
and the effective moment per manganese ion is μ ≈
0.01μB [23, 24]; i.e., these values are an order of mag�
nitude lower than the respective values in the systems
under discussion. In recent work [25], it was assumed
that ferromagnetism in Si1 – xMnx alloys is not directly
attributed to the presence of magnetic manganese ions
in a certain form, but is caused by the appearance of
magnetic defects (such as dangling bonds in the silicon
lattice) in the process of the preparation of an alloy,
e.g., by ion implantation or laser sputtering on a sub�
strate. Thus, the problem of the nature and mecha�
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nism of the ferromagnetic order in Si1 – xMnx alloys
remains unsolved.

Digital magnetic alloys (DMAs) AIV/M considered
in this work constitute a nontraditional type of DMSs
based on Group�IV elements (hereinafter, marked
as AIV). In these materials, M ions (most often, man�
ganese) with the nominal concentration correspond�
ing to the mono� or submonolayer coverage are intro�
duced to the Group�IV semiconductor (Si or Ge) by
means of selective doping in the process of molecular
beam epitaxy and form the so�called magnetic δ�layers
[1]. These δ�layers form either individual magnetic
elements of a hybrid semiconductor heterostructure or
a periodic lattice of these elements (called the DMA).
In this way, it is possible to reach a locally high concen�
tration of ions of transition metals, which is much
higher than their solubility limit in bulk semiconduc�
tors. The exchange interaction between the magnetic
moments inside δ�layers is much stronger than that in
bulk DMSs and the magnitude of the exchange inter�
action between δ�layers can be varied by choosing the
composition and geometric parameters of DMAs.
Therefore, the magnetic and transport properties of
these materials can be varied in a wide range.

DMAs of the III–V/M type, where III–V = GaAs,
GaSb, have been most actively investigated in recent
years, primarily because reliable methods for obtain�
ing relatively high�quality ferromagnetic δ�layers have
been developed for these systems. In particular, a
DMA in the form of a GaAs/MnAs heterostructure
was grown by means of the alternating deposition of
GaAs and MnAs nanolayers [26, 27]. In GaAs/Mn
and GaSb/Mn DMAs, manganese ion submonolayers
were periodically introduced into a GaAs or GaSb
matrix [28, 29]. An original method for creating single
ferromagnetic δ�layers of manganese ions in GaAs�
based heterostructures, which was successfully imple�
mented in [31, 32], is also worth noting. Despite very
interesting prospects, AIV/M DMAs remain almost
unstudied experimentally. The problems of phase seg�
regation (formation of silicides and germanates of
transition metals in the process of the growth of
DMAs) apparently prevent the growth of high�quality
δ�layers in silicon and germanium matrices. The first
success in this direction was achieved in [33] for [Si(20
Å)/Mn(x)]30 multilayer structures with the nominal δ�
layer concentrations x = 1, 1.5, and 2.0 Å.

The main theoretical attention was focused on ab
initio calculations of the band structure of AIV/M
DMAs considered in this work. The electronic spec�
trum of these DMAs contains both strongly correlated
narrow bands and weakly correlated wide bands. The
magnetic order inside each layer appears due to the
strong correlation between electronic states in narrow
bands and their hybridization with states in wide
bands, i.e., occurs through the Anderson–Hubbard
band mechanism [34]. At the same time, the exchange
coupling between neighboring layers of transition met�
als has the pronounced character of superexchange

and occurs by the tunneling of quasiparticles through
quasi�two�dimensional spin�polarized states [35–38]
formed by layers in the Group�IV element matrix.

2. FORMULATION OF THE PROBLEM

The ab initio investigations of the electronic struc�
ture and magnetic order of AIV/M DMAs are usually
devoted to the consideration of ideal substitutional
monolayers, and manganese is most often chosen as a
magnetic component. In particular, both the ferro�
magnetic ordering in the manganese layer and a nearly
half�metallic electronic structure were predicted for a
Ge/Mn DMA with a thickness of germanium spacers
up to 31 atomic layers (below, we use the notation
Ge31/Mn) [39, 40]. Introducing the Hubbard parame�

ter U = 2 eV for the p states of Ge,
1
 the authors of [41]

predicted the half�metallic electron spectrum for
Ge7/Mn and the enhancement of a tendency to the
formation of the ferromagnetic order in a metallic
layer. The magnetic order and electronic spectrum in
Si/Mn DMAs are qualitatively the same as those in
Ge/Mn [42]. It is additionally known that the half�
metallic state in Si15/Mn remains unchanged in the
presence of 25% of vacancies or silicon atoms (located
at the sites of the lattice) [43]. The Si23/M (M = Cr,
Mn, Fe, Co) DMAs were recently investigated in [44],
where the ferromagnetic order in the chromium
monolayer and the antiferromagnetic order in the Fe
and Co layers were reported; the results obtained for
DMAs with the manganese δ�layer were in agreement
with the calculations reported in [42]. The authors of
[44] assumed a small effect of structural relaxations on
the magnetic order in the layers of transition metals
and considered unrelaxed DMAs. However, the
authors of [45] found that iron δ�layers in completely
relaxed SiN/Fe (7 ≤ N ≤ 19) DMAs are ferromagnetic.
Furthermore, the calculations of total energies pre�
dicted the ferromagnetic ordering in the iron layer
introduced into the silicon matrix. The ferromagnetic
order in 0.25, 0.5, and full interstitial manganese
monolayer in the silicon matrix was predicted in [46].
However, the full spin polarization at the Fermi level
was detected only in a system with 0.25 monolayer of
manganese. According to the performed calculations,
the presence of interstitial silicon atoms in the substi�
tutional δ�layer leads to the loss of the half�metallic
properties in view of the energetically favorable
exchange by positions, which leads to the occupation
of a site by a silicon atom and of a tetrahedral void by
a manganese atom.

It is worth noting that, in all aforementioned works
except for [41], the type of the magnetic order was
determined from the calculations of the total energies

1 In the framework of the full�potential linearized augmented
plane�wave method in the generalized gradient approximation
to the exchange correlation functional, U = 2 eV ensures the
experimental value of the fundamental gap in bulk germanium.
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of the antiferromagnetic and ferromagnetic configura�
tions of local moments in the δ�layer of a transition
metal. The authors of those works used a simplified
model taking into account the interactions only
between the nearest neighbors in the δ�layer, but the
applicability of this model is not obvious. In this work,
to determine the type of the magnetic order in DMAs,
we use accurate ab initio calculations of the exchange
interaction integrals and total energies of the antifer�
romagnetic and ferromagnetic configurations,
because such an approach is quite reliable when deter�
mining the type of the magnetic order.

In addition to germanium and silicon, a disordered
solid solution Si0.5Ge0.5, where silicon and germanium
atoms are randomly distributed over the lattice sites, is
considered for the first time as a matrix in the alloys
under investigation. In addition to manganese, we also
analyze transition metals Ti, V, Cr, Fe, Co, and Ni as
δ�doping elements. It is worth noting that the presence
(absence) of the local magnetic moment in the bulk
transition metals Ti, V, Co, and Ni does not necessar�
ily mean the presence (absence) of the local magnetic
moment on an ion of this type in the digital alloy with
a Group�IV element.

As was shown in [45], the difference between the
energies of intralayer antiferromagnetic and ferromag�
netic configurations of local moments in Si/Fe DMAs
are sensitive to a change in the shortest bond length
between the iron and silicon atoms, appearing in
structural relaxation. For this reason, we investigate
the intralayer magnetic ordering in digital alloys in
both relaxed and unrelaxed systems.

3. DESCRIPTION OF THE MODEL
AND CALCULATION METHOD

DMAs were simulated by AIV
7/M supercells consist�

ing of a substitutional monolayer of M = Ti, V, Cr, Mn,
Fe, Co, or Ni and a semiconductor spacer of AIV = Si,
Si0.5Ge0.5, or Ge with a thickness of seven atomic lay�
ers. According to the calculations of the exchange
parameters, the spacer of this thickness weakens the
interlayer exchange interactions. For this reason, there
are no qualitative differences in the magnetic order in
the δ�layers of the AIV

7/M and AIV
11/M DMAs; this

conclusion is confirmed by test calculations for AIV =
Si, Ge and M = Mn, Fe. A subscript of 7 will be omit�
ted below in the notation AIV

7/M except for the cases
where this subscript is necessary. The (001) plane was
chosen as the growth plane of a DMA. The basis vec�
tors of unit cells, a, b, and c, are directed along [100],
[010], and [001], respectively, and their lengths are a =

b =  and c = 2 , where  is the optimized lattice

constant of the bulk Group�IV semiconductor AIV in
the diamond structure. The equilibrium parameters of
the lattices of semiconductors were determined by
finding the extrema of the calculated volume depen�

a0
A a0

A a0
A

dences of the total energy fitted to the second�order
Birch equation of state [47]. The lattice constants thus

obtained are  = 5.46 Å,  = 5.61 Å, and

= 5.77 Å.

The calculations were carried out in the framework
of the electron density functional theory in the gener�
alized gradient approximation to the exchange�corre�
lation potential [48]. To perform structural relaxations
in DMAs, we used a plane�wave basis and PAW
pseudopotentials [49] implemented in the VASP
(Vienna ab initio simulation package) [50, 51]. The
basis set of plane waves with energies below 500 eV and
the 6 × 6 × 2 Γ�centered grid of special k�points [52]
ensured the convergence of the total energy with an
accuracy of 0.1 meV per atom. When a denser grid was
used in the Brillouin zone, the relaxations were
changed by no more than 0.25%. The optimization of
atomic positions continued until the achievement of
forces lower than 0.01 eV/Å for each atom in the
superlattice. After that, the electronic structure was
calculated by the Korringa–Kohn–Rostoker method
[53, 54] in the atomic sphere approximation; as is
known, the use of this approximation to investigate
systems with high symmetry in the framework of the
supercell method gives reasonable results [55]. We also
performed test calculations using the full�potential
version of the Korringa–Kohn–Rostoker method,
which did not reveal significant differences from the
calculations in the atomic�sphere approximation for
total energies, magnetic moments, and exchange
parameters. Since the calculations using the Kor�
ringa–Kohn–Rostoker method in the atomic sphere
approximation are less expensive, we apply this
approximation. A 12 × 12 × 6 grid of special k�points is
used in the calculations. The total energy calculated
with more accurate grids is changed by less than 1 meV
per unit cell.

The fully relaxed disordered Si0.5Ge0.5 alloy is sim�
ulated in the coherent potential approximation for�
mulated in the framework of the Korringa–Kohn–
Rostoker method [56, 57]. The correctness of the
description of the disordered Si0.5Ge0.5 alloy in our
calculations is confirmed by satisfactory agreement
between the calculated (0.01 Å) and experimental
(0.007 Å [58]) values of the deviation of the lattice

parameter  from the value obtained under the

assumption of the linear behavior of (x) (Veg�
ard’s law [59]). To optimize the atomic positions in the
Si0.5Ge0.5/M DMA, we interpolated the shift values
observed at relaxations in Si/M and Ge/M according

to the calculated dependence (x).

As is known, the electron density functional theory
cannot correctly describe the electronic structures of
semiconductors and insulators: this theory underesti�
mates the band gaps. At the same time, the band spec�

a0
Si a0

Si0.5Ge0.5

a0
Ge

a0

Si0.5Ge0.5

a0

Si1 x– Gex

a0

Si1 x– Gex
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tra obtained in the framework of the GW approxima�
tion are in good agreement with the experiment [60].
In our calculations, the electronic structures of bulk
Si, Si0.5Ge0.5, and Ge are fitted to those obtained in the
GW approximation [61] using the combined approach
[62, 63], where the energy of valence p�electrons of a
semiconductor is taken into account by introducing
the effective Coulomb potential U, whereas the core
and valence s�electrons are described by the general�
ized gradient approximation potential. Thus, agree�
ment with the GW calculations of the band spectra of
Si, Si0.5Ge0.5, and Ge is achieved at the effective Cou�
lomb potential magnitudes U = 1.38, 1.25, and
1.53 eV, respectively. In this case, the band gaps corre�

spond to the experimental values  ≈ 1.12 eV,

 ≈ 1 eV (the band gap for the fully relaxed alloy

[61]), and  ≈ 0.65 eV.

The calculation of the parameters of the exchange
interaction Jij between the local moments of transition
metal ions in the alloys was performed on 32 × 32 × 16
grids of k�points using the magnetic force theorem
[64] and Heisenberg Hamiltonian

where ei( j) are the unit vectors oriented in the direc�
tions of local magnetic moments and Jij describe the
interactions between them. The idea of the magnetic
force theorem is to consider infinitesimal rotations of
classical spins located at two different sites. Energy
changes thus appearing, δE = J0(1 – cosδθ), where δθ
is the rotation angle, are mapped onto the classical
Heisenberg Hamiltonian using multiple�scattering
theory. The coefficient J0 = , which corre�

sponds to the energy required for changing the direc�
tion of a local moment to the opposite direction,
reflects the “single�site spin stiffness” and the ferro�
magnetic state is stable when J0 > 0.

4. RESULTS AND DISCUSSION

4.1. Structural Relaxation

In the model used here, the introduction of a tran�
sition metal monolayer into the elementary�semicon�
ductor matrix induces such relaxations in which the
atomic planes of the semiconductor move as a whole,
whereas the in�plane atomic displacements along
[001] are negligibly small. This situation is impossible
if each atomic plane of the semiconductor spacer con�
tains atoms of two types, as in the case of Si0.5Ge0.5.
Strictly speaking, the short�range order is absent in the
disordered Si1 – xGex alloy, because the lengths of
Si⎯Si, Si–Ge, and Ge–Ge interatomic bonds (i.e.,
the shortest distances) are not the same. In this case,
the real positions of silicon and germanium atoms do
not correspond to the sites of the ideal diamond struc�

Eg
Si

Eg

Si0.5Ge0.5

Eg
Ge

H Jijei∑– ej,⋅=

J0ii 0≠∑

ture; this fact, together with the presence of two types
of atoms, leads to a more complex character of relax�
ations in the case of the introduction of the δ�layer of
a transition metal into the semiconductor. Unfortu�
nately, the described situation cannot be simulated in
the coherent potential approximation. For this reason,
in the case of the Si0.5Ge0.5/M DMAs, we consider
only a certain “average lattice” in which the lengths of
the Si–Si, Si–Ge, and Ge–Ge bonds are equal to
each other. In the framework of this model, the in�
plane displacements of the atoms of the spacer, which
are due to the introduction of the transition metal
monolayer into the semiconductor, are absent.

The table presents changes in the lengths of the
AIV

⎯M interatomic bond in structural relaxations. It
can be easily seen that the δ�layer of a particular transi�
tion metal (except for Ni) introduced into different
matrices induces relaxations of different signs. It is
known that the bond lengths in ionic compounds are
equal with a high accuracy to the sum of the radii of ions
[65]. For the AIV/M digital alloys, which are apparently
ionic compounds in the δ�doping region because of the
inequality of the electronegativities of the components,

this equality can also be valid: dAIV–M = + .
Therefore, the lengths of the bonds between atoms of a
given transition metal with AIV atoms of different types
should really be different, because the radii of ions depend
on their charge states, which are determined by the rela�
tion between the electronegativities of the elements.

4.2. Local Moments of Transition Metal Ions

The local magnetic moments of transition metal
ions entering into various digital alloys are shown in
Fig. 1. Considering alloys with nonzero magnetiza�
tions, we note that the calculated local moments of
transition metal ions in AIV/V, AIV/Cr, AIV/Mn, and
Ge/Fe appear to be higher than the values in respec�
tive bulk transition metals, whereas these moments in
Si/Fe and Si0.5Ge0.5/Fe are lower than the respective
bulk values. However, it was found that the values of
local moments in unrelaxed DMAs AIV/Fe are 16–
22% higher than those in relaxed alloys and are no
lower than the value in ordinary iron. The last circum�
stance indicates the well�known relation between the
local moments and distances to nearest neighbors (as
a rule, atoms of first two coordination spheres).
Namely, the magnetic moments on iron ions in
relaxed alloys decrease owing to the broadening of
iron d�bands, which is induced by a stronger interac�
tion of the electrons of iron with the electrons of
spacer atoms and the hybridization of electron states
appearing due to a strong decrease in the bond length
dAIV–Fe upon relaxation (see table). For the same rea�
son, the local moments of transition metals in most of
AIV/M DMAs are higher than the moments in the
respective bulk transition metals: the shortest dis�
tances dM–M in AIV/M DMAs are much larger than the

dA
ion dM

ion
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respective distances in bulk transition metals compa�
rable with the shortest bond lengths dAIV

⎯M in the con�
sidered DMAs.

The AIV/Co alloys whose magnetization surpris�
ingly appears to be zero, except for Ge/Co, are of
interest. According to the first Hund’s rule, a free
cobalt atom, as well as a free vanadium atom, has a
magnetic moment of 3μB. In addition, bulk vanadium,
in contrast to cobalt, is nonmagnetic. Nevertheless,
vanadium in DMAs with Group�IV elements has a
local moment, whereas cobalt has not. Titanium and
nickel, which have magnetic moments 2μB in the form

of free atoms, as well as cobalt, have no local moment
in AIV/M digital alloys.

4.3. Magnetic Ordering

When calculating the exchange parameters, we
took into account the interactions between local

moments spaced by distances of no more than 3 .
This cutoff radius covers 11 coordination spheres. The
distance between neighboring transition metal mono�

layers in the considered DMAs is 2 ; hence, the
magnitudes of the exchange interactions between the
spins of neighboring ferromagnetic δ�layer were also
estimated in our calculations. The intensity of such
superexchange appears to be an order of magnitude
less than that of interlayer exchange in agreement with
expectations.

As is seen in Figs. 2b, 2c, the ferromagnetic solu�
tion studied in Si0.5Ge0.5/V and Ge/V is unstable,
because the dominant exchange�interaction constants
J01 are negative. In turn, in view of this circumstance,
the single�site spin stiffness coefficient is negative, J0 <
0, and energy is not required for the rotation of the
spin (see Figs. 3a, 3b), because the system tends to the
energetically favorable antiferromagnetic configura�
tion in which the spins of the nearest neighbors are
antiparallel (we refer to this configuration as AFM1).
In contrast to Si0.5Ge0.5/V and Ge/V, no one of the
constants J0i is explicitly dominant for the ferromag�
netic configuration of the δ�layer of vanadium in sili�
con and the constants J0i are very small. The single�site
spin stiffness coefficient is also very small, J0 =
0.62 meV (see Fig. 3a). The calculations of the total
energies indicate that the ferromagnetic solution is
unfavorable as compared to the AFM1 configuration.
In this case, the inconsistency of the signs of J0 and ΔE
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is apparently due to strongly different local moments
on vanadium ions in the ferromagnetic and AFM1
solutions. The low magnetic moment, 1.12μB, in the
ferromagnetic solution with the positive single�site
spin stiffness likely corresponds to a metastable state,
whereas the higher moment in the AFM1 solution,
1.82μB, leads to the dominance of the antiferromag�
netic exchange, ensuring a significant energy gain.

The exchange between nearest neighbors in AIV/Cr
DMAs has the antiferromagnetic character. However,
the ferromagnetic interactions with the second and
third neighbors make a significant contribution to the
total energy, which prevents the implementation of the
AFM1 configuration. This circumstance is manifested
in the difference ΔE between the total energies of the
AFM1 and ferromagnetic configurations of local
moments, see Fig. 3b. It is seen in the figure that the
AFM1 configuration is energetically favorable only in
Ge/Cr. Nevertheless, the values of the coefficient J0
for Si/Cr and Si0.5Ge0.5/Cr are negative (see Fig. 3a)
and an antiferromagnetic configuration with a more
complex structure than the AFM1 configuration is
more probable than the ferromagnetic configuration
in the δ�layer of chromium.

As is seen in Fig. 2, the exchange interaction J01
between the nearest neighbors in all systems with man�
ganese monolayers is significantly ferromagnetic and
prevails over the interactions with the next coordina�
tion spheres. Since the AIV/Mn systems are half�met�
als or nearly half�metals [40–44], the intensity of the
exchange interactions decreases rapidly with an

Fig. 2. Exchange integrals J0i calculated for the ferromag�
netic solutions in (a) Si/M, (b) Si0.5Ge0.5/M, and
(c) Ge/M DMAs versus the distance dM–M(i) between a
transition metal ion and its ith neighbor. Only intraplane
interactions are shown. The inset in panel (b) shows the
substitutional δ�layer; the arrows indicate exchange inter�
actions.
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increase in the distance between local moments in
view of the presence of a band gap in the spin�down
channel. Positive single�site spin stiffness coefficients
J0, see Fig. 3a, indicate the stable tendency to the for�
mation of the ferromagnetic order in the δ�layers of
manganese. This tendency is also confirmed by the
calculations of the total energies of the ferromagnetic
and AFM1 structures (see Fig. 3b).

Weak exchange interactions and the ground state
different from the ferromagnetic one are observed in
systems with iron δ�layers. The pictures of exchange
interactions in iron monolayers are different for differ�
ent semiconductor matrices AIV. In particular, the
exchange interaction with the second neighbors pre�
vails in the Si/Fe system, J01 = –1.80 meV (see
Fig. 2a), whereas the parameters J0i (i = 1, 2, 3) in the
Si0.5Ge0.5/Fe DMA are quite close to each other (see
Fig. 2b). In both cases, the probability of the establish�
ment of a complex magnetic structure is high, because
the J0 values obtained are negative, whereas ΔE values
are positive. In the Ge/Fe system, the value J01 =
⎯4.62 meV is remarkable and, since J0 = –17.9 meV, it
is reasonable to assume that the AFM1 configuration
is energetically more favorable than the ferromagnetic
configuration, but the calculations of the total energies
indicate that this is not the case. Thus, a complex anti�
ferromagnetic structure is also implemented in the
Ge/Fe DMA.

For AIV/Mn DMAs, we also calculated the total
energies of paramagnetic (PM) phases, which were
simulated in the disordered local moment approxima�
tion. For the other alloys, the energies of the ferromag�
netic and paramagnetic phases were not compared,
because the ferromagnetic order in them is either
energetically unfavorable or unstable. It appears that
the ferromagnetic solution is more favorable than the
paramagnetic solution by 124, 118, and 111 meV for
the Si/Mn, Si0.5Ge0.5/Mn, and Ge/Mn DMAs,
respectively.

To analyze the stability of the ferromagnetic order
in the δ�layers of manganese, we calculated the mag�
non spectra for corresponding DMAs, see Fig. 4. It is
worth noting that the magnon spectrum of a particular
system is meaningful only if it corresponds to the
ground state, which is known, e.g., from the experi�
ment. According to the calculations of the total ener�
gies and especially exchange integrals, the ferromag�
netic solution in AIV/Mn DMAs is stable; conse�
quently, it is reasonable to assume that this state is the
ground state. As is seen in Fig. 4, the ferromagnetic
solution is dynamically stable in all three systems,
because the spectra are in the region of positive ener�
gies. Moreover, the maxima of the spectra are at the
symmetric points of the Brillouin zones, indicating
that the magnetic structure in manganese monolayers
is collinear. The ferromagnetic solution in the Si/Mn
alloy is most stable, because the energies of the mag�
non spectrum at the symmetric points M'' and X'' for
it are maximal and the dispersion curves increase most
rapidly in the Γ–M'' and Γ–X'' directions, respec�
tively. These facts are in agreement with the data that
are shown in Figs. 2 and 3 and indicate that J0 and ΔE
values are maximal for Si/Mn.

As was mentioned in the Introduction, it was
reported in [44] that the ferromagnetic configuration
of local moments in the δ�layer of the unrelaxed
Si23/Fe DMA is energetically less favorable than the
AFM1 configuration. According our calculations of
the total energies for unrelaxed DMAs, the energy of
the ferromagnetic configuration in the Si7/Fe alloy is
lower than that of the AFM1 configuration, ΔE =
EAFM1 – EFM > 0 (see Fig. 3d). It is noteworthy that the
comparison of the ΔE values for AIV

7/M and AIV
23/M

is possible, because the interlayer exchange interac�
tions are disregarded in the calculations of the total
energies (supercells under consideration contain one
δ�layer of the transition metal). Significant differences
between the ΔE values for unrelaxed AIV

7/M and
AIV

23/M DMAs (AIV and M are the same for both
alloys) are generally not expected. However, in order
to improve the description of the electronic structure
of Group�IV semiconductors, we described their
p�states with the generalized gradient approximation
potential supplemented by the effective Coulomb
potential U, whereas p�states in [44] was described
only with the generalized gradient approximation
potential. Consequently, it would be more correct to
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compare the calculations performed in the framework
of the “pure” generalized gradient approximation.
However, the ΔE value calculated with U = 0 is also
positive, 33 meV per Fe atom. Thus, discrepancy with
the result obtained in [44] is due not to the use of the
potential U, but to other factors. In view of this cir�
cumstance, it is worth noting that it is impossible to
correctly compare these contradictory results and to
discuss possible causes of differences, because the
authors of [44] did not present the lattice parameter of
silicon used in the calculations and its band gap, as
well as did not indicate the grid of k�points used for
integration over the Brillouin zone.

Figures 3c and 3d show the parameters J0 and the
differences ΔE between the energies of the AFM1 and
ferromagnetic solutions for unrelaxed AIV/M DMAs.
The comparison of J0 values with their values after
relaxation for, e.g., Si/Mn indicates that J0 decreases
by about 5 meV when the Si–Mn distance increases by
0.03 Å (see Figs. 3a, 3c and table). Considering the
δ�layer of manganese in the germanium matrix, it can
be seen that the Ge–Mn distance decreases after
relaxation, whereas the stability of the ferromagnetic
state increases. Relaxations are almost absent in the
Si0.5Ge0.5/Mn system and the intensity of the ferro�
magnetic interaction in the manganese monolayer
remains unchanged. Thus, the intensity of exchange
interactions between the local moments of manganese
ions in the δ�layer depends on the distance dMn–A. The
analysis of differences between the J0 values before and
after relaxations for all other DMAs indicates that a
decrease in the distance between atoms of the spacer
and δ�layer promotes enhancement (weakening) of
the ferromagnetic (antiferromagnetic) interaction.

5. CONCLUSIONS

Ab initio calculations constitute one of the most
efficient methods for theoretical investigation of the
magnetic order in AIV/M DMAs. The simultaneous
inclusion of intra� and interlayer exchange interac�
tions obviously makes such a calculation very difficult
even for a moderate thickness of the AIV spacer
between the δ�layers of transition metals. However, the
interlayer exchange interaction in the overwhelming
number of DMAs is an order of magnitude weaker
than the intralayer exchange interaction even at a
thickness of the semiconductor spacer more than
three or four atomic layers. As was shown analytically
in [35, 36], the effective integral of the interlayer
exchange in DMAs changes sing at a certain charac�
teristic thickness of the spacer: at small and large dis�
tances between δ�layers, their orientations are parallel
(i.e., ferromagnetic) and antiparallel (antiferromag�
netic), respectively. When investigating the magnetic
and transport properties of DMAs, both situations are
of interest and the required magnetic configuration
can be realized by choosing the corresponding thick�
ness of the AIV semiconductor spacer. We focus exclu�

sively on the formation of the magnetic order inside
the δ�layer and, for simplicity, neglect the effect of
interlayer exchange on intralayer exchange. In this for�
mulation of the problem, we could correctly consider
only such DMAs in which the distance between neigh�
boring δ�layers of transition metals is much larger than
the distance between the transition metal ions inside
one δ�layer. In the opposite limit, where these dis�
tances are close to each other, our approach is evi�
dently inapplicable.

In order to improve the description of the elec�
tronic structure of Group�IV semiconductors, we
introduced the effective Coulomb potential as a
parameter into the calculations. To determine the
effect of this parameter on the calculation of the prop�
erties of DMAs, we performed the optimization of the
volume of pure silicon and relaxation of the Si/Fe
DMA in the generalized gradient approximation for
U = 0 and a number of values U ≤ 1.38 eV. The Si/Fe
system was taken for the test because of significant
structural relaxations. In addition, the data for Si/Fe
were already reported in [44]. 

The calculation results indicate insignificant differ�
ences between the structure parameters obtained with
U = 0 and U ≠ 0. In particular, the Si–Si bond length
in bulk silicon obtained with U = 1.38 eV decreases by
less than 1%. The lattice parameter of bulk silicon cal�
culated with U = 1.38 eV is 5.46 Å, which is larger than
the experimental value by only 0.5%. Under structural
relaxation in Si/Fe, the shortest Si–Fe bond length
calculated with U = 1.38 eV increases by less than
0.7%. Thus, the used effective Coulomb potential U
very slightly changes the structure properties of the
studied DMAs. This is not surprising, because U =
1.38 eV is much smaller than the width of the valence
band of Group�IV semiconductors (~12 eV). 

However, the introduction of U significantly
improves the energy spectrum of a semiconductor near
the Fermi level, leading to a more correct description
of the magnon spectra of DMAs and critical tempera�
tures. We have performed systematic calculations of
the exchange parameters J0i for Si/Fe and Si/Mn and
revealed that their values are very sensitive to U, i.e., to
the band gap in a semiconductor; this property is
important for the determination of the most stable
magnetic configuration in the δ�layers of DMAs. 

The magnetic force theorem [64] was widely dis�
cussed [66]. Since this theorem requires the knowl�
edge of only single�particle energies, its applicability,
together with the Coulomb parameterization, is
doubtless. In our approach, we used the Lloyd formula
[64], which allows for the calculation of change in the
energy of electrons under small deviations of magnetic
moments from their directions in the initial state. Such
an approach makes it possible to analyze all possible
configurations and, therefore, is a powerful tool for
investigating the magnetic order.
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To conclude, performing ab initio calculations, we
have investigated intralayer magnetic ordering in digi�
tal alloys of Si, Ge, and Si0.5Ge0.5 with 3d�metals Ti, V,
Cr, Mn, Fe, Co, and Ni. According to the calculations
of exchange interaction integrals, total energies, and
magnon spectra, stable intralayer ferromagnetism
occurs only in the systems with Mn δ�layers, whereas
this ferromagnetism in DMAs based on V, Cr, and Fe
is unstable. The antiferromagnetic configuration with
antiparallel spins of nearest neighbors in the doping δ�
layer likely occurs in the monolayers of Si/V, Ge/V,
Si0.5Ge0.5/V, and Ge/Cr, whereas monolayers of all
other alloys exhibit the tendency to the formation of
more complex antiferromagnetic configurations
except for the systems with Ti, Co, and Ni δ�layers in
which there are no magnetic interactions for all con�
sidered variants of semiconductor matrices.

In view of the above results, we attract attention to
the following fact. A significant advance has been
recently achieved in obtaining modulation�doped het�
erostructures SixGe1 – x with strained Ge serving as a
conducting channel, which have very high drift mobil�
ities of holes (about 3000 cm2/(V s)) [67]. According
to our calculations, hypothetical heterostructures
(SixGe1 – x/δ�Mn)/SixGe1 – x/Ge, which contain a fer�
romagnetic layer (SixGe1 – x/Mn DMA) and a conduc�
ing channel (strained Ge layer) spatially separated by a
SixGe1 – x layer, can become promising for the imple�
mentation of the effective transport of spin�polarized
carriers (holes). Such a heterostructure can simulta�
neously exhibit the stable ferromagnetic order in
SixGe1 – x/Mn DMAs, the high mobility of holes, and
their high spin polarization in the Ge conducting
channel owing to the magnetic proximity of the chan�
nel to the ferromagnetic δ�layer. Similar effects
were earlier detected in (GaAs/δ�Mn)/GaAs/InGaAs
[68, 69].
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