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INTRODUCTION

Alloys based on bcc iron modified by Si, Al, Ga,
and Ge with an impurity concentration close to the
boundary of the two�phase field are widely used as soft
magnetic materials. Fe–Si and Fe–Al alloys are char�
acterized by high magnetic permeability and satura�
tion magnetization. Their soft magnetic properties are
substantially improved by heat treatment in a dc mag�
netic field or by mechanical loading due to induced
(by an external action) magnetic anisotropy [1–4].
The Fe–Ga and Fe–Ge alloys are considered to be
promising materials for actuators and sensors because
of the great magnetostriction effect [5, 6]. The causes
of the magnetoelastic behavior of these alloys differ,
but, in all cases, the formation of a definite type of
short�range chemical order (SRO) plays an important
role [4, 7–9]. Moreover, local lattice deformations,
which result from the presence of an impurity, play a
prominent part in the formation of magnetic proper�
ties of these alloys [4, 10]; their value governs alloy
restructuring under the effect of an external load.

The electronic structure and magnetic characteris�
tics of Fe–X alloys with a definite type of order of
atoms of the alloying element X have been studied in a
number of works [3–5, 11]. However, little is known
about local deformations that result from the presence
of single impurities or their complexes (only work [3]
is devoted to the study of the Fe–Si alloy). The value
of the deformations is usually estimated based on the

on the concentration�induced expansion of an alloy or
on the results of a comparison of the ionic radii of the
impurity and matrix, which, however, can lead to
qualitatively incorrect conclusions [12].

In this work, α�Fe–X (X = Si, Al, Ga, Ge) alloys in
the ferromagnetic state are studied by the methods of
the electron�density�functional theory. Solution ener�
gies and values of local deformations in the vicinity of
a single impurity and a pair of next�nearest�neighbor
impurities are calculated. The results agree well with
the known calculation and experimental data and
make it possible to establish a relationship between the
specific features of the electronic structure of the
impurity and lattice deformations.

CALCULATION METHOD

The electronic structure, local deformations, and
the energy of the Fe–X alloys were calculated by
methods of the density�functional theory based on
localized quasi�atomic orbitals (LCAO) using a
SIESTA software package [13]. The applicability of
this approach to iron alloys was substantiated in
[14, 15]. It was shown in these works that the shrinkage
of the basis set for 3d orbitals of Fe compared to com�
monly used DZ (double�ξ) and DZP (double�ξ�
polarized) methods does not decrease the accuracy of
calculations, but reduces computational expenditures
as compared to the methods with a plane�wave basis.
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To describe the valence electrons of Fe, we used the
DZ basis for 4s states and the SZ (single�ξ) basis for 4p
and 3d states; the cutoff radius of the orbitals was
selected to be 2.95 Å. For impurity atoms, the standard
DZP basis was used. The core electrons were taken
into account by using the norm�preserving pseudopo�
tential constructed following the Troullier–Martins
procedure [16]. The nonlocal components of the
pseudopotential were presented following the Klein�
man–Bylander procedure [17]. The exchange�corre�
lation energy was taken into account in the GGA
approximation with the Perdew–Burke–Ernzerhof
parameterization (GGA�PBE) [18]. The calculations
were carried out using 54 and 128 atomic cells that
contain one or two impurity atoms. The cutoff energy
was selected to be 600 Ry, and the networks of k points
constructed following the Monkhorst–Pack proce�
dure [19] were used with dimensions of 3 × 3 × 3 in the
case of the cell with 128 atoms and 6 × 6 × 6, for the cell
with 54 atoms. The full relaxation of ion positions and
of the cell volume was implemented. The calculation
accuracy was 0.02 eV/Å for forces and 1 meV for the
total energy.

CALCULATION RESULTS

The substitution of an alloying�element atom for a
Fe atom results in local variations in the electronic
structure and displacements of Fe atoms closest to the
alloying�element atom from the equilibrium position.
Table 1 presents calculated total deformations εtot of a

crystallite along principal crystallographic directions

〈100〉, as well as local deformations  and ,
which represent relative changes in the distances (the
deformation value was determined with respect to the
calculated lattice parameter of bcc Fe equal to
2.886 Å) from the impurity atom to the iron atoms on
the first and second coordination shells (CSs). It fol�
lows from the data given in Table 1 that the deforma�
tions that result from the presence of impurities can�
not be explained by the dimensional mismatch
between the atoms of the dissolved elements and the
matrix atoms. Indeed, the ionic radius Ri for all impu�
rities is less than for iron (RFe = 0.83 Å), while the

deformations observed are  ≥ 0.

The total deformation of the crystal εtot is negative
and has approximately the same value of –0.1% for all
elements (at their concentrations CX ∼  0.8%) except
for Si, for which εtot = 0. An increase in the concentra�
tion of the alloying elements to СX ~ 1.8% (for the
54�atomic cell) leads to growth in εtot for Al, Ga, and
Ge to 0.26, 0.31, and 0.17%, respectively. For Si, εtot
remains unchanged. This specific feature of the Fe–Si
alloy agrees with the results obtained earlier [20],
where the authors found that, at a low Si concentra�
tion, no changes in the lattice parameter of the Fe–Si
alloy occur. Thus, the results obtained show that, in
the low concentration range, the behavior of the alloys
under study does not obey Vegard’s law, i.e., εtot either
is equal to zero or changes its sign with increasing СX.

The values of the local deformations εloc regularly
change depending on the position of a dissolved ele�
ment in the periodic system. It can be seen from Table 1
that the mode of displacements of Fe atoms on the first

 and second  CSs, as well as the solution
energy Esol, are determined by either the impurity
atoms belong to the 3p (Al, Si) or 4p (Ga, Ge) groups
of elements, i.e., by the specific features of their elec�
tronic structure. This is especially clearly seen when

comparing the values of  and Esol for various alloys
from Table 1 (note that the value of Esol for Si agrees
well with the value obtained earlier in [1] by using
Q�Espresso). The mode of changes in Esol is indicative
of the fact that the 3p elements form stronger chemical
bonding with Fe atoms than the 4p elements. More�
over, within each period, Esol decreases with an
increasing number of electrons in the p shell, which
evinces the strengthening of the Fe–X bonding. This is
the cause of a regular variation in the distance between
impurity atoms and atoms of the first or second CSs of
iron with increasing number of p electrons (Table 1).
Among the elements under consideration, Si forms
the strongest bonds with Fe atoms, which leads to the
specific features of local deformations it induces.

Chemical bonds between iron and impurity atoms
in the alloys under study are formed as a result of the
hybridization of p–X and d–Fe states and depend on

εloc
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εloc
2( )

εloc
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εloc
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( ) εloc
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Table 1. Lattice deformations induced by a dissolved ele�

ment in a 128�atom cell.  is the relative change in the
distance between an impurity atom and an Fe atom on the
first coordination shell (CS) coordination shell in the 〈111〉

direction;  is the relative change in the distance between
an impurity atom and an Fe atom on the second CS in the
〈100〉 direction; εtot  is the relative change in the supercell
length in the 〈100〉 direction; Esol  is the energy of solution of
an impurity element; Ri is the ionic radius of the dissolved
element; Δq is the charge transfer from an impurity atom to
an iron atom calculated from an analysis of Mulliken popu�
lations [21]

Parameters Al Si Ga Ge

 % 1.36 0.04 1.56 1.36

 % –0.69 –0.73 –0.24 –0.32

 % –0.1 0.00 –0.1 –0.1

Esol, eV –1.02 –1.25 –0.48 –0.77

Ri , Å 0.53 0.39 0.62 0.44

Δq, е 0.24 0.16 0.49 0.28

loc
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ε

loc
(2)
ε

loc
(1) ,ε

loc
(2) ,ε

tot,ε
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the number of valence p electrons. As the number of
p electrons grows, the degree of covalence of bonding
increases. An isolated impurity with a single p electron
(Al, Ga) forms metallic bonding with iron atoms,
whereas isolated impurities with two p electrons
(Si, Ge) form quasi covalent bonds [22, 23]. This fol�
lows from an analysis of the local densities of states
(LDOS) shown in the figure. For Al, no signs of p–d
hybridization are found in the LDOS, while they are
clearly seen for Si as peaks in the energy range from ⎯7
to –5 eV. A similar difference is observed when com�
paring LDOS for the Fe–Ga and Fe–Ge alloys. An
increase in the degree of covalence of bonding is also
confirmed by the calculated values of the charge trans�
fer Δq from the impurity to the d conduction band of
iron, which decrease with increasing number of
p electrons (Table 1).

The difference in chemical bonding formed by 3p
and 4p elements with iron is due to many factors,
among which the degree of spatial locality of 3p and
4p orbitals is the most significant. The electronic states
that correspond to 3p orbitals are more localized;
therefore, the 3p elements form more covalent bonds
with iron atoms of the first CS. As was mentioned
above, this results in the stronger bonding of 3p ele�
ments with Fe atoms than bonding of 4p elements with
Fe atoms. Thus, in the alloys under consideration, the
nature of bonding with Fe changes from weak metallic
in Fe–Ga to strong quasi�covalent in Fe–Si despite
the close positions of the alloying elements in the peri�
odic system.

As was mentioned in the introduction, the exist�
ence of a definite chemical short�range order plays an
important role in the formation of magnetic properties
of the alloys under consideration. In particular, it has
been shown that the formation of pairs of impurity
atoms in the position of the second neighbors is signif�
icant for the appearance of induced magnetic anisot�
ropy [4, 9]. Table 2 presents the results of calculations
of the local and total deformations in a cell containing
a pair of impurity atoms in the position of the second
neighbors. The lattice distortions in the vicinity of a
pair of impurity atoms are determined by the balance
of Fe–X and X–X interactions. It can be seen from
Table 2 that the relative change in the distance between

the impurity atoms is positive (  > 0) for all of the
alloying elements under consideration; therefore, it
should be expected that the X–X interaction is weaker

than the Fe–X interaction. The value of  is mini�
mum; this may be related to the closeness of the char�
acteristic length of the Al–Al bond and aFe, while the
lengths of X–X bonds for the remaining dissolved ele�
ments are considerably shorter (Table 2). The obtained

value of  for the Ga–Ga pair agrees well with the
measured value [24].

Just as in the case of an isolated impurity, the local
deformations induced by a pair of impurity atoms

–
loc
X X

ε

Al–Al
locε

–
loc
X X

ε

change regularly within each period with increasing
number of p electrons of the dissolved element. A high
degree of covalence of the Fe–Si and Fe–Ge bonds
leads to a more pronounced tetragonality c/aloc of the
local environment of these pairs as compared to Fe–Al
and Fe–Ga. The high local deformations induced by
an impurity pair are compensated for by displace�
ments of Fe atoms on the next coordination shells
such that the total tetragonality c/atot of the supercell
proves to be substantially less than its local value. It can
be seen from Table 2 that the value of c/atot is small for
the Fe–Si and Fe–Ge alloys and is the highest for the
Fe–Ga alloy. It should be noted that the total tetrago�
nality of the supercell depends strongly on the concen�
tration and location of the impurities. The maximum
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Diagrams of the local density of electronic states (LDOS)
for (a) Fe–Al and (b) Fe–Si alloys; the dashed lines corre�
spond to the LDOS on a Si (Al) impurity atom; thin solid
lines, to the LDOS on an Fe atom far from an impurity
atom; and thick solid lines, to the LDOS on an Fe atom in
the first CS.
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value of the tetragonality of the supercell is achieved at
an ordered codirectional arrangement of pairs of
impurities in the position of the second neighbors; this
maximum value can be estimated from the data given
in Table 2.

CONCLUSIONS

The calculation results show that the impurity�
induced disturbances in the iron lattice (changes in the
electronic structure; local deformations), as well as the
energy of an impurity dissolution, change regularly
depending on the position of the impurity element in
the periodic system. The nature of bonding that is
formed between impurity atoms and the closest iron
atoms varies from a weak metallic bonding in Fe–Ga
to strong quasi�covalent in Fe–Si, which determines
the specific features of local deformations in the vicin�
ity of impurity atoms. In particular, the local deforma�
tions in the first CS in the vicinity of a Si atom are close
to zero, which results from the equilibrium of forces of

the Fe–Si and Fe–Fe bonds. The deformations  in
the Fe–Al alloy are substantially higher than those
in the Fe–Si alloy due to a lesser covalence of Fe–Al
bonding. The total deformation εtot considerably dif�
fers from the deformations induced by the impurity in
the nearest coordination shells. Therefore, based on
the data on only the concentration�induced expan�
sion, one cannot obtain information on the local

εloc
1( )

deformations. The calculated deviation from Vegard’s
law can be attributed to the transformation of the elec�
tronic structure with increasing alloying�element con�
centration, which plays a significant role in the prop�
erties of these alloys [25].

The local deformations in the vicinity of a pair of
impurities substantially exceed the total lattice distor�
tions. The presence of Si–Si and Ge–Ge pairs in the
Fe–X alloy in the position of the second neighbors
leads to strong local tetragonal distortions of their
environment; therefore, the ordering of these pairs
under the effect of an external load can be expected. It
is generally agreed that this leads to an increase in the
magnetic anisotropy during thermomechanical treat�
ment, which was comprehensively studied in the
Fe⎯Si alloy [1, 2]. One might expect that the Fe–Ge
alloy can possess these properties, but we do not know
any works on the study of the induced magnetic
anisotropy in this alloy. The value of c/atot is the high�
est for the Fe–Ga alloy, which demonstrates large
magnetostriction. However, this characteristic has the
lowest absolute value for the Fe–Ge alloy, while the
lowest magnetostriction value is observed in the Fe–Si
alloy [5]. Thus, the magnitude of c/atot cannot serve as
a parameter responsible for the magnetostriction
value. In order to correctly describe it, the spin�orbital
interaction should be allowed for; it cannot be consid�
ered in the context of the nonrelativistic approach that
we use. Moreover, the maximum magnetostriction
value is achieved in these alloys at fairly high concen�
trations of impurities and cannot be adequately
described by the model of isolated pairs. The solution
of the problem of short�range order formation requires
the knowledge of effective interactions between the
alloying elements; this problem will be discussed in the
next work.
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