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ELECTRONIC STRUCTURE
AND MAGNETIC PROPERTIES OF FeTe,
BiF803, SrFemOlg AND SI‘COTiFel()Olg COMPOUNDS

The electronic energy structures and magnetic properties of iron-based compounds with group
VI elements (FeTe, BiFeOs, SrFei2O19 and SrCoTiFeioOig) are studied using the den-
sity functional theory (DFT) methods. Manifestations of different types of chemical bonds
in magnetism of these compounds are studied theoretically. Calculations of electronic struc-
tures of these systems are performed, by using the generalized gradient approzimation (GGA)
for the description of the exchange and correlation effects within DFT. For SrFei2O19 and
SrCoTiFeio O19 hexaferrites, the GGA +U method is also employed to deal with strongly cor-
related 3d-electrons. The calculations have revealed distinctive features of the electronic struc-
ture of the investigated iron-based compounds with strongly correlated 3d-electrons, which can
be responsible for their peculiar structural and magnetic properties.
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1. Introduction

The iron-based compounds are usually regarded as
strong magnetic materials. However, a new class of
iron-based superconductors was recently discovered.
The representatives of this class are iron-based com-
pounds with group VI elements, FeS, FeSe, and FeTe,
which are distinguished by the simplest crystal struc-
ture among iron-based superconductors and by very
different magnetic properties [1-6]. The characteristic
feature of these compounds is the interplay of anti-
ferromagnetism (AFM) and superconductivity.
Compounds of iron with another element of group
VI, oxygen, predominantly belong to ferromagnetic
materials. There is a renewed interest in properties
of such iron oxides as BiFeOs- and MFe;5,019-based
systems [7-15]. BiFeOg is antiferromagnetic and mul-
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tiferroic, whereas MFe13019 (M = Sr, Ba, Pb) are
ferrimagnetic systems with expected manifestation of
multiferroic properties. In these compounds, a sub-
stitution of Fe or the cations with other metals can
provide a mixed valence state and very unusual mag-
netic properties.

The clarification of microscopic mechanisms, which
determine electric and magnetic properties of these
oxides and chalcogenides, assumes a detailed theo-
retical study of the electronic structure. A number
of electronic structure calculations were carried out
for these systems in recent years. However, the data
on their electronic energy structure are still incom-
plete and inconsistent. Moreover, the electronic states
of these systems are regarded as strongly correlated,
and a proper approach has to be taken for theoretical
studies of the electronic structures.

The purpose of this paper is to provide a reli-
able picture of the electronic band structures and
corresponding magnetic properties of FeTe, BiFeOsg,
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Fig. 1. Spin-polarized densities of states N(F) of FeTe com-
pound for the double-stripe AFM phase (per formula unit):
positive (a) and negative (b) values of DOS correspond to ma-
jority and minority spin states, respectively. The position of
the Fermi level (Ex = 0) is marked by a vertical dashed line

SrFe 5019, and SrCoTiFe;gO19 compounds. Our stu-
dy is based on the density functional theory (DFT)
methods, with employing modern extentions to take
the effects of correlations into account.

2. Details of Electronic Structure Calculations

The self-consistent calculations of electronic struc-
tures were carried out, by using the modified relativis-
tic LMTO method with a full potential (FP-LMTO,
RSPt implementation [16-18]) and the linearized aug-
mented plane waves method with a full potential (FP-
LAPW, Elk implementation [19]). The exchange and
correlation potentials were treated within the general-
ized gradient approximation (GGA [20]) of DFT. The
spin-orbit coupling was included in the self-consistent
calculations.

For the employed full potential FP-LMTO and FP-
LAPW methods, any restrictions were not imposed
on charge densities or potentials of the studied sys-
tems, which is especially important for anisotropic
layered structures of the investigated compounds. In
both methods, the dual basis set was employed to in-
corporate two valence wave functions with the same
orbital quantum number (e.g., 3p and 4p functions
for Fe). Electronic structure calculations for com-
pounds were carried out for experimental crystal lat-
tice parameters.

3. Electronic Structure
and Magnetic Properties of FeTe

At temperatures above 70 K, FeTe compound pos-
sesses the tetragonal PbO-type crystal structure
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(space group P4/nmm). As the temperature de-
creases, FeTe demonstrates a first-order structural
phase transition at T' ~ 70 K from the tetragonal to
monoclinic structure. This transition is accompanied
by the bicollinear AFM ordering, as determined by
means of x-ray and neutron diffraction studies [1-4].
In our calculations, we used the experimental data on
structural parameters a, b and c. The angle between
the axes was taken as 90° (instead of 89.2° for the
actual structure with small monoclinic distortion).

The calculations of the electronic structure are car-
ried out in the GGA-approximation for magnetic
phases of FeTe (ferromagnetic, collinear AFM, bi-
collinear AFM), and a minimum of the total energy
is found for the bicollinear or “double stripe” (DS)
AFM phase, which appears to be a ground state of
FeTe compound. The spin-polarized densities of elec-
tronic states (DOS) calculated for the ground state
are presented in Fig. 1. As can be seen in Fig. 1, b, in
the DS AFM phase of FeTe, the Fermi level is located
in a very close proximity (~0.1 eV) of the sharp peak
of DOS.

The spin-polarized splitting of DOS N(E) (see
Fig. 1) provides the formation of magnetic moments
at Fe sites for the DS AFM phase of FeTe. The value
of magnetic moment Mg, = 2.37up obtained in our
calculations is in agreement with the results of neu-
tron diffraction studies (Mg," = 2.26+2.54up [2,4]).
Such good agreement with experiment confirms the
itinerant nature of magnetic moments in FeTe and
the adequacy of the DFT-GGA approximation used
in the present calculations of magnetic characteris-
tics. The calculated spin density contours in the (001)
plane for the AFM phase of FeTe compound are pre-
sented in Fig. 2. The double stripe structure of the
ground state AFM phase is clearly seen in this figure.

The calculated charge density contours in the ver-
tical (100) plane of a unit cell of FeTe compound
are presented in Fig. 3. It demonstrates a substantial
anisotropy of the charge density distribution between
an iron atom and neighboring atoms of tellurium. It
is plausible to assume that the formation of directed
covalent bonds between the neighboring Fe and Te
atoms, seen in Fig. 3, is caused by the hybridization
of d-states of iron and p-states of tellurium.

For a more detailed study of the chemical bonds
in FeTe compound, we have calculated the crystal or-
bital overlap populations (BCOOP, [21]), by using the
FP-LMTO method [17]. The calculated BCOOP(FE)
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Fig. 2. Calculated spin density contours in the (001) plane
for the double-stripe antiferromagnetic phase of FeTe

distributions (see Fig. 4) represent a generalization of
the crystal orbital overlap population (COOP) molec-
ular characteristics, known in quantum chemistry, for
solids. The values of BCOOP(E) depend on the en-
ergy of electronic states in the valence band and are
positive for bonding orbitals and negative for anti-
bonding orbitals, as well as in the case of ionic bond-
ing [21]. The metallic type bonding is characterized
by negative values of BCOOP(FE) at energies close to
the Fermi level.

According to the results of BCOOP(E) calcula-
tions, the overlap of Fe-Te orbitals gives bonding
states closer to the bottom of the valence band
(positive BCOOP(E) in the range —4+—2 €V, see
Fig. 4, b). The bonding states are also formed at
the Fe—Fe orbital overlapping in the energy range
—3+—1 eV (Fig. 4, a). In a vicinity of the Fermi
energy in the range —1-+1 eV for Fe-Te and Fe-Fe
bonds, the negative values of BCOOP(E) are ob-
tained (Fig. 4, a and b). This corresponds to a metal-
lic type of bonding. Basically, the calculated distribu-
tion of the electronic density in Fig. 3 definitely has
features of metallic bonding, whereas the distinct co-
valent bonds are formed between Fe and Te atoms.

In this work, the Fermi surface (FS) of the low-
temperature DS AFM phase of FeTe was calculated
for the first time, and it is presented in Fig. 5. The
complicated shape of this FS differs drastically from
that of paramagnetic FeTe, which was calculated ear-
lier [22] and represents compensating electron and
hole cylinders. This radical FS reconstruction at the
AFM transition can be the origin of the sign rever-
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Fig. 3. Calculated charge density contours in the (100) plane
for FeTe compound in the DS AFM phase
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Fig. 4. Balanced crystal orbital overlap populations
BCOOP(E) of FeTe compound in the DS antiferromagnetic
phase for the pairs of nearest atoms in the unit cell: Fe-Fe
(a); Fe-Te (b). The position of the Fermi level (Ep = 0) is
indicated by a vertical dashed line

Fig. 5. Calculated Fermi surface of FeTe compound in the
bicollinear AFM phase
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Fig. 6. Partial densities of electronic states N(E) of BiFeOs
in the G-type antiferromagnetic phase: spin-polarized densities
of states per Fe atom: positive and negative values of DOS
correspond to majority and minority spin states, respectively
(a); densities of states of s- and p-type per Bi atom: dashed and
dash-dotted curves, respectively; density of states per oxygen
atom: solid curve. The Fermi level (Er = 0) is indicated by a
vertical line (b)

sal of the Hall coefficient, which has been observed in
FeTe [23]. Due to the multiband electronic structure
of FeTe, the AFM transition presumably initiates the
reversal of a balance between the electron and hole
contributions to the Hall coefficient.

4. Electronic Structure
and Magnetic Properties of BiFeOg

The compound BiFeQOg is a typical representative of
substances known as magnetoelectrics or multifer-
ronics, in which magnetic and electric orderings co-
exist. Bismuth ferrite BiFeO3 has a relatively simple
crystalline structure of the perovskite type and is of
interest as a model object for theoretical studies of
magnetic and electrical properties. In the last decade,
the nonempirical calculations of the electronic struc-
ture were performed for different crystalline modifi-
cations of bismuth ferrite, and the importance of in-
cluding the Coulomb correlations in the LSDA + U or
GGA + U approximations for a correct description of
the electronic structure and ferroelectric properties of
BiFeO3 was indicated [24-26]. On the other hand, the
possibility of describing the electronic structure and
magnetism of BiFeOs within the density functional
theory in the generalized gradient approximation has
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not been consistently and comprehensively investi-
gated. Here, we have calculated the electronic struc-
ture and magnetic properties of BiFeOgs in the DFT—
GGA approximation, without including the Coulomb
parameter U, within the FP-LAPW method includ-
ing the spin-orbital coupling [19].

At low temperatures, BiFeO3 has a rhombohedral
distorted perovskite crystal structure (space group
R3c). The electronic structure was calculated for the
experimental values of crystal lattice parameters, as-
suming the collinear G-type antiferromagnetic order-
ing [24]. The rhombohedral angle of the R3¢ structure
was fixed at its experimental value of ap = 59.35°.
The calculated partial electronic densities of states
(DOS) N(E) for BiFeO3 in the G-type antiferromag-
netic phase are shown in Fig. 6. This figure shows
that the G-type AFM phase is characterized by an
insulating state with an energy gap of about 1 €V, in
good agreement with emission and absorption spec-
troscopy data [26].

In Fig. 6, b, one can see a narrow band at ener-
gies about —10 eV originating from the 6s-states of
Bi and hybridized with the 2p-states of oxygen. On
the other hand, the 6p-states of Bi are substantially
higher in energy. It can be expected that this nar-
row band, which is predominantly of the 6s-states
of Bi, corresponds to the so-called stoichiometrically
active “lone pair” electrons, which are assumed to be
responsible for the polarization in ferroelectrics based
on bismuth and lead [7, 8]. Due to the hybridization
with the 2p-states of oxygen, this 6s “lone pair” can
no longer have a purely spherical spatial charge distri-
bution, but can acquire a component in the form of a
“lobe”, which is characteristic of p-orbitals. Then the
Bi(s)-O(p) hybridization leads to a noticeable spatial
anisotropy in the charge density distribution. Thus,
the hybridization of the sp-orbitals of Bi with the
2p-orbitals of oxygen leads to the asymmetric charge
transfer in the Bi—O bonds, which evidently facilitates
the development of ferroelectricity.

For a more detailed study of the chemical bonds in
BiFeOg3, we have calculated the crystal orbital over-
lap populations (BCOOP, [21]), by using the FP-
LMTO method [17]. The calculated BCOOP(E) dis-
tributions (see Fig. 7) represent a generalization of
the crystal orbital overlap population (COOP) char-
acteristics from quantum chemistry for solids. The
values of BCOOP(F) depend on the energy of elec-
tronic states in the valence band and are positive
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for bonding orbitals and negative for antibonding or-
bitals, as well as in the case of ionic bonding [21].

According to the BCOOP(E) calculations, the most
distinct bonding states in the valence band of BiFeOg
are formed in the FeOg octahedra upon the hybridiza-
tion of the d-states of iron with the p-states of oxygen
(Fig. 7, b). This is consistent with the exact coinci-
dence in energy of the dominant regions of the partial
densities of the d-states of iron (Fig. 6, a) and the p-
states of oxygen (Fig. 6, b) in the valence band of
BiF603.

The overlap of the Bi-O orbitals yields bonding
states near the bottom of the valence band (posi-
tive BCOOP(FE) in Fig. 7, a). It should be noted
that the contribution of the p-states of Bi in the va-
lence band is substantially depleted (Fig. 6, b) due to
the charge transfer from Bi to neighboring Fe and O
atoms. This can be the origin of the ionic bonding for
Bi-O orbitals in the upper part of the valence band
(see Fig. 7, a).

On the other hand, the ionic bonding is even more
pronounced for Fe-O bonds near the top of the va-
lence band (Fig. 7, b). The corresponding charge
transfer in Fe—O pairs provides a distortion of the
FeOg octahedra in BiFeOj [7, 8]. In fact, our calcu-
lations indicate a predominantly ionic character of
the chemical bonds in BiFeOs. The hybridization of
Fe(d)- and O(p)-states also produces a partially co-
valent component of the Fe—O bond.

The antiferromagnetic ordering in BiFeOgs provides
the spin-split density of states N(FE), and the mag-
netic moments are predominantly formed at iron ions
(see Fig. 6, a). The calculated value of Mg, = 3.7up
agrees with the data from neutron diffraction stud-
ies (Mpe = 3.75up [27]). This good agreement with
experiment supports the reliability of the DFT-GGA
approach used here, which can be applied to the study
of magnetic properties of BiFeOs under pressure and
doping. It is also revealed that a part of the total mag-
netic moment of the unit cell is distributed among
neighboring oxygen ions (up to 0.2 ug per O ion).

5. Electronic Structure and Magnetic
Properties of SrFe;2079 and SrCoTiFe10019

Hexaferrites SI“Felgolg, ]3&1"16120197 and PbF812019
are known as strong permanent magnets and have
been intensively studied for the last decade due to
their intriguing magnetic and chemical properties.
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Fig. 7. Crystal orbital overlap populations BCOOP(E) of
BiFeOg3 in the G-type antiferromagnetic phase for the pairs of
nearest atoms in the unit cell: Bi-O (a), Fe-O (b). The top of
the valence band (E = 0) is indicated by a vertical dashed line

Many efforts were undertaken to tune magnetic prop-
erties of hexaferrites by substituting Fe?+, Ba?t and
Sr2* cations with other transition metal or rare earth
ions at various lattice sites (see Refs. [10, 13-15] and
references therein). Recently, the SrFe;5019 hexafer-
rite was found to become magnetoelectric at room
temperature by the substitution of Fe with Ti and
Co [14,15]. The aim of the present investigation was,
firstly, to find a reliable approach of DFT to describe
properly the electronic structure and the magnetism
of SrFe;5019, and then, using this approach, to ex-
plore the electronic structure and the magnetic prop-
erties of SrFe;2019-based systems, where Fe is sub-
stituted with Ti and Co atoms.

Compound SrFe;52079 possesses the hexagonal
crystal structure, which belongs to the P63/mmc
space symmetry group [10]. The double formula unit
cell contains 64 atomic sites distributed among 11
inequivalent Wyckoff positions: 2d (Sr), 2a (Fe), 2b
(Fe), 4f, (Fe), 4f2 (Fe), 12k (Fe), 4e (O), 4f (O), 6h
(0), 12k (O), and 12k5 (O). According to the previ-
ous studies [9,10,12,13], the stable spin configuration
is assumed to be ferrimagnetic with Fe at the 4 f; and
4 f5 sites having the magnetic moment antiparallel to
the rest of the Fe cations.

It has been established that the LSDA approach
has provided incorrectly the metallic ground state
of MFe;5019 hexaferrites [10, 11]. Therefore, for
SrFe;5019, we firstly used the DFT GGA approach
[20], which usually gives a more reliable picture of
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Fig. 8. 'Total spin-polarized densities of electronic states
of strontium hexaferrites: SrFei12019, GGA (a); SrFei2019,
GGA + U (b); SrCoTiFei9019, GGA + U (c). Positive and
negative values of DOS correspond to majority and minority
spin states, respectively. The Fermi level (Er = 0) is indicated
by a vertical dashed line

Local magnetic moments of ions in different
Wyckoff sites of SrFe;12019 and SrCoTiFe10019
calculated, by using GGA and/or GGA + U
functionals. Magnetic moments M are given in ug

Wyckoff SrFe12019 SrCoTiFe19019
position
Atom|M, GGA (M, GGA + U |Atom|M, GGA +U
2d Sr -0.016 -0.018 Sr -0.017
2a Fe 3.748 4.052 Ti 0.215
2b Fe 3.583 3.934 Co 2.604
4f1 Fe | —3.490 -3.907 Fe -3.910
4f2 Fe -3.258 -3.922 Fe -3.911
12k Fe 3.768 4.066 Fe 4.071
4e O 0.492 0.492 O 0.497
4f O 0.142 0.123 O 0.110
6h O 0.100 0.051 O 0.069
12k O 0.123 0.114 O 0.007
12ko O 0.217 0.218 O 0.220

the ground state for systems with 3d-electrons. The
GGA + U approach was also employed within the
FP-LAPW method [19] in line with Ref. [28] for
LSDA+U, but with GGA instead of the LSDA
exchange-correlation potential. It is believed that this
approach provides a better description of the elec-
tronic structure for localized electrons in the 3d-
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transition metal oxides. The on-site Coulomb repul-
sion energy U was taken close to the previous ab initio
estimates [10, 13], U = 4 eV. The exchange parame-
ter J was assumed to be close to its atomic value
J~1eV [28].

The results of GGA and GGA + U-based calcu-
lations of DOS for SrFe;5019 compound are pre-
sented in Fig. 8, a and b, respectively. As can be
seen in Fig. 8, a, the GGA FP-LAPW calculations
for the spin-polarized ferrimagnetic state have pro-
vided the almost zero-gap semiconductor. The en-
ergy gaps are enlarged in both majority and minor-
ity spin channels, which are moved apart and almost
overlaped. For the GGA + U calculations, the insu-
lating ground state was obtained in agreement with
experiment (see Refs. [9, 12]) with the energy gap
FEg ~ 1.2 €V, as is seen in Fig. 8, b.

The magnetic moments for all inequivalent atoms
in the unit cell of SrFe;2019, which were calculated
with both GGA and GGA + U approaches, are listed
in Table. For the insulating GGA + U case, the sum
of all magnetic moments per unit cell equals 40up,
which formally corresponds to 5up per Fe ion in the
adopted ferrimagnetic structure. In fact, however, the
theoretical value of bup corresponding to the free
Fe3* ion is reduced in a crystal field environment,
and a part of the total magnetic moment is trans-
ferred to neighboring oxygen ions, as is seen in Ta-
ble. Actually, the Fe ions in SrFe;5019 have magnetic
moments close to 4up, as it comes from GGA+U
calculations.

The electronic structure of SrCoTiFe;;O19 com-
pound was calculated, by using the GGA + U me-
thod. Following the results of previous studies for 3d-
transition metal oxides [9, 15], we used U = 4 €V for
Fe and U = 3 €V for Co as the appropriate values
for our GGA + U calculations. Based on total energy
calculations, we conclude that, in the ground-state
configuration, Ti and Co ions preferentially occupy
2a and 2b positions, respectively. It should be noted
that the configuration with Ti and Co ions in 12k and
4 f, positions, respectively, corresponds to a slightly
higher total energy and also requires the consider-
ation for the recently synthesized SrCosTisFegOqg
multiferroic compound [15].

Our GGA + U calculations have revealed the insu-
lating ground state for SrCoTiFe;gO19 with the en-
ergy gap Eg ~ 0.5 €V, as is seen in Fig. 8, ¢. The
magnetic moments on Co atoms are found to be 2.6 up
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(see Table), which is lower than that corresponding to
a high-spin state of Co?* ion. As in the case of Fe3*
ions, the high value of moment corresponding to a free
Co?* ion is reduced in the crystal field, and the total
magnetic moment is partly distributed among neigh-
boring oxygen ions, as is seen in Table. The sum of
all magnetic moments per unit cell of SrCoTiFe;3019
equals 28up.

6. Conclusions

The results of the present GGA DFT calculations
indicate the predominantly metallic character of the
chemical bonding in FeTe compound, with partially
covalent components of Fe-Te, Te-Te and Fe-Fe
bonds. In fact, the hybridization of the d-states of
iron with the p-states of tellurium results in a pro-
nounced anisotropy of the spatial distribution of
charge density in the area between the planes of Fe
and Te, as well as in the Te — Fe charge transfer. The
presence of the covalent bonding presumably pro-
motes the stabilization of monoclinic structural dis-
tortions of the tetragonal phase of FeTe at low tem-
peratures.

The results of calculations affirm that the magnetic
properties of FeTe are well described within the ap-
proach of itinerant electrons and GGA DFT. In par-
ticular, it is established that the bicollinear AFM
phase has the lowest total energy, being the ground
state of FeTe compound. The calculated value of mag-
netic moment for the bicollinear AFM phase (Mg, =
= 2.4up) is very close to the result of neutron diffrac-
tion experiments.

On the other hand, in BiFeO3 compound, the GGA
DFT calculations have revealed that the chemical
bonding is predominantly of an ionic character with
partial covalent components of the Bi-O and Fe-
O bonds. For the purely ionic bonding, the spatial
distribution of the charge would be purely spheri-
cal near the Bi, Fe, and O ions with the keeping
of an ideal perovskite structure. A covalent bonding
facilitates the stabilization of structural distortions,
which favors the formation of a ferroelectric phase in
BiFeOgs. In particular, the hybridization of the s, p-
states of Bi with the 2p-states of oxygen leads to a
distinct spatial anisotropy of the charge density dis-
tribution and to an asymmetry in the charge transfer
in Bi-O bonds, which presumably causes the ferro-
electric polarization in BiFeOgs. On the other hand,
the hybridization of Fe(d)- and O(p)-states leads to
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a substantial spin polarization in the AFM G-phase
and to a distortion and a turn of the FeOg octahe-
dra. This hybridization reduces the value of magnetic
moment of free Fe?t ion to Mp. = 3.7ug, and it is
also responsible for the spin polarization of electronic
states of oxygen ions, providing the noticeable mag-
netic moment My ~ 0.1up for each O ion.

The electronic structures of hexagonal strontium
ferrites SrFe12019 and SrCoTiFe3O19 are also cal-
culated in the generalized gradient approximation of
DFT. However, the GGA + U method has been em-
ployed to improve the description of localized 3d-
electrons and to reproduce the insulating ground
states of these compounds, with the energy gaps
about 1 eV. Resultantly, the calculated magnetic mo-
ments of 3d-atoms are notably lower than the high-
spin values of moments of free Fe?t and Co?* ions.
In fact, these moments are reduced in the crys-
tal field environment, and the total magnetic mo-
ment is partly distributed among neighboring oxy-
gen ions. The total magnetic moment of ferrimagnetic
SrCoTiFe1p019 depends on the occupancy of partic-
ular sites with the substitution of Fe3* ions by Co?*
and Ti*t.

The results of the present work indicate that the
theoretical analysis of electronic structures of iron-
based compounds with group VI elements (chalco-
genides and oxygen) by means of GGA and GGA +U
DFT calculations provides a way to explore peculiar
magnetic properties of different systems with strongly
correlated electrons. This includes superconductors
with AFM ordering, various multiferroics, and strong
ferrimagnets.
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EJJEKTPOHHA CTPYKTVYPA
TA MATHITHI BJTACTUBOCTTI CITIOJIVK FeTe,
BiFeOs3, SrFe12019 I SrCoTiFe;90019

Pesmowme

EjtekTpoHHI eHepreTmyHi CTPYKTypH Ta MAarHiTHI BJIACTHUBO-
cri cnonmyk 3aniza 3 emementamu VI rpymm (FeTe, BiFeOs,
SrFe12019 Ta SrCoTiFe19019) 6ynu gociifzKkeni 3 BAKOPHCTaH-
HsIM MeToniB Teopil dyrknionasna rycruan (DFT). Teopermano
BUBYEHI IPOSIBY PI3HUX THIIB XIMI4HOrO 3B’SI3Ky B MarHeTHU3Mi
[UX CIOJYK. PO3paxyHKN €JIeKTPOHHHUX CTPYKTYP IUX CHCTEM
OyJii IPOBE/IeH] 3 BUKOPHUCTAHHSM HAOJIMXKEHHS y3araJlbHEHO-
ro rpagienra (GGA) juis onucanHs OOMIHHO-KODEJAIIHHIX
edekriB B pamkax DFT. Jlna rekcadepurisa SrFej2019 i
SrCoTiFe19019 Takoxk BukopucroByBasca meron GGA +U 3
METOIO ypaxyBaHHsI CHJIBHHX Kopessaniil 3d-esexkrponis. Poz-
PaxyHKHU JIO3BOJIMJIM BUSBUTU OCOOJIMBOCTI €JIEKTPOHHOI CTPY-
KTYPH CIOJIyK Ha OCHOBI 3aJ1i3a 3 CHJIbHO KOPEJIbOBAHUMU 3d-
€JIEKTPOHAMU, $Ki BiJIOBIJAIOTH 3a CTPYKTYpPHI Ta MAarHiTHI
BJIACTUBOCTI I[UX CUCTEM.
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