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H3yuenue Hanokpucmaniuueckoeco COCMOSHUSA, CYWECMBEHHO MEeHAIWe20 OONbUWUHCIEO QUIUYECKUX
Xapakxmepucmux 6eujecma, Aeisemcs 6ecoMda akmyanvhviM. bonvwoll npakmuueckuii unmepec npeocmagiaom
pabomol, nOCEAUEHHbBIE UCCIEO0BAHUAM MASHUMHBIX XAPAKMEPUCTIUK HAHOKPUCMALIO08 DeppOMACHUMHBIX
sewecms. Yoice Obi10 NOKA3AHO, YMO pasmep HAHOKPUCMAILIO8 JCene3d CYWEeCMBeHHO GIusiem HA GeIUUUHY UX
Hamaenuuennocmuy. Tem He MmeHee aO0eK8amMHOU MoOenu CMPYKMYpbl HAHOKPUCMALIUYECKUX 00pa308aHull,
COCMOAWUX U3 PATUYHO20  KOAUHeCmed  amoMO8  Jcene3d, NO360JAIowel  ONnucamv  GblAGNIeHHbIE
IKCHEPUMEHMATLHO USMEHEHUs MASHUMHBIX XAPAKMeEPUCIUK, 00 CUX NOP He NPeOCMABieHo.

B pabome ananusupyiomcs paziuunvie no Kou@ueypayuu u KOIUYECMBY CAAAIOWUX UX dMOMOS
HaHoKpucmaniuieckue xiacmepul gicenesd. Ilocmpoenvt npocmpancmeenHvle Mooeau KidCmepos ¢ NnoMOubio
NPOSPAMMbL MPEXMEPHO20 MOOCTUPOBAHUS U ONpedeseHbl KOOPOUHANMbI OMOEIbHLIX amomMos 8 Kiacmepe. 3a
OCHOBY  npednazaeMvlX CHMPYKMYp HAHOKPUCMATIO8 NPUHAMbL  Mempa’opuyecku  NIOMHOYNAKOBAHHbIE
KAacmepHule cOOPKU amomos dicenesd. [ npednazaemvix Kiacmepos Ovliu noCmpoeHsbl CHeKmpbl NIOMHOCIU
INEKMPOHHBIX COCMOAHULL. []I51 9M020 UCTIONb308ANU MEOPUIO0 PYHKYUOHANA EKMPOHHOU NIOMHOCIU, Pacyém
NPOBOOULCS NO MEMOOY PACCESHHBIX BOJIH 8 COOMBEMCMEUL C 30HHOU Meopueli KpUcmaios.

Tokaszano, umo noseneHue HAMACHUYEHHOCIU 6 Mempa’d0pUdecKux NiIOMHOYNAKOBAHHBIX KIACMEPHbIX
00pazo6anusx Cc6A3aHO € B030YHCOCHHLIMU DNEKMPOHHLIMU COCHOAHUAMU — AMOMO8, HAXOOAWUXCA HA
noeepxHocmu Hanokiacmepa. BozOyoicoénnvie amomul 0bnadarom noguluenHol d1eKMpPOHHOU NIOMHOCHbIO, M.
e. 2/IeKMpPOoHbl CNOCOOHbL NEPexooums 8 COCMOosHUsA ¢ bonvuiell IHepauell, npubaudicascy Kk dnepeuu Pepmu. Ipu
amom @vinonnsiemcs yciogue Cmonepa, neobxooumoe 015 GO3HUKHOGeHUs Hamazsnudwennocmu. Kongueypayuu
9EeKMPOHOE CO CNUHOM 68EPX U GHU3 OMAUYAIONCA, U3-30 4e20 NOAGIAIONCSA HECKOMNEHCUPOBAHHbIE MASHUMHbLE
momenmol. [loomeepocoeno, u4mo npeonodicennvie MoOenu HAHOKIACMEPOs dicene3d YO0BIemEOPUMETbHO
COOMBEMCmMEyI0m U3ECMHBIM IKCHEPUMEHNATLHBIM OaHHBIM.

Kmouesvle cnosa: nanoxnacmep siceneza, mempa’opudecku NJIOMHOYNAKOBAHHbIE CIPYKMYPbl, MASHUMHbLE
ceoticmaa.
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The study of the nanocrystalline state, which significantly changes most of the physical characteristics of sub-
stances, is very relevant. Of great practical interest are the works devoted to the study of the magnetic character-
istics of nanocrystals of ferromagnetic substances. It has already been shown that the size of iron nanocrystals
significantly affects the magnitude of their magnetization. Nevertheless, an adequate model of the structure of
nanocrystalline formations consisting of a different number of iron atoms, which allows us to describe the exper-
imentally detected changes in the magnetic characteristics, has not yet been presented.

In this paper, we analyze nanocrystalline iron clusters that are different in configuration and number of their
constituent atoms. Spatial models of clusters are constructed using a three-dimensional modeling program, and
the coordinates of individual atoms in the cluster are determined. The proposed structures of nanocrystals are
based on tetrahedrally close-packed cluster assemblies of iron atoms. The electron state density spectra were con-
structed for the proposed clusters. For this purpose, the theory of the electron density functional was used, the
calculation was carried out by the method of scattered waves in accordance with the band theory of crystals.

It is shown that the appearance of magnetization in tetrahedral densely packed cluster formations is associat-
ed with the excited electronic states of the atoms located on the surface of the nanocluster. Excited atoms have an
increased electron density, that is, electrons are able to transition to states with higher energy, approaching the
Fermi energy. In this case, the Stoner criterion necessary for the occurrence of magnetization is fulfilled. The con-
figurations of electrons with spin up and down differ, which is why uncompensated magnetic moments appear. It
is confirmed that the proposed models of iron nanoclusters satisfactorily correspond to the known experimental
data.

Keywords: iron nanocluster, tetrahedrally close-packed structures, magnetic properties.

Introduction

It is known that the nanocrystalline state changes not only the structure, but also many physical character-
istics of substances [1]. The paper [2] presents studies of the magnetic properties of iron cluster particles
with different numbers of atoms. It is shown that the ferromagnetic properties of iron clusters depend on the
number of atoms in them. For clusters smaller than 50 atoms, the magnetic moments reach 3.1 Bohr magne-
tons. As the number of atoms increases to 500—700 in the cluster, the magnetic moments approach the mag-
netization of bulk samples, which is 2.2 Bohr magnetons (Fig. 1).

The authors [3] found the presence of magnetization in cluster formations even in the absence of ferro-
magnetic atoms in them. Hysteresis loops confirming magnetization were obtained for CeO,, GaN, Al,Os3,
and other clusters. Ferromagnetism is also observed in thin films of HfO,, TiO», ZnO [4; 5].
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Puc. 1. 3aBHCUMOCTB CpEHEr0 MAarHUTHOI'O MOMEHTA Ha aTOM
JUIS KJTACTEPOB XKeJie3a oT yuciia aToMoB B HEM mipu 120 K [2]

Fig. 1. Dependence of the average magnetic moment per atom
for iron clusters on the number of atoms in it at 120 K [2]

Cluster models are the most objective representation of the structure of metals with a small number of at-
oms [6]. In addition, structures corresponding to cluster structures also occur in the volume of metals, at in-
terfaces, fracture surfaces, etc. When modeling nanocluster formations, we use sets of close-packed tetrahe-
dron assemblies that most adequately correspond to the nanocrystalline state [7].

Purpose of work
The purpose of work is to explain the nature of the magnetization increase of iron in nanocluster for-
mations containing different numbers of atoms.

Objectives of the work

1. Construction of three-dimensional cluster models of tetrahedral close-packed iron nanoclusters with
different numbers of atoms.

2. Construction of electron density spectra of the investigated nanoclusters.

Methods

To determine the coordinates of the atoms, spatial models of the clusters were constructed using a three-
dimensional modeling program. The program has the necessary tools to determine the coordinates of atoms
of the studied clusters. The cluster models were based on theoretical values of iron crystal lattice parameters:
arik = 3.656 A, aonx = 2.866 A [8].

The density spectra of electron states were constructed within the framework of the density functional theo-
ry (DFT) [9] using the basis of plane waves and ultrasoft pseudopotentials. The calculation was carried out by
the scattered wave method (SW) in accordance with the zone theory of crystals, an analogue of the Korringa —
Kohn — Rostoker method, adapted for cluster models. The SW method is based on the formalism of multiple
scattering of electron waves on a system of potentials. It allows us to perform calculations based on atomic nu-
clei coordinates for clusters of several atoms and large systems. The interaction of electrons is described by
averaged values of periodic fields described by the MT-potential [10]. The QuantumEspresso software package
[11] was used for the calculations.

528



Part 3. Technological processes and material science

Results

At the first stage, a model of octahedral cluster for iron of face-centered crystal lattice modification in-
cluding six atoms was constructed (Fig. 2, a). Further, the probability density diagram of electron states for
the above cluster was obtained (Fig. 2, 6).
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Puc. 2. Oxrasapuueckuii knacrep ['TIK-xenes3a u3 mecti aToMoB:
a — o0uIMii BU; 6 — 3aBUCUMOCTD TUTIOTHOCTH BEPOSTHOCTH PACHPEACICHHUS 3JIEKTPOHHBIX COCTOSHHM
OT SHEPTHH JIEKTPOHOB CO CTUHOM BBEPX U BHU3

Fig. 2. Octahedral cluster of fcc iron of six atoms:
a — general view; b — dependence of the probability density of the distribution of electronic states
on the energy of electrons with spin up and down

According to the spectrum data (Fig. 2, 6), we can conclude that the electron moments with opposite
spins are uncompensated. The calculated average effective magnetic moment per atom was 1.67 pg /atom.
This result contradicts the data obtained for the magnetization of austenitic steels having a FCC lattice,
which do not exhibit ferromagnetic properties for massive samples [8].

An octahedral cluster of six atoms can be transformed into a cluster formation consisting of close-packed
tetrahedrons. According to [12], an octahedron can be transformed into three bound tetrahedrons by switch-
ing one chemical bond between two atoms out of six (Fig. 3).

Tetrahedral assemblies can be organized in different ways. The best known example is the Franck —
Kasper structure FK-12 [13], which corresponds to an icosahedron. Such an assembly can be constructed
from twenty close-packed tetrahedrons (Fig. 4, a).

Calculation of the density of electronic states of the icosahedral cluster (Fig. 4, 6) showed that the average
magnetic moment is 0.21 pg /atom.

It is known that the structure FK-12 along with FK-14 appears in Hadfield steel 110I"13J1 during plastic
deformation on the deformation or fracture surface. Hadfield steel is also austenitic, but exhibits non-zero
magnetization under mechanical action [14].
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Puc. 3. IIpeobpa3oBaHne HAHOKJIACTEPOB:
a — MOZIENb OTKa3APUYECKOro KJlacTepa; 6 — MOJENb KilacTrepa U3 Tpéx TeTpasapos [12]

Fig. 3. Transformation of nanoclusters:
a — model of a hexagonal cluster; b — model of a cluster of three tetrahedra [12]
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Puc. 4. Ukocarapuyeckuii kinacrep xenesa u3 13 aToMoB:
a — o0Iuii BUIT; 6 — 3aBUCUMOCTD IFIOTHOCTH BEPOSTHOCTH PACIPEETICHHUS HICKTPOHHBIX COCTOSIHUI
OT SHEPTUH HIEKTPOHOB CO CIIMHOM BBEPX U BHU3; BEPTUKAJIbHAS JIMHUSI COOTBETCTBYET dHeprun depmu

Fig. 4. Icosahedral iron cluster of 13 atoms:
a — general view; b — dependence of the probability density of the distribution of electronic states
on the energy of electrons with spin up and down; the vertical line corresponds to the Fermi energy

There are various possibilities of packing tetrahedrons in a nanocluster. Thus, the formation of a cluster in
the form of a tetrahedral helix for compounds NisTis, Al4Cs, etc. was shown in [12; 15; 16]. The formation of
such a structure is related to the possibility of transition of an octahedral cluster into a group of three tetrahe-
dral ones (see Fig. 3). Fig. 5, a shows a nanocrystalline iron cluster representing a helix of seven tetrahe-
drons. A spin-polarized density of electron states was plotted for such a tetrahedral assembly (Fig. 5, 6); the
average magnetic moment per atom was 0.26 pg /atom.

When further coordination spheres are constructed (Fig. 6) using tetrahedral clusters, the number of atoms
on the surface increases with geometric progression. The central atom in the center is common to all spirals.
The first row of tetrahedrons is located on top and has 12 generalized atoms between them on the surface.
The second row has 20 atoms on the surface, the third has 32 atoms, the fourth has 52 atoms, etc. (Fig. 6).
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However, according to Delaunay's rule [6], it is impossible to realize in three-dimensional space a close-
packed structure of an icosahedron containing more than 2 coordination spheres.
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Puc. 5. CrinpasnbHbIii KiacTep jkene3a, COCTaBICHHBIH U3 CEMH TETPadIpOB:
a — o0Iuii BUJ; 6 — 3aBUCHMOCTb IJIOTHOCTH BEPOATHOCTH PACIpeIeICHUs! JJICKTPOHHBIX COCTOSIHUI
OT SHEPTHUH JIEKTPOHOB CO CIIMHOM BBEPX U BHU3

Fig. 5. Spiral iron cluster, composed of seven tetrahedra:
a — general view; b — dependence of the probability density of the distribution of electronic states
on the energy of electrons with spin up and down
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Puc. 6. DBomous KOOPIMHAIIMOHHBIX cep U3 TETPadIPUUYCCKUX KIIACTEPOB: OT MEPBOi JO 4YeTBEPTOI

Fig. 6. Evolution of coordination spheres from tetrahedral clusters: from the first to the fourth

The next stage of modeling was the combination of a spiral and icosahedral cluster. When twenty tetrahe-
dral spirals are close-packed (Fig. 7), an icosahedron containing 13 atoms is formed in the first coordination
sphere. The second coordination sphere contains 20 atoms. Here the first 3 tetrahedrons from each of the 20
spirals are connected in a coordinated manner. Then each spiral grows independently in the direction from
the center perpendicular to the faces of the first coordination sphere. Each helix has 10 atoms, 6 of which,
packed in 3 tetrahedrons, are in 2 coordination spheres. The remaining 4 atoms of each helix are packed into
"tails" of 4 tetrahedrons. The total number of atoms in such positions is 4 x 20 = 80. Thus, the total number
of atoms in the cluster packed with 20 tetrahedral spirals is 33 + 80 = 113 atoms (Fig. 6).
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Puc. 7. KombuHaus nKocasipuuecKoro 1 CupaneBUIHOTO KIaCTEPOB JKele3a:
a — HeTIoJIHasl MoJieNb U3 OymMary; 6 — TpeXMepHasi KOMIIBIOTEpHAs! MOZENb

Fig. 7. Combination of icosahedral and spiral iron clusters:
a — incomplete paper model; b — three-dimensional computer model

Fig. 7 shows a structure built of 20 tetrahedral ten-atom spirals with one common atom in the center. The
second coordination sphere also forms an icosahedron containing 20 atoms. Here we get 33 atoms in total in
the first and second coordination spheres. This structure corresponds to the experimentally obtained result
with the maximum magnetization shown in Fig. 1.

Conclusion

The appearance of magnetization in cluster formations is associated with excited electronic states of those
atoms that are on the surface of a nanoparticle or nanofilm. Stressed nonequilibrium electronic states appear
in such systems. For small-sized cluster models, most of the atoms are on the surface and have open bonds.
The excited atoms have increased electron density, i.e., the electrons are able to move into states with higher
energy, approaching the Fermi energy. In this case, the Stoner criterion necessary for the emergence of mag-
netization is fulfilled [17]. The configurations of electrons with spin up and down are different, resulting in
uncompensated magnetic moments. Thus, the proposed models of iron nanoclusters correspond quite satis-
factorily to the experimental data of [1].
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