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Influence of the size of iron nanoclusters on, thelr magnetization

The size of iron nanocrystals significantly affects thetwalueof their magnetization. However, an adequate
model of the structure of nanocrystalline formations comprising different numbers of iron atoms still does not
exist. In this work, spatial models of nanocrystalline iron clusters differing in configuration and the number of
their constituent atoms are constructed. Tetrahedrally close-packed cluster assemblies of iron atoms are taken
as the basis for the proposed structures of nanocrystalsyThé spectra of the density of electronic states for the
proposed clusters are constructed using the theory of the electron density functional. The calculation was car-
ried out by the method of scattered waves injaccordance with the band theory of crystals. The appearance of
magnetization in tetrahedral close-packedycluster formations is associated with excited electronic states of at-
oms located on the surface of the namogluster:-iExcited atoms have an increased electron density, that is, elec-
trons are able to transition to states with'higher energy, approaching the Fermi energy. In this case, the Stoner
criterion necessary for théjeceurteénce of magnetization is fulfilled. The configurations of electrons with spin
up and down differ, whichiisywhylimeompensated magnetic moments appear. It is shown that the proposed
models of iron nanoclustess, arein satisfactory agreement with the known experimental data.

Keywords: iron nanoglustér, tétrahedrally tightly packed structures, magnetic properties.

Introduction

The nandgerystalline ‘state changes not only the structure but also many physical characteristics of sub-
stance$ | 1] In [2), studies of the magnetic properties of cluster iron particles from different numbers of at-
omsare presented. It is shown that the ferromagnetic properties of iron clusters depend on the number of at-
oms inithem. For clusters less than 50 atoms in size, the magnetic moments reach 3.1 Bohr magnetons. With
an increasedn the number of atoms to 500—700 atoms in the cluster, the magnetic moments approach the
magnetization of bulk samples, which are 2.2 Bohr magnetons (Fig. 1).

The authors [3] found the presence of magnetization in cluster formations even in the absence of atoms
of ferromagnetic substances in them. Hysteresis loops confirming magnetization were obtained for clusters
Ce02, GaN, AI203, etc. Ferromagnetism is also observed in thin films of HfO2, TiO2, and ZnO [4, 5].

Cluster models are the most objective representation of the structure of metals with a small number of
atoms [6]. In addition, structures corresponding to cluster structures also occur in the volume of metals, at
interfaces, on fracture surfaces, etc. When modeling nanocluster formations, we use sets of dense tetrahedron
packages that most adequately correspond to the nanocrystalline state [7].

The purpose of the work is to explain the nature of the increase in the magnetization of iron in
nanocluster formations containing different numbers of atoms.
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Figure 1. Dependence of the average magnetic moment per atom
for iron clusters on the number of atoms in it at 120 K [2]

L 2
Tasks of the work: \
1. Construction of three-dimensional cluster models of tetrahedral densely on nanoclusters

with different numbers of atoms.
2. Construction of density spectra of electronic states of nanoclusters u S .

Experimental

To determine the coordinates of the atoms, spatial models of clusters constructed using a three-
dimensional modeling program. The program has the necessary to0 ermine the coordinates of the at-
oms of the studied clusters. The cluster models were based on t ewtl values of the parameters of iron
crystal lattices: aycc = 3.656 A, agcc = 2.866 A [8].

The electron state density spectra were construc
tional theory (DFT) [9] using the basis of plane waves
carried out using the scattered wave (SW) methodi
logue of the Corringi-Cohn-Roxter method adapte
malism of multiple scattering of an electron
of several atoms and large systems based on
described by the averaged values of peri
Quantum Espresso was used for the tion

ramework of the electron density func-
-soft pseudopotentials. The calculation was

em of potentials; it allows calculations for clusters
coordinates of atomic nuclei. The interaction of electrons is
s described by the MT potential [10]. The software package

sults and Discussion

In the first stage, a mo tahedral cluster for iron, a face-centered modification of the crystal
lattice, including six atom nstructed (Fig. 2a). Next, a graph of the probability density of electronic
states for this cluster was obtained (Fig. 2b).

Density of states
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Figure 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. 2b), it can be concluded that the electronic moments with dissimi-
lar spins are uncompensated. The calculated average effective magnetic moment per atom was 1.67 upg/atom.
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This result contradicts the data obtained for the magnetization of austenitic steels having a HCC lattice,
which does not exhibit ferromagnetic properties for massive samples [8].

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

Kasper structure FK-12 [13], which correspond an icosahedron. Such an assembly can be constructed

from twenty close-packed tetrahedra (Fig. 4a).
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Figure 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 red line corresponds to the Fermi energy

The calculation of the density of the electronic states of the icosahedral cluster (Fig. 4b) showed that the
average magnetic moment is 0.21 pg/atom.

The FK-12 structure, along with FK-14, appears in Gadfield steel (110G13L) during plastic defor-
mation on the deformation or fracture surface. Gadfield steel is also austenitic, however, exhibits nonzero
magnetization under mechanical action [14].
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There are various possibilities for packing tetrahedra in a nanocluster. Thus, the appearance of a cluster
in the form of a tetrahedral spiral for compounds NiyTi;, Al4C;, and others was shown in [12, 15, 16]. The
formation of such a structure is associated with the possibility of the transition of an octahedral cluster into a
group of three tetrahedral (see Figure 3). Figure 5a shows a nanocrystalline iron cluster, which is a spiral of
seven tetrahedra. For such a tetrahedral assembly, a spin-polarized density of electronic states is constructed
(Fig. 5, b), the average magnetic moment per atom was 0.26 pp/atom.
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Figure 5. Spiral iron cluster, composed of seven tetrahedra: a — general ; b —dependence of the probability density
ctrons with spin up and down

When constructing further coordination spheres (
on the surface increases exponentially. The cent nter is common to all spirals. The first row

s on the surface. The second row has 20 atoms

launay rule [6], it is impossible to realize in three-dimensional space a densely packed structure of an icosa-
hedron containing over 2 coordination sphe

’ rdination sphere 2 coordination sphere 3 coordination sphere 4 coordination sphere

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

The next stage of the simulation was a combination of a spiral and an icosahedral cluster. When twenty
tetrahedral spirals are tightly packed (Fig. 7), an icosahedron containing 13 atoms is formed in the first coor-
dination sphere. There are 20 atoms in the 2nd coordination sphere. Here, the first 3 tetrahedra from each of
the 20 spirals are connected in concert. Further, each spiral grows independently in the direction from the
center perpendicular to the faces of the icosahedron of the 1st coordination sphere. Each spiral has 10 atoms,
six of which are packed in 3 tetrahedra located in 2 coordination spheres. The remaining 4 atoms of each spi-
ral are packed into “tails” of 4 tetrahedra. The total number of atoms in such positions is 4 x 20 = 80. Thus,
the total number of atoms in a cluster packed with 20 tetrahedral spirals is 33 + 80 = 113 atoms (Fig. 6).
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a

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

e common atom in the
ining twenty atoms. This
corresponds to the exper-

Figure 7 presents a structure built of twenty tetrahedral ten-atom spira
center. In the second coordination sphere, an icosahedron is also form
gives 33 atoms in total in the first and second coordination spheres. T
imentally obtained result with the maximum magnetization shoxn in Fi

5

Conclusions

iated with the excited electronic states of
ressed nonequilibrium electronic states
arise in such systems. For cluster models of small sizes, he atoms are on the surface and have open
is, electrons are able to transition to states with
higher energy, approaching the Fermi energy. In th e Stoner condition is satisfied, which is neces-
sary for the occurrence of magnetization [17]. The configurations of electrons with spin up and down are
different, which gives rise to uncompensated magnetic moments. Thus, the proposed models of iron
nanoclusters are in satisfactory agreement wi e experimental data of [1].

The appearance of magnetization in cluster formation
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TeMip HaHOKJIaCTAPBI MOJIILLIEPiHE OJIAPABIH MAr HUATeJLyiHiH dcepi

Hanokpucrannapaslqy Meiepi onapIbslH MarHUTTENy MeJIIepIHepanTapibIKTall ocep erenmi. AJaiina, op
TYPJi TeMip aTOMIAapbIHAH TYPaThIH HAHOKPHCTAIABI TY3UTiMAEp KYPBEIBIMBIHBIH Oapa®ap MoIeni ol JKOK.
Makanaga KoH(Urypamus MEH OJapAbl KypaWThIH aTOMAAPHBIH «€aHbl OOWBIHIIA epeKIIeNCHEeTiH
HAHOKPHCTAIIBI TEMip KIIacTepiepiHiH KeHICTIKTIK MQAETbARPI xKacallkaH. HaHOKpHCTangapAbIH YChIHBUIFAH
KYPBUIBIMIAPBIHBIH HET131 TEMip aTOMIApBIHBIH TETPasAPIIK TBIERI3 OpANFaH KIACTEPIiK KHHAKTAPhI OOJBII
TaObuTaAbl. Y CBHIHBUIFAH KiacTepiep YLIH DISKTPOHABN JKYH “TBIFBI3ABIFBIHBIH CHEKTPJIEpi AJIEKTPOHIBI
TBIFBI3IBIK (DYHKIMOHAIIBI TEOPHSCHIH KOJNIAHAZOTHIPHIN KacanraH. Ecenrtey KpucTanmapIblH aiMaKTHIK
TEOpHUSIChIHA CAIfKeC IIamIbIPaHKbl TOJIKBIHIAAP 9IiCIMEH Kyprizinai. TeTpasapiiik THIFBI3 OpaliFaH KIacTepilik
TY3UIiMAepJe MarHUTTedyAiH maiaa Ooiysl HAaHOKNACTHIH OeTiHIEe OpHAlacKaH aTOMAApIbIH KO3FaH
JIEKTPOHIIBI KYitiepiMeH OaillaHbICTH eKeHAiri kopcerinred. Ko3raH aToMaapasiy 3JEKTPOHIBI THIFBI3IBIFBI
JKOFapbUIaiiipl, SSFHU IeKTpoHAap DepMu SHEeprusAChIHA KaKbIHIAFaH )KOFAaphl SHEPTHUsAFa He Kyiire aybica
amaznpl. byn sxarmalima MarHUTTENyiH Haigad OONTyBl VINIH KaKET Tac OIIeMi OpbIHIalaabsl. AWHAIABIPY
JKOFaphl JKOHE TOMEH O3JICKTPOHAAPMBIH KOH@UIypalusachl Op TYpJi, COHIBIKTAH OTEIMEreH MAarHUTTIK
MOMEHTTep maiiia Oonajpl. ¥YCHIHBUIRAH TEMip HAHOKJIACTApBIHBIH MOJenblepi Oenrini Taxipubemik
MaJIiMeTTepre KaHaraTTaHapiBIK Typie CANKeC KeJeTiHi KOpCeTiIreH.

Kinm coe30ep: TeMip HaHOKIACTEPi, TETPadAPIIK THIFBI3 OpAJIFaH KYPBUIBIMIAP, MArHUTTIK KACHETTepi.

JL.1. Keermu€, ®.M. Hockos, A.A. Kanutosa, P.T. HacuOymnnun,
A'B. Hsmspo, A .H. Yepenanos, A.E. Onexnosuy, /[.H. Canpbikun

BausiHiie pa3Mepa HAHOKJIACTEPOB Kejie3a HA UX HAMATHUYEHHOCTh

Pa3Mep) HaHOKPHCTAJUIOB JKeJjle3a CYIIECTBEHHO BJIMAET Ha BEIMYMHY MX HaMarHUYeHHocTH. OJHaKo alek-
BaTHOM MOJIENTH CTPYKTYPHI HAHOKPHCTAJUIMIECKIX 00pa30BaHU, COCTOSIINX U3 PA3HOTO UHCIIA aTOMOB XKe-
Jie3a, 710 cUX IOp He CYIIECTBYeT. B cTaTbe MOCTPOEHBI MPOCTPAHCTBEHHBIE MOJIEIN HAHOKPUCTAIUINIECKUX
KJACTEPOB JKeJe3a, pa3IMIalomuxcst KOH(GUTyparueil 1 KOJIMIeCTBOM COCTABIISIONINX HX aTOMOB. 3a OCHOBY
HpeUIaraéMbIX CTPYKTYP HAaHOKPUCTAJUIOB B3SITHI TETPA3APUIECKU IUIOTHO yIAKOBaHHBIE KJIACTEPHEBIE cOOp-
KU aTOMOB XkeJe3a. CIeKTpbl IIOTHOCTU 3JEKTPOHHBIX COCTOSIHUH [UIs IpeiaraéMbIX KI1acTepoB IOCTPOEHBI
C UCIOJb30BaHUEM TEOPHUH (YHKIMOHANA 3JIEKTPOHHOM IIOTHOCTH. Pacuer mpoBoawmics METOIOM paccesH-
HBIX BOJH B COOTBETCTBUH C 30HHOW Teopuell kpucramuios. [lokazaHo, 4TO MosBIEeHHE HAMAarHUYEHHOCTH B
TETPadIPUUECKUX UIOTHOYIIAKOBAHHBIX KIIACTEPHBIX 00pPa30BaHHSX CBS3aHO C BO30YXKICHHBIMU DIIEKTPOH-
HBIMU COCTOSIHMSIMH aTOMOB, PacIlOJIOKEHHBIX Ha IOBEPXHOCTH HaHOKJIacTepa. Bo3OyxkIeHHbIE aTOMBI HMe-
0T MOBBIIIEHHYIO 3JIEKTPOHHYIO TNIOTHOCTB, TO €CTh AJIEKTPOHBI CIIOCOOHBI IIEPEXOUTH B COCTOSHUS C OoIee
BBICOKOH 3Hepruei, npudmmkaromeiics k sHeprun @epmu. B aToMm ciaydae BemomnHsercs kputepuit CToyHe-
pa, HeoOXOIMMBIIT 71 BOZHUKHOBEHHS! HaMarHWIeHHOCTH. KoH(purypamn 3JIeKTpoHOB CO CIIMHOM BBEPX U
BHM3 Pa3/IM4alOTCs, IOITOMY BO3HHUKAIOT HEKOMIIEHCUPOBAHHBIE MarHUTHbIE MOMeHTHI. I1okazaHo, uTo mpen-
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JIOKEHHBIE MOJCJIM HAHOKJIACTEPOB JKEJI€3a YAOBJIECTBOPUTEIIBHO COIVIACYIOTCA C M3BECTHBIMH DKCIIEPUMCEH-
TaJIbHBIMH TaHHBIMH.

Kniouesvie cnosa: HaHOKIAcTep >kejie3a, TETPAdAPHUYECKH IUIOTHO YHNAKOBAaHHbBIE CTPYKTYPBHI, MarHUTHBIC
CBOMCTBA.
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