KOHOEHCALUMANAHFAH KYUOIH ®U3UKACDI
O®U3SNKA KOHOEHCUPOBAHHOIO COCTOAHUA
PHYSICS OF THE CONDENSED MATTER

DOI 10.31489/2022Ph2/68-74

UDC 537.622.4

L.I. Kveglis'", F.M. Noskov*, A.A. Kalitova®*, R.T. Nasibullin?,
A.V. Nyavro®, A.N. Cherepanov?, A.E. Olekhnovich? D.N. Saprykin®

ISiberian Federal University, Krasnoyarsk, Russia
*Tomsk State University, Tomsk, Russia
33. Amanzholov East Kazakhstan University, Ust-Kamenogorsk, Kazakhstan,
*Institute of Composite Materials, Ust-Kamenogorsk, Kazakhstan
(E-mail: kveglis@list.ru)

Influence of the size of iron nanoclusters on their magnetization

The size of iron nanocrystals significantly affects the value of 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 nanocrystals. The 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 in accordance with the band theory of crystals. The appearance of
magnetization in tetrahedral close-packed cluster formations is associated with excited electronic states of at-
oms located on the surface of the nanocluster. Excited 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 the occurrence of magnetization is fulfilled. The configurations of electrons with spin
up and down differ, which is why uncompensated magnetic moments appear. It is shown that the proposed
models of iron nanoclusters are in satisfactory agreement with the known experimental data.

Keywords: iron nanocluster, tetrahedrally tightly packed structures, magnetic properties.

Introduction

The nanocrystalline state changes not only the structure but also many physical characteristics of sub-
stances [1]. In [2], studies of the magnetic properties of cluster iron particles from different numbers of at-
oms are presented. It is shown that the ferromagnetic properties of iron clusters depend on the number of at-
oms in them. For clusters less than 50 atoms in size, the magnetic moments reach 3.1 Bohr magnetons. With
an increase in 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, Al203, 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]

Tasks of the work:

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

2. Construction of density spectra of electronic states of nanoclusters under study.

Experimental

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

The electron state density spectra were constructed within the framework of the electron density func-
tional theory (DFT) [9] using the basis of plane waves and ultra-soft pseudopotentials. The calculation was
carried out using the scattered wave (SW) method in accordance with the band theory of crystals — an ana-
logue of the Corringi-Cohn-Roxter method adapted for cluster models. The SW method is based on the for-
malism of multiple scattering of an electron wave on a system of potentials; it allows calculations for clusters
of several atoms and large systems based on the coordinates of atomic nuclei. The interaction of electrons is
described by the averaged values of periodic fields described by the MT potential [10]. The software package
Quantum Espresso was used for the calculation [11].

Results and Discussion

In the first stage, a model of an octahedral cluster for iron, a face-centered modification of the crystal
lattice, including six atoms was constructed (Fig. 2a). Next, a graph of the probability density of electronic
states for this cluster was obtained (Fig. 2b).
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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 pg/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).

Figure 3. Transformation of nanoclusters: a — model of a hexagonal cluster;
b — model of a cluster of three tetrahedra [12]

Tetrahedral assemblies can be organized in different ways. The most famous example is the Frank-
Kasper structure FK-12 [13], which corresponds to 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 Ni,Tis, Al,Cs, 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 pg/atom.
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Figure 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

When constructing further coordination spheres (Fig. 6) using tetrahedral clusters, the number of atoms
on the surface increases exponentially. The central atom in the center is common to all spirals. The first row
of tetrahedra is located on the top and has 12 generalized atoms 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). However, according to the De-
launay rule [6], it is impossible to realize in three-dimensional space a densely packed structure of an icosa-
hedron containing over 2 coordination spheres.

1 coordination sphere 2 coordination sphere 3 coordination sphere 4 coordination sphere

Figure 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 model

Figure 7 presents a structure built of twenty tetrahedral ten-atom spirals with one common atom in the
center. In the second coordination sphere, an icosahedron is also formed, containing twenty atoms. This
gives 33 atoms in total in the first and second coordination spheres. This structure corresponds to the exper-
imentally obtained result with the maximum magnetization shown in Figure 1.

Conclusions

The appearance of magnetization in cluster formations is associated with the excited electronic states of
those atoms that are on the surface of a nanoparticle or nanofilm. Stressed nonequilibrium electronic states
arise in such systems. For cluster models of small sizes, most of the atoms are on the surface and have open
bonds. 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 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 with the experimental data of [1].

References

1 Mup marepuanos u TexHonoruii. Hanomatepuansl. Hanotexnomornn. HaHocucTeMHas TEXHUKA: MUPOBBIE JOCTHIKEHUS 3a
2005 r.: ¢6.; mop pex. ILII. Mansuesa. — M.: Texnocdepa, 2006. — 149 c.

2 Billas I.M.L. Magnetism from the Atom to the Bulk in Iron, Cobalt, and Nickel Clusters // 1.M.L. Billas, A. Chatelain,
A.H. Walt // Science. — 1994, — 265. — P. 5179. DOI:10.1126/science.265.5179.1682

3 Sundaresan A. Ferromagnetism as a universal feature of inorganic nanoparticles / A. Sundaresan, C.N.R. Rao // Nano Today.
— 2009. — Vol. 4. DOI:10.1016/j.nantod.2008.10.002

4 Venkatesan M. Thin Films: Unexpected Magnetism in a Dielectric Oxide // M. Venkatesan, C.B. Fitzgerald, J. M. D. Coey //
Nature. — 2004. — Vol. 430, No. 630. — p. 630. DOI:10.1038/430630a.

5 Hong N.H. Room-temperature ferromagnetism observed in undoped semiconducting and insulating oxide thin films // N.H.—
Hong, J. Sakai, N. Poirot, V. Brizé // Physical Review B. — 2006. — T. 73. — Ne . 13. — C. 132404

6 bymnséukoB H.A. MoaynbpHbIi Ju3aiiH HKOCadApUUecKuX MeTautndeckux kiacrepos / H.A. Bynsénkos, J.JI. Teituk // 13B.
PAH. Cep. Xum. — 2001. — Ne 1. — C. 1-19.

7 Kuveglis L. I. Magnetic Properties of Nickel-Titanium Alloy during Martensitic Transformations under Plastic and Elastic De-
formation // L.I. Kveglis, F.M. Noskov, M.N. Volochaev, A.V. Nyavro, A. Filarowski // Symmetry. — 2021. — Vol. 13 No. 4. —
P. 665. https://doi.org/10.3390/sym13040665

8 TpyumH 10.B. ®usnueckue ocuoBsl Marepuanosenenus / 10.B. Tpyumu. — T. 3. — 2-e u3a. (nepepab. u 1o1.): yueb. moc.
— CII6.: U3n-Bo Akamem. yH-Ta, 2015. — 356 c.

9 Hohenberg P. Inhomogeneous electron gas / P. Hohenberg, W. Kohn // Physical review. — 1964. — Vol. 136, (3B. — C.
B864).

10 Hsspo A.B. DBomonus 3JI€KTPOHHBIX COCTOSIHUN: aTOM—MoJieKy1a—knactep—kpucramt / A.B. Hapo. — Tomck: M3a. 1om
Towm. roc. yH-Ta, 2013. — 268 c.

72 BecTHuk KaparaHgmMHCKOro yHusepcureTa



Influence of the size of iron...

11 Giannozzi P. et al. Quantum espresso: a modular and open-source software project for quantum simulations of materials
I/ Journal of physics: Condensed matter. — 2009. — Vol. 21, No. 39. DOI: 395502. 10.1088/0953-8984/21/39/395502

12 Kpanommun B.C. KpucramioreomeTprdecknii MeXaHn3M CpacTaHUs IIMMHENIN U CyIb(raa Mapranna B KOMIUICKCHOE HeMe-
taumnueckoe Brimouenue / B.C. Kpanoumn, A.JI. Tamuc, E.J[. Jemuna, A.W. 3aiiues / MerauioBeeHne u TepMUdecKkas 00paboTka
MmeramioB. — 2015, — Ne 7. — C. 4-12.

13 Frank F.C. Complex alloy structures regarded as sphere packings. Il. Analysis and classification of representative structures /
F.C. Frank, J.S. Kasper // Acta Crystall. — 1959. — Vol. 1. — P. 483-499.

14 Local electron structure and magnetization in p-Fe86Mn13C / L.I. Kveglis, R.B. Abylkalykova, F.M. Noskov,
V.G. Arhipkin, V.A. Musikhin, V.N. Cherepanov, A.V. Niavro // Superlattices and Microstructures. — 2009. — Vol. 46., No. 1-2.
— P. 114-120.

15 Lipscomb W.N. Framework rearrangement in boranes and carboranes // Science. — 1966. — Vol. 153., No. 3734. —
P. 373-378.

16 Bakir M. Novel Metal-Carbon Nanomaterials: A Review On Covetics / M. Bakir, I. Jasiuk // Advanced Materials Letters. —
2017 — 8. 884-890. 10.5185/amlett.2017.1598.

17 Tuxkamymu C. Ousnka ¢peppomaraernzma. MarHuTHbIE XapaKTEPUCTUKU U npaktuueckue npumenerus / C. Tukamsymu;
niep. ¢ sin. — M.: Mup, 1987. — 419 c.

JI.W. Ksernuc, ®.M. Hockos, A.A. Kanurosa, P.T. Hacubymnus,
A.B. HaBpo, A.H. Uepenanos, A.E. Onexunosuy, JI.H. Canpbikun

Temip HaHOKIacTaApBI MOJILIEPiHE 01aPABIH MATHUTTEJIYIHIH dcepi

Hanokpucrannapasly Meiepi onapIbslH MarHUTTENy MeJIIepiHe alTapiblKTail oacep erendi. AJjaiima, op
TYPJi TeMip aTOMIAapbIHAH TYPaThIH HAHOKPHCTAIABI TY3UTiMAED KYPBUIBIMBIHBIH Oapabap MoIemni o JKOK.
Maxkanaga KOHGUIypalusi MEH OJapAbl KypaWTbIH aTOMAApAbIH CaHbl OOWBIHIIA EpPEKIICICHETIH
HaHOKPHUCTAJIIBI TEMip KIAaCTepIIePiHiH KeHICTIKTIK MOAENbIepi kacanraH. HaHokpucTangapablH YCHIHBUIFAaH
KYPBUIBIMIAPBIHBIH HET131 TEMip aTOMIAPBIHBIH TETPAdAPIIK THIFBI3 OpaliFaH KIACTEPIiK KHHAKTAPhl OOJBII
TaObuTaAbl. Y CBHIHBUIFAH KJacTepiep YILIH DJIEKTPOHABI KYH THIFBI3ABIFBIHBIH CHEKTPIEpi AJIEKTPOHIBI
TBIFBI3IBIK (DYHKIMOHAIIBI TEOPHMSCHIH KOJZAaHa OTHIPHIN jkacanraH. Ecenrtey KpucTammapIblH alMaKTHIK
TEOpUSIChIHA CAIfKeC IIamIbIPaHKbl TOJIKBIHIAAP diciMEH XKyprizinai. TeTpasapiiik THIFEI3 OpaliFaH KIacTepilik
TY3UIiMAepJe MarHUTTeNdyAiH maiaa OoJysl HAHOKJIACTHIH O€TiHIE OpHAlacKaH aTOMAApIbIH KO3FaH
JJIEKTPOHIIBI KYitiepiMeH OailylaHbICTH eKeHAIr kopceTinreH. Ko3raH aToMaapaslH dJEKTPOHIBI THIFBI3IBIFBI
JKOFapbUIaiiipl, SIFHU IEeKTpoHIap DepMu 3HEepruschIHA KaKbIHIAFaH )KOFAaphl SHEPTHsAFa He Kyiire aybica
amaznpl. byn xarmalima MarHWTTENyIiH Maiga OOMyBl YINIH KaKET Tac OIIeMi OpbIHAalanbsl. AWHAIABIPY
JKOFapbl JKOHE TOMEH O3JICKTPOHAApJBIH KOHQUIYpaIMsAChl Op TYpJi, COHIBIKTAH OTEIMEreH MAarHUTTIK
MOMEHTTep maiiia Oosanel. YCHIHBUIFAH TEMip HAHOKJIACTApBIHBIH MOJenblepi Oenrini Taxipubemik
MaJIiMETTepre KaHaraTTaHapJIbIK TYPJle COUKeC KeJeTiHiI KOpPCEeTiIreH.

Kinm coe30ep: TeMip HaHOKJIACTEPi, TETPAIAPIIK THIFBI3 OPAJIFAaH KYPBUIBIMIAP, MArHUTTIK KAaCHETTepi.

JL.U. KBernuc, ®.M. Hockos, A.A. Kanutosa, P.T. HacubymnnuH,
A.B. Haspo, A.H. Yepenanos, A.E. Onexnosuy, /[.H. Canpbikun

Biusinue pa3mepa HAHOKJIACTEPOB KeJie3a HA UX HAMATHUYEHHOCTh

Pa3Mep HaHOKPUCTAJIIOB >KeJie3a CYLECTBEHHO BJIMSAECT HA BEIMYMHY UX HaMarHW4eHHOCTH. OHAKO ajex-
BaTHOM MOJIENH CTPYKTYPHI HAHOKPHCTAUIMIECKIX 00pa30BaHMUM, COCTOSIINX U3 PA3HOTO UHCIIA aTOMOB XKe-
Je3a, 0 CHX MOp HE CyMIECTBYeT. B craThe MOCTPOEHBI MIPOCTPAHCTBEHHBIE MOIENN HAHOKPHCTATIMIECKIX
KJIaCTEPOB JKeJe3a, pa3IMIalomuxcst KOH(GUTyparueil 1 KOJIMIeCTBOM COCTABIISIONINX HX aTOMOB. 3a OCHOBY
MpeUIaraéMbIX CTPYKTYP HaHOKPUCTAJUIOB B3SITHI TETPA3IPUIECKU IUIOTHO yIAaKOBaHHBIE KJIACTEpHBIE cOOp-
KU aTOMOB XkeJe3a. CIeKTpbl IIOTHOCTU 3JEKTPOHHBIX COCTOSIHUH [UIs IpeiaraéMbIX KI1acTepoB IOCTPOEHBI
C UCIOJb30BaHUEM TEOPHUH (YHKIMOHANA 3JIEKTPOHHOM IIOTHOCTH. Pacuer mpoBoawmics METOOM paccesH-
HBIX BOJH B COOTBETCTBUH C 30HHOW Teopuell kpucrauios. [lokazaHo, 4TO MOsBIE€HHE HAMAarHUYEHHOCTH B
TETPadIPUUECKUX UIOTHOYIIAKOBAHHBIX KIIACTEPHBIX 00pPa30BaHHSX CBA3aHO C BO30YXKICHHBIMH DIIEKTPOH-
HBIMU COCTOSIHMSIMH aTOMOB, PacIIOJIOKEHHBIX Ha IOBEPXHOCTH HaHOKJIacTepa. Bo30yxkIeHHbIE aTOMBI HMe-
0T MOBBIIICHHYIO 3JIEKTPOHHYIO TNIOTHOCTD, TO €CTh AJIEKTPOHBI CIIOCOOHBI IIEPEXOUTH B COCTOSHUS C Ooree
BBICOKOH 3Hepruei, npudmmkaromeiics k sHeprun @epmu. B aToMm ciaydae BemomnHsercs kputepuit CroyHe-
pa, HeoOXOIMMBIIT I BOZHUKHOBEHHS! HaMarHWIeHHOCTH. KoH(puUrypamn 3JIeKTpoHOB CO CIIMHOM BBEPX U
BHM3 Pa3/IM4alOTCs, IOITOMY BO3HUKAIOT HEKOMIIEHCUPOBAHHBIE MarHUTHbIE MOMeHTHI. [1okazaHo, uTo mpen-
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JIOKEHHBIE MOJCJIM HAHOKJIACTEPOB JKEJI€3a YAOBJIECTBOPUTEIIBHO COIVIACYIOTCA C M3BECTHBIMH DKCIIEPUMCEH-
TaJIbHBIMH TaHHBIMHU.

Kniouesvie cnosa: HaHOKIAcTEep >Kejie3a, TETPAdAPHUYECKH IUIOTHO YHNAKOBAaHHBIE CTPYKTYPBHI, MarHUTHBIC
CBOMCTBA.
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