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MESSAGE FROM THE EDITORIAL BOARD

St. Petersburg State Polytechnical University Journal: Physics and Mathematics starts a
series of special issues collecting the proceedings of international conferences in physics and
mathematics.

Since its inception in 2008 as part of, the journal has been published 4 times a year. This year
marks our 15th anniversary. The journal has upheld the high standards of research excellence,
with all manuscripts subjected to stringent peer review procedures. Our reviewers are world-
class scientists, many of them leading their own research teams. Our papers are indexed by
both Russian (RSCI) and international databases such as Scopus and Web of Science. The
Editorial Board welcomes manuscripts combining approaches from different fields of physical
and mathematical sciences: thus, the journal provides a unique platform for exchange and
dissemination of new knowledge. The Editorial Board comprises renowned scientists from major
research institutions around the world.

The journal has previously published selected papers from international conference proceedings.
Opening a series of conference proceedings, this issue exclusively contains the reports presented
at the Sixth Asian School-Conference on Physics and Technology of Nanostructured Materials
(ASCO-Nanomat 2022). The Editorial Board believes that publishing materials from international
conferences facilitates the exchange of scientific information, advancing the present state of
physical knowledge. Furthermore, all researchers, especially young scientists, are given an
opportunity to publish their best reports at international conferences, with further indexing in
international databases.

Preserving the best traditions of Russian university journals, we are open to new ideas, striving
to address the international scientific community. The Editorial Board hopes that additional
conference issues will give us an opportunity to expand our readership around the world.

Professor Vadim Ivanov,
Editor-in-Chief

© Peter the Great St. Petersburg Polytechnic University, 2022
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PREFACE

The Sixth Asian School-Conference on Physics and Technology of
Nanostructured Materials (ASCO-Nanomat 2022) has been held under
the auspices of the Institute of Automation and Control Processes
of the Far Eastern Branch of Russian Academy of Sciences and Far
Eastern Federal University, in Vladivostok on April, 25—29, 2022.
ASCO-NANOMAT 2022 was intended as a forum for senior and young
scientists and technologists from Asian and European universities,
academic institutes and industrial enterprises where they can present their latest findings and
develop new synergies in the field of Physics and Technology of Nanostructured Materials and
related subjects.

Vladivostok is a Russian city in the Far Eastern region, geographically close to Asian countries:
China, Japan, Korea, India, Taiwan, Australia and others. Therefore, the primary goal of this
School-Conference is to stimulate multidisciplinary contacts and cooperation between scientists
from Asia and Europe. Russia acts here as a bridge connecting two parts of the world. The second
goal is to give young scientists an opportunity to deliver their presentations in an international
conference, with awards for the best oral or poster report to motivate them.

The conference was held in hybrid format, both on-site and online. The live sessions were
held at the FEFU campus, attended by 56 participants from Vladivostok and 35 from other
cities, including foreign students. The rest of the contributors from Russia and from abroad
participated in an online format due to coronovirus restrictions. The School-Conference has
been deemed a success achieving all of its goal. Due to a large number of reports, the conference
was simultaneously held in two halls. Overall, 9 plenary, 17 invited, 59 oral and 125 poster reports
have been presented (on-site and online) by the participants, including renowned professors,
young scientists and post-graduate students from 13 Asian and European countries, including
Russian Federation. The ASCO-Nanomat 2022 is a multidisciplinary school-conference, which
has been held for the sixth time, and had six scientific sections:

- Physics of nanostructures and interfaces, self-organization processes, two-dimensional
materials

- Physics of semiconducting nanostructures and heterostructures, including silicide, Group-
IV alloy materials, A3B5 and A2B6 heterostructures: experiment, calculations and technology

- Ferromagnetic and ferroelectric materials, including nanomaterials, a spintronics

+ Nanostructured coverages, nanocomposites, functional hybrid materials: formation, structure
and properties

- Laser nanofabrication, all-dielectric materials, nanomaterials: fundamentals and applications
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Photonic and electronic devices: integrated circuits, solar cells, nanophotonics, biophotonics

Abstracts of all reports were published electronically by Dalnauka publishing house.

At the end of the conference, 8 young scientists (under 35 years old) were awarded prizes for
the best oral and poster presentations. After the conference, the on-site participants visited an
open-air zoo 60 km from Vladivostok.

The Publishing Committee and International Program Committee have selected 43 unpublished
articles, which were recommended for publication in St. Petersburg Polytechnic University Journal:
Physics and Mathematics as selected Proceedings.

We, the International Program Committee, are very pleased to publish selected articles of
ASCO-NANOMAT 2022 for scientists, researchers and students with interest in the physics and
technology of nanostructured materials.

We would like to take this opportunity to thank all authors, plenary and invited lectors, the
Organizing Committee and International Program Committee members for their contributions
to the conference.

Professor Nikolay G. Galkin,
Chairman of ASCO-Nanomat 2022,
Vladivostok, Institute of Automation
and Control Processes FEB RAS
(galkin@iacp.dvo.ru)

© Peter the Great St. Petersburg Polytechnic University, 2022
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CONDENSED MATTER PHYSICS

Conference materials
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Formation, structure, and optical properties of single-
phase CaSi and CaSi, films on Si substrates

N. G. Galkin 28 K. N. Galkin', O. V. Kropachev', I. M. Chernev',
S. A. Dotsenko ', D. L. Goroshko "2, E. Yu. Subbotin', A. Yu. Alekseev 3, D. B. Migas 3

! Institute of Automation and Control Processes FEB RAS, Vladivostok, Russia;
2Far Eastern Federal University, Vladivostok, Russia;
3 Belarusian State University of Informatics and Radioelectronics, Minsk, Belarus
= galkin@iacp.dvo.ru

Abstract: In this paper, we report on optimizing the conditions for subsequently growing
single-phase films of calcium monosilicide (CaSi) and calcium disilicide (CaSi,) on single-crys-
tal silicon by reactive deposition epitaxy (RDE) and molecular beam epitaxy (MBE). The tem-
perature range for the growth of CaSi films (400—500 °C) was determined, as well as the tem-
perature range (600—680 °C) for the growth of CaSi, films on silicon with three orientations:
(111), (100) and (110). The minimum temperatures for the epitaxial growth of CaSi films by
the RDE method and C3812 films by the MBE method were determined, amounting to, respec-
tively, 7= 475 °C and T = 640 °C. An increase in the ratio of Ca to Si deposition rates to 26
made it possible to grow a large-block CaSi, epitaxial film with the hR6 structure by the MBE
method at 7= 680 °C. Raman spectra and reflection spectra from single-phase epitaxial CaSi
and CaSi, films on silicon were recorded and identified for the first time. The correspondence
between the experimental reflection spectra and the theoretically calculated reflection spectra
in terms of amplitude and peak positions at photon energies of 0.1—6.5 eV has been established.
Single-phase CaSi and CaSi, films retain transparency in the photon energy range 0.4—1.2 eV.

Keywords: CaSi films, CaSi, films, silicon, single-phase growth, optical functions, energy
band structure, ab initio calculations

Funding: The study was supported by a Russian Foundation for Basic Research grant no.
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AHHoTanmusa. B pabore omnTUMM3MpPOBaHBI YCIOBUS M BbIpallleHB OmHOMa3HbIe TUIEHKU
MoHocuumuaa kKaneimst (CaSi) n mucununuaa kansuust (CaSi,) Ha MOHOKPUCTAIITNIECKOM
kpeMHun ¢ Tpemsi opueHTtamusmu: (111), (100) u (110). OmnpenmeneHa MUHMMAaTbHAS
TeMmIieparypa snuTakcuansbHoro pocra mieHok CaSi metomom PAD: T = 475 °C u miaeHOK
CaSi, meronom MJIO: T = 640 °C, BpIpaleHa KpYITHOOJIOUHAs 3MUTaKCUalbHas TUIEHKA
CaSi, co cTpykTypoii hR6. Bnepsblie 3aperucTpUupOBaHbl U MAEHTUGULIUPOBAHBI crieKTpbl KP
VI CIIEKTPbI OTPAXEHHsI OT OAHO(DA3HBIX SMUTAKCHATbHBIX MUIeHOK CaSi u CaSi, Ha KpeMHHH.
YCTaHOBIEHO COOTBETCTBUE MEXAY OKCIEPUMEHTATbHBIMU CIIEKTpaMU OTPAKEHUS U
TEOPETUYECKU PACCUMTAHHBIMU CIIEKTpaMK OTpaKeHus mpu dHeprusix goronos 0,1 — 6,5 3B.

OnnHodasubie TieHku CaSi u C3812 COXPaHSIOT MPO3PAYHOCTh B AMAIIa30HE dHEPTUIT (DOTOHOB
0,4—1,2 »B.
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Introduction

Calcium silicides are environmentally friendly materials, taking a special place among alkaline
earth metal silicides. This is primarily due to a wide range of properties of calcium silicides
from semiconducting [1] to semimetallic [2]. This shows promise for their widespread use in
various fields of technology and electronics. However, growing single-phase films of semimetallic
monosilicide (CaSi) and calcium disilicide (CaSi,) on silicon and studying their optical properties
are challenging tasks due to the presence of at feast 6 silicides of different compositions in the
Ca-Si system [3] and the lack of methods for separating the preferred orientation during growth
silicon silicides.

The purpose of this work is to grow single-phase CaSi and CaSi, epitaxial films on silicon with
different orientations and to determine the features of their band structure and optical properties
by experimental and theoretical methods.

Experimental

The growth of CaSi and CaSi, films was carried out in an ultra-high vacuum (UHV) chamber
of the OMICRON Compact setup (2x10-!! Torr) equipped with a LEED analytic equipment and
different sources of Si and metals (Mg, Ca) [4]. The deposition of Ca (RDE method) or Ca and
Si (MBE method) was carried out on an atomically clean Si(111)-7x7 surface in two temperature
ranges: 400—500 °C and 600—680 °C. The deposition rates of Si and Ca were calibrated using
a quartz thickness gauge. Data on growth regimes and structures of grown Ca silicide films are
presented in Table 1.

Experimental equipment for optical and Raman spectroscopy and conditions for recording
transmission (T) and reflection (R) spectra are described in [4]. The crystal structure of the grown
films was studied by X-ray diffraction (XRD) using the equipment presented in [5]. The analysis
of the optical characteristics of the grown films was carried out in the framework of a two-layer
model [6]. Methods for the first-principle calculation of the band structure of CaSi and CaSi, in
bulk form and the form of films are presented in [7].

© Tanxkun H. T., Tankun K. H., Kponaues O. B., Uepner M. M., louenko C. A., l'opomiko M. JI., Cy66otun E. 1O.,
AnekceeB A. 10., Murac JI. b., 2022. Uznatens: Cankr-IleTepOyprckuii moaurexHuueckuii yausepcuteT Iletpa Bemmkoro.
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Table 1

Growth regimes and structures of CaSi and CaSi2 films on silicon substrates

Growth Substrate Film

Sample | Substrate method Ve/Vs, temperature, °C | thickness, nm XRD data
C440 Si(111) MBE 8.7 500 40 CaSi(010)||SiS(iH H) CaSi(100)]|-
V688 Si(111) RDE 400 100 CaSi (010)/Si(111)
V691 Si(111) RDE 475 90 CaSi (100)/Si(111)

. hR6-CaSi,[100]|[Si[10]
C317 Si(001) MBE 26 680 400 hR6-CaSi *(01)[ISi(002)

. hR6-CaSi,(01)[[Si(111),
C446 Si(001) MBE 29.3 640 120 hR6-CaS: L(012)[Si(111)

. hR6-CaSi,(001)/Si(111)
V694 Si(111) RDE 625 80 hR3-CaSi: (001Y/Si(111)
V699 Si(110) RDE 600 140 hR3-CaSi,(001)/Si(110)

Results and Discussion

Studies of the morphology and structure of films formed by the RDE method at temperatures
of 400—475 °C showed that there is a temperature limit (475 °C) when CaSi grains crystallize
in the form of rectangular nanocrystals with dimensions 30—50 nm wide and 200—300 nm long.
Application of the MBE method for film growth at a temperature of 500°C made it possible to
form a single-phase CaSi film (Fig. 1,a), which also consisted of ordered rectangular nanocrystals
(Fig. L,a, inset). The formation of CaSi, films was detected during Ca RDE method in the
temperature range of 600—625 °C on two types of substrates: Si(111) (V694, Table 1) and
Si(110) (V699, Table 1). Regardless of the substrate orientation, the growth of grains with the
hR3-CaSi,(001)/Si(111) epitaxial orientation was observed. However, in the case of growth on
a Si(111) substrate at a temperature of 625°C, the appearance of a polymorphic CaSi, phase
with the hR6-CaSi (001)/Si(111) epitaxial or1entat1on was also observed. During the growth of
CaSi, films, the orlentatlon of the formed grains depended on the substrate temperature and the
ratio of calcium to silicon deposition rates. An increase in the ratio of the Ca to Si deposition
rate to 26 at a temperature of 680°C led to the formation by MBE method of a thick (400 nm)
large-block CaSi, film (sample C317) with epitaxial relationships: hR6-CaSi [100]||Sl[1 10] and
hR6-CaSi, (01 1 §||Sl(002) (Table 1). With a decrease in the substrate temperature and an
appr0x1mate preservation of the ratio of rates, the formation of epitaxial grains with two epitaxial
orientations was observed: hR6-CaSi (01 )||Sl(111) and hR6-CaSi (012)[Si(111) (Fig. 1, b).

After the samples were unloaded tzrom the growth chambers, the transmission and reﬂectlon
spectra were recorded in the photon energy range from 0.05 eV to 6.5 eV. The main features for
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Fig. 1. XRD spectra for a single-phase CaSi film grown by MBE at T = 500 °C (a) and a single-phase
CaSi2 film (MBE, T = 640 °C, sample C446) (b)
The inset in (a) shows the AFM image of the CaSi film (sample C440)

11



4St. Petersburg Polytechnic University Journal. Physics and Mathematics. 2022 Vol. 15, No. 3.1

a) b)
| ]
“R_VEI1 CalaTS - B _CHIT_perk
&5 e = T_VGI1 CaEMTS & === 317
i R_VE&S Cagacn - h\ — R_VES CalE25
o ® \ sevees T_VEES Ca @00 - \
e E
i =+ (R _CAMMMBE: ST <l
Fa i,
3 s
: |
3 5
. g
= =
a i i 3 4 5 & 7 o L 2 3 ] 5 6 7
Photon enegy, eV Photon energy, eV

Fig. 2. Reflectance and transmittance spectra for CaSi (a) (samples V688, V691, C440) and CaSi, (b)
(samples V694, V699, C317) films on Si substrates

the CaSi and CaSi, films were the partial transparency of both films in the photon energy range
of 0.2—1.1 eV and the plasma minimum in reflection, which was previously observed for CaSi
films [8] with semimetallic properties. The transparency of CaSi, films (Fig. 2, b) is slightly higher
than the transparency of CaSi (Fig. 2, a).

Registration of Raman spectra showed that single-phase CaSi and CaSi, films have several
individual peaks, which are in good agreement with the data of theoretical calculations [8]
and preliminary experimental studies for nanocrystalline and non-single-phase films [9, 10].
Therefore, Raman spectroscopy data can be used to identify the elemental composition and its single-
phase nature.

Comparison with the data of theoretical reflection spectra for three planes of a single crystal of
CaSi (Fig. 4, a) and CaSi, (Fig. 4, b) shows good agreement in the position of the plasma minimum
for both silicides, which is associated with the contribution of two types of carriers, according to the
calculations performed in this work. The reflection spectra also agree in magnitude and position of
the main peaks in the photon energy range of 1.5—6.5 eV, which corresponds to the main interband
transitions in CaSi and CasSi, single crystals.

Calculations of the optical functions of CaSi films from the reflection and transmission spectra
(Fig. 2, a) within the two-layer model [6], taking into account multiple reflection and absorption,
made it possible to obtain the spectral dependences of the refractive index and extinction coefficient
(Fig. 5, a), absorption coefficient spectra (Fig. 5, b) and optical conductivity spectrum (Fig. 5, ¢)
for CaSi films on silicon in the photon energy range of 0.1—1.2 eV. CaSi films in both samples
(V691 and V688) have an almost constant absorption coefficient (4—5)-10* cm™ at energies of
0.4—1.2 eV and increasing absorption on free carriers at energies less than 0.4 eV, which is consistent
with the plasma minimum in the reflection spectrum (Fig. 2, a). An increase in the concentration
of free carriers correlates with an increase in optical conductivity (Fig. 5, ¢).
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Fig. 3. Raman spectra for CaSi (a) (samples V688, V691, C440) and CaSi, (b)
(samples V694, V699, C317) films on Si substrates
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Calculations of the optical functions of CaSi, films from the reflection and transmission spectra
(Fig. 2, a) within the two-layer model, taking into account multiple reflection and absorption,
made it possible to obtain the spectral dependences of the refractive index and extinction coefficient
(Fig. 6, a), absorption coefficient spectra (Fig. 6, b) and optical conductivity spectrum (Fig. 6, ¢)
for CaSi, films on silicon in the photon energy range of 0.1—1.2 eV. CaSi, film in the sample V699
has a slightly variable absorption coefficient (3—4)-10* cm™' at energies of 0.1—1.2 eV. The film
in the V694 sample has a small thickness and may not be continuous, so the calculations showed
underestimated values of the absorption coefficient (Fig. 6, ¢). The increase in optical conductivity
in the sample V699 (Fig. 6, c¢) is also associated with plasma reflection on free carriers of two signs,
typical for semimetals [2, 5].
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Fig. 4. Comparison of the theoretical (xx, yy, zz correspond to polarizations) and experimental reflection
and transmission spectra of CaSi (a) (samples V688, V691, C440) and CaSi, (b) (samples V694, V699,
C317) films on Si substrates
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Fig. 5. Spectra for refractive index n and extinction coefficient k& (a), absorption coefficient (b) and
optical conductivity (c¢) for CaSi films on Si(111) substrates (samples V688 and V691)
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Conclusion

Methods for growing single-phase films of calcium monosilicide and disilicide on single-crystal
silicon in the temperature range 400—680 °C are analyzed. It has been established that a CaSi
film with grains without faceting is formed under RDE at a temperature of 400 °C. The faceting
of CaSi grains was found at 7' = 475 oC. Single-phase growth of the CaSi film with epitaxial
grain orientation was observed during MBE growth at T’ = 500 °C. The formation of epitaxial
CaSi, on Si with (111), (100), and (110) orientations was detected in the temperature range
600— 680 °C by RDE and MBE methods. During the growth by the RDE method, the formation
of two isomorphic phases was observed hR3-CaSi, and hR6-CaSi,. At the same time, during
MBE growth the increase in the ratio of Ca to Si éeposmon rates up to 26 makes it possible to
increase the substrate temperature to 680 °C and grow a large-block epitaxial film with hR6-CaSi
modification. Raman spectra and reflection spectra from single-phase CaSi and CaSi, films were
recorded and identified, and their correspondence in amplitude and peak positions at 0.1—6.5 eV
with the theoretically calculated reflection spectra, as well as with the available theoretical data
on Raman spectra, was established. Calculations of the optical functions of single-phase CaSi and
CaSi, films, including the spectra of the absorption coefficient and optical conductivity, showed
the retention of high transparency and high conductivity in the energy range of 0.4—1.2 eV and
the determining effect of absorption on free carriers on the loss of transparency at energies below
0.4 eV.
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Annoranusg. B paboTre wucciemoBaHBI POCT, ONTUYECKME CBOICTBA M BO3HUKAMOIINE
MEX30HHbIe Iepexonbl B InieHKax Ca, Si, BbIpallleHHbIX Ha KPEMHUEBBIX IOMJIOXKAX C
opueHTtanusamu (111), (001) u (110) mpu aByx Temnepatypax (250°C u 300°C) c ucnob30BaHUEM
MeToJa pacxoayemoro I1abjoHa. ITokazaHO, YTO OCHOBHBIE MKW B 3KCIIEPUMEHTAIbHBIX
CIIEKTpax OTPaKCHUS W ONTUUYECKON MPOBOAMMOCTH, paccunTaHHOU 1Mo Kpamepcy-KpoHury,
XOpOIIIO COTJAcyloTcs ApYyr ¢ npyroM. CpaBHeHWE TICPBONPUHLMITHBEIX pPacdeTOB 30HHOU
OHEPreTHYECKOi CTPYKTYPBI M ONTHYECKUX CBOWCTB MOHOKpucTamia Ca,Si u IBYMEpHBIX
clioeB CaZSi C 9KCNEPUMEHTAJIbHBIMU TAHHBIMU B 00JIACTH BBICOKOOHEPTETUUECKUX MEPEXOIOB
IOKa3aj0 XOpolliee COBIAACHME.

Kimoyessie ciosa: mrenku Ca,Si, KpeMHUIl, METOZ BBIPALMBAHMS, ONITUYECKIEC DYHKIINH,
30HHAs1 CTPYKTYpa, MEPBONMPUHILIUITHBIC PACUYETHI
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Introduction

At least six silicides are formed in the calcium-silicon system [1], including calcium semi-
silicide (Ca,Si), which has semiconductor properties [2]. Since calcium silicides are formed from
environmentally friendly and widely distributed elements in the Earth's crust [3], they are of
considerable interest for silicon electronics and optoelectronics. Ca,Si, the most well-known and
obtained in the form of films, has been mainly studied on silicon with the (111) orientation [4],
while studies of its structure and optical properties on other surfaces (Si(100) and Si(110)) have
not yet been carried out.

The goal of this work is to investigate experimentally and theoretically the parameters of the
energy band structure and optical functions for Ca,Si epitaxial films on silicon substrates with
different orientations.

Experimental

Ca,Si films were grown in an ultrahigh vacuum (UHV) chamber of an OMICRON Compact
setup with a base vacuum of 2-107!! Torr, equipped with a LEED and AES/EELS analyzer, a
block of molecular beam sources of silicon (Si), magnesium (Mg), and calcium (Ca) by carrying
out the deposition of Mg, Ca and Si on the Si(111), Si(001) and Si(110) substrates. The deposition
rates (Ca, Mg, and Si) were calibrated using a quartz thickness sensor. Sources of Ca, Mg, and
Si and film growth techniques are described in [4].

The reflection spectra (R-spectra) and transmission spectra (7-spectra) of the grown samples
were recorded within one day after unloading at room temperature in the photon energy range
of 0.05—6.5 eV on a Hitachi U-3010 spectrophotometer with an integrating sphere and Fourier
spectrometer Bruker Vertex 80 v. The optical functions were calculated in the transparency region
from the 7- and R-spectra in the frame of the two-layer model [5] as well as from the integral
Kramers—Kronig relations over the entire range of photon energies.

Calculations of the electronic band structure and optical functions of Ca, Si were also performed
using the method of self-consistent full-potential linearized augmented plane waves (FLAPW) in
its scalar-relativistic version using the WIEN2k package [6].

© Tankun K. H., Kpomaues O. B., Macnos A. M., Yepues U. M., Cy66otun E. 1O., l'ankun H. I'., Anekcees A. 10., Murac
. b., 2022. Uznatens: Caukr-IleTepOyprckuii moaurexunueckuii yauepcutet [letpa Benukoro.
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Results and Discussion

The morphology of the grown films was studied by AFM. Most of them for samples C423 and
C424 on Si(111), C419 on Si(100) and C422 on Si(110) substrates consist of nanograins with
sizes of 50—150 nm. Only the film in sample C425 consists of rectangular grains 200—400 nm in
size, what it says about their epitaxial ordering.
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Fig. 1. Reflection and transmission spectra of Ca,Si films on Si(111) (samples C423, C424, C425) (a),
Si(001) (sample C419) (b) and Si(110) (sample C422) (c) substrates

The main features for the selected samples with Ca_Si films were transparency in the photon
energy range of 0.05—1.2 eV. The shape of the reflection spectra (Fig. 1) and the position of the
peaks at energies from 1.3 eV to 4.5 eV for Ca,Si films not covered by silicon are retained also
taking into account Ca,Si films on silicon [4].

Furthermore, absorption coefficient spectra were calculated (Fig. 2, a). It can be seen that a
high level of the absorption coefficient (1.0—1.5)-10* cm™' is maintained from 1.0 ¢V to 0.4 eV,
which corresponds to a high density of states in the Ca,Si band gap. Fundamental absorption of
light begins at photon energies above 1.0 eV, which is confirmed by the spectra of the squared
absorption coefficient versus photon energy (Fig. 2, b). Extrapolation of the linear portions of
this dependence for the grown films gives a certain spread in the values of the direct interband
transition from 1.02 eV to 1.09 eV, which are close to the values of £, = 1.095 £ 0.15 eV [4].
The maximum value of the direct interband transition was obtained for a film with a minimum
thickness and grown at a temperature of 250 °C.

Comparison with the data of ab initio theoretical calculations of the absorption coefficient
spectra (Fig. 3 left panel) and reflection spectra (Fig. 3, right panel) for three light polarizations
in Ca,Si(100) thin films shows a good agreement in terms of peaks in Ca,Si, which corresponds
to the main interband transitions in Ca,Si single crystals [7] and experimental spectra (Fig. 1).
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Fig. 2. Spectra for absorption coefficient (a) and square of absorption coefficient versus photon energy
(b) for Ca,Si films on Si(111) (samples C423, C424, C425) and Si(110) (sample C422) substrates
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The absorption edge, according to the
calculation data, is at an energy of about
0.72—0.82 eV (Fig. 3, left panel), depending
on the polarization of the incident radiation
(xx, yy, zz). The strongest interband
transition begins at energy of about 1.2 eV.
The latter value is in good agreement with
the experimental data (Eg = 1.095 eV) [4].

Calculations from the reflection spectra
by the Kramers—Kronig method showed
the presence in Ca.Si films on silicon of
strong absorption at energies higher than
1.5—2.0 eV, depending on the presence of
an additional phase, for example, CaSi
(sample C419) (Fig. 4, a). This absorption
is associated with direct interband transitions
occurring with a strong oscillator far enough
from the fundamental absorption edge in
Ca,Si (0.88 V). Calculation of the optical
absorption value showed that it starts at
energies above 1.5 eV with a peak above
2.1 eV (Fig. 4, b) regardless of the crystalline
quality of the films and the presence of the
calcium monosilicide phase.
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Fig. 4. Spectra for absorption coefficient (a) and optical conductivity (b) for Ca,Si films on Si(111),
Si(001) and Si(110) substrates in samples C419, C422, C423, C424 and C425
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Fig. 5. Spectral dependences of the square of the absorption coefficient versus photon energy for Ca_Si
films on Si(111) (a), Si(001) (b) and Si(110) (c¢) substrates in samples C423, C424, C419 and C422
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The values of interband transitions were determined by the standard procedure for
straightening the dependence of the square of the absorption coefficient on the photon
energy [9] (Fig. 5). For Ca,Si films on a Si(111) substrate (samples C423 and C424), two
direct interband transitions w1th energies of 1.37 eV and 1.64 eV were determined (Fig. 5,
a). For the sample C419 on the Si(001) substrate, which contains the main Ca,Si phase
and an additional CaSi phase, one direct interband transition with an energy of 1.46 eV is
observed (Fig. 5, b). The same value is observed for the Ca Si film on the Si(110) substrate
(Fig. 3,c, sample C422). For grains of Ca,Si in the sample C4f25 the main interband transition
is observed at 1.98 eV, and the first one is observed at about 1.27 eV.

Using the rules of integral sums [8] for samples with Ca_Si films on silicon substrates with
(111), (001) and (110) orientations, effective values of the number of electrons per unit cell
(n, ) (Fig. 6, a) and effective perm1tt1v1ty (g, ) (Fig. 6, b) were calculated. The value of n_,
beglns to increase at energies above 1.6 eV, Wthh corresponds to the calculated reﬂectance
spectra (Fig. 4). The initial contribution to the effective permittivity (g, ) (Fig. 6, b) is also
made by interband transitions with energies from 0.4 eV to 1.4 eV, Wthh is assomated with
their low oscillator strength according to the theoretical data [7]. ThlS contribution increases
with increasing density of states and transition probabilities at energies above 1.6 eV.

a) b)

Photon energy, oV

Fig. 6. Spectral dependences of the effective values of the number of electrons per unit cell ()
(Fig. 4, a) and effective permittivity (e ) versus photon energy for Ca,Si films on the Sl(lll) (a),
Si(001) (b) and Si(110) (¢) substrates in samples C423, C424 C419 and C422

Conclusion

An analysis of the structure, phase composition, optical and phonon properties of films
grown by MBE on silicon surfaces with (111), (100), and (110) orientations showed that
the optimum temperature for single-phase formation of Ca_Si is 250 °C. An increase in the
substrate temperature to 300 °C during growth on a template leads to an increase in the
contribution of the CaSi phase and blocking the growth of Ca,Si, regardless of the ratio of
the rates of Ca and Si deposition. From Kramers—Kronig calculations it was shown that the
main peaks in the optical conductivity spectrum with energies of 1.60, 2.0, 2.67, 3.25 and
4.05 eV repeat the peaks in the reflection spectrum. The absorption coefficient spectrum
shows a major increase above 1.6 ¢V, which corresponds to the contribution from high-energy
interband transitions in the Ca,Si film. The contribution of transitions with lower energies
is poorly reproduced due to the contradictions between the idealized two-layer model with
a sharp boundary and a film with a developed surface and interface. A comparison of ab
initio calculations of the band energy structure and optical properties for a bulk Ca,Si and
2D Ca,Si layers with experimental data in the region of high-energy transitions showed good
agreement between the main maxima in the theoretical and experimental reflection spectra.
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Introduction

The narrow-gap semiconductor cadmium arsenide (Cd,As,) with an inverted structure of energy
bands and the highest carrier mobility among semiconductors and semimetals (largely exceeding
10* cm?/(V's) at room temperature) is distinguished by its chemical stability, low toxicity, and
good manufacturability [1,2]. Cd,As, is believed to manifest an inverted band structure due
to the spin-orbital coupling (SOC) [§]. The 3D Dirac cones of Cd,As, have been observed in
angle-resolved photoemission spectroscopy (ARPES) [2,4,5]. A phase transition from a Dirac
semimetal to a semiconductor with an increase in the Zn content was experimentally observed in
single crystals of solid solutions (Cd,_ Zn ),As, at low temperatures [6]. In this study, we report
single crystal (Cd Zn, ),As, close to the composition of the concentration phase transition.

Materials and Methods

A modified Bridgman method was used to obtain (Cd, .,Zn  , ),As, single crystals. Stoichiometric
amounts of Cd,As, and Zn,As, binary compounds were placed in a graphitized and evacuated
quartz ampoule. The CZA melt was slowly

0.31

] %] cooled from the melting temperature of 838 °C
A= at a rate of 5 °C/h in the furnace temperature
1 gradient.

The composition of the samples and their
homogeneity were controlled by powder
X-ray diffraction and energy dispersive X-ray
spectroscopy (EDX). X-ray phase analysis
(XPA) of the sample was performed using a
GBC EMMA X-ray diffractometer (Cu Ka
radiation, A = 1.5401 A) at room temperature.
It has been established that the studied sample
crystallizes in space group P4 /nmc with
lattice parameters ¢ = 8.78 A, b = 12.42 A
[7]. To study the composition and distribution
of elements on the surface, we used a JSM-
6610LV (Jeol) scanning electron microscope
(SEM) with an X-MaxN (Oxford Instruments)
Fig. 1. EDX spectrum from the surface energy dispersive X-ray spectroscopy (EDX)
of (Cd, (oZn, 5,),As, corresponding to the attachment.

composition Fig. 1 shows the EDX spectrum from the
surface of the (Cd, Zn . ),As, sample. Fig. 2
shows the powder diffraction pattern of the

Pt woe | b

0.31

000 AP : (Cd 69Zn031)3As2 sample.
P Soamplés forthe study of electrical conductivity
s Ry by the six-probe method were parallelepipeds

with the dimensions of 1.35x0.67x0.50 mm.
The temperature dependence of -electrical
conductivity was studied in the temperature
range from 10 to 300 K, and the Hall effect in
a magnetic field of 1 T.
The results of the study of the temperature
dependence of the resistivity of a solid solution
single crystal (Cd,Zn ., ),As, are shown in
20, degree Fig. 3. The inset to 'igig. 3 ilighlzights the section
corresponding to the variable range of the
Fig. 2. Powder diffraction pattern of the hopping conductivity according to Mott.
(Cd, (oZn, 5,),As, sample
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Results and discussions

As the temperature decreases from 320 K, the resistivity decreases from 2-10° Q-cm to a
minimum of 5-10* Q-cm at 30 K, and then gradually increases. This behavior is typical of the
Anderson transition [8]. The study of the Hall Effect in a magnetic field of 1 T made it possible
to calculate the Hall coefficient R, the concentration and mobility of charge carriers. At a
temperature of 10 K, the concentration of charge carriers was equal to 2.81-10'7 cm™, decreasing
with increasing temperature to 30 K corresponding to the metal-insulator transition.

2.0x1074

1561074

i pd T UF L g am K PR

i 4 em

1.0010774

Sowror<

H 100 200 300
T K
Fig. 3. Temperature dependence for resistivity of (Cd, ,Zn, ;,);As, solid solution single crystal.
The temperature range of 10—33 K in the inset to Fig. 3 corresponds to the Mott variable range
hopping conductivity

Above 30 K, an activation increase in the concentration of charge carriers was observed,
which is typical for impurity semiconductors up to a value of 3.05-10'7 ¢cm™. The mobility of
charge carriers p exhibits behavior characteristic of semiconductors, increasing with decreasing
temperature. The value of mobility is maximum at the metal-dielectric transition point at a
temperature of 30 K and is 4.51-10* cm?>V-''s’'. A further decrease in temperature leads to a
decrease in mobility to 4.16-10* cm*V-''s'" at a temperature of 10 K. The mechanisms of charge
carrier scattering were evaluated.

At low temperatures, in the temperature range from 10 to 30 K, scattering by ionized impurity
atoms and mobility p~T*? prevail. In the temperature range from 30 to 300 K, scattering by
thermal vibrations of the crystal lattice, p~T?, predominates (Fig. 4).

The inset to Fig. 3 shows a linear section of the temperature dependence of resistivity in the
temperature range from 10 to 33 K, corresponding to the mechanism of hopping conduction by
the states of the impurity band. Hopping conductivity is described by the universal equation (1)
[8—10]:

o(T)=DT" exp[(TO /T)”], (1)

where D is a constant coefficient, 7, is the characteristic temperature, and the parameters m and
p depend on the mechanism of hopping conduction.
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Fig. 4. Temperature dependence of mobility of (Cd, (4Zn, 5,),As, solid solution single crystal
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We have determined the values of the parameters m = 1/4 and p = 1/4, which indicates the
predominance of the mechanism of hopping conduction with a variable range hop according to
Mott. When calculating the microparameters, the following obtained values of the coefficients were
used: the characteristic temperature of the hopping conductivity 7, = 28.60 K; hopping conduction
onset temperature 7, = 28.44 K; coefficient D = 8.488:107 Q- -em-K- " For hopping conduction
with a variable hop length, the followrng values of microparameters were obtained: Coulomb gap
width in the density of localized states A = 0.43 meV; acceptor zone width W = 2.45 meV; the
value of the density of localized states outside the parabolic gap g = 2.93-10'7 cm*meV!; charge
carrier localization radius ¢ = 307 A

Conclusions

Single crystals of (CdO 69 n,, ),As, solid solutions were obtained by the modified Bridgman
method. Sample composition and element distribution was controlled using JSM -6610LV (Jeol)
scanning electron microscope (SEM) with an X-Max™ (Oxford Instruments) energy dispersive
X-ray spectroscopy (EDX) attachment.

It has been established that the studied sample crystallizes in space group P4,/nmc with
lattice parameters @ = 8.78 A, b = 12.42 A. We have investigated the electrical conductrvrty
in the temperature range from 10 to 300 K and in a magnetic field of 1 T, and determined
the temperature dependences of the concentration and mobility of charge carriers. It has been
established that in the temperature range from 10 to 33 K, hopping conduction with a variable
range of the Mott-type hop takes place, and its micro parameters have been determined: Coulomb
gap width in the density of localized states A = 0.43 meV, acceptor zone width W = 2.45 meV;
charge carrier localization radius ¢ = 307 A. The obtained values do not contradict the literature
data, which confirms the conclusion about the type of hopping conductivity.
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Abstract. The paper reports on the study of optical phenomena peculiarities in metal-dielectric
nanocomposite materials based on opal matrices caused by the excitation and propagation of sur-
face plasmon-polaritons along the metal-dielectric interface. It is shown that two types of surface

plasmon polaritons (‘bright’ and ‘dark’) can occur in the studied structures, which manifests itself
in the established anomalies of light transmission and absorption.
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Annoramus. [lpencraBieHbl pe3yabTaThl MCCIEIOBAHUSI OCOOCHHOCTEN ONTUYECKUX SIBACHUN
B METAJIONAMUAJIEKTPUUECKMX HAHOKOMIIO3UTHBIX MaTepuajax Ha OCHOBE OMNaJOBbIX MAaTpWII,
00YCJIOBJICHHBIX BO30YXKIEHUEM M PaclpoCTpaHEHUEM ITOBEPXHOCTHBIX IJIa3MOH-IIOJSPUTOHOB
BIOJIb TPaHUIIBl pa3fena MeTaul-AudJeKTpUK. [lokazaHO, YTO B M3YYEHHBIX CTPYKTYypax MOTIYT
BO3HUKATh JiBA THUIMA ITOBEPXHOCTHBIX TUIA3MOH-TIOJISIPUTOHOB («CBETJbIE» U <«TEMHBIE»), 4YTO
MPOSBIISETCS B YCTAHOBJICHHBIX AHOMAJIUSX MPOIYCKAHUS U MOMIOLIECHUS CBETA.

KioueBbie ciioBa: ITOBEPXHOCTHBLIC IJIAa3MOH-TTOJIAPUTOHDBI, METAJIJIOAUIJICKTPUYECKNE CTPYKTYPHI,
onaJbl, ONTUYECKHE CBOMCTBA
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Introduction

Surface plasmon-polaritons (SPPs) propagating at tangential directions along metal-dielectric
interfaces [1] allows expanding functionality of photonic crystals [2] that control the flows of
electromagnetic (EM) radiation [3—5].

One of the most common techniques for SPP excitation using phase-matching to SPP can be
achieved by grating coupling:

B =k +2nlla, (1)

where B and k_= ksinf are tangential projections of wave vectors of SPP and incident photon,
respectively, 0’is the angle of light incidence, a is the period of grating, / is an integer. Thus,
the peculiarity of SPP excitation by this method is that the metal-dielectric interfaces must be
profiled. This can be achieved by covering the surface of opal globule [6] monolayer with a thin
metal (usually silver) layer which retains the shape and spatial periodicity of the interface between
the opal globules and this layer. To clarify these requirements, optical properties of two metal-
dielectric opal-based structures were studied in this paper. Assuming that the optical resonator
plays the main role in the studied phenomena, we used the first structure with a profiled optical
resonator (Fig. 1, a) and the second one (control sample) with a flat resonator (Fig. 1, b).

a) b)
gyl :
\/ \/
2
3
1 1

Fig. 1. Schematics of the metal-dielectric opal-based hybrid plasmon-photonic structures:
glass substrate /, monolayer (ML) 2 of opal globules, Ag/SiO,/Ag resonator 3
hybrid plasmon-photonic crystal Ag/SiO,/Ag/ML/Ag (a), hybrid plasmon-photonic crystal Ag/ML/Ag/SiO,/Ag (b)

Materials and Methods

Samples of hybrid plasmon-photonic crystals [7, 8] were fabricated by sequential deposition
of metal (Ag) and dielectric (SiO,) film coatings of a given thickness on a grating that was a
monolayer (ML) of opal globules made of polymethyl methacrylate by magnetron sputtering on
an ATC Orion Series Sputtering System.

Cross-sectional images of the samples (Fig. 2, 3) were obtained after processing them with
a ZEISS FIB-SEM GEMINI scanning electron microscope (SEM). It should be noted that
focused ion beam treatment (FIB-technology) probably enhances defect concentration in the
Ag/ML/Ag/SiO,/Ag sample as compared with the Ag/SiO,/Ag/ML/Ag sample which has higher
mechanical strength due to a rather thick SiO, layer deposited on the opal globes.

© llgetkoB A. B., Xanun C. 1., Kymsepos 0. A., IlyukoB H. U., ConosséB B. I'., Banun A. U., flnukos M. B., 2022.
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[ T

Fig. 2. SEM image of the sample of hybrid
plasmon-photonic crystal Ag/SiO,/Ag/ML/Ag

Fig. 3. SEM image of the sample of hybrid
plasmon-photonic crystal Ag/ML/Ag/SiO,/Ag

The transmission and reflectance spectra of s- and p-polarized light by layered thin-film
heterostructures (when the vector of the electric field of the EM wave is perpendicular or

tan '+
18

108

- 04

Fig. 4. Optical spectra of hybrid plasmon-photonic
crystal Ag/ML/Ag/SiO,/Ag obtained from the
ratio of its reflectance coefficients R ,/RS (1) and
from the ellipscometric parameter ¥ (2).
Angle of light incidence 6 = 50°

parallel to the plane of incidence, respectively)
were studied with angular resolution using an
experimental setup based on the OceanOptics
QE65000 spectrometer.

At large angles 0, Bragg reflectance
spectroscopy was successfully complemented
with spectral ellipsometry due to the main
ellipsometric equation [9, 10]:

tan ¥ - ¢ = r, /r, 2)
where r and r are the amplitude reflectance
coefficients for two types of light polarisation, ¥
and A are the ellipsometric parameters. In this
work, ellipsometric measurements were carried
out with the Ellipse-1891 spectral ellipsometer.
As can be seen from Fig. 4, experimental results
obtained by both optical methods are similar.

Results and Discussion

Both types of hybrid plasmon-photonic crystals under study (Figs. 1, 2 and 3) can be considered
to be metal-dielectric optical systems consisting of two optical elements (monolayer of opal
globules and resonator with transmission coefficients 7, and 7,, respectively), series-connected
and located one after another. In the absence of interaction between these ‘passive’ optical
elements one can calculate the total transmission coefficient 7" of this system from the relation
I'= T, T,, hence, the ratio r = T (T 'T,) = 1. Experiment confirms this assumption [11] only
for the control sample, the hybrid plasmon-photonic crystal Ag/ML/Ag/SiO,/Ag with a flat
resonator (Fig. 3), but not for the Ag/SiO,/Ag/ML/Ag system (Fig. 2), where the outer surface of
a thin layer covering the opal globules retained the shape and spatial periodicity characteristic of
the interface between the opal-like film and this layer. In this case, excitation of surface plasmon-
polaritons of various types at the interfaces profiled metal layer—monolayer of opal globules takes
place. Consequently, the ratio r demonstrates a pronounced spectral dependence with the maxima
at about 489 and 584 nm and the minima at 392 and 760 nm (Fig. 5, curve 3).

We attributed these maxima to an extraordinary transmission (EOT) and the minima to an
extraordinary absorption (EOA) associated with the excitation of ‘bright’ and ‘dark’ surface
plasmon-polaritons, respectively [7, 8]. It should be noted that EOT maxima which can be seen in
transmission spectrum of a hybrid plasmon-photonic crystal Ag/SiO,/Ag/ML/Ag (Fig. 5, curve I)
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correspond to the minima in its reflectance spectrum (Fig. 5, curve 2). At the same time, we
emphasize that the spectral positions of EOA (Fig. 5, curve 3) correlate with the minima in the
reflectance spectrum of the resonator (interference filter itself) Ag/SiO,/Ag (Fig. 5, curve 4).

400 500 E00 TO0 BOO
TRrf " e ' ' R
3

w0 500 600 700 800 Znm
Fig. 5. Transmission (7(A), curve /) and reflectance (R(A), curve 2) spectra of the hybrid plasmon-
photonic crystal Ag/SiO,/Ag/ML/Ag in comparison with the ratio »(A)= T/(T,'T,) (curve 3) and
reflectance spectrum of resonator (interference filter) Ag/SiO,/Ag (R (1)), curve 4).
Angle of light incidence 0 = 50°

A nm
750 -

650 &

o ) I % wo
Fig. 6. Angular dispersion of the long wavelength EOA position and that of the corresponding minimum

in the reflectance spectrum of resonator Ag/SiO,/Ag (circles). Solid line shows the angular dependence
of the resonator transmission peak (A =2d+n*—sin*0, d = 250 nm, n = 1.5)

We observed this correlation for all the light incidence angles 0 [7], as can be seen from Fig. 6
where the angular dispersion of the long wavelength EOA position and that of the corresponding
minimum in the reflectance spectrum of resonator Ag/SiO,/Ag (circles) are demonstrated. The
solid line shows angular dependence of the resonator transmission peak according to the well-

known equation
A =2dn* —sin 0, (2)

where d = 250 nm is the dielectric layer thickness, n = 1.5 is its refractive index.

Conclusion

Excitation of surface plasmon-polaritons (SPPs) in opal-based hybrid plasmon-photonic
crystals with a complex architecture is possible when the phase synchronism condition is met.

Two types of surface plasmon-polaritons may be excited in such metal-dielectric structures:
these are ‘bright” SPP, responsible for extraordinary transmission (EOT), and ‘dark’ SPP causing
extraordinary absorption (EOA).
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Abstract: In this work, we study the lateral photovoltaic effect in the TiO,/SiO, /p-Si struc-
ture. It was found the giant lateral photoeffect occurs in the TiO2/SiO2/p 2Sl heterostructure
due to the high built-in barrier formation at the SiO,/p-Si interface. The maximum LPE
sensitivity ~600 mV/mm is observed in the TiO ,/Si0 /p Si structure under the TiO, film dep-
osition for 45 min. However, the LPE nonhneanty 1n this structure is too large for practical
applications. A decrease of the nonlinearity is achieved by the TiO2 film thickness control. The
structure fabricated by the TiO, film deposition for 50 min has the LPE sensitivity and LPE
nonlinearity are 477 mV/mm and 9%, respectively, which are more suitable for optoelectronic
devise. The reason for the significant values of the rise time and fall time at pulsed illumination
is the impedance behaviors of the TiO,/SiO,/p-Si structure in the near-contact region.
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AnnoTtanus. B nanHoit paboTte MpoBeeHO NCCIe0BaHME JIATePATbHOTO (POTOBOJIBTAMIECKOTO
adekTa B CTPYKType TiOZ/ SiOz/p—Si. YcTraHoOBIEHO, YTO TUTAHTCKUI JlaTepajibHbIiI
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doroaddexr Habmonancs B rerepoctpykrype TiO,/SiO,/p-Si Beaencreue $hopmMupoBaHus
B Heil Ha rpaHuue pasgena SiO,/p-Si BBICOKOro BCTPOeHHOro OGapbepa. MakcumainbHas
YyBCTBUTEILHOCTH JIDD ~600 MB/MM Habmogaercs B cTpykrype TiO / Si0O,/p-Si npu TonuHe
TMJIEHKU TIO ocaxImeHHOU B TeueHme 45 MmuH. OmHAKO, HCJTI/IHCI/IHOCTI) J'[G§9 B 3TOM CTPYKType
CITAIIIKOM BCJII/IKa JIJISI TIPAKTUYCCKUX TIPUMEHCHUI. YMEHBIICHNE HETMHEHOCTH JTOCTUTACTCS
peryJIMpoBaHUEM TOJIIUHBI TIJIEHKU T10 OO0OHapyKeHO, YTO XapaKTEPUCTUKAMU TTPUTOTHBIMU
JIJIS. OMTO3JEKTPOHHBIX YCTPOMCTB o6naz[aeT CTPYKTypa, MOoJydeHHas MPU OCaxkKACHUU TUIEHKU
TiO, B TeyeHune 50 MMH, B KOTOPOW 4yBCTBUTEJIBHOCTb M HEJIMHEHHOCTBH JI®HD cocraBasgioT
477 MB/MM 1 9%, cooTBeTCTBeHHO. [IpMUYMHOI 3HAYUTEIBHBIX BEIMYMH BPEMEHU HapacTaHUsI
U CIajia MPU UMITYJIbCHOM OCBCILICHUM SIBIISIOTCS MMIICHAHCHBIE XapaKTePUCTUKN CTPYKTYPBI
TiO,/SiO,/p-Si B 061acTin KOHTAaKTOB.

KimoueBble ciioBa: aTepajibHbIi (DOTOBOJBbTanUECKMI 3D (PEKT, TeTepOCTPYKTYpa, KPEMHUI,
JMOKCH] TUTAaHA, TPaHuULIA pa3jesia, BCTPOEHHbIN Gapbep
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Introduction

Recently, the lateral photoelectric effect (LPE), which is a characteristic feature of semiconductor
structures, has been identified as an indispensable and effective method for studying the properties
of nanomaterials and nanostructures due to the unique mechanism of operation [1]. It is known
[2, 3] that LPE occurs when a laser beam nonuniformly irradiates the surface of a pn-junction or
heterojunction; as a result, a large number of electron-hole pairs are excited and then separated
by this pn-junction in the illuminated region by means of the built-in field. Thus, an electric
potential difference is created by the carrier concentration gradient between the illuminated and
unilluminated regions, which leads to lateral diffusion of non-equilibrium photocarriers from the
illuminated region to the contacts. Interest in this effect is due to the linear dependence of the lateral
photovoltage on the laser spot position between the electrodes, which makes it possible to convert
light signals into electrical signals, which can be used as components of photovoltaic systems in
various areas of optoelectronics, for example, in position-sensitive detectors (PSD) [2, 4—6]. The
main operating characteristics of these optoelectronic devices are the LPE sensitivity and LPE
nonlinearity [4, 5], as well as the response times under pulsed illumination [7, 8]. Innovations in
the LPE scientific research field are precisely aimed at improving these characteristics.

It is known [1, 5, 6, 8—11] that LPE sensitivity is determined by several critical factors, such as
the distance between the electrodes, the power and wavelength of the light source, the choice of
a material for the top layer and substrate, and the thickness of the top layer of hybrid structures.
The development of nanotechnologies has offered a new direction in LPE research, attracting
attention to hybrid structures such as metal-oxide-semiconductor (MOS) structures [1, 5, 12] and
heterostructures [1, 13, 14]. In these cases, one of the ways to increase the LPE sensitivity is to
choose a material for the top layer with high resistivity and high work function. The high work
function provides a significant band bending at the interface (structures with an inversion layer
are preferred [15]), and the low specific conductivity shifts the optimal film thickness to the range
that guarantees the formation of a homogeneous built-in barrier at the interface [16].

Previously, we studied the Fe/SiO,/n-Si [9] and Fe,O,/SiO,/n-Si [10] structures in which
LPE was observed, and an increase of the top layer resistivity led both to an increase of the LPE

© IMucapenko T. A., Kopo6uios B. B., Iumutpues A. A., banames B. B., 2Kenesnos B. B., fIxosnes A. A., 2022. U3znarens:
Cankr-IleTepOyprckuii moautexunyeckuii yauepcutet [letpa Benukoro.
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sensitivity by a factor of 4.7 and to a decrease of non-linearity from 6 to 5%. In both cases, there
was a dependence of the LPE parameters on the top layer thickness. In this work, we chose low-
conductivity TiO, films as the top layer satisfying the above properties [17].

Materials and Methods

TiO, films doped by manganese were formed on the oxidized silicon surface by the sol-
gel method [17]. The film thickness dependence on the deposition time (in the selected time
range) closes to linear [18]. To measure the photovoltage, aluminum contacts (2X1) mm were
deposited on the film surface o with a distance of 2 mm between them. Illumination was carried
out by a He-Ne laser with A = 633 nm and a radiation power incident on the sample surface of
0.3 mW. The dependences of the photovoltage U(x) and U(¢) were measured using a Keitly-2000
multimeter and an AKIP-4115/5A digital oscilloscope, respectively.

Results and Discussion

The band diagrams presented in Fig. 1 were plotted for the TiO,/SiO,/Si structure. For energy
calculations, we used the values of the band gap and work function for titanium dioxide, 3.1 eV
and 5.87 eV, respectively [19, 20]. It follows from the analysis of these diagrams that in the
TiO,/SiO,/Si heterostructure a large built-in potential ¢, = 0.62 ¢V is formed at the SiO,/p-Si
interface, while ¢, = 0.16 €V at the SiO,/n-Si interface. It is the small value of the built-in barrier
in the TiO,/SiO,/n-Si structure that is the reason for the absence of the photovoltaic effect in it.
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Fig. 1. Energy band diagrams of the heterostructure: TiO,/SiO,/p-Si (a); TiO,/SiO,/n-Si (b)

Fig. 2,a shows the dependences of the lateral photovoltage on the laser spot position at
different top layer thickness for the TiO,/SiO,/p-Si structure. As can be seen in Fig. 2, a,
there is a non-linear dependence of the lateral photovoltage on the film thickness (deposition
time). Fig. 2, b shows the thickness dependences of the LPE sensitivity and LPE nonlinearity.
It can see from Fig. 2, b that the LPE sensitivity dependence on the thickness is extreme, as
for the structures studied earlier [1, 5, 9, 10], and the LPE nonlinearity dependence decreases
exponentially with an increase of the top layer thickness. As can be seen from Fig. 2, b, the
maximum sensitivity is achieved at the thickness of the titanium dioxide film obtained for 45 min
and reaches 605 mV/mm. Unfortunately, the LPE nonlinearity at such a film thickness is 21%,
which exceeds the applicability threshold, which is 15% for PSDs [4]. Based on the requirements
for the performance characteristics of PSD [4], in this case, the optimal thickness should be a
sample obtained for 50 min, having the sensitivity 477 mV/mm and the nonlinearity 9%.

The change in the thickness dependence of the LPE sensitivity is usually explained as follows.
In the range of small thicknesses, a decrease in the LPE sensitivity is concerned with a film
discontinuity and, accordingly, a decrease of the built-in barrier height [16, 21]. With an increase
of the built-in potential, the number of excess photocarriers increases, and diffusion scattering
decreases which results in an increase of the lateral photovoltage [16]. The LPE maximum
is reached when the film becomes continuous and the height of the built-in barrier becomes
homogeneous [9, 10, 21]. The decrease of the LPE sensitivity after passing the maximum is
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Fig. 2. LPE dependences for the TiOZ/SiOZ/p—Si heterostructure: lateral photovoltage dependence on
the light spot position (a); TiO, thickness dependences (b), where I corresponds to LPE
sensitivity and 2 to LPE nonlinearity

due to the shorting of the measuring electrodes because of a decrease of the film resistance
with an increase of its thickness. However, in the TiO,/SiO,/p-Si structure, the resistance of a
titanium oxide film is orders of magnitude higher than the resistance of transition metal films
[3, 5, 6]; therefore, a decrease in LPE sensitivity with an increase of the TiO, film thickness, in
our opinion, is due not to a decrease of its resistance, but rather to voltage losses at the contacts
because of high film resistance in the transverse direction.

The high value of the LPE nonlinearity in the TiO,/SiO,/p-Si heterostructure, in our opinion,
is due to the strong morphological roughness of the film, which may reach 30—50% of the film
thickness [17, 22]. It was shown in Ref. [22] that the roughness in TiO, films deposited on a glass
substrate reaches ~90 nm at a grain size of ~150 nm.

The time dependences of LPV at a pulsed illumination were also investigated. In this work,
the rise time is defined as the time required to increase the photovoltage from 10% to 90% of
the peak photovoltage (Umax), and the fall time is defined as the time required to reduce the
photovoltage from 90% to 10% Umax. As can be seen from Fig. 3, a, the photovoltage signal
in the TiO,/SiO,/p-Si heterostructure with a change of the top film thickness is characterized
by both different pulse amplitude and different shape. The amplitude of the photoresponse
signal varies proportionally to the change of LPE sensitivity, although it is ~3 times less. The
change of the signal shape is related to the difference in the rates of excitation and quenching of
photoconductivity in the TiO,/SiO,/p-Si heterostructure at different thicknesses of the titanium
dioxide film. The dependences of the rise time and fall time on the TiO, film thickness are
shown in Fig. 3, b.
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Fig. 3. Transient LPE characteristics of the TiO,/SiO,/p-Si heterostructure: time dependences of the
lateral photovoltage (a); thickness dependences (b) of rise time (/) and fall time (2)

In the case of an open measurement scheme in the TiO,/SiO,/p-Si heterostructure at the
optimal film thickness, the rise time is 30 ps and the fall time is §4O ps. It is easy to see that
from the point of view of the transient LPE, this structure is also optimal.

Large value of time parameters in the TiO,/SiO,/p-Si heterostructure, in comparison with the
previously studied structures [9, 23, 24], can be explained based on the equivalent circuit,
Fig. 4. The equivalent circuit for the TiO,/SiO,/p-Si heterostructure at 300 K contains the
following elements (Fig. 4): C ~and R are the capacitance and resistance in the separation
region of non-equilibrium phot%carrierspat the SiO,/p-Si interface, characterizing the process of
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photocarrier generation, R, and R_ are the lateral resistances of the inversion layer and TiO,
film, characterizing the lateral diffuision of photocarriers, as well as capacitances and resistances
arising in the heterostructure near the contact region in transverse direction: C , C, dep , C Tlo
are, respectively, the capa01tances of surface states, space charge region, silicon oxide layer TiO,
ﬁlm and R , R, o, are the resistances of surface states, depletion layer, TiO, film. The
substrate paramefyers otQ R ., Z,. are not considered in our case since these play a role only for
measuring LPE from the substrate side.

Since the top layer in the TiO,/SiO,/p-Si

. l;@ B heterostructure is a semi-insulator, current
; — r — . transfer through it does not occur, and this
2 | |rn. B =" conduction channel is shunted by the inversion
P = =, layer and the transverse conductivity in the
{.&__r_—'l'" ‘L'—__r__,.# near-contact region. Moreover, as can be
T ER e[l T seen from Fig. 4, in contrast to conventional
. R ) MOS structures, in this case, in the transverse
— . E!’j" — direction  considering film  impedance
L - characteristics a complementary RC-filter for
R FRup the TiO, film is added to the RC-filter of the
E]’ — — E] i Si0,/p- $i interface, which slows down the
o . photoresponse The decrease of the signal
- amplitude U(f), from the standpoint of the
Fig. 4. Equivalent circuit of lateral equivalent circuit, can also be explained by the
photoconductivity at pulsed illumination reactance losses in the transverse direction of

the structure in the contact region.

Conclusion

In our opinion, the presented results conclusively prove that the giant lateral photoconductivity
in the TiO,/Si0,/p-Si heterostructure, in which the semi-insulator is used as the top layer, occurs
along the inversion layer and near-contact regions, bypassing the top film because of its high
resistance. Meanwhile the titanium dioxide film serves only to generate the built-in potential at
the SiO,/p-Si interface.

The 2LPE characteristics obtained during the study of the TiO,/SiO,/p-Si heterostructure
make it possible to consider this structure as a promising candidate %or optoelectromcs
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MMKDPOCKOIIMM M3YyYeHbI CTPYKTypa U Mopdosiorus MmopoiikoB. 1o maHHBIM CKaHUPYIOLLEi
BJIEKTPOHHOM  MHUKPOCKOIIMM  OIIpeAelieH  CpelHuii  pa3Mmep  vactull.  MeTomom
MIPOCBEUYMBAIOIICH 3JEKTPOHHOM MMKPOCKOIMM YCTaHOBJEHA BHYTPEHHSSI CTPYKTypa
arjomeparoB HaHovacTuil. C MOMOLIBIO JIOKaIbHOM Andpakuus oOHapyxkeHa ¢paza Nd,Fe B.
C moMoIIbl0 BUOPOMArHeTOMETPUM TP KOMHATHOM TeMIlepaType IOJIyIeHBI 3aBUCUMOCTHU
HAMarHMYCHHOCTH HACBILICHUsST ¥ KO3pUMTHUBHON cuibl mopowkoB NdFe Co B or
colepxXaHus KobaibTa. YCTaHOBJIEHO BO3pacTaHUE KODPLIMTUBHOM CUJIBI 33 CUET YBEJMUEHUS
cogepxanusi Co. IlokazaHo, 4yTo OTCcyTCcTBHE (pa30BOI YMCTOTHI MPUBOAUT K ITOHMKEHUIO
KOPUUTUBHON CWJIBI B CpaBHEHUM C MAaTrHUTOXECTKMMHM MaTepuajaMM Ha ocHoBe Nd,
MOJYYEHHBIMU METaJUTypTUUECKUM METOIAMMU.

Kmouesbie ciaoBa: NdFeCoB, mopoiikoBsie Matepuainbl, Meton [leunHn, MUKPOCTPYKTYpa,
3JIEMEHTHBIM aHAJIM3, MATHUTHBIE CBOMCTBA
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Introduction

Hard magnetic materials based on Nd,Fe, B are widely used in automotive transport, generators,
micromotors, and microelectronics [1—3]. 'Al“his is due to their unique technical characteristics,
and first, the maximum energy product (BH)_ _ among all permanent magnets [4]. The most
promising are composite magnetic materials in which there are two phases: a magnetically hard
phase (for example, Nd Fe ,B), including a magnetically soft phase [5]. To form such compounds,
we used Nd-based powders made of nanocrystalline alloys with subsequent grinding (top-down
approach) or chemical synthesis (bottom-up approach).

At the top-down approach during the ball milling process, it is possible to introduce additives
(Tb, DyCo, Cu + DyCo, Al + DyCo, Cu) using mechanosynthesis, which increase the energy
product, reduce the degradation of magnetic parameters during sintering [6—8]. These methods
also have disadvantages associated with the heterogeneity of the compounds, caused by a wide
spread in particle size, segregation of impurities, for example, carbon, oxidation during the
manufacturing process, and the high cost of initial pure raw materials.

Bottom-up approaches are based on the synthesis of magnetic powders by chemical methods,
which makes it possible to more precisely control the size and structures of particles from nano-
to micro-sizes. Different methods are used, for example, sol-gel Pechini [9,10], sol-gel auto
combustion [11], and the microwave technique [12]. The powders of magnetic nanomaterials
obtained by chemical synthesis are potentially applicable in biomedicine [13] and to solve
environmental problems (waste treatment) [14].

In this paper, we present the results of a study of the structure and magnetic properties of
Nd,(Fe,_,Co ), ,B powders with a change in Co concentration from 0 to 100%, obtained by the
modified Pechini method. It is shown that the addition of Co leads to the formation of the Fe-Co
alloy and increases the coercive force.

Materials and Methods
The synthesis of oxidized Nd-(Fe,_ Co )-B powders was carried out according to the procedure

© Camappnak B. 10., Azon C. A., Camapnaxk A. 1O., ITansiHoB E. K., Camapnak A. C., Orues A. B., 2022. U3natens: CaHKT-
[MeTepOyprckuii moauTeXHMYeCKUii yHuBepcuteT [letpa Bemmkoro.
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described in [15]. The reduction of the mixture of oxides was carried out by mixing this powder
with calcium hydride CaH, (weight ratio 1:1.5) in an argon atmosphere and pressing the resulting
mixture into a tablet and subsequent calcination in vacuum (pressure 10°—10* Torr) at 800 °C
according to the following stepwise heating scheme. The product obtained after heat treatment is
subjected to washing from impurities of metallic calcium and its oxide in an aqueous solution of
ammonium chloride (NH,ClI).

The structure and morphology of the powders were studied using a Tecnai G? 30 transmission
electron microscope (TEM) and a Quanta 200 Pegasus scanning electron microscope (SEM).

Magnetic parameters (hysteresis loops, temperature dependences of magnetization) were
measured on a Lakeshore 7400 vibromagnetometer.

Results and Discussion

Fig. 1 and 2 show electron microscopic images and elemental microanalysis data of nanopowders
with Co content: 0, 30, 60, and 100%. The powder particles in the sample without Co have an
asymmetric shape; additionally, 15 um in size and larger agglomerates are formed. Agglomerates
have a loose structure with particles of various sizes and types. The average size of the powders is
870 nm. According to the local elemental analysis, Ca, Cl, O and Si were in the samples, which
may have remained due to the powder preparation method (Fig. 2, a).

Fig. 2. EDX analysis of NdFe, Co B particles
Fig. 1. SEM images of NdFe, Co B particles without Co (a) and declared percentage of cobalt:

without Co (@) and the declared percentage of 30 (b), 60 (c), 100% (d)
cobalt: 30 (b), 60 (c), 100% (d)

Fig. 1, b shows the SEM image of a sample with 30% Co. The average size of the powders
is 690 nm. According to the initial elemental analysis, the composition approaches the expected
composition (Fig.2, b). For samples with 60% Co, images against the background of agglomerates
show mainly 'smooth' particles that do not have sharp protrusions. It can be seen that the particles
are fairly close in size. The average particle size is about 550 nm. According to the data of local
elemental analysis, the samples predominantly contain the elements Nd, Fe and Co equal to
10.8, 30.0, and 59.2 at%, respectively, without taking into account the content of contaminating
elements Ca, ClI and O (Fig. 2, ¢).

In a sample with 100% Co, that is, without iron, particles with clear boundaries and surface
relief are observed (Fig. 1, ¢). There are agglomerates and individual particles of different sizes.
The average size of the powders is about 620 nm. According to the data of local elemental
analysis, Ca, Cl, and O are present in the samples (Fig. 2, d). The local content of Co in an
individual particle is 61.8 to 78.7 at.%.
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Thus, the SEM method showed that the powders contain both individual particles, mostly
irregular in shape, and agglomerates. The most uniform in size structure of the powder in the
sample with 60% Co. According to the data from local elemental analysis, all of the studied samples
contain Ca, CI, O, and Si, which may have remained due to the powder preparation method. In
general, the content of Nd, Fe, and Co in individual particles corresponds to the declared ones.

a)

Fig. 3. TEM images of NdFeB particles (without
cobalt): bright-field image (a), direct resolution of the
microstructure (b); as well as microelectron diffraction
pattern of the NdFeB nanopowder microstructure and

its interpretation (c)
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Fig. 4. Magnetic hysteresis loops of NdFe,_ Co B
powders, depending on Co concentration: 0, 30,
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A TEM study showed (Fig. 3) that
the powders contain both individual
particles of mostly irregular shapes and
agglomerates. In this case, the particle
sizes range from 25 to 1500 nm. Some
large particles contain smaller particles
of the order of (5—20) nm. The
nanoparticles in NdFeB samples without
Co were identified as the Nd,Fe B phase
(@ = 088 nm, ¢ = 1.22 nm), see
Fig. 3, c.

Fig. 4 shows the magnetic hysteresis
loops measured on a vibromagnetometer
at room temperature. The maximum
value of the specific magnetization
G,,, measured in a magnetizing field of
1’) kOe, reaches a value of approximately
125 G cm?/g and the coercive force
H = 260 Oe of the corresponding
powder. Although the cobalt sublattice
in the Nd,Co ,B compound has an easy-
plane anisotropy, an increase in the
coercive force is observed with increasing
Co concentration (see the inset in
Fig. 5), but the H_ values are not typical
for magnetically hard materials (usually
several kOe and higher).

Fig. 5 shows the dependence of
the maximum specific magnetization

G, and the coercive force HC of the
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Fig. 5. Dependence of saturation magnetization
cl7 and coercive force Hc of NdFe_Co B

powders on cobalt content
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NdFe, Co B powders on the content of cobalt, which replaces iron. After the addition of Co,
there is a sﬂarp increase in the magnetization, which decreases with the substitution of iron. The
value of H  increases from 10 to almost 415 Oe with increasing Co concentration.

Thus, NdFe,  Co B powders were obtained, in which nanoparticles of a predominantly
magnetically soft phase are formed. It follows from the TEM results that the indicated method
can form particles with a magnetically hard Nd,Fe ,B phase. It is theoretically predicted that
the maximum values of NS and energy product can be achieved in nanocomposite materials
consisting of soft and hard phases [16]. It is likely that the presence of impurities in the samples
reduces the purity of the phases, leading to a deterioration in the magnetic properties. A wide
spread of particle sizes and their shapes leads to the fact that the magnetization reversal process
occurs with the help of different mechanisms (magnetization rotation or domain wall motion).
Furthermore, the magnitude of the coercive force in agglomerates of nanoparticles can decrease
as a result of magnetostatic interaction. These features appear as a smooth hysteresis loop.

Conclusion

The NdFe,  Co B powders were obtained by chemical synthesis using the modified Pechini
method. A series of samples with Co concentrations from 0 to 100% was obtained and studied. The
resulting material consists of both individual particles, mostly irregular in shape, and agglomerates
(up to 15 um). The average particle size according to electron microscopy varies from 550 to
870 nm. In this case, particles smaller than 100 nm in size can also be encountered. According
to the data from local elemental analysis, all of the studied samples contain Ca, CI, O, and Si,
which may have remained due to the powder preparation method. The content of Nd, Fe, and Co
in the particles corresponds to the declared ones. The magnetic properties of powders are typical
for soft magnetic materials. An increase in the Co content leads to an increase in the coercive
force up to 415 Oe. Probably, such magnetic properties are due to the low phase purity and a
wide range of particle sizes.
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Introduction

Artificial spin ices are nanomagnetic systems consisting of monodomain Ising-type
nanomagnets that are lithographically defined onto two- and three-dimensional lattices [1, 2].
A distinctive feature of spin ice is a special lattice geometry, which makes any state of the system
of magnetic moments energetically tense, and the artificial spin ice has non-zero entropy even
at absolute zero [3]. Because of this property, such system can form phases, unusual for ordinary
magnetic substances. However, studies in this area are facing computational problems, such as
slow dynamics at low temperatures and exponential growth of computational time. For example,
for the long-range action model, the complete enumeration algorithm cannot compute systems

larger than N = 40 particles. Therefore,

/‘ /“ /‘ the probabilistic Monte Carlo methods,
! —! — / although affected by the problem of

-
\ \ \ 4+ «— critical slowing down, are still among

E / / / the most important for the study of spin

g \ ' \ ' \ , ices.

™ /‘ /“ /‘ Trimerized triangular spin ice

! e e b ¢ consists of repeating triplets (trimers) of
\ \ \ @ =225nm particles arranged relative to each other

b =700 nm

at an angle of 60 degrees (Fig. 1) [4].
In this paper, we investigate the heat
Fig 1. Trimerized triangular lattice with lattice parameters capacity [5] of a trimerized triangular
aand b point dipole spin ice, modeled by
GPU-accelerated parallel Metropolis
algorithm. The dependence of the heat capacity maximum on the lattice parameter b, as well as
on the number of particles was investigated.

Model and computational methods

Energy of dipole-dipole interaction calculated by the formula:
_ Gy G0, 0
iT LB 5 >
d 7|

where i, j are the numbers of the interacting dipoles, 7 is the vector between the centers of the
magnetic moments of the interacting dipoles, m is the value of the magnetic moment vector.

To study the properties of the system, we used the GPU-accelerated parallel Metropolis
algorithm. The essence of the algorithm was to simultaneously independently simulate many
systems at different temperatures. The calculations were performed on the NVIDIA A100 GPU,
which allows to simultaneously simulate the system at 6912 temperatures. The probability of
adopting a new configuration was calculated by the formula:

AE.
P(E—)E.):min exp| —=|,1|. ()
' ’ k,T

After the new configuration is accepted, thermodynamics averages are recalculated. In this
case we recalculate an average energy:
N
SE

E)= . 3
(F)= G)
Next, we can obtain the heat capacity by the formula:
E*N—(EY’
C= H# 4)
NT
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Therefore, the value of the heat capacity is calculated per particle and there is no direct
dependence of the heat capacity on the number of particles.

Results and discussion
Graphs of the heat capacity per particle as a function of temperature were plotted for 1200 particles

with different lattice parameters b (Fig. 1,a). Fig. 2, b shows some of them. It is easy to see that the
graph for b = 560 shows a sharp increase in the region of a certain critical temperature. The heat
capacity at b = 600 exhibits somewhat different behavior. There is no sharp increase at a certain critical

Fig 2. Heat capacity for b = 600, 560, 500 respectively

dependence of the maximum heat capacity on the lattice
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Fig. 2, b shows the dependence of the
maximum heat capacity on the lattice
parameter b.

The flatness of the graph can be
explained by the strong frustration of the
systems having the parameter b =~ 580.
For the initial study of frustrations in the
system, we investigated low energy states
(Fig. 3). The low energy states of closed
vortexes and frustrated states of trimers
having only two states are typical for
parameter b < 560. The frustrated vortexes
and low energy states of trimers for the
parameter b > 600 are characteristic, and
they have six possible states each.
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Fig. 4 shows the dependence of the height of the heat capacity peak on the number of particles in
the system. An increase in peak height indicates a phase transition. Systems with lattice parameters
b < 560 exhibit a phase transition and systems with do not.

Systems with lattice parameters 560 < b < 600 is extrimely frustrated and have very complex energy
relief and cannot be investigate with the Metropolis method. We are planing to use Wang-Landay and
parallel tempering methods in the future to overcome critical slowdown.

Conclusion

Phase transitions in trimerized triangular lattice were investigated, the causes of disappearance are
explained, and estimates of the frustration of systems with different lattice parameters are made.

Additional studies are required by methods capable of overcoming the critical slowing down to
determine the specific value of the lattice parameter and to investigate the nature of the disappearance
of the phase transition.
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Introduction

Nanostructured and microstructured materials, whose principally new physical properties
result from the developed surface and quantum-size effects, constitute the group of promising
objects for advanced materials science. In the last decade, adsorption, optical, electrical, catalytic,
and photocatalytic properties of TiO, have attracted a special interest of researchers [1—3]. Self-
organization of titanium dioxide can be attained by its anodization in acids (for instance, sulfuric
or phosphoric), most often, in fluorine-containing electrolytes, since dissolution proceeds there
through formation of fluoride complexes. Anodic oxidation of titanium in a fluorine-containing
electrolyte enables one to obtain nanostructured coatings consisting of TiO, nanotubes, whose
parameters can be controlled varying the oxidation conditions [4—9].

Materials and Methods

Anodic oxidation of titanium was performed in a two-electrode electrochemical cell using
a B5-49 direct current source. Pt served as an auxiliary electrode, the Ti plate was a working
electrode. To obtain the nanotubular structure of titanium anodes, an aqueous solution of
NH,F-HF with addition of Na, SO, and complexing agents was used. Thereafter, for the sake of
properties modification, the oétained Ti/TiO, (nano) systems were held in an aqueous solution
of H PtClI, of the concentration 3-102 mol‘I"! for 1 h, dried, and annealed in a muffle furnace
at 50%) °C for 4 h (Table 1). The surface structure was investigated on a Hitachi S-5500 scanning
electron microscope (SEM) (Hitachi, Japan).

2

Table 1
Modification Condition

Sample | H,PtCl, concentration, M | Anneal time, h
No. 1 - _
No. 2 - 4
No. 3 3-1072 —
No. 4 3-10 4

The photocurrent generated by the sample under the action of the UV radiation was measured
to determine the photoactivity of titanium dioxide. The measurements were carried out using
the DUV-35W Labino UV xenon lamp with the spectrum within the range of 315—400 nm
with the peak at 365 nm. The current was recorded using the AUTOLAB POSTAT-302N
potentiostat with PC-controlled data acquisition.

Results and Discussion

Nanotubes with well-defined boundaries of a regular form are observed in the SEM-image
of Sample 1 (Fig. 1, a, b).

A sufficiently great number of boundaries approximates the shape of convex polygons with
well-defined directions of sides. The average diameter of nanotubes is approximately 100 nm.
Some defects of the surface can be also seen in the sample. Considering the local configurations
of nanotubes, it can be observed that they are sufficiently similar in nature to the ‘plate’
structure. Because the boundaries of nanotubes often have marked sides, the nanotubes ‘contact’
each other along these sides. Therefore, different types of local ordering arise. Sometimes, one
can also observe the near correct configurations in the shape of square, rectangle and, less
frequently, hexagon.

Fig. 1, ¢, d show that the boundaries of nanotubes become blurred and widen after annealing.
Although the structure deteriorates and becomes generally more uneven, the short-range local
order in the relative positioning of nanotubes is preserved. The same stable configurations in
the shape of square, rectangle and hexagon can be seen (Fig. 1, ¢).

© Ileronesa C. A., Tutos I1. JI., Konapukos H. b., 2022. U3natens: Cankr-IletepOyprckuii MoaMTeXHUIECKNiT yHUBEPCUTET
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Let us consider the SEM-image of Sample 3 modified by Pt (Fig. 1, e, f). A large quantity
of platinum nanoparticles can be observed; their size mainly is in the order of 10 nm but can
also reach 30 nm. We used the X-ray photoelectron spectroscopy method to confirm that Pt
nanoparticles on the surface of nanotubes correspond to the non-oxidized and oxidized states.

The nanotubes, in contrast to Sample 1, have no individual boundaries. Neighboring nanotubes
are separated by common and, at the same time, sufficiently wide boundaries (walls), whose
thickness can reach 20—50 nm. The inner diameters of nanotubes are commensurate with the
wall thickness and predominantly equal 50—60 nm. It can be said that the structure of the
nanotube array is completely stochastically uniform, including only rare ‘pieces’ of regular local
configurations of nanotubes.

After annealing, the common structure of the nanotube array acquires a sharpness (Fig. 1, e).
The boundaries of nanotubes become essentially thinner and, in this case, the inner diameter of
nanotubes increases automatically. The image is more contrasted compared to Sample 3, which

a)

Fig. 1. SEM images of electrode surface: Sample 1 (a, b); Sample 2 (c, d); Sample 3 (e, f);
Sample 4 (g, /).
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is to say that the nanotubes become deeper or open. The observed quantity of the platinum
nanoparticles decreases essentially compared to Sample 3.

Because the walls of nanotubes become thinner after annealing, this suggests local ordering.
Considering the fact that the average diameter of nanotubes changes weakly and the sections
of nanotubes are tightly packed on the image plane, the hexagon should be the predominant
configuration. The character of the Fourier spectrum may provide evidence to confirm this
circumstance.

The two-dimensional Fourier transform [10] allows to reveal the periodicities and regularities
in the structure of the object observed in the process of visual analysis. Fig. 2 shows the respective
two-dimensional spectra for the SEM-images of the samples considered.

Contrary to expectations, the SEM-images are characterized by roughly the same topology
differing only in detail. In all images, the halo responsible for the short-range ordering is present.
Such halo is characteristic of the ‘amorphous’ order where the structural elements have the order
only within the limits of the first coordination sphere.

The halo for Sample 1 is poorly expressed in spite of the sharp edges of nanotubes in the
SEM-image. There is no pronounced periodicity in all directions, which stipulates the weak
intensity of the halo. The presence of the low-frequency region in the spectrum can be identified
with the defects of nanotubes structure within the SEM-image. Judging from Sample 1, we can
draw the preliminary conclusion that the Fourier spectrum in this case does not reflect the well-
defined boundaries of separate nanotubes.

a) b) ©)

Fig. 2. Fourier spectra of SEM-images: Sample 1 (a); Sample 2 (b); Sample 3 (c¢); Sample 4 (d).

In Spectrum 2, the halo is shown brighter than in Spectrum 1. Such change is due to the fact
that the boundaries of nanotubes ‘become blurred’ under annealing, at the same time the hollows
of nanotubes take on a more identical shape. Such ‘averaging’ of nanotube configurations leads
to the fact that the structure within the SEM-image becomes more uniform and isotropic. The
uniformity of the structure elements (in the absence of well-defined local configurations) results
in the pronounced halo. The low-frequency components in Spectrum 2 (as well as in Spectra 3,
4) are practically non-existent which shows a decrease in the number of defects in the structure
of the array of nanotubes.

Modifying the sample with platinum worsens visually the structure of the array of nanotubes.
The existence of halo in Spectrum 3 can be related to the fact that the nanoparticles Pt do not
cover the nanotubes but lie predominantly at their boundaries. Thereby, the structure is for the
most part preserved.

The SEM-image of Sample 4 is similar enough to the image of Sample 2 and differs only in
the fact that the boundaries of nanotubes form a solid continuous ‘grid’. In the present case, even
more significant ‘averaging’ is observed which touches on the boundaries of nanotubes also. The
halo in Spectrum 4 begins to acquire a hexagonal shape with the intensity maxima in its corners.
This spectrum coincides with the expectable one.

Next, we turn to correlation analysis which allows to additionally find out the hidden
regularities and periodicities in the structure of the nanotube arrays. We use the one-dimensional
autocorrelation function (ACF) under the vertical direction of the SEM-image [11].
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Fig. 3. Fragments of ACF for the SEM-images

It has been established that ACFs do not have overly large differences (Fig. 3). At the same
time, the value of the range of the first side maximum allows to obtain the additional information
about the ordering. The relative range of the first side maximum for ACFs /, 2, 3 and 4 was 5.3%,
18.8%, 11.2% and 18.2% respectively. Over the first 1—2 periods, ACFs / and 3 as well as ACFs
2 and 4 are similar to one another. As seen from Fig. 3 (as well as from presented quantitative
evaluations), ACFs / and 3 fall within the group of less structured ones. ACFs 2 and 4, which are
characterized by a practically similar value of the first side maximum, are more pronounced. In
this case, the same as for analysis of the Fourier spectra, the ‘averaging’ of the nanotube structure
under annealing influences the ACF ordering.

The photoactivity of nanotubular covers of

. -2

1104 [ nA-em titanium dioxide was also examined. Fig. 4
100, shows that the se_lmple modified with platinum
| and exposed additionally to heat treatment has
901 the characteristic values of photocurrents which
804 are 2—3 times as large compared with the

704 non-modified sample.
601 We can argue that the values of the
504 I detected photocurrent change over time from
| P 60—110 mA-cm~2 (the first UV-irradiation) to
40 40—60 mA-cm™ (the final UV-irradiation) for
301 the modified sample. The photocurrent density
201 3 of the non-modified sample also demonstrates a
10 ™= tendency to reduction with increase of the UV-
ey ; exposition time, in this case, the values change

600 1200 1800 2400 3000 3600 42001, s from 26—54 mA-cm2to 10—12 mA-cm-2.
Fig. 4. Impulses of photoinduced current for TiO, .
nanotubes: Sample 4 (/); Sample 1 (2). Conclusion

In this paper, we have carried out analysis of
the ordering indicators of the nanotube arrays both as an independent objective and in connection
with the functional properties. The titanium dioxide nanotubes obtained using the aqueous
solution of NH F-HF with added Na, SO, and complexing agents (Sample 1) have a sufficiently
well-defined structure, sections appearing to be shaped as roundish convex polygons as well as
boundaries individual for each nanotube. Visually, the local order can be characterized as the
most pronounced. Moreover, Sample 1 does not exhibit meaningful ordering at the level of the
Fourier-spectra and ACF due to defects of structure.

Modification with Pt (Sample 3) results in changing the character of the nanotube structure
and ‘coarseness’, ‘adhesion’ of the boundaries of nanotubes with disturbance of geometry as well
as appearance of large number of the platinum nanoparticles predominantly at the boundaries of
nanotubes. Visually, the given sample is the least ordered.

Annealing of these samples leads to different results. For the unmodified sample, the shape of
the nanotube sections became less delineated (Sample 1 — Sample 2). The SEM-image became
‘blurred’ and local ordering was less pronounced. Conversely, the annealing of the modified sample
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(Sample 3 — Sample 4) has resulted in thinning of nanotube boundaries and manifestation of
this structure because it has no well-defied structure in the initial state. Therefore, the short-range
order of Sample 4 was best manifested in the local configurations of nanotubes, even though
not so sharply as in Sample 2. Visually, Samples 2 and 4 are similar enough. According to the
Fourier-spectra shapes and behavior of ACFs, they demonstrate homogeneity of the structure and
pronounced periodicity.

Morphology of TiO, covers was analyzed to determine the elemental composition at different
points. It has been established that the elemental composition of covers at different points
(inwardly, at the boundary of nanotubes) differs by the ratio of Ti:O with micro-impurities of other
elements. Analysis of photoactivity of the samples was also carried out. It has been established
that the samples modified with Pt under the UV-irradiation demonstrate the photocurrent values
which are 2—3 times higher than non-modified ones.
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Abstract: In this work, we experimentally studied the structure and magnetic properties of epitax-
ially grown ultrathin Pd/Co/Ta films. We have studied the effect of Ta on the structural and mag-
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AnHoTanusa. B maHHO# paboTe 5KCMEPUMEHTATbHO WCCIEIOBAIUCH CTPYKTYpa WM MarHUTHBIE
cBoiicTBa ynbTparoHKUX TuieHOK Pd/Co/Ta BbIpallleHHBIX 3MHMTaKCUadbHO. MBI MCCIeIOBAIA
BiusiHue Ta Ha CTPYKTypHBIE M MarHUTHBIE CBOMCTBA AMUTaKCUaabHBIX TieHOK Pd/Co. OcaxneHue
ieHku Ta Ha anuTakcuanbHbli cioit Co MPUBOAUT K MOHUXKEHUIO HAMAarHMY€HHOCTU HACHIIIEHUS
TJIEHKY 32 CYET CWJIbHOTO MAarHUTHOTO pa3ynopsiioueHus U GopMupoBaHUsI MAarHUTOMEPTBOTO CJIOSI,
TosiuHoi okojo 0,5 um. I1pu TonmuHe cinoss Co MeHblie 1,3 HM HaOmIOgaeTCs TIepIIeHINKYIsIpHas
MarHuTHas aHuzorponus. OrmpenesneHbl BKJIaAbl OOBEMHOW M MOBEPXHOCTHOW aHU3O0TPOMUH.
Taxxe B aMUTaKCUAIbHBIX TJIEHKAX ¢ MEPINEHAUKYISIPHON MAarHUTHOM aHMU30TpOINUEl Habao1aeTcs
B3anmoneiicteue JI3snommHackoro-Mopuu (BAM) ¢ BennunHoit oiss BAM npumepno 30 mTo.
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Introduction

As advances are made in spintronics, there is an ongoing search for new nanostructured materials
with potential applications in controllable magnetic processes for creating skyrmionium racetrack
memory, logic devices etc. Trilayer magnetic structures comprising heavy metal (1)/ferromagnet/
heavy metal (2) are very promising for developing spintronics devices. Ultrathin epitaxial magnetic
films (~1 nm) have exhibited anisotropy properties, which lead to a series of interface effects:
enhanced perpendicular magnetic anisotropy (PMA), interfacial Dzyaloshinskii—Moriya interaction
(DMI), spin-Hall effect etc. These effects are used for forming, stabilizing and controlling spin
textures. The goal of this paper is to study the prospects of using thin epitaxial films with a Ta
layer to create structures with a high DMI. This metal is currently the most interesting, because
it is effective in experiments with other magnetic effects. For example, multilayer structures with
tantalum have shown large values of the spin-orbit torque effect, as well as the ability to produce
high-density skyrmion lattices [1].

Materials and Methods

The epitaxial films were deposited by molecular beam epitaxy in an ultrahigh vacuum chamber
with a base pressure of 3410-11 Torr, (Omicron Nanotechnology). We used intrinsic undoped
Si(111) substrates with the resistivity of 20—40 AQxcm with a Cu (2.1 nm) buffer layer. Before
deposition, the substrates were flash-heated by direct current at 1200 °C a few times and slowly
cooled down to room temperature. Cu, Pd and Co films were deposited by effusion cells, and
deposition rates were controlled by quartz crystal microbalance and were 1 nm/min for Cu, 0.3
nm/min for Pd, and 0.1 nm/min Co, respectively. Deposition rates measured by quartz crystal
microbalance were calibrated using reflection high-energy electron diffraction (RHEED, STAIB
Instruments) based on intensity oscillations of specular beam reflection measured during layer
deposition. The Cu 2.1 nm buffer layer prevents the intermixing of Pd with Si and protects from
formation of amorphous silicide. A value of 2 nm Pd thickness was chosen because the lattice
parameter reaches the bulk value, while the roughness parameter is small for the selected thickness
[2]; moreover, we varied the thickness of the Co layer from 0.75 nm for inducing strong PMA for
deposition on Pd [3, 4] to 4.5 nm. The temperature of the substrate was about 75 °C during Cu
deposition and increased up to 110 °C for Pd and Co deposition. Ta (2 nm) layers were deposited by
the electron-beam evaporation technique. Finally, films were covered with a Pd (3 nm) protection
layer to prevent oxidation of the structure. Magnetization reversal processes and the effective
PMA energy were estimated by hysteresis loops, measured by a vibrating-sample magnetometer
(VSM, LakeShore 7410). Domain structure images were observed with a magnetooptical
Kerr-effect microscope (Evico Magnetics) equipped with an in-plane electromagnet and custom-
made out-of-plane electromagnet coil. Investigation of the DMI was performed using the observation
of domain walls (DWs) displacement in a combination of IP and OP magnetic fields. The value of
the internal Dzyaloshinskii—Moriya interaction field (HDMI) was determined by the minimum in
the domain wall velocity dependencies on in-plane magnetic fields [5].

© Kysnenosa M. A., Cyciun I'. C., Hlumenos A. ®., FOmenko . O., AsxutoB O. E., Tapacos E. B., Koznos A. T., 2022.
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Results and Discussion

Crystalline structure of Si(111)//Cu(2.1)/Pd(2)/Co(d)/Ta(2)/Pd(3) films was studied in situ
via RHEED. Detailed investigation of the growth processes of epitaxial Pd and Co was presented
in our previous works [2, 4]. A RHEED image of the epitaxial fcc Co (1 nm) layer is presented
in Fig. 1, a. The mismatch between the lattice parameters of Co (0.354 nm) and Ta (0.331 nm)
is insignificant, amounting to about 6.6%. However, due to the difference in crystal symmetry
(fcc Co vs bee Ta), as well as the fact that Ta has a very high melting point (3017 °C), it exhibits
a tendency toward amorphous growth, which is accompanied by the disappearance of diffraction
stripes and an increase in the background level on the RHEED pattern, as shown in Fig. 1, b.
Despite the strong disordering of the Ta layer, further deposition of the fcc Pd layer occurs in
the (111) direction with the predetermined predominant crystallographic direction retained. This
makes it possible to obtain multilayer films with the preservation of the epitaxial orientation.

Co (1 nm) -Co/Ta(2 nm) Co{Ta/Pd( 3nm)

Fig. 1. RHEED images for different layers in Si(111)//Cu(2.1)/Pd(2)/Co(1)/Ta(2)/Pd(3) film

The magnetic properties of Si(111)/Cu/Pd/Co/Ta/Pd films were studied using the magnetic
hysteresis loops obtained using VSM in magnetic fields, applied along the in-plane (IP) and
out-of-plane (OP) directions. The saturation magnetization normalized to the thickness of the
deposited Co layer in Pd/Co/Ta films demonstrates values below the magnetization of bulk
single-crystal Co (M ., = 1420 G). At a thickness of 0.75 nm of the ferromagnetic layer, M_
is equal about 600 é, and with increasing thickness, Co increases sharply, however, even at a
thickness of 4.5 nm, it does not reach the bulk value, as shown on the inset of fig.2(a). In this
case M, determined by the slope of the line graph (m /S) = f(ch) is about 1440 G, this is less
than epy saturation magnetization of Pd/Co/Pd films (SMs = 1520 G) which was investigated in
our previous work [4], where the increase of saturation magnetization is related to the magnetic
polarization Pd. It is known that magnetic polarization of the 4d Pd boundary layer is observed
in Pd/Co/Pd films due to hybridization of 3d electrons of Co, which leads to an overall increase
in the magnetic saturation moment. In Pd/Co/Ta films, the magnetic moment decreases linearly
with decreasing Co thickness; however, the zero moment (the point of intersection of the graph
with the abscissa axis) is expected at a nonzero positive value of ch ~ 0.4 nm (Fig. 2, a),
which indicates the existence of a magnetically disordered ‘dead magnetic’ layer at the Co/Ta
interface. Magnetic polarization at the Pd/Co interfaces shifts the intersection point to negative
thicknesses [4] of —0.1 nm, and thus the dead layer thickness can be determined as the difference
d, ~0.4 —(-0.1) = 0.5 nm, which is about 2.5 monolayers of Co(111).

L'The dependence of the effective magnetic anisotropy on the thickness is shown in Fig. 2, b.
Epitaxial Pd/Co/Ta films demonstrate the perpendicular magnetic anisotropy at small thicknesses.
Compared to epitaxial Pd/Co/Pd films, in which magnetic anisotropy is induced at the interfaces,
mainly due to strong crystalline stresses, the energy of perpendicular magnetic anisotropy in
Pd/Co/Ta films is significantly lower due to the disordered layer at the Co/Ta interface. Maximum
value of effective anisotropy is Keﬂ xd . =8107° J/m? in the range of perpendicular magnetic

C
anisotropy observed at d , = 1 nm. At the same thickness, there is also a maximum of coercive
force u A, = 13 mT. A decrease in the layer thickness leads to a decline of the coercive force,

which may be due to a significant influence of dead layer d . and nonzero roughness of the
Pd/Co interface, which can lead to the appearance of sections of a ferromagnetically discontinuous
layer. On the other hand, an increase in the thickness of the Co layer to 1.2 nm also leads to a
decrease in the coercive force, which is associated with a decrease in the magnetic anisotropy.
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Fig. 2. Magnetic moment per unit of sample area (a), saturation magnetization (inset in (a)), effective
magnetic anisotropy and coercive force (b) as a function of d,

The transition between perpendicular and in-plane anisotropy is observed at a thickness of about
1.3 nm; with a further increase in thickness in-plane magnetic anisotropy is observed at which
the coercive force does not exceed the value of p /= 1-2 mT. Effective magnetic anisotropy
may be determined as (2) K

K, -de,

Co

The slope of the linear section of curve of the magnetic anisotropy was used to determine the
volume contribution to the effective anisotropy K = 1 MJ /m? and to determine the constant of
surface anisotropy K = 1.4 mJ /m>,

The study of the Dzyaloshinskii—Moriya
interaction was carried out based on the asymmetry
of the propagation of domain walls in the creep
mode for the Pd/Co(1)/Ta sample, since it
demonstrates the highest perpendicular magnetic
anisotropy. The necessary conditions for accurate
measurement of the Dzyaloshinskii—Moriya
interaction field are the following: stable nucleation
of a domain in the same place, the absence of
macrodefects
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coercive force of less than 30 mT, and the absence
of other domains in the field of view of the selected
domain during its propagation. Using by the
focused ion beam technique, an artificial defect

was formed, which played the role of a stable
center of domain nucleation The dynamics of
domain wall propagation was studied using a
magnetooptical Kerr microscope. On an artificial
defect, using a short out-of-plane field (/) pulse,
with duration of 2 ms, a domain was generated,
after which a constant in-plane magnetic field (H )
was switched on and after that, gave a second pulse
of the out-of-plane magnetic field. Under the action of a displacing external in-plane field, the
displacement of domain walls moving along the field and against the field occurs unequally
(shown in the inset to Fig. 3). The domain wall velocity of movement is recorded from the shift
of the left and right domain walls at a known H_pulse width. The minimum of domain wall
velocity is observed at nonzero H_(Fig. 3). The in- plane displacement field is compensated by
the action of the internal non-zero Dzyaloshinskii—Moriya interaction field (HDMI, which is
oriented against the direction of the magnetic field), which displaces H__ , i.e., the field at which
the domain wall velocity is minimal, relative to zero. The shape of the curves at low speeds is
quite symmetrical and close to parabohc suggesting that p A~ u H . =30 mT. Slight kinks

L o ; 0" “DMmI
on the curves indicate an insignificant damping component.

Fig. 3. Dependence of domain wall velocity
on in-plane magnetic field H . Visualization
of magnetic domains was carried out with
magnetooptical Kerr microscopy
A simple scheme of the experiment is
presented in the inset
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Conclusion

We have studied the structure and magnetic properties of Si(111)/Cu/Pd/Co/Ta/Pd epitaxial
films. The study of the layer growth process showed a disordered growth of Ta on the epitaxial
Co layer, as well as a tendency to ordering with further deposition of Pd with the preservation of
crystallographic symmetry. Ta, when deposited on the Co epitaxial layer, forms a magnetically
disordered layer about 0.5 nm thick. The magnetically dead layer leads to a decrease in the
perpendicular magnetic anisotropy in comparison with the previously studied symmetric epitaxial
structures of the Pd/Co/Pd composition. For the Pd/Co/Ta system the effective anisotropy
components are determmed the volume anisotropy constant K = 1 MJ/m?, and the surface
anisotropy constant K = 1.4 mJ/m?. It was expected that the violation of the symmetry of
the structure by mtroducmg the Ta layer would lead to an increase HDMI, compared with
Pd/Co/Pd films, but this did not happen, since Ta leads to a decrease in anisotropy compared
to a symmetrical structure due to strong mixing at the interface. However, breaking of the film
symmetry in this case leads to more symmetric velocity curves, which indicates a decrease in
the contribution of chiral damping. Thus, despite the disordered growth of Ta and the relatively
small Ho H = 30mT, it is possible to create DMI-enhanced ordered multilayer superlattices by
increasing tbfle number of layers based on the epitaxial films.
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AnnoTanus. Metonom ¢hoToTIOMUHECIEHIMY B BUAUMOM nramna3oHe u KPCuzyyeHo BiussHue
BakyymHoro otxkura (600 °C, 30 MUH) Ha TeMIepaTypHYyI0 CTaOUIbHOCTh MPOTUB OKUCICHUS
Ha BO3/yXe HAHOIIPOBOJIOKM TepPMaHUs, TMOJy4YeHHbIE METOAOM KAaTOMHOTO OCAaKACHUS U3
BOJHBIX PaCTBOPOB OKcuaa repMmaHusi. CTaOUIbHOCTD IIPOBEPSIACH IIYTEM JIA3€PHOIO OTXUIa
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Introduction

Germanium nanowires (N'Ws) obtained by cathodic deposition from aqueous solutions of germanium
oxide are a promising material for a new elemental base of electronic devices, since, compared to
silicon, it has a higher charge carrier mobility, a smaller band gap, and a lower processing temperature
[1]. Also of great interest is the use of Ge N'Ws in lithium-ion batteries [2—4]. In addition, they are
an interesting example of nanosized structures in which quantum effects associated with size limitation
can be observed [5, 6].

The possibility of electrochemical deposition of Ge NW from aqueous solutions using particles of
low-melting metals (Ga, In, etc.) at nearly room temperature has been demonstrated [7, 8]. In this
case, liquid metal nanodroplets have been used as an electrode for reduction of Ge-containing ions at
the electrode surface, followed by dissolving and crystallizing the melt at the substrate interface. The
growth mechanism, which is known as electrochemical liquid—liquid—solid (ec-LLS) crystal growth, is
similar to the vapor—liquid—solid method [7].

It was shown in a series of works [9, 10] that successive laser annealing of Ge NWs obtained by
this method lead to the recrystallization of samples and the appearance of Ge nanocrystals (NCs)
of different sizes from 1.5 to 5 nm, and the behavior of the samples varies greatly depending on the
presence or no vacuum annealing. In this paper, we analyze the effect of preliminary vacuum annealing
of germanium nanowires obtained by cathodic deposition from aqueous solutions of germanium oxide
on the change in their temperature stability against oxidation at high temperature at ambient conditions.

Materials and Methods

Electrochemical deposition of Ge NWs was carried out in a three-electrode cell. Fifty micrometer
thickness titanium foil was used as the substrate. Indium nanoparticles were deposited on a Ti foil, as
described in previous work [9]. The solution contained 0.05 M of germanium (IV) oxide GeO,, 0.5 M
of potassium sulfate K SO,, and 0.5 M of succinic acid. Deposition was carried out at 0.2 mA-cm™
at a solution temperature of 20 °C. The prepared samples were washed in deionized water and were
dried in an argon flow. Some of the obtained samples were annealed at 600 °C in vacuum at a residual
pressure below 1-107° Torr for 30 min.

Photoluminescence (PL) measurements and backscattered Raman spectra were registered under
excitation with focused laser radiation using a NTEGRA Spectra II micro-Raman spectrometer at
room temperature and ambient conditions. We used a He-Ne laser (maximal power 50 mW and
minimal spot diameter 2 um) for Raman experiments. Photoluminescence spectra were registered
under 405 nm excitation with background subtraction. The laser power was attenuated by means of
neutral filters with different optical densities.

Before carrying out experiments on recording Raman and PL spectra, the maximum excitation power
was determined, which did not lead to phase transformations in the sample, that would be reflected

in changes in the spectra. However, to study the effect of

Table 1 high temperature on the state of the samples, exposure was

carried out under a HeNe laser at maximum power for

1 — 60 seconds at ambient conditions. The temperature

Notation under the bqam at suc_h lasgr_ annealing was determinqd

Sample condition from the ratio of the intensities of the Stokes and anti-

A|B| C | D| Stokes peaks of the optical phonon. Four sets of spectra

were taken corresponding to different conditions of the

- sample. These sample conditions are conventionally
Laser annealing — | —| * |t | presented in Table 1 and will be called accordingly.

Sample list

Vacuum annealing | — | + | — | +

© Topoumko [. JI., Yycoutun E. A., [IponoB A. A., Tlaspwimn WM. M., 2022. Uzparens: Canxr-IletepOyprckuit
rnosMtexHuueckuit ynusepcuret [lerpa Benukoro.
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Results and Discussion

PL was recorded in a wide wavelength range from 0.4 to 2 um, where the appearance of exciton
PL could be expected. The size effect in the samples under considered can lead to appearance of
PL in the infrared range (IR), since the Bohr radius of a direct-gap exciton in Ge is 20—30 nm
(depending on the conditions and calculation procedure [10], [11]) and can thus exceed the
actually achievable size of a germanium nanocrystal or the filament diameter [9]. In this case, the
emission of a photon with an energy of 1.3—2.67 eV is expected. Indeed, in a sample with Ge
nanocrystals (NCs) 2—6 nm in size formed in a SiO, matrix, a weak shoulder with an energy of
1.6—1.8 eV was observed against the background of an intense peak with a position of 2.2—2.4 ¢V
[10]. It should be noted that the intensity of this high-energy peak increased significantly upon
annealing but the position did not change; nevertheless, the authors associated the nature of this
PL with quantum-confinement effects in Ge NCs. Considering samples with Ge NCs less than 4
nm in size, the authors of [12] attributed the PL in the range of 2.2—2.3 eV to a new crystalline
nanostructure in NCs with direct interband transitions; in this case, the absence of a temperature
dependence of the position of the PL peak is not commented in any way. The convincing
presence of IR PL in Ge nanowires was demonstrated in [13], however, as the authors point out,
quantum confinement effects are unlikely to be involved in this, since the NW diameter is 40 nm
and exceeds the exciton Bohr radius.

There was no photoluminescence for our samples with NWs in infrared region, but strong PL
signal was found in the range of 400—950 nm (Fig. 1). The peak in the region of 450—475 nm in
both spectra is associated with a drop in the detector sensitivity at the edge of the range; however,
an increase in the intensity in the short-wavelength region below 500 nm is not an artifact of
the measurements. It can be seen that in the initial state (without laser annealing, Fig. 1, a),
a noticeable PL signal with a maximum at 635 nm is manifested only by the sample without
vacuum annealing. Laser annealing of this sample for 1 second leads to a 4-fold increase in the
PL intensity (Fig. 1, b, sample C) and a shift of the maximum to the blue region up to 536 nm. In
turn, the PL intensity of the sample in the vacuum-annealed state B (Fig. 1, @) and D (Fig. 1, b)
practically does not change: a slight elevated spectrum is observed in the region of 550—750 nm.
A significant increase in the PL signal for sample D is achieved after laser annealing for 60 sec
(Fig. 1, b); the peak maximum is located at about 600 nm.
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Fig. 1. PL spectra of sample with NWs before (a) and after () vacuum annealing. Different curves in
each panel correspond to PL without and with laser annealing of different duration.
The sharp line at 800 nm is a second laser harmonic.

As shown above, the quantum size effect is an unlikely reason for the appearance of PL in
a system with Ge NWs. Therefore, there must be other sources of PL observed in the studied
samples. First of all, it can be germanium oxide, since germanium is actively oxidized at ambient
conditions. The oxidation of germanium as the cause of PL is also indicated by its high intensity
in the laser-annealed sample C. An estimate of the temperature in the region of the laser spot
during annealing, measured from the ratio of Stokes and anti-Stokes peaks, gives a value of at
least 1000 °C.
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At present, most authors are inclined to believe that the source of PL in the visible and UV
ranges is the Ge/GeO_or GeO_ interface states. Similar conclusions are reached by studying
freestanding Ge/GeOz'core—shefl NCs. Strong PL peaks in the same region are attributed to
Ge/GeO, interface defect states [14] or GeO s [15]. Annealing in air or a hydrogen-containing
atmosphere of nanocrystalline germanium obtained by chemical etching also allowed to conclude
that the PL from these materials is from GeO s [16]. The effect of passivation on the PL from
Ge NCs is shown in [17]. The deposition of a thin silicon layer on Ge NCs formed in high
vacuum on the SiO, surface resulted in the appearance of a weak PL signal with a peak position
of 0.85 and 0.82 e\/z, depending on the NC size. On the other hand, passivation reduced the PL
intensity in the visible region due to the prevention of GeO_ formation on the surface.

The change in the state of germanium and its amount in the samples under the laser annealing
is well traced in the Raman spectra (Fig. 2). After laser annealing of the sample without vacuum
annealing (Fig. 2, a), the germanium phonon TO peak shifts from the position of 281 cm™!
to 300 cm™'. In turn, the initial position of the TO peak in the vacuum annealed sample was
297.3 cm™!, after laser annealing 300.7 cm™!, and the intensity decreased by a factor of 4. Taking
into account the fact that parts of the same sample were used for experiments with and without
vacuum annealing, and the measurement conditions for all spectra in Fig. 2 coincided, it can be
argued that, after laser annealing of the vacuum annealed sample, a significantly larger amount
of germanium contained in NWs was retained in it. The shift of the Raman peaks to the blue
region upon annealing is explained by an increase in the size of nanocrystalline grains in NWs.
It is noteworthy that, prior to laser annealing, the position of the peak of the vacuum annealed
sample is 297.3 cm™!, which indicates recrystallization of NWs during the annealing.

a) b)
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Fig. 2. Raman spectra of the sample with Ge NWs before (a) and after () vacuum annealing. Different
curves in each panel correspond to the conditions without (samples A and B) and with
(samples C and D) laser annealing.

It should be noted that the need for vacuum annealing in these samples was dictated by
the need to get rid of the high concentration of indium used as a catalyst in the formation of
NWs. According to our studies using in-situ electron beam annealing in a transmission electron
microscope, indium segregates on the surface of the filaments. The results of studies in [18] indicate
that the oxidation of germanium occurs at the GeO,/Ge interface due to the decomposition
of GeO.. The resulting oxygen vacancy plays a key role in Ge oxidation, as oxygen atoms
diffuse tilrough these vacancies to interface with germanium with an exchange type of process.
In turn, paper [19] presents a theoretical study of the influence of 4 and 3 valence metals on the
passivation of vacancies in germanium suboxides in order to find out the reason for the success in
obtaining excellent p- and n- MOSFET mobilities in the GeO /Al O, gate stack [20]. It turned
out that the pre-existing oxygen vacancies in the intermediate C?eO2 layer affect the performance
of the device. Since indium can exhibit 3 valence electrons in compounds, it can saturate oxygen
vacancies in germanium suboxide by suppressing oxygen diffusion to the GeO,/Ge interface and
preventing oxidation. The difference between vacuum and laser annealing of NWs lies in the
kinetics of these processes: vacuum annealing at 600 °C is not sufficient for the decomposition of
GeO, [21], but this temperature is sufficient for active diffusion of indium.
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Conclusion

Thus, the observed evolution of the PL spectra depending on the state of the sample is
unambiguously related to oxidation of germanium NWs. A strong increase in PL after laser
annealing at ambient conditions from a vacuum unannealed sample is explained by the formation
of a large amount of oxide from germanium, which is included in NWs. This process correlates with
the evolution of the Raman spectra, where the oxidation of NWs is accompanied by a significant
decrease in the intensity of the TO phonon peak. After vacuum annealing, NWs become more
resistant to oxidation, which manifests itself in the absence of PL in the studied range before
laser annealing and its slight increase after a short laser annealing. In turn, the TO Raman peak
remains quite intense. However, an increase in the duration promotes the occurrence of diffusion
processes in NWs and their oxidation, which results in the appearance of intense PL. The analysis
of these phenomena is based on the facts about the features of germanium oxidation, during
which suboxides are formed, which, in turn, are the cause of PL in the studied range. Vacuum
annealing leads to passivation of these germanium suboxides, resulting in a low PL intensity and
resistance of NWs to oxidation at elevated temperatures.
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AHHOTauMsl. ATOMHAS M 3JICKTPOHHAs! CTPYKTypa nosepxHoct YFeO, npu popmupoBaHun
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monenupoBaHusi. PaccMorpenbsl moBepxHoctu (100), (001) u (010). ITpomeMoHcTpupoBaHa
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Introduction

In the last two decades, complex oxides with a perovskite structure (ABO,) have become the
subject of intensive research over the world [1, 2]. The field of application of these materials is
very wide: various types of sensors and detectors, solar cells, photocatalysts and solid oxide fuel
cells [3—6]. The functional properties of these compounds are mostly determined by stoichiometry
and structural changes within ABO, [7]. It was found that defect formation in the crystal lattice of
ABO, leads to a significant increase in catalytic activity [8], while the oxygen non-stoichiometry
of YlgeOH can reach 6 = 0.25 [9]. A lot of research has been dedicated to developing perovskite
catalysts for redox reactions such as the oxidation of hydrocarbons, soot and carbon monoxide.
Thus, perovskite compounds can be used as alternative multifunctional catalysts for neutralizing
diesel gases.

The mechanism of carbon oxidation in the presence of catalysts with a perovskite structure has
not been comprehensively explored this far. It should be noted that vacancies on the perovskite
surface are filled with oxygen from the bulk of the crystal. Thus, the influence of the structural
characteristics of perovskite on the mobility, surface/volume reactivity of oxygen, and catalytic
activity in carbon oxidation is of great interest for fundamental research. In the present work,
yttrium orthoferrite (YFeO,) was considered; the atomic and electronic structure of this perovskite
at the formation of oxygen vacancies on the surface was studied using modern computer simulation
methods.

Methods and Calculation Parameters

The Quantum Espresso software package [10], based on the density functional theory [11, 12]
and the pseudopotential method, was used to perform quantum mechanical calculations. The
exchange-correlation contribution to the total energy was described by the generalized gradient
approximation. Uniform k-point grids were specified by Monkhorst-Pack procedures and varied
depending on the size of the supercell. Cutoff energy of the plane wave basis was about 8§16 eV.
Ultrasoft pseudopotentials for yttrium, iron, and oxygen were taken from the Quantum Espresso
pseudopotential database [13] and were tested for a correct description of the properties of the Y
and Fe crystal lattices, as well as of the O, molecule.

YFeO, has an orthorhombic primitive cell (Pnma space group); according to our calculation,
the lattice parameters are a = 5.65 A, b = 7.64 A, ¢ = 5.29 A; deviation from the experimental
values is less than 1%. ABO, perovskites (where B = Fe) are often antiferromagnets; the equilibrium
configuration for YFeO, corresponds to the G-type antiferromagnetic state, which is consistent
with the literature data. Furthermore, Hubbard correction (DFT + U) [14] was applied into the
calculations with U, . 4 eV for adequate description of strongly localized 3d-states of Fe.

Results and Discussion

A primitive orthorhombic cell of YFeO, was taken to construct the slab models. It contains
4 structural units (20 atoms in total). For simplicity of construction, we considered the facets
of the primitive cell, thus we obtained surfaces with indices (001), (010) and (100). To estimate
the surface energy of non-stoichiometric slab we calculated a difference between the slab energy

before (£, ) and after (£ , ) atomic relaxation, reduced to a unit of surface area (S):
E = Eunrel.slab — Erel.slab . (l)
surf 2 S

We considered an asymmetric slab: the lower atomic layers were fixed. Fig. 1 shows the slab
where only the middle atomic layers are fixed, before (a) and after (b) relaxation, as well as the
slab with fixed lower atomic layers after relaxation (c). Fe atoms in Fig. 1 and 2 are marked in
dark grey, Y atoms in light gray, and O atoms in white. Atomic structure analysis showed that
the bond lengths in the surface layers after relaxation in both cases coincide with an accuracy of
0.01 A. The surface energy for the slab with fixed lower layers was determined by a formula
similar to (1), but without a factor of 2 in the denominator, since only one (upper) surface is
considered. The vacuum gap in our calculations was about 14 A. The calculated values of surface
energies are given in Table 1.
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Fig. 1. Slab for the YFeO, (001) surface in two projections: before relaxation (a); after relaxation of

3
the upper and lower atomic layers (b); after relaxation of only the upper atomic layers (c)

Table 1

Surface energies of YFeO, (001), (010) and (100)

Surface | Area, m? Slab characteristics Surfaﬁ/errelzzn e1eY,
5 layers 0.92
3610 ayers .
(001) | 436-10" 71 0.91
5 layers, the lower layers are fixed 0.97
9 layers (FeO,) 1.03
(010) | 3.01-10" 9 layers (YO) 1.31
9 layers (FeO,), the lower layers are fixed 1.05
5 layers 1.06
(100) | 4.11-10"
5 layers, the lower layers are fixed 1.11

For the (001) surface, the influence of the number of atomic layers on surface energy was
estimated. It had been shown that the difference in surface energy between 5- and 7-layer slabs is
only 0.01 J/m?. The fixation of the lower atomic layers leads to an insignificant (within 0.05 J/m?)
increase in the surface energy, which indicates that the approach we have chosen is acceptable.
The same results for slabs with fixed lower layers were obtained for YFeO,(100) and YFeO,(010).
The number of layers in the (010) slab is 9, because in this direction, the linear size of the unit cell
is larger. Additionally, the atomic layers for the direction [010] consist of either Fe and O atoms
or Y and O atoms. Our calculations showed that formation of a (FeO,) surface is more favorable;
the energy difference is 0.3 J/m?. Further, we considered only this type of surface.

In the simplest approximation, taking the chemical potential of oxygen as half the O, molecule
total energy, the formation energy of a surface vacancy is determined as follows:

1
Eform = Eslab+vac - Eslab + EEOZ > (2)
where £, is the energy of the YFeO, slab, £, " is the energy of the slab with oxygen surface
vacancy, %02 is the energy of an isolated O, molecule. The obtained values are shown in Table 2.

For each surface, we considered two cases, which differed from each other by the
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Table 2

Energies of oxygen vacancy formation for different types of YFeO, surfaces

Surface Area, m? pa—-\%
4.36-10" 2.40
(001)
17.45-10°" 1.74
4.11-10°7 1.79
(100)
16.44-10°" 0.81
3.01-107 3.51
(010)
12.03-10°% 3.33
c)
cross-section area. In contrast to the
: \ I description of bulk oxygen vacancies, we
AN ;ﬁ- - cannot operate in terms of oxygen non-
\;ﬁ\ - . stoichiometry; therefore, below we consider

I. R 2N high and low concentrations of surface
oxygen vacancies. Fig. 2 shows the atoms
v })}\ forming the surface layer for (001), (100),
. ?\. v % e and (010); the second and third images
in each row correspond to high and low

o . ]  vacancy concentrations. To create a vacancy
.ﬂ . on the surface, we removed the oxygen atom
‘I & with the highest position in the direction of

[ the slab orientation; for all surfaces, it was
;0 an oxygen atom from the Fe-O-Fe bridge.
y p Thus, the formation of an oxygen vacancy

I \ I leads to the formation of a Fe-Fe bond on
the surface (its length varies from 2.62 to
¢ ¢ 2.82 A).

J It was found that the formation energy
-—O/—Q of a surface oxygen vacancy decreases with
-9 an increase in the cross-section area, i.e.,
a decrease in the vacancy concentration.
70 . .é ‘ f Due to the specific arrangement of atoms
on the YFeO,(010) surface layer, the
Fig. 2. Atoms of YFeO, surface layers: without oxygen formation energies do not differ too much
vacancy (a); one vacancy per unit cell cross-section from previously calculated values for bulk
(b); one vacancy per cell area increased by 4 times(c) oxygen vacancies (3.13—3.79 eV) [15].
However, the vacancy formation energies
were significantly lower for the (001) and (100) surfaces; in the case of low concentration on the
(100) surface, the lowest value was obtained, amounting to 0.81 eV. For more detailed analysis,

we plotted the density of electronic states (DOS) for all considered cases.

The left side of Fig. 3 shows the total and projected densities of electronic states for an
ideal YFeO, cell and a cell with an oxygen vacancy (with high and low concentration). The
Fermi level is at zero. The formation of an oxygen vacancy leads to appearance of levels
in the band gap, as well as to partial delocalization of 3d states of Fe; in the case of high
concentrations this is more pronounced. At the vacancy formation on the YFeO, (010)
surface (right panel in Fig. 3), it is noticeable that, in addition to the sharp peak at —8 eV
corresponding to 3d states of bulk Fe atoms, there are distributed states (in the range from
=7 eV to —6 eV) corresponding to surface Fe atoms. In the case of the (001) and (100) surfaces
(Fig. 4), there is a partial splitting of the peak corresponding to the bulk states; it becomes the
superposition from the states of the bulk and near-surface Fe atoms. This occurs due to formation
of the Fe-Fe bond when oxygen is removed from the surface and the surface layers are included
in the atomic relaxation process.

68




4 Simulation of physical processes >

T . o L1 TR0 L A

S~ 'i'ullsﬂI ]'_'.‘ji'f)fil I ' RS I = “H I - Total D()S i
= — Fe 3d-states o e 2, |— Fe 3d-states o ]
—.-'": 0 2p-states ] 1 “_ i O 2p-states o 'g._\q ih. A
il Wl ] PG s A
T WO lrﬂ
i 1 ey | G
¥Fe0,(010) : -
i B | L | o 1k L] | I
| L LA | T T H
b a8 m =
‘8 = s " A =
= ~ . A
'E 'E M-—-.-n .hL o
H = ..m...-—--\, o
i
a a i-'YFCO ((llﬂ) w!lh o A dce '-'dwmy i E
£l L 1 14
3 o FRE Y T PR R [ T R TR g T
"I ﬂ 1 B 5 |
THE fk 2 L |
g g iR ] L 1
L "' ! b " T_. ;— \;‘I':
—YFeO w1lh DI vacancy (6 ( 0 0625 I—' yFeO ﬁi}l 0 x 4 w1lh 0] surf'u:e Vi ac:mc_v |:

R
22 ~ZD IS lﬁ I4 12 ]D -8 6 -4 2 o 2 4 2'2 30 18 -16 14 l" IU S 6 4 2 o 2 4
eV E-E; eV

Fig. 3. Densities of electromc states for YFeO, and YFeO,(010) surface in the absence and
presence of oxygen vacancies
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Fig. 4. Densities of electronic states for YFeO,(100) and YFeO,(001) surfaces in the absence and
presence of oxygen vacancies

Conclusion

Computer simulation methods have been used to study changes in the atomic and electronic
structure upon formation of oxygen vacancies on different surfaces of yttrium orthoferrite. It
was found that there is a tendency to a decrease in the formation energy with an increase in the
surface area, which corresponds to a decrease in the vacancy concentration. The smallest value
of 0.81 eV was obtained for the (100) surface, which is about four times less than the formation
energy of a bulk oxygen vacancy. Analysis of the electronic structure showed delocalization of
3d states of Fe atoms for the surface formation process; the formation of an oxygen vacancy
enhances this effect due to the appearance of Fe-Fe bond.
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Abstract: The solution to the problem of finding the probability density of all possible states
(configurations) in dipole lattices, which also allows obtaining information about the degree
of frustration in the system, is considered in the article. As an example, the Cairo lattice of
40 particles (dipoles) was used - a two-dimensional system of artificial spin ice, combining
the geometry of square and Kagome lattices. Our method was created by combining the
approximate polynomial algorithms of the MC-walk and the Greedy algorithm. We used the
Greedy algorithm to obtain the energy data points for each possible spin excess, then partition
the space into an equal number of intervals, and MC-walk to accumulate the data points. It
was shown that the use of intervals makes it possible to ensure good performance of the method
on the most degenerate energy regions but has a problem in finding data points on the least
degenerate regions. The distribution of the density of states is constructed.
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MeTtop pacuera NJIOTHOCTU COCTOSSHUM AN AUNOJIbHbIX peLleToK
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AnHotamusa. B craTbe paccMarpuBaeTcs pellleHHe MPoOJeMbl HAXOXIEHMSI TUIOTHOCTH
BEPOSITHOCTH BCEX BO3MOXKHBIX COCTOSHUI (KOH(UTYpalLnii) B IUITOJBHBIX pelleTKaxX, TakKxkKe
TTO3BOJISTFOIIH TTOJTYINTh MH(POPMAIIIIO O CTEIIEHH (DpyCcTpaluii B cucteMe. B KauecTBe mpumepa
ObL1a MCIToJb30BaHa Kampckas pelmreTrka — ABYMEPHON CHCTEME MCKYCCTBEHHOTO CIIMHOBOTO
JIbla, COBMEIIAMOIICH TeoMeTpUM KBaapaTHOW M Karome cucteM u3 40 yacTtull (oumoseii).
Ham meTon co3naH mmyreM KOMOMHUPOBAHUS MPUOIMKEHHBIX MOJUMHOMUAIBHBIX aJITOPUTMOB
MK-6nyxnanus u KagHoro ajroputma. Mbl ucnoibdyeM 2KagHblil aITOpUTM JJIST OJTYyYSHUS
SHEPreTUUECKUX TPaHUII IUIST KakIO0r0 BO3MOXKHOTO CITMHOBOTO M30BITKA, JUIST TIOC/IEIYIOLIETO
pa30dureHns MPOCTPAHCTBA HA paBHOE YMCJIO MHTepBajaoB, 1 MK-0ay:kaaHus IJ19 HAaKOTUICHMS
Touek maHHBIX. [Toka3aHO, YTO MCTIOIL30BaHUE MHTEPBAJIOB ITO3BOJISICT 00ECIICUYUTDH XOPOIIYIO
paboTy MeToma Ha HauboJjiee BbIPOXKIECHHBIX YHEPreTUYECKUX ydyacTKax, HO MMeeT IpobJieMy
B IIOMCKE TOYEK JaHHBIX Ha HAaMMEHEe BBIPOXICHHBIX yyacTKaX. [locTpoeHO paclipeneieHue
TUIOTHOCTH COCTOSTHMIA.

© Chesnokov M. A., Nalivaiko I. N., Strongin V. S.; 2022. Published by Peter the Great St.Petersburg Polytechnic
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KnroueBbie ca0Ba: MIOTHOCTh COCTOSAHMI, Kaupckas peuietka, pa3paboTka aaroputMma,
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Introduction

Atrtificial spin ice is a nanomagnetic multiferroic artificial material consisting of nanoparticles
of elongated shape. The magnetic moment of a particle consists of many spins, therefore it is
called a superspin or macrospin. The behavior of magnetic moment of nanoparticles makes it
possible to use the Ising model, since there are only two possible mutually exclusive orientations
for it, ‘up’ or ‘down’. Initially, artificial spin ice was understood as a two-dimensional artificial
equivalent of spin ice on a pyrochlore lattice. Research on artificial spin ice is of major importance.
Thermodynamic properties of systems are investigated. Theoretical work is usually aimed at
confirming experimental observations. However, the most fundamental issue is developing
algorithms that could allow calculating a complete group of events based on a sample from the
state space. Currently, there are no theories and, consequently, technical, software capabilities
for accurate calculation of the statistical sum of a large number (>40) of interacting particles of
a fully connected model. Therefore, interest in the topic of artificial spin systems is constantly
growing.

The method we used for calculating the density of states is independent of geometry and is
suitable for studying any dipole lattices.

As an example, the Cairo lattice was used, which is a two-dimensional system of artificial spin
ice that combines the geometry of the square and kagome systems [1].

Model and Computational Methods

A system of 40 dipoles was observed, since its dimension is large enough for the obtained
data to have statistical value, and at the same time, it is still possible to calculate the exact
values by exhaustive search, which is used for comparison.

The greedy algorithm made it possible to ‘descend’ to low-energy configurations in a relatively
small number of operations, but rarely allows to find the ground state or configurations that
are energetically close to it [2]. The algorithm can be reversed to find the highest energy in the
system.

In the study, we applied this algorithm sequentially for various parameters of the spin excess
M to obtain the graph for E(M), which is the basis of the future three-dimensional graph of the
density of states. For each M, there are two points that the boundary passes through: £ and
E . (except M = N, where the lines converge). These are the maximum and minimum energies
found for a fixed spin excess M respectively.

A random Monte Carlo walk over the system’s energy spectrum was used to accumulate
a statistically significant number of possible energy values [3]. The algorithm is simple: we
generated a random spin configuration, calculated the system’s total energy and saved the
result. The operation was performed for each of the M possible using the MC averaging steps.
The energy of the dipole-dipole interaction of a system of dipoles on the Cairo lattice is
calculated using the formula:

© YecnokoB M. A., HamuBaiiko WU. H., Crpourun B. C., 2022. Uznarens: Cankr-IlerepOyprckuii moauTeXHUYECKUI
yHuBepcuret I[lerpa Benaukoro.
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(1)

where m, is the value of the magnetic moment vector; FU| is the vector between the centers of
the magnetic moments of the interacting dipoles.

Due to energy degeneracies (states in which several configurations can correspond to the same
energy value) some energies are much more common than others, serving to generate the function
g(E) corresponding to the upper part of the general three-dimensional density of states.

The step was calculated for dividing the energy space into intervals for each spin excess M
using the formula:

Step — Emax _Emin , (2)
num
where num is the number of intervals.

Then, for each interval, the degeneracy multiplicity g (describing how many of the previously
generated energies are included in each interval) was calculated.

The area under the graph S is equal to the binomial coefficient calculated using formula (3):

N

For each spin excess, we multiplied g(E)) so that the area under the graph is equal to the
corresponding binomial coefficient.

Results and Discussion

The energy boundaries were calculated using a greedy algorithm. We generated 100,000 possible
energy points for each spin excess M. NVIDIA CUDA parallel computing technology was used
to speed up the implementation [4]. For each spin excess M, the energy space was divided into
1,000 intervals with an equal step. This approach made it possible to obtain a fairly correct (with
respect to exhaustive search values) distribution of energies and multiplicity of degeneracies using
a relatively small amount of data.
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Fig. 1. Function g(£) for spin excess M = 0 for exact solution (straight line)
and approximate solution (dots).

Fig. 1 shows the g(E) plot for the spin excess M = 0, on which the dark straight line is the
distribution plot for the exact solution (also divided into intervals, otherwise we would obtain a
different dimension), the brighter dots are the approximate data extracted using the algorithm.
Evidently, the curves exhibit a similar shape along the entire length with a slight inaccuracy in the
peak region, where the largest number of possible energies is located.
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E, r.u.

Fig. 2. M(FE) for all generated energy points found by the MC method and bounds found
by the greedy algorithm.

However, it can be seen from Fig. 2 that the points generated by Monte Carlo do not occupy
all the available space (that is also calculated by the approximate greedy algorithm). Because the
multiplicities of degeneracy g for the energies located in the middle were much larger, the points
along the edges were chosen much less often, or not chosen at all. Fig. 1 shows how strong the
growth dynamics was in the middle, relative to the edges. This introduces an additional inaccuracy
in the approximate method, requiring to search for solutions.

a) b)

-0.001

9
i
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£

: ! s
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Fig. 3. Function g(F) for the spin excess M = 0 (a); dependence of the ground state on
the number of particles (b) [5].

We found from an exhaustive data search that the graph in the low-energy regions close to
the ground state can be approximated by a straight line (Fig. 3, a) extended to a zone that is well
calculated by the Monte Carlo method from the starting point (the ground state or a value close
to it).

The first option is to improve the existing greedy algorithm to be able to search for lower
energy points close to the ground state for each fixed spin excess M. However, improving of
the greedy algorithm is a challenge in itself. A more promising option is to refine the existing
method of the ground state energy calculation by scaling. Fig. 3, b shows a graph of the change
in the minimum energy with a change in the size of the system for the Cairo lattice with different
parameters [5].

uuuuu

:::::
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7
~

Fig. 4. Density of states (the axis x represents the energy £ in arbitrary units; y the spin excess M,
z the multiplicity of degeneracy g).
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Finally, the binomial coefficients were calculated; the area under each g(E) plot for each spin
excess M has been proportionally increased to match the binomial coefficient.

The result is a density of states plot (Fig. 4). We will be able to calculate a fairly accurate DOS
after improving the algorithm.

Conclusion

We used 2 approximate methods to construct a polynomial algorithm for finding the density
of states for dipole lattices of artificial spin ice. We have found that our approach demonstrates
good accuracy for a part of the system (in the center of the energy space) but does not perform
well at the edges. We made suggestions about possible ways to solve the problem and improve the
algorithm, based on previously obtained data.
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AnnoTtanusg. [l pacyeTa XapakKTepUCTMK MCKYCCTBEHHOIO JUIMOJBHOIO JbJa Ha
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Monre-Kapno Metoa. MeTton OoCHOBaH Ha CoYe€TaHUU CJIydyallHOro BbiOOpa Habopa CIIMHOB
(kmacrepa) metomoM MonTe-Kapio ¢ moaHbIM IepeOboOpoM BCEX COCTOSHHUU BBIICICHHOIO
Kiactepa. Meron pabotaeT TOJNBKO st Mojaeleit M3uHra ¢ orpaHu4YeHHBIM paguycoM
B3aumMoeiicTBus. Kpome Toro, MeToa mo3BoJisieT MPUBECTU CIIMHOBBIE CUCTEMbI K OCHOBHOMY
COCTOSIHUIO TIPU HU3KOU TemmepaType.
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Introduction

To calculate the properties of a system of interacting magnetic moments (spins) at a given
temperature in thermodynamic equilibrium, it is necessary to determine the partition function,
i.e., it is necessary to obtain information about all possible states (configurations). However, in
practice, exact calculation of the partition function is possible only in very rare cases. Finding the
properties of a full set of events is an important computational problem. Attempts are currently
underway to solve this fundamental problem using Monte Carlo algorithms, a combination of
Monte Carlo methods and machine learning.

One such method is the Metropolis—Hastings algorithm, which was proposed in 1953 [1]. The
Metropolis—Hastings algorithm is one of the most important algorithms that have been developed
in the last century [2]. This approach remains to this day one of the most popular not only in
statistical mechanics, but also in an extremely wide field of diverse sciences.

Indeed, the Metropolis algorithm has fundamental importance, but the one-spin approach is
unfortunately insufficient at low temperatures. This phenomenon is called the ‘critical slowing
down’ [3, 4].

Therefore, efforts are made to develop new approaches. For example, Melko et al. introduced
loop flips into the Metropolis algorithm, performing simulations of a spin-ice model at low
temperatures [3, 5]. There are combinations of the conventional Metropolis method with single
spin rotations and replica exchange method [6, 7], and with the over-relaxation method, with
the replica-exchange method [8]. There are Monte Carlo simulations combined with finite-size
scaling [9].

In this paper, we applied the hybrid Monte Carlo method of our own design [10, 11], in
which, instead of a single spin-flip, we use a complete enumeration of 2 states of N_ spins
(moments) within a small cluster that interact with a configuration of ‘frozen boundary’ of N,
spins or moments. The basic idea of our approach is to search for the thermodynamic equilibrium
of subsystems of relatively small size at finite temperature at almost adiabatic process. Naturally,
equilibrium is achieved significantly faster in small subsystems than in the entire system. If
all subsystems with the same local Hamiltonian are physically and statistically equivalent, the
statistical thermodynamic characteristics of one subsystem (replica) can be calculated only once
to be used to calculate the thermodynamic averages.

Hexagonal Dipolar Spin Ice, Nearest Neighbors Model

‘Artificial spin ice’ (ASI) is not just an artificial analog of natural spin ice, which is to say,
geometrically frustrated magnetic pyrochlores that imitate the ordering of the spins of water
protons, but a convenient framework for developing and testing theoretical models of many
interacting bodies and new statistical methods, as well as verifying their accuracy.

We use Ising-like point dipoles located on the edges of a two-dimensional hexagonal lattice

© Makaposa K. B., Makapos A. I'., Hedenes K. B., 2022. Uznarens: Cankr-IleTepOyprckuii MoJIMTeXHUUECKNT YHUBEPCUTET
Iletpa Benuxkoro.
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with periodic boundary conditions. The magnetic moment of the dipole i is defined as m; and
is directed along the edges (see [10, 11] for details). An example of a dipole hexagonal lattice is
shown in Fig. 1, a.

For the operation of the hybrid Monte Carlo method, we limited the radius of the dipole-
dipole interaction to three coordination spheres according to the results [12]. To calculate the
energy, it is necessary to determine the neighbors for each dipole. Each cluster dipole has 14
nearest neighbors (see Fig. 1, b). Since the boundary conditions are periodic, all elements in the
system have the same number of neighbors.

For the method to work correctly, it is necessary to determine the clusters and boundaries of
each hexagon. A hexagon is taken as a cluster, and the nearest neighbors of the hexagon dipoles
are the boundary that interacts with the cluster and separates it from all other dipoles. The cluster
is shown by red arrows in Fig. 1, a and consists of six dipoles. The cluster boundary is shown by
blue arrows and consists of 24 nearest neighboring dipoles. In total, the cluster and the boundary
block contain 30 dipoles, whose states can be easily enumerated by complete enumeration. This
block will be subsequently used for sampling.
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Fig. 1. Example of hexagonal lattice with Ising-like point dipoles (spins): cluster spins are marked in

red (small circle) and border spins in blue color (large circle), which are used as subsystems in the

hybrid Monte Carlo method (a); cluster spin and interacting dipole-dipole neighbors up to the third
coordination sphere (b)

The energy of the dipole-dipole interaction between dipoles is defined as
E=Da’)’

i<j |]/;j|

(mm ) (ﬁalsz(F T ) ’ n

where D = p, /a3 is the dipole coupling constant, a = \/_ / 2 is the lattice parameter (Fig. 1, a) and
r is the radius vector between dipoles i and j Wlth magnetic moments 7, and m, respectwely

For systems with different numbers N of spins, we calculated the spemﬁc heat capa01ty (7
per spin depending on temperature

E*N—(EY
C(T)ziw#, )
N kT
where (E) is the average thermodynamic quantity, k, is the Boltzmann coefficient, T is the
temperature.
Hexagonal Dipolar Ice Thermodynamics and Ground State

Using our method, we obtained the specific heat (Fig. 2) for the hexagonal spin ice consisting
of different numbers of spins; the data are presented in relative units.

The temperature behavior of the heat capacity has two peaks. An increase in one of the heat
capacity peaks with an increase in the size of the system may indicate the presence of a phase
transition. In addition, there is no low-temperature peak in the temperature behavior of heat
capacity in the model of Ising-like point dipoles on a hexagonal lattice. The low temperature pick
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Fig. 2. Temperature behavior of specific heat for different numbers of spins on the hexagonal lattice,
calculated by the hybrid Monte Carlo method

was discussed in [13, 14]. The presence of a peak is usually associated with a phase transition to
a low-energy phase. The low-temperature transition to long-range order, which is discussed in
[15], is absent in the nearest-environment model. Thus, the phase transition to an ordered phase
in artificial macrospin ice materials is associated with the long-range nature of dipole interaction,
which lifts the macroscopic degeneracy of the ground state.

Developing an algorithm to search for ground state is a fundamental problem. The multispin
cluster Monte Carlo method allows to search for configurations of low-energy states. Fig. 2 from
[16] shows an example of one of the ground state candidates for the hexagonal lattice of Ising-like
dipoles obtained by our method.

Cairo Dipolar Ice, Nearest Neighbors Model

The Cairo lattice with periodic boundary conditions is shown in Fig 3, a. The lattice parameters
were a = 472 nm, b = 344 nm, and ¢ = 376 nm. The interaction radius and nearest neighbors of
one of the dipoles of the cluster are shown in Fig. 3, . To implement the hybrid multispin Monte
Carlo method, five dipoles are taken as a cluster, and their nearest neighbors form a boundary

(Fig. 3, 0). 4 5 ,
=N AN X
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Fig. 3. Example of Cairo lattice with Ising-like point dipoles (spins): relevant parameters a, b, and ¢

(a); the cluster spin and interacting dipole—dipole neighbors (b); cluster spins are marked in red (small

circle) and border spins in blue (large rectangle), which are used as subsystems in the hybrid Monte
Carlo method (c)

The energy of the dipole-dipole interaction in the Cairo lattice was calculated using Eq. (1).

Thermodynamics Cairo Dipolar Ice and Ground State

Calculating thermodynamic averages allowed calculating the temperature dependence of the
specific heat capacity for the pentagonal Cairo lattice as a function of the given number of
dipoles. The size of the cluster with the boundary had 29 dipoles. The lattice parameters were
a =472 nm, b = 344 nm, and ¢ = 376 nm

As can be seen from Fig. 4, with an increase in the number of dipoles on Cairo lattice, there
is no increase in the height of the heat capacity peak in models with a limited interaction radius.
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The absence of size effects in the temperature behavior of the heat capacity is observed. The heat
capacity peak height is the same for all studied systems with the number of particles N = 80, 500
and 980, in the nearest neighbors model.
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Fig. 4. Temperature behavior of specific heat of Cairo dipolar ice, calculated by hybrid Monte Carlo
method

It should be noted that a model and, specifically, the interaction radius should be selected very
carefully, since it is known that depending on the value of the interaction radius of Ising dipoles,
the same model can lead to existence of several heat capacity peaks. For a limited interaction
radius in the model of nearest neighbors, only one heat capacity peak is observed. Moreover, we
calculated the ground state of the Cairo lattice of dipoles N = 80 dipoles (see [10], Fig. 8).

Conclusion

The hybrid multispin Monte Carlo method allows increasing the size of counting systems and
to expand the amount of calculated statistical-thermodynamic parameters while preserving the
accuracy and performance at the same level. Furthermore, the method allows to calculate the
temperature dependence of thermodynamic quantities such as heat capacity and others, and in
some cases solve the fundamental problem of searching for configurations of low-energy states or
even ground states at 7' — 0. It can be easily generalized to spin lattices of arbitrary dimensions,
arbitrary Hamiltonian, arbitrary dilution, and external field.
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IIPU TIOMBITKE pacyeTa Takux cucteM. OCHOBHBIM OOBEKTOM MCCIICAOBAHUS B JaHHOU padoTe
SABJISIETCS ABYMEpHasi MoJeab DaBapiaca-AHAEepcOHa Ha KBaapaTHON pelieTke. B paborte
MNpelIoKeH ONTUMU3UPOBAHHBIN rHOpUAHBIM MeTon MoHTe-Kapio misg pacuyera 3HaueHUI
TePMOIMHAMMYECKUX CPEIHUX U SHEPTUH OCHOBHOTO COCTOSIHUSI MOIEIU (PyCTPUPOBAHHOIO
CIUHOBOTO CTeKja. JJOCTOBEpHOCTh PE3yJbTaTOB MOATBEPKIAAETCS CPABHEHUEM C YHUCJICHHBIM
MOIEJIMPOBAHUEM C TIOMOIIBIO MapaJiIeILHOTO OTXuUTa MeTogoM MoHTe-Kapiro, arropurMoM
MOJHOro nepedbopa M HaAEKHbIM AJITOPUTMOM MAILLIMHHOTO 00y4YeHuUs1 - HelipoHHOU cetu RBM.
IIpennoxeHHBIN aaropuTM 00JamaeT PsSAOM MPEUMYIIECTB: BO3MOXHOCTh IMapajulen3aluu
aJropuT™Ma Uil YCKOPEHMSI MOIEIMPOBAaHUSI, TOYHOCTb PAcyeTOB M HU3KOE IOTpebJieHHue
pPEeCypcoB, 4YTO IIO3BOJISIET PACCUUMTHIBATh PEILIETKUM OTHOCUTEJbHO OOJBIIOro pa3Mepa.
JaHHBI aITOPUTM MOXKET OBITH TIPMMEHEH JUIST pacyeTa PelIeTOK C Pa3JIMYHON reoMeTpuei
U pa3MepaMu.

KmoueBbie cioBa: Monenb DaBapaca-AHAepcoHa, aaroput™ MonTte-Kapio, ocHOBHOe
cocrosiHue, hpycTpaunu

®uHancupoBanue: McciemoBaHue THUOPUIHOTO alropuT™Ma M pas3paboTKa aaropuTMma
YUCJIEHHOTO pacyeTa B 1IeJIOM MPOBOAWINCH MpU (prUHAHCOBOM noaiepxkKe rpaHTta [IpesumeHTa
Poccuiickoit ®enepanimyd A TrocyJapcTBEHHON TMOMACPKKM BENyIIMX HAyYHbIX IIIKOJ
Poccuiickoit @enepaumu (HII-2559.2022.1.2). Pa3paboTka KOMITBIOTEPHOI IPOrpaMMbl 1
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(Ne 0657-2020-0005).
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Introduction

Nowadays, frustrated spin systems, such as spin glasses and ices, are actively studied in modern
condensed matter physics [1—3]. In such models, frustrations arise due to the special lattice
topology or the competition of exchange interactions, which leads to the search for new magnetic
ground states and unique effects that can arise.

Spin glasses are disordered magnetics, which are characterized by two unique properties that
greatly distinguish these systems from others: in such systems there is strong competition between
ferromagnetic and antiferromagnetic interactions, i.e., frustrations, and disorder, which is freezing
(or solidifying) of atoms in different locations during alloy formation. Many processes occurring in
spin glasses cannot be described within the framework of the classical theory of phase transitions
and require some new non-standard approaches.

The process of reaching the ground states and studying the thermodynamic properties even in
the simplest model, the Ising model, is associated with serious difficulties in theoretical analysis
and numerical calculations. This problem is much more complicated than it seems at first sight.
Creating an efficient algorithm for finding the ground states is one of the main challenges in the
theory of frustrated magnetism.

The classical Monte Carlo algorithm and its many optimizations have their drawbacks. Single-
spin sampling methods near critical points drastically lose in efficiency, the so-called ‘critical
slowdown’ occurs. In addition, at very low temperatures, only a small fraction of spins makes a
flip. The motion of the system in phase space is very slow, so the system requires generation of
a very large number of states to move to an equilibrium state. In turn, the use of multicanonical
methods has difficulties in calculating the thermodynamics of systems with a relatively large
number of spins.

To solve the problem of searching for thermodynamics of frustrated models of many interacting
bodies, as well as to search for ground state configurations, a new hybrid multispin method is
applied, which is a logical continuation of the Metropolis algorithm.

© Pwibun A. E., Kanuran 1. 0., Hedenes K. B., Maxkapos A. I'., Kanutan B. 0., 2022. U3nartens: Cankr-IletepOyprckuit
rnosMtexHuueckuit ynusepcuret [lerpa Benukoro.

83



4St. Petersburg Polytechnic University Journal. Physics and Mathematics. 2022 Vol. 15, No. 3.1

Edwards-Anderson model

The main object of research in this paper is two-dimensional Edwards-Anderson model on
a square lattice (see Fig. 1). Edwards and Anderson proposed in [4] to change the distribution
function of the exchange interaction to a more complex one, where the exchange integral J is a
random function and the average value of J is equal to zero. In such systems, half of the spms has
ferromagnetic interaction with its nearest nelghbors and the other part is antiferromagnetic one.

The interaction J between the spin pair (ij) changes during the transition from one pair to
another. The Hamiltonian is then expressed as:

=288, LS, )

S, S are the spins in lattice, (i,j) denotes summation over pairs of interacting spins in a system
with the size N, h is the external magnetic field. Edwards and Anderson suggested in [4] that each
J distributed independently according to the probability distribution P(J ). In this work, we have
used the bimodal distribution, i.e., the amount of positive and negative bond values is equal

The average energy of the spin glass model at temperature T is calculated by Eq. (2) and the
average magnetization by Eq. (3).

E(T)= (), @

1
_ AN 3
N<ZS’>T (3)

Based on these two main characteristics, we can calculate the various thermodynamic properties,
such as magnetic susceptibility (4) and specific heat (5)

()=l

1
W)= )
1 (EXN—(EY
c( )=p—< ZT< L 5)

In this study, we investigated models on the square lattice with different number of spins, such
as N=6x6, 10x10, 20x20, 30x30.

Parallel Hybrid Monte-Carlo Algorithm:

Initially, the hybrid algorithm was proposed for field theory studies on a lattice with fermionic
degrees of freedom [5]. Subsequently, this algorithm was transferred and adapted for various
problems [6, 7]. More recently, we proposed an approach for studying the temperature behavior
of the frustration parameter in a geometrically frustrated hexagonal lattice [8]. It is based on
combining the canonical and multicanonical sampling of the Gibbs distribution.

However, after comparing the results of the algorithm with the complete enumeration method,
it turned out that as the size of the systems increased, the algorithm did not arrive at the ground
state. For this reason, the algorithm was optimized and reduced to the form presented below.

e — random spins and bonds initialization

e — for all threads do

0 — choosing random spin in the system
if cluster borders are not crossing then
m — copy cluster spin array to private memory
m — for 2*N_steps do
e — for every spin in the cluster do
o — current spin value = ((counter >> 2*Nc —1) & 1)
o — if new energy<previous energy then
m — save current configuration as minimal configuration
o —collect spin values in main system array
e — ground state and thermodynamics calculation.
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Results and Discussion

To demonstrate the work of the algorithm, we compare its accuracy with different methods
[9—11], such as complete enumeration algorithm, ML approach using RBM, see Table 1.
Algorithms were tested on a square lattice of the two-dimensional Edwards-Anderson model,
with number of spins N = 6x6, 10x10, 20%20, 30%30. As can be seen from the table, proposed
hybrid Monte Carlo algorithm demonstrates the same accuracy as the complete enumeration
algorithm, but, unlike the latter, it is much less resource-intensive, which allows us to calculate
larger systems.

Comparison of results obtained by different computational approaches fable
System size min
CE HM RBM
6x6 -1.30 -1.30 -1.30
10x 10 - —1.40 -1.40
20x 20 - -1.38 -1.38
30 x 30 - -1.34 -1.34

In contrast to the other algorithms presented in Table 1, the hybrid Monte Carlo algorithm
can be used to study other important properties of the system, such as the dependence of
the staggered magnetization and the system degeneracy multiplicity on the external magnetic
field. It also allows the calculation of basic thermodynamic quantities such as heat capacity
and magnetic susceptibility. A comparative graph of the dependence of heat capacity on
temperature is shown in Fig. 1. We checked the accuracy of the proposed algorithm by
comparing it with the parallel tempering (PT) method, which has proved [12—14] to be

excellent for such problems.
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Fig. 1. Dependence of heat capacity on temperatu}e according to Edwards-Anderson with N = 20x20,
obtained by Hybrid Monte Carlo (HMC) and Parallel Tempering (PT) algorithms

Based on the values obtained, we can conclude that the optimized hybrid Monte Carlo
algorithm is well adapted to searching for the main states of complex lattices, as well as to the
calculation of the main thermodynamic characteristics.

Conclusion

In this work, we proposed and implemented an optimization of a hybrid Monte Carlo
algorithm. Using this method, various important characteristics on spin glass lattices with different
numbers of spins were obtained, such as: energy of ground states, dependence of heat capacity
and susceptibility on temperature. The validity of the obtained results was validated using well-
proven algorithms. Due to its accuracy and versatility, this algorithm can be used to study systems
with a large number of spins and different lattice geometries.
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Annotanus. B HacTosiee BpeMsi METOIbI IJTyOOKOTo 0OOYUYEeHMST MCTOJIb3YIOTCS B Pa3IUUHbIX
Hay4HbIX obyiacTsix. B naHHo# paboTe nprMeHeH1e CBEPTOUYHOI HEMPOHHOM CETH PaCCMOTPEHO
B paMKax 3aJad CTaTUCTUYECKONW (DM3WMKM M KOMIBIOTEPHOTO MOICIMPOBAHUS MaTHUTHBIX
wieHoK. B pamkax mepBoit 3amaun CNN wucmnonb3oBajiach Uil OMpPEAeseHUs] KPUTUUECKOU
toukn Kiopu mna momenu WM3umHra Ha aByMepHO# KBaapaTHO# peuuetke. IlomaydeHHBIe
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pe3yJbTaThl CPABHUBAIUCH C KJaccuueckuM metonoM MonTe-Kapio u TOUHBIM pelleHueM.
PaccMoOTpeHBI CUCTEMBI C pa3IMYHBIMU pa3MepaMU PelIeTKU U BIUSHUE pa3MepHOTo 3¢ deKkTa
Ha TOYHOCTh pe3yabTaTOB. TakxKe aBTOPHI PACCMOTPENIM KJIACCUYECKYIO ABYMEPHYIO MOJIEIb
leiizeHbepra, CIMHOBYIO CUCTEMY C MPSIMBIM KOPOTKOIEUCTBYIOIIUM OOMEHOM, U U3YUUIIU €€
KOHKYPEHIIMIO ¢ B3aumoeiicTeuem JI3smommHackoro-Mopus. HelipoHHas ceTh IpuMeHsIach
st pacnio3HaBaHus CrimpanbsHoi (Sp), CrnupanbHo-ckupMuoHHoit (SpSk), CkupMuoHHOM
(Sk), Ckupmuon-deppoMmaruutHoii (SkF) u ®eppomaruutHoit (FM) ¢a3 crnuHOBOI CUCTEMbI
TeiizeHOepra ¢ MarHUTHBIMU CKUPMUOHAMMU.

KmoueBbie ciioBa: CBepTouHast HEMpOHHasI CETh, alTOPUTM MeTporionnca, Mmosesb M3uHra,
Mojaenb ['eiizeHOepra, MAarHUTHBIA CKUPMUOH

®unancupoBanne: Pabora BblloJHeHa Ipu mnomadepxke rpaHta PH® Ne 21-72-00058
“BBICOKOITPON3BOAUTEIbHBIC MHTCJUIEKTYaIbHBIC MMOIXOIBI K M3YUYCHUIO CIIOKHBIX MATHUTHBIX
cucTeM”.
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CcIMHOBBIX Mofeneit // Hayuno-texnnueckue Benomoctu CIT6I'TIY. dusnko-maTeMaTuyeckue
Hayku. 2022. T. 15. Ne 3.1. C. 87—92. DOI: https://doi.org/10.18721/ JPM.153.115
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Introduction

In the fundamental scientific works [1, 2], as well as in modern ones [3-6], much attention is
paid to lattice structures. The interactions between spins in the lattice sites can lead to collective
behavior and macroscopic effects, for example, as widely known as ferromagnetism or anti-
ferromagnetism. Also, recently, structures that have no analogues in natural materials have been
actively investigated. This is the reason for the use of supercomputer modelling to study such
artificial structures and theoretically predict their properties. Because of supercomputers, it possible
to use new classes of algorithms and operate with large and super-large amounts of data to carry
out numerical experiments. Numerical methods and computer simulation on a supercomputer
are of paramount importance in statistical and mathematical physics, nanophysics, and statistical
thermodynamics since supercomputers significantly speed up the solution of various scientific
problems [7]. And thanks to the development of machine learning (ML), the software tools for
conducting numerical experiments have significantly expanded recently, but scientists are just
beginning to reveal the full potential of introducing machine learning methods into their research
[8-10].

In our paper, we discussed the applying of CNN in frame of two problems from statistical
physics and computer simulation of magnetic films. The first problem is about determination of
critical Curie point for Ising model. And the second one is the recognition of different phases of
the Heisenberg spin system with magnetic skyrmions.

Research problems and methods

In our work, it was demonstrated that modern machine learning methods can provide new
approaches to the study of physical systems within the frame of statistical physics models. For
this, the TensorFlow library was used to create a convolutional neural network [11]. In this study,
the Metropolis algorithm for Monte Carlo simulation was applied to generate input data for the
neural network, and then compared with the results obtained after training the convolutional
neural network. We considered two mathematical models of statistical physics: the Ising model
with direct exchange and the Heisenberg one with the Dzyaloshinskii-Moriya [12,13] interaction
and skyrmions in a system, see more details [7,14]. All values in the work are given in dimensionless
values.

© Ilepxy A. B., BacunweB E. B., Kopons A. O., Kanuran 1. 1O., Peioun A. E., Kanurtan B. 0., 2022. Uznarens: CaHKT-
[MeTepOyprckuii moauTeXHMYeCKUii yHuBepcuteT [letpa Bemmkoro.
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A convolutional neural network

We used configurations of spin systems obtained at different simulation parameters for the
training and subsequent classification of them in a neural network. To date, the most accurate
analysis results are demonstrated by neural networks based on convolutional architecture. We
used the TensorFlow library to create a convolutional neural network and to classify our spin
systems to different phases.

In our research, we have reduced the problem of determining the phases of spin systems to
the problem of image classification - in fact, to the main problem area in which neural networks
are used. For recognizing images, CNN accepts them in the RGB format as a three-dimensional
matrix. In our case, the convolutional neural network received as input a three-dimensional array
representing the components of a spin.

Following this, the convolutional neural network learned, using the training dataset, to highlight
the features inherent in one or another spin configuration. Our CNN consists of next layers (main
ones), see Figure 1:

—— —T T ——T —T —
Fig. 1. Architecture of the convolutional neural network

1. Input layer

Input data (configurations of spins), each of the neurons (spins) of which is assigned an
initial random weight. The components of a three-dimensional vector were fed to the network
input (i.e., the components of Heisenberg spin). The dataset was prepared using Monte Carlo
simulation data for training the neural network in state recognition.

2. Convolutional layer with 3x3 filter

When neurons are connected to only a few neurons in the next layer, the layer is said to be
convolutional. The convolutional layer acts as a filter that discards the least informative parts of
the input data. Each layer has filters (i.e., matrices with weight values). When the filter moves
along the matrix of the previous layer, each filter element is multiplied by the value of the neuron,
and the values are summed up and written to the feature map.

3. Pooling layer for reducing the dimensions of the data.

4. Fully connected layer

Fully connected layers are used for classification. All layers before the fully connected layer
are used to highlight various features that are fed to the input of the classifier. This layer can
also be used as the final (output) CNN layer, the result of which is the probability of the input
configuration of spins belonging to a certain class.

Results and Discussion
Determination of the second order transition of the Ising model

Different sets of input data of the neural network obtained with different parameters of the
Metropolis algorithm for systems of 10x10 and 20%20 Ising spins were used. The obtained data
will be used to select the optimal simulation parameters, which will be further used in the study
of more complex spin systems. A comparative analysis is carried out with the results of MC
modelling and the exact solution of Onsager.
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At the first stage, the network was trained on spin configurations obtained during on MC
simulation with the following parameters: system size: 10x10, 7= 0.1 ... 5.0 with a step of 0.01,
the number of MC steps for preliminary equilibration of the system: 10000, the number of MC
steps for calculating thermodynamic averages in the Metropolis algorithm: 10000, the sample size
of configurations for training the network: 50 per one step in temperature, the results are shown
in Fig. 2. In Fig. 2, the result of applying a convolutional neural network to the calculation of
the critical point 7 was presented in comparison with Onsager's exact solution and the result of
MC simulation.
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Fig. 2. Results of T calculations by various methods

The effect of system size on the accuracy of the obtained results was tested on the system with
20%20 spins. These values were generally similar to the ones given above. It should be noted
that an increase of the system size had a positive effect on the results of MC modelling in the
calculations of 7: T =2.29, due to a decrease of the influence of the size effect, while the increase
in the system size did not significantly affect the results of the neural network operation. The
accuracy of the predicted value of the critical temperature, in comparison with the case described
above, on average did not change, and in some numerical experiments it even worsened, because
network training is based on a probabilistic approach.

The recognition of different phases of the Heisenberg
spin system with magnetic skyrmions

Our second way of using the CCN was a data analysis of a study of different phases that
appeared depending on the magnitude of the external magnetic field and temperature 7 at fixed
Dzyaloshinskii-Moriya interaction D, see Fig. 3. The diagram in Fig. 3 shows that in the low
temperature zone we have ordered phases. Thus, the ground state is the spiral phase, which is
observed in the field range 0 — 0.3; with a further increase in the magnetic field, the spiral phase
passes into the skyrmion phase, after which a further transition from one phase to another is
observed, up to the temperature range 7' > 0.5, where the system goes into a paramagnetic state.
Skyrmions are thermally stable in a fairly wide temperature range, with an external magnetic
field H_from 0.8 to 1.5. The convolutional neural network was used to analyze the data obtained
from the Monte Carlo simulations for the recognition of the different phases of the spin system,
dependent on the simulation parameters.

One of the conventional methods is to compute the skyrmion number, which is evaluated to
keep track of the skyrmion creation process. However, it does not indicate the mixed states of
the spin systems very well, depending on the simulation parameters, e.g. a spiral-skyrmion phase,
therefore, we use the convolutional neural network in our work.

In a magnetic film, with an increase of the magnetic field strength and temperature, various
phases were observed for the flat Heisenberg spin systems: Spiral (S), Labyrinths (L) Spiral-
skyrmion (SS) Skyrmion (Sk), Skyrmion-Ferromagnetic (SkF), Ferromagnetic (F), Paramagnetic
(P) phases, see Fig. 3. In Skyrmion phase, due to the alignment of the stripes against the magnetic
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Fig. 3. Phase diagram (7, H) at D = 1.3

field, stable skyrmions are formed in the system. In these skyrmions, the spins of the nucleus are
directed against the magnetic field. In this study, skyrmions of the Bloch type were formed.

Conclusion

The paper considered the application of convolutional neural networks to determine the critical
temperature of a second-order phase transition in comparison with performed MC simulations
and known solutions. As it was shown above CNN could be successfully used to such problems by
reducing them to the problem of classifying spin states at different temperatures. The dependence
on the number of Monte Carlo steps and the sample size for the accuracy of training the network
and its subsequent application is shown in comparison with the Metropolis algorithm. Systems
of various sizes and the influence of the size effect on the accuracy of the results are considered.

The authors also noted the feature of the results obtained using neural networks to determine
T: if the calculation is performed using the Metropolis algorithm, then always T ME > 77 In
turn in the calculations carried out using convolutional neural networks 7, W T'7". The reasons
for thlS behaviour are the subject of future research, during which it is planned to apply neural
networks for studying more complex models and lattices.

Also, in the frame of the classical two-dimensional Heisenberg model, a spin system with direct
short-range exchange was modelled, and a study of its competition with the Dzyaloshinskii-Moriya
interaction was carried out. Due to the direct exchange interaction, the neighbouring spins of the
system are collinearly aligned, and, in turn, the Dzyaloshinskii-Moriya interaction contributes
to the deviation of the spins from parallel orientation. As a result, competition results between
collinear and noncollinear alignments of spins, which leads to the transition of the system of spins
from a ferromagnetic to a spiral ground state. In the presence of an external magnetic field, stable
topological structures, i.e., magnetic skyrmions, are generated in such systems.

One of the most effective and popular approaches in statistical physics is Monte Carlo
simulation, which consists of a stochastic sample over the state space and an estimate of physical
quantities. Monte Carlo methods are not only actively used to study various physical systems, but
also continue to actively develop and improve due to the development of supercomputers. The
ability of modern machine learning algorithms to classify, identify and interpret large data sets
and, on their basis, to predict new properties and states of the systems under study provides an
additional paradigm to the above approach for processing the exponentially increasing number of
analyzed states in statistical physics.
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u 6e3 Hee. HabmiomaeTcsa ObICTpOe IOBBIIIEHUE TEMIIEPaTyphl ¢ MaKCUMAaJbHBIM 3HAUCHHEM
95 — 100°C B ciayyae TpaBieHHUs 0e3 TepMocTabuiam3anuu. auTenbHOe BpeMs TpaBJICHMUS
90 MuUHYT M Temmepatypa pacTBopeHMs1 Bbillie 50°C oKa3blBalOT HEraTUBHOE BJIMSHUE Ha
(opMupoBaHUEe MOPUCTHIX YACTUIL, YTO IPUBOIUT K UX ITOJHOMY pacTBopeHU0. Habmomaercs
MEIUICHHBIN POCT TeMIIepaTyphl IJIS BCeX HaAYaJbHBIX TeMIIepaTyp B cilydae TpaBJICHUS C
TepMocTabunu3anueil. [lokazaHo MOTOXUTENbHOE BIMSHUE TEPMOCTAOUIN3AIIMU B TIPOIIEcce
TpaBJieHUsI Ha TOJIUMHY CTEHOK IIOp, CHMXKAIOlllee HEKOHTPOJIUPYEMO PACTYILYI0 CKOPOCTb
TpaBJIeHUsI KPEMHUsI, U KaK CJIEICTBUE, IIEPETPaB KPEMHMUSI.
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Introduction

Increasing energy demand caused by technological advancement results in high consumption
of non-renewable natural resources, in particular, natural gas. Depletion of these resources is
one of the most significant global issues today. At present, hydrogen fuel cells are one of the
most promising resources and energy-saving technologies. Their benefits include low emissions,
high efficiency, portability, and silent operation [1]. One possible implementation is generating
electricity by means of alcohol oxidation directly in a fuel cell [2, 3]. Recent scientific research
results on alternative fuels have highlighted a growing interest in using porous silicon for
miniaturized fuel cells and energy generators [4—6]. Potential benefits of using porous silicon for
this purpose include several factors; in particular, high specific surface area and surface chemical
reactivity, the possibility of modifying the surface morphology of the porous layers at the nano-
and micro levels [7, 8]. In this regard, using porous Si powder allows increasing the specific
surface area due to an extensive pore network [9] and higher cost-effectiveness thanks to replacing
expensive single-crystal wafers with cheaper metallurgical Si powder.

Metal-assisted chemical etching (MACE) is a promising method for porous Si powder fabrication
[10, 11] without an external current source. Various metals have been used for studying the
MACE of Si powder [7, 12]. It has been shown that Ag [13, 14] and Fe [15] are among the most
cost-effective and efficient. The implementation of MACE to Si powders provides the increase
of pore diameter range and total porosity. Nonetheless, this results in the additional complexity
of technology caused by an increased number of process parameters needing to be monitored.
For instance, apart from the reactant concentration, etching duration, type and amount of metal,
the formation of pores will also be affected by powder particle size. Furthermore, the etching of
metallurgical-grade Si powder is accompanied by a number of difficulties, in particular, flotation,
preventing the wetting of Si and hence uniform etching. This concern can be successfully remedied
by adding an appropriate surfactant. Another general challenge consists of increasing the solution
temperature that leads to a higher etching rate [11]. This causes undesirable effects such as
overetching of small particles and underetching of large particles. Additionally, as shown earlier
[16], the etching of Si powder with Ag and Fe as a catalyst is accompanied by the formation of
silicate sediment. In order to avoid this phenomenon, we proposed using the Pd catalyst [17].

© BonosmukoBa O. B., Cumakos I'. O., laBpunos C. A., Jlazopkuna E. H., 2022. W3parens: Caukrt-IleTepOyprckuit
rnosMtexHuueckuit ynusepcuret [lerpa Benukoro.

94



4 Atom physics and physics of clusters and nanostructures

This study aims to adapt the Pd-assisted chemical etching for the metallurgical-grade Si powder
so as to control the surface area and porous volume of the porous powder using different process
duration and solution temperature; thereby decreasing the flotation and overetching effect using
thermal stabilization of the solution during the etching.

Materials and Methods

Porous layers were formed at the surface of metallurgical-grade polycrystalline Si powder
(Fig. 1, a) by Pd-assisted chemical etching. Mean particle diameter is 0.2 — 5 um. Si powder
was treated in a mixture of 0.5 g/L PdCl, and 0.65 M HCI1 aqueous solutions for 30 min at
25 °C. Constant stirring was used to provide the uniform distribution of Pd particles on the
surface of Si powder (Fig. 1, b). Etching of Si/Pd powder was carried out in a mixture of 40 %
aqueous HF solution, 30 % aqueous H O, solution, and deionized water in a volume ratio of
25:10:4 25°C, 50°C, and 75°C both w1th and w1th0ut thermal stabilization. Etching duration
was 30 — 120 minutes. For thermal stabilization, a liquid thermostat was used with water as a
heat carrying medium and a Teflon cell provided with a ventilated lid. The solution temperature
was controlled using an external k-type thermocouple, covered with varnish for HF protection.
Finally, the powders were rinsed with a mixture of deionized water and ethanol, centrifuged
(MPW-351, Advanced Worldwide Technologies, Russia) and dried in room air for 24 hours.

The surface morphology of porous Si powder was analyzed using a scanning electron
microscope (SEM; HeliosNanoLab 650, FEI Company, USA). Raman spectroscopy
(LabRAM HR UV-VIS-NIR Raman Microscope, Horiba Scientific, Japan) was used to
characterize porous silicon structures. The surface area and pore size of the porous structure
formed by etching were measured using N, adsorption-desorption isotherms on a Quantachrome
Nova 3200e adsorption analyzer (Quantachrome Instruments, USA). Prior to measurements being
taken, the porous Si samples were degassed at 300 °C for 3 hours to minimize contamination
and water in the pores. Then, nitrogen adsorption and desorption isotherms were measured at
77 K. The specific surface area was calculated using BET (Brunauer-Emmett-Teller) method. The
relative pressure interval was from 0.05 to 0.25. The BJH (Barrett-Joyner-Halenda) method was
used for the calculation of the mesopore size distribution using the Kelvin model of pore filling
[18, 19].

Results and discussions

Figure 1, ¢ shows the micrographs of Si powder after 120 min etching in HF/H,0,/H,O at
25 °C.

As a result of the SEM studies carried out, it has been observed that porous silicon powders
contain mesopores. Figure 2 shows the nitrogen adsorption/desorption isotherms at 77 K of the Si
powder before etching and after etching at 25 °C, 50 °C and 75 °C throughout 30 — 90 minutes.
The presence of mesopores is confirmed by a capillary-condensation hysteresis on the isotherms.

The specific surface area of the Si powder determined by the Brunauer-Emmett-Teller (BET)
method was found to be 4.7 m?g™' for initial powder, 5.4 — 19.7 m?g~' for samples etched for
25°C, 6 — 25.9 m*>-g~! for samples etched for 50 °C, and 4.67 — 13.6 m*g~"' for samples etched for
75 °C. The total volume of the Si powder determined by the Barrett-Joyner-Halenda (BJH)

b) 9]

Fig. 1. SEM images of Si powder (a), Pd nanoparticles on silicon powder (b),
porous silicon powder after 120 min etching (c)
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Fig. 2. Isotherms of N, adsorption-desorption at 77 K for Si powders before etching (a) and after
etching for 30 (b), 60 (¢) and 90 min (d)

method was found to be 17 cc-g™! for initial powder, 43 — 196 cc-g~' for samples etched for 25
°C, 18 — 45 cc-g™! for samples etched for 50 °C, and 19 — 60 cc-g' for samples etched for 75 °C.
The pore size distribution plots obtained by the BJH method are shown in Fig. 3.

According to the data presented, all samples contain mesopores with diameters in the

)
~

b)

Fig. 3. Pore size distributions for Si powders before etching (a), after etching during 30 (b), 60 (¢)
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range of 3 — 42 nm. Etching duration and solution temperature are known to be an essential
parameter for the formation of porous materials especially when etching the powder, mainly
due to problems such as flotation and possible overetching. The metallurgical-grade Si powders
are dominated by pores with a diameter of 4 nm. Moreover, the samples after etching at 25,
50 and 75 °C are dominated by pores with a diameter of 21 — 41.67 nm, 3.65 — 31.1 nm,
and 2.41 — 31.7 nm, respectively. The surface area of the porous powder and specific pore
volume increase to a certain value with an increase in the solution temperature and etching
duration. With further etching, the porous layer dissolves. The size of the pores increased
and bond with the nearest pores with an increase in the duration of etching. Subsequently,
the quantity of the pores with a big diameter decreases and the quantity of the pores with a
small diameter increases.

Raman spectroscopy provides a swift and convenient method for the study of vibrational
and structural properties of the porous material. It is also possible to obtain the average
size of the crystals (pore walls) from the position of the phonon Raman peak [20, 21]. The
shift (Aw) increases with increasing etching time without thermal stabilization. Thus, the
maximum shift is 13.6 cm! for the etching duration of 30 min, 17.1 cm™' for 60 min, and
21.9 cm™' for 90 min at 25 °C. Increasing wavenumber shift indicates that the crystal size
decreases, and thus, pore walls become thinner. At the same time, the etching duration of
120 min induces the formation of porous Si powder with Aw = 9.6 cm™'. Fig. 4 shows the
Raman spectra of porous Si powder formed by MACE with 60 min etching duration at
25 °C, 50 °C and 75 °C without thermal stabilization.

14000 . . _.514g8zem ) 514,92 em’!
s B 509,48 cm’ iyt

- 1B’

. =TT e ot

505,85 cm”!

DDDDD 518,11 cm™

Wavenumbers, cm™

Fig. 4. Raman spectra obtained for Si powder etched in HF/H,0,/H,O with 60 min etching at 25 °C
(a), 50 °C (b), 75 °C (c¢)

The distribution of the size of powder particles is described by several spectra. Thus, the
maximum shift Ao is 17.1 cm™ for 25 °C, 9.61 cm™' for 50 °C and 27.7 cm™! for 75 °C. For pure
Si crystal and powder, a peak appears at 520.9 cm™'. We used the equation (1) to calculate the
size of the nanoparticles [22]:

Ao(D)=-4-(a/D)’, (1

where Aw(D) is the Raman shift in nanostructures with diameter D, o is the lattice constant of
silicon (0.543 nm) and 4 = 97.76 cm™!, y = 1.44 are the fit parameters that describe the phonon
confinement in nanometric spheres of diameter D.

Table 1 shows crystal size of porous silicon powder after etching with different temperatures
and durations with and without thermal stabilization. It was calculated by data of Raman spectra
by Eq. 1.

The crystal size decreases to 2 nm with increasing temperature of etching up to 50 °C and
75 °C without thermal stabilization. Silicon powder completely dissolves, irrespective of the
powder/etchant ratio at 75 °C and the etching duration of more than 90 min. According to the
results on crystal sizes obtained for the etching with thermal stabilization, crystal size at 25 °C is
slightly higher than without thermal stabilization. Crystals 5 — 6 times larger in size were detect-
ed at 50 °C. Furthermore, there is no complete dissolution of Si powder at 75 °C.
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Table

1

Crystal size of porous Si powder formed by MACE with
and without thermal stabilization at different temperatures

Etching duration

Crystal size (D), nm

Without thermal stabilization

Etching duration

(¢), min
T=25°C | T=50°C | T=75°C
30 2-7 2 2
60 2-4 2 2
90 2-3 2 full etching
120 2-5 2 full etching
Crystal size (D), nm

With thermal stabilization

(), min
T=25°C | T=50°C | T=75°C
30 6-10 2-13 2-11
60 2-6 3-10 3-8
90 2-6 2-10 2-8
120 4-13 2-6 2-4

Figure 5 shows plots of solution temperature as a function of etching duration at different
initial temperatures. A rapid solution temperature increase is observed with a maximum value of
95 — 100 °C in the case of etching without thermal stabilization. The growth rates of temperature
were found to be 16.8 °C/min, 30 °C/min, and 9.6 °C/min for initial temperatures of 25 °C, 50 °C
and 75 °C, respectively. Following this, the temperature of the solution decreases monotonously
and stabilizes at certain values. Moreover, the increase in temperature up to 90 — 100°C results in
an uncontrolled dissolution of the powder and a decrease in the sample weight.
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Fig. 5. Temperature-time dependencies for solutions during the Si powder etching process at different
initial temperatures without () and with thermal stabilization ().

Metal-assisted chemical etching, in particular Pd-assisted chemical etching, is an exothermic
process. The heating of the solution is always occurrent. The stated temperature of the etching
process varies with the surface area of Si particles accessible to the etchant. Therefore, the higher
the surface area of Si powder, the higher the etching temperature and consequently, the etching
rate. Thermal stabilization (cooling) allows the limitation of the growth rate of temperature
(Fig. 5, b), and thereby prevents overetching of powder particles. The slow temperature growth
for all initial temperatures in the case of the etching with thermal stabilization is observed. The
temperature changes were found to be from 25 °C to 41 °C, from 50 °C to 57 °C and from 70 °C
to 75 °C for initial temperatures of 25 °C, 50 °C and 75 °C, respectively.

The overetching of the porous layer is not observed due to the absence of solution overheating.
It has a positive effect on the surface morphology of the porous powder and material properties.
Therefore, the thermal stabilization should be used during the etching of the metallurgical silicon
powder in a solution containing HF/H,0,.
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Conclusions

Thus, it was shown that silicon powder etching in HF/H O, leads to form porous layer with
the specific surface area equaling 5.4 — 19.7 m2-g~' for samples etched for 25 °C, 6 — 25.9 m>-g™!
for samples etched for 50 °C, and 4.67 — 13.6 m>g~! for samples etched for 75 °C. The silicon
powder etching for 90 and 120 minutes at 7'= 50 °C and 75 °C without stabilization leads to its
complete dissolution. A rapid increase in the solution temperature is observed with a maximum
value of 95 °C (100 °C in the case of etching without thermal stabilization). The temperature
growth rates were found to be 16.8 °C/min, 30 °C/min, and 9.6 °C/min for initial temperatures
of 25° C, 50 °C and 75 °C, respectively. Using thermal stabilization changes the dissolution rate
of the powder, which leads to formation of a porous layer with a crystal size 5 — 6 times higher
than without thermal stabilization. The temperature changes were found to be from 25 °C to
41 °C, from 50 °C to 57 °C and from 70 °C to 75 °C for initial temperatures of 25 °C, 50 °C and
75 °C, respectively.
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Introduction

ZnO is a versatile semiconductor with excellent optical and electrical properties. The presence
of a relatively large band gap and binding energy, combined with high optical stability when
irradiated with charged particles, makes it promising for use in the space environment as thermal
control coatings.

However, with prolonged exposure to sunlight quanta and ionizing study, a number of radiation
defects and color centers are formed in zinc oxide grains [1—2]. This leads to degradation of
optical properties due to absorption in the ultraviolet and visible regions, as well as to an increase
in solar absorption. Therefore, it is important to investigate the effects of morphology on the
behavior of the degradation of optical properties and related radiation defects.

Nanostructured particles have a number of differences from bulk materials: an increase in the
specific surface of particles, as well as non-stoichiometry and high free surface energy, which
provides a driving force for the diffusion of defects; structural distortions caused by size determine
the stability of nanostructures; quantum limitation associated with electronic characteristics. The
balance of the above properties and the concentration of point defects determine the stability of
the optical properties under the action of ionizing radiation.

Studies of the radiation resistance and optical properties of pigments in thermal control coatings
based on the direct-gap semiconductor 1I-IV of the semiconductor group ZnO have shown that
the particle morphology plays an important role in the accumulation of radiation defects [3—4].
Therefore, we set ourselves the goal of comparing the resistance of ZnO particles with the ‘star’
and ‘flower’ form factors to the effects of low-energy protons, using both a model approach and
a direct experimental one.

Materials and Methods

All chemicals used in this experiment were of analytical grade without purification.

Star-type particleswere synthesized by the following method[5]:0.9 mmolof Zn(CH,COO0),-2H,0
was dissolved in 1 mol of deionized water under magnetic stirring, then 14 mol of NZH40H
(25% aqueous solution) was added, after which 5.5 mmol of KBH, was added, continuing mixing.
The solution was labeled in a Teflon lined autoclave. The closed autoclave was kept at 140°C for
8 hours. The autoclave was then cooled to room temperature naturally. The white product was
collected without centrifugation and washed successively several times with deionized water and
ethanol. The solution was dried in air at 60 °C without heat treatment.

To obtain flower type particles, 1 mol of deionized water and 1 mol of ethanol were mixed
with 4 mmol of Zn(CH,COO),2H,0, followed by the addition of 25 mmol of NH,HCO, and
0.8 mmol of y—methacryloxypropyftrimethoxysilane. The solution was poured into a Teflon-
coated autoclave, which was kept at 100° C for 6 hours. After cooling, the autoclave was opened,
the white product was collected and washed successively several times with deionized water and
ethanol. Finally, the thick solution was air dried at 60 °C and then heat treated at 650 °C for 3
hours.

The surface morphologies of the powders were analyzed by using a scanning electron
microscope (SEM) Helios NanoLab 600i. The specific surface area of the powder was determined
by the Brunauer—Emmet—Teller (BET) method with physical adsorption of nitrogen using an
AutoSorb 6iSA technique.

Modeling was carried out in the GEANT4 software package, the star-type target geometry is
a set of 13 cylinders 0.25 pm in diameter, crossed with each other, with a total swept diameter
of 5 um. The geometry of the flower-type target was half a sphere with a radius of 3 um with
segments of spheres included in it, forming petals with a thickness of 0.05 um. The particles under
consideration were packed into an ensemble sized 35%35x14 pum for star type particles, 36x36%9
um for flower type particles.

Irradiation was carried out relative to the normal to the target surface by a monoenergetic
proton beam with an energy of 100 keV and a fluence of 5x109 cm™2. The threshold displacement
energy for the zinc atom was chosen to be 52 ¢V, and 57 eV for the oxygen one [6].

When modeling, the processes used in the QGSP_BIG_EMY physics set were taken into

© dymuu A. H., FOpuna B. 10., Hemmmenko B. B., Jlu Y., 2022. U3natens: CankT-IletepOyprckuii moJuTeXHUUECKUI
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account, including: ionization of the medium, multiple scattering, elastic and inelastic scattering
of hadrons, bremsstrahlung, etc.

The Frenkel defect concentration calculated in GEANT4 was determined using the modified
Kinchin-Pisa formula [7]:

2.5E,

where £ is the threshold displacement energy, £, is the dissipated energy in nuclear collisions.

Samples were tested using the Space Environment Simulator, which was composed of a system
of vacuum pumps, chamber 0.06 m? in useful 