lieHa cBogopHas ugexc 80568 hittp://www.kem.usu.ru ISSN 1606-367X

Tm21 N8
2019,

Cobalt

Zirconium %@ Niobium Molybdenum

Hay4HbIi XXypHan no npobremam KOHAEeHCUPOBAHHOr0 COCTOSAHNA
N PU3NKO-XMMUYECKIAM NpoLieccam
Ha rpaHuLax pasjena ¢as 1 B ux obbeme




KOHIEHCHPOBAHHBIE CPEJIbI 1 MEX®A3HBIE 'PAHUIIbI

YYPEOUTEJINU:
OI'BOY BO «BopoHeXCKkuit rocysapCTBeH-
HBIVl YHUBEPCUTET»
OTAOY BO «benropoackuii rocygapcTBeH-
HbII HallMIOHAJIbHBINI MCCIeI0BaTeIbCKIUM
YHUBEPCUTET»

JKypHan 0CHOBaH IOKTOPOM (u3.-Mart. HayK,
JIOKTOPOM XMM. HayK, Mpod. A. M. XOBUBbIM
B 1999 r. ipu nmoaepskke IHCTUTYTA 0611€i
Y HeOpraHM4eCcKo XuMumn
um. H.C. Kypnakosa PAH

3apeructpupoBaH DenepanabHO CITYyKO0i
I10 HAZ[30pY 3a COOIIOeHEM 3aKOHO/Ia-
TeJbCTBA B cpepe MacCOBbIX KOMMYHMKAIIMIA
1 OXpaHe KyJbTypPHOTO Hac/lIenus
CBUIETEeNbCTBO PErUCTpalun
TN N2 ®dC 77-28318 ot 15.06.2007 T.

JKypHai Britou€H B [lepeueHsb Begymmx
pelieH3UpyeMbIX HayUHbBIX KypHAIOB
v usgauuii BAK, B KOTOPbIX TOJISKHBI OBITh
OMyO/IMKOBAaHbI OCHOBHBIE HAYUHbBIE PE3YIlb-
TaThI MCCEPTALINIT HA COMCKaHMe YUYeHBIX
CTeleHel TOKTOpa ¥ KaHAUIaTa HayK
I10 XMYeCKUM "1 CbI/ISI/IKO—MaTEMaTI/[‘{e-
CKMM HayKaM.
crienyanbHocTu: 02.00.01 — Heopranmuec-
Kkasg xumus, 02.00.04 — dusnyeckass Xumus,
02.00.05 - Dnexrpoxumust, 02.00.21 — Xumust
TBepnoro rena, 01.04.07 — dusuka KOHIEH-
CUPOBAHHOTO COCTOSTHMSI

Nupekcupyercs:
PUHI] (Science Index)
RSCI
Chemical Abstract

Pepakuus
394018 BopoHexk, YHUBepcuTeTCKas Iul. 1
Ten.: +7 (432) 2208445
http://www.kemf.vsu.ru
E-mail: kemf@main.vsu.ru

IaTta BbIxoga B cBeT 25.09.2019

®opmart 60x84/8. Y. neu. 1. 20,1.
Tupax 50 3x3. 3aka3 597

OTrevaTaHo C TOTOBOT'O OpUTMHAaJIa-MaKeTa
B Tunorpaduu Msgarenbckoro soma BI'Y
394018 BopoHnex, yi. [TymkmnHckas, 3

Ilena — cBoO6OgHAS
IMopanuichk 10 06beAVTHEHHOMY KaTaoTy
«ITpecca Poccum», mopmnucHoi uugekc 80568
[Tpu nepeneyaTke CChUIKA
Ha «KOHAeHCHMPOBaHHbIE CPEbI
¥ Mekda3Hble IpaHULIbI» 00sI3aTeIbHA

Martepuasibl KypHasa JOCTYITHbI
o nuineH3un Creative Commons
“Attribution” («ATpubyuusi») 4.0

© BopoHexckuit rocynapcTBeHHbIN
yHuBepcuret, 2019

Hayunbiii xxypHan

Beimmyckaetcs 4 pasa B rop,

Tom 21, N2 3, 2019
ISSN 1606-867X

IJIABHBII PEJTAKTOP
B. H. CeMeHOB, /i-p XMM. HayK, mpodeccop (BopoHesk)

3AMECTUTEJIU INTABHOI'O PEOJAKTOPA:
B. A. Keriko, 1-p xum. Hayk (MockBa)
9. 11. lomamieBcKas, i-p ¢u3.-mar. Hayk, mpodeccop (BopoHesxk)

PEJKOJIJIETUS:

H. H. AbonuH, i-p xuM. HayK, ipodeccop (BopoHesk)

A. B. BBemeHCKMit, -p XMM. Hayk, mpodeccop (BopoHexk)

E.T. ToHYapoB, Ii-p X1M. HayK, ipodeccop (BopoHex)

B. B. T'ycapos, i-p XuM. HayK, wieH-kKoppecrnoHaeHT PAH (CaHkT-IleTep6ypr)
B. E.TyrepmaH, i-p XMM. HayK, ipodeccop (PocToB-Ha-LoHY)

B. M. JapuHckuii, 1-p ¢us.-mart. Hayk, mpodeccop (BopoHesxk)

W. [1. 3apIibIH, J-p XUM. Hayk, mpodeccop (BopoHesxk)

B. I1. 310MaHOB, I-p XMM. HayK, mpoceccop (MockBa)

B. M. VeBnes, i-p hu3.-mart. Hayk, akagemuk PAH (Mocksa)

A. 1. I30TOB, -p XUM. HayK, uieH-KoppecnioHaeHT PAH (Mocksa)
A. H. JlaTbimes, 1-p ¢u3.-mMart. Hayk, mpodeccop (BopoHex)

A. 1. MapIakos, -p X1M. Hayk, mpodeccop (Mocksa)

1. 1. MUTTOBA, Ii-p XUM. HayK, ipodeccop (BopoHex)

I. @. HoBMKOB, 1-p G13. Mar. Hayk, mpodeccop (UepHOroaoBKa)

C. H. CanTbIKOB, I-p XMM. HayK (JInmenk)

B. @. CenemeHeB, Ii-p XMM. HayK, ipodeccop (BopoHex)

B. A. TepexoB, i-p Gu3.-Mart. HayK, mpodeccop (BopoHesxk)

E. A. TyToB, A-p xuM. HayK, (BopoHex)

I1. I1. ®eropoB, I-p XMM. HayK, mpodeccop (MockBa)

B. A. XoHuK, 1-p Gu3.-Mat. HayK, mpodeccop (BopoHesxk)

B. A. IllanoniHuk, i-p XMM. HayK, podeccop (BopoHesk)

A.B. fIpocnaBLes, I-p XMM. HayK, wieH-KoppecroHgeHT PAH (Mocksa)

MEXIYHAPOJHBIE YJIEHBI PENJKOJIJIETUN:

M. B. BaGaHJibl, -p XMM. HayK, 4wieH-koppecrionneHT HAHA (Baky, Asep6aiimkaH)
T. Bententie, i-p HayK (AHKOHA, UTanmus)

I1. M. BonoBuu, 1-p Hayk, mpodeccop ([Tapyk, @paHiys)

B. B. Topduukesb, 1-p Hayk (CroyHu-bpyk, CIIIA)

P. M. Mase, 1-p Hayk (Konxamyp, MHans)

HryeHn Anb TheH, KaH[. XMM. HayK, AOLEHT (XomnMuH, BbeTHam)

B. B. ITaHbKOB, I-p XMM. HayK, mpodeccop (MuHCK, benapych)

®. Illonb1, 1-p HayK, mpodeccop (IpeiidcBanb, lTepmanms)

M. Bukknenep, i-p Hayk, mpodeccop (KénbH, Tepmanms)

OTBeTCTBeHHBIN CeKpeTapb
B. A. JloraueBa, KaHz. xM. HayK (BopoHex)



CONDENSED MATTER AND INTERPHASES
(KONDENSIROVANNYE SREDY I MEZHFAZNYE GRANITSY)

FOUNDERS:
Voronezh State University
Belgorod State University

Condensed Matter and Interphases was
founded by Dr. Sci. (Phys.-Math.), Dr. Sci.
(Chem.), Prof. A. M. Khoviv (Voronezh)
under the support of the Kurnakov Insti-
tute of General and Inorganic Chemistry
RAS (Moscow) in January 1999

Registered by the Federal Service
for Supervision of Communications,
Information Technology and Mass Media
(Roskomnadzor).
Certificate of registration
I No ®C 77-28318 from 15.06.2007

The journal is included in the List
of Russian Peer-Reviewed Scientific
Journals recommended by the Higher
Attestation Commission of the Russian
Ministry of Education and Science
that publishes dissertation abstracts
submitted as partial fulfillment
of the requirements for the degrees
of Candidate and Doctor of Chemical
Sciences, Physics Sciences
(as per Russian classification
of graduate degrees)

Condensed Matter and Interphases
is indexed:
Science Index
RSCI
Chemical Abstract

Editorial Board Office:
1, Universittetskaya pl., 394018
Voronezh,

Russian Federation
Telephone: +7 (473) 2208445
http://www.kemf.vsu.ru
E-mail: kemf@main.vsu.ru

The price - free.

Date of publication 25.09.2019.
The subscription is carried out in any
post office in Russia by the General
Catalog “Russian Press”, 80568 Index

Pass-through copyright. Advertising
providers are liable for the truthfulness
of information in advertising materials.

All the materials of Condensed Matter
and Interphases are available under
Creative Commons
“Attribution” 4.0 license

© Voronezh State University, 2019

Pre-reviewed scientific journal
Issued quarterly

Volume 21, No. 3, 2019
ISSN 1606-867X

EDITOR-IN-CHIEF
V. N. Semenov, Dr. Sci. (Chem.), Prof. (Voronezh)

DEPUTY-EDITORS-IN-CHIEF:
V. A. Ketsko, Dr. Sci. (Chem.) (Moscow)
E. P. Domashevskaya, Dr. Sci. (Phys.-Math.), Prof. (Voronezh)

EDITORIAL BOARD:

N. N. Afonin, Dr. Sci. (Chem.) (Voronezh)

A.V. Vvedenskii, Dr. Sci. (Chem.), Prof. (Voronezh)

E. G. Goncharov, Dr. Sci. (Chem.), Prof. (Voronezh)

V. V. Gusarov, Dr. Sci. (Chem.), Corresponding Member of the RAS (St. Petersburg)
V. E. Guterman, Dr. Sci. (Chem.), Prof. (Rostov-on-Don)

B. M. Darinskii, Dr. Sci. (Phys.-Math.), Prof. (Voronezh)

1. D. Zartsyn, Dr. Sci. (Chem.), Prof. (Voronezh)

V. P. Zlomanov, Dr. Sci. (Chem.), Prof. (Moscow)

V. M. Ievlev, Dr. Sci. (Phys.-Math.), Academician of RAS (Moscow)

A. D. Izotov, Dr. Sci. (Chem.), Corresponding Member of the RAS (Moscow)
A.N. Latyshev, Dr. Sci. (Phys.-Math.), Prof. (Voronezh)

A. 1. Marshakov, Dr. Sci. (Chem.), Prof. (Moscow)

L. Ya. Mittova, Dr. Sci. (Chem.), Prof. (Voronezh)

G. F. Novikov, Dr. Sci. (Phys.-Math.), Prof. (Chernogolovka)

S. N. Saltykov, Dr. Sci. (Chem.), Associate Prof. (Lipetsk)

V.F. Selemenev, Dr. Sci. (Chem.), Prof. (Voronezh)

V. A. Terekhov, Dr. Sci. (Phys.-Math.), Prof. (Voronezh)

E. A. Tutov, Dr. Sci. (Phys.-Math.), Associate Prof., (Voronezh)

P. P. Fedorov, Dr. Sci. (Chem.), Prof. (Moscow)

V. A. Khonik, Dr. Sci. (Phys.-Math.), Prof. (Voronezh)

V. A. Shaposhnik, Dr. Sci. (Chem.), Prof. (Voronezh)

A. B. Yaroslavtsev, Dr. Sci. (Chem.), Corresponding Member of the RAS, (Moscow)

International members of editorial board:

M. B. Babanly, Dr. Sci.(Chem.), Corresponding Member of the NASA (Baku, Azerbaijan)
T. Bellezze, Dr. Sci. (Ancona, Italy)

P. M. Volovitch, Prof. (Paris, France)

V. B. Gorfinkel, Dr. Sci., Associate Prof., (Stony Brook, USA)

R. M. Mane, Dr. Sci. (Kolhapur, India)

Nguyen Anh Tien, PhD Associate Prof. (Ho Chi Minh City, Vietnam)

V. V. Pan’kov, Dr. Sci., Prof. (Minsk, Belarus)

F. Scholz, Dr. Sci., Prof. (Greifswald, Germany)

M. S. Wickleder, Dr. Sci., Prof. (Kifln, Germany)

Responsible secretary
V. A. Logacheva, Cand. Sci. (Chem.) (Voronezh)



COOEPXAHWNE

CONTENTS

OB30P

Anues 3. C.
Tpoiinbie cucteMbl AY-BY-1: KpaTKuii 0630p
(as3oBbix paBHOBeCKi. 0630p

OPUTUHAJTbHBIE CTATbU

Anues A. P., Axmedos . P., Kakazacanos M. T,
Anues 3. A.
[penmepexomHbie SIBJIEHNS B 00J1aCTH
CTPYKTYpHOTO (ha30Boro rnepexoma
B cy/ibare Kammst

Aconun H. H., Jlozauesa B. A.
MopenuposaHue B3aumoanbdys3umn
1 $a3000pa30BaHNs B TOHKOILIEHOUHOI!
IBYXCJIOVHO CUCTeMe TTOIUKPUCTATUINYECKUX
OKCMJIOB TUTaHA U KoOGabTa

Honeux U. U., XKykanun 1. A., bumwoyxkas JI. A.
KonnekTuBHast guHaMMKa U pasMepHbie 3P PeKThI
($a3006pa30BaHus B CUCTEME
a3pOCUIT — TTONIVICTUPOIbHBII JIATEKC

Homawesckas 2. I1., Yan Bau Ty, Jlykun A. H.,
CumHnuxkos A. B., CmoezHeti O. B.
MeskaTOMHBIE CBSI3M B aMOP(HBIX KOMIIO3UTaX
(CoFeB) (TiO,), , ¢ pasHbIM cofiepKaHMEM
MeTaJIJTNYeCcKOii U IU3IeKTPUIeCcKoil KOMIIOHEHT
110 JaHHbIM MK-criekTpocKkonmm

Zloxoe M. I1., Koxoesa M. H., Illepuesa 3. X.
CMmaunBaHMe xeie3a ¥ Meay KUIKMMU OJI0BOM,
CBMHIIOM M PacyeT UX MeK(a3HbIX SHEPIUi

KowesoliB. JI., benopycA. O., MamiowxkuH/L. b.,
ITnewaros U. M., Cepedun II. B., Hekos C. A.,
Jlensuiun A. C.
BHenpeHne cepebpa B MaTPuILy IOPUCTOTO
KpEMHMS METOZIOM 3/1eKTpo-TepMonuddysun

Kywes C. b., Jlamsiwes A. H., /leonosa JI. IO.,
OsuunHukos O. B., Ilonosa E. B.
[IpMMeHeHMe CIIEKTPOB TIOMUHECIIEHIIVN
U TIOTJIOIIEH NS 11 KOHTPOJISI 06pa3oBaHmst
reTeporiepexofa B HAaHOCTPYKTYPUPOBAHHBIX
TUIeHKAX PyTuia, CeHCUOMUIM3UPOBAHHBIX
KBaHTOBBIMM TouKkaMy CdS

Mummoea HU. 4., Cnadkonesues b. B., Mummosa B. O.,
Nguyen Anh Tien, Konetiuenko E. 1., Xopowux H. B.,
BapHaukuHa U. A.

®opmuposanue rmieHok cucremsl (Y,0,-Fe,0,)

HaHOPa3MepPHOTO AYAaIa30Ha TOJIIHbI

Ha MOHOKpUCTayinyeckom InP

336

338

350

358

366

374

385

390

399

406

REVIEW

Aliev Z. S.
The AY-BV'-1 ternary systems: a brief review on the
phase equilibria. Review

ORIGINAL ARTICLES

Aliev A. R., Akhmedov I. R., Kakagasanov M. G., Aliev
Z.A.

Pretransitional phenomena in the region

of structural phase transition in potassium sulfate

AfoninN. N., Logacheva V. A.
Modeling of interdiffusion and phase formation
in the thin-film two-layer system of polycrystalline
oxides titanium and cobalt

Dolgih I. 1., Zhukalin D. A., Bityutskaya L. A.
Collective dynamics and dimensional effects
of phase formation in the «aerosil - polystyrene
latex» system

Domashevskaya E. P, Tran Van Tu, Lukin A. N.,
Sitnikov A. V., Stogney O. V.
Interatomic ineractions in amorphous composites
(CoFeB) (TiO,),  with different content of metal
and dielectric component according
to IR spectroscopy

Dokhov M. P, Kokoeva M. N., Sherieva E. Kh.
The wettability of solids iron and copper by liquids
stannum, plumbum and calculation interfacial
energies

Koshevoy V. L., Belorus A. O., Matyushkin L. B.,
Pleshanov 1. M., Seredin P. V., Ivkov S. A., Lenshin A. S.
Features of silver deposition in porous silicon
by electro-thermal diffusion method

Kuchev S. B., Latyshev A. N., Leonova L. Yu.,
Ovchinnikov O. V., Popova E. V.
Application of luminescence and absorption
spectra to control the formation of a heterojunc-
tion in nanostructured rutile films sensitized
by CdS quantum dots

Mittova I. Ya., Sladkopevtsev B. V., Mittova V. O.,
Nguyen Anh Tien, Kopeichenko E. 1., Khoroshikh N. V.,
Varnachkina L. A.
Formation of nanoscale films of the (Y,0,-Fe,0,)
on the monocrystal InP

Condensed Matter and Interphases, 2019, 21(3), 336-337



Conepxanue

Monoxuna JI. A., @uaun C. A.
AHanu3 BIUSTHUSI TEMITEpaTyPHOI 3aBUCUMOCTU
napameTpoB auddy3un Ha XapakTep pocTa CIoeB
B IBYXKOMITOHEHTHOJ MHOTO(a3HOI cuCTeMe

Ilanmeneesa B. B., Bomunos U. C.,
Tonkosrukos U. C., Illeun A. b.
KuneTrka KaTOZHOTO BBIZEIEHNS BOIOPOIA
Ha MOHOCMJIMIIMJIE MapraHiia B CEPHOKMC/IOM
JJIEKTPOJIATE

Casomuenxo C. E.
TM nonsipu3oBaHHbIE TIOBEPXHOCTHbIE BOJIHDI,
pacmpoCcTpaHsIoIINecs BI0Jb TOBEPXHOCTHU
(dhoTopedpakTUBHOTO KPUCTAIIIA C HEJIMHEHBIM
caMO(OKYCHUPYIOIIYM ITOKPBITHEM

Yemsepuxkosa A. I., Kanvtzuna O. H.,
Annvicoaesa I. K., FOoun A. A., Cokabaesa C. C.
MHdpakpacHas CIeKTPOCKOTNS KaK METO

oTIpefiesieHNs CTPYKTYPHBIX OTKJIMKOB
npuponHbIxX rMH Ha CBY-Bo3melicTBue

KoHaeHcnpoBaHHble cpeapl n MexdasHble rpanumubl, 2019, 21(3), 336-337

419

432

441

446

Contents

Molokhina L. A., Filin S. A.
The analysis of influence of temperature
dependence of parameters of diffusion
on the nature of growth of layers in
a two-component multiphase system

Panteleeva V. V., Votinov L. S., Polkovnikov I. S.,
Shein A. B.
Kinetics of cathodic hydrogen evolutionon
manganese monosilicide in sulfuric acid
electrolyte

Savotchenko S. E.
TM polarized surface waves propagating
along the surface of a photorefractive crystal
with nonlinear self-focusing coating

Chetverikova A. G., Kanygina O. N., Alpysbaeva G. Zh.,
Yudin A. A., Sokabaeva S. S.
Infrared spectroscopy as the method
for determining structural responses of natural
clays to microwave exposure

337



Ob30P

UDC 546:544.016/.013:546.86/.87: 546.22/.24
DOI: 10.17308/kemf.2019.21/1149

Received 26.08.2019

Accepted 15.09.2019

THE AV-BY'-I TERNARY SYSTEMS:
A BRIEF REVIEW ON THE PHASE EQUILIBRIA
REVIEW

© 2019 Z. S. Aliev~

Azerbaijan State Oil and Industry University
20, Azadlig ave., AZ1010 Baku, Azerbaijan

Abstract. This paper presents a brief review on the ternary phase equilibria in the ternary A-
BYI-Isystems (A" = Sb, Bi; B'' =S, Se, Te). These systems includes the series of ternary compounds
those are very attractive source materials for photo-, thermos- and ferroelectric energy
transformation along the recently discovered semiconductors that exhibit Rashba-type spin
splitting in their surface states. In the Rashba semiconductors, a unique toroidal 3D Fermi surface
appears on the crystal surface, which leads to unusual properties that make it possible to realize
unique electronic devices based on these compounds. The thorough knowledge on the ternary
phase diagram of these systems shed light on the chemical and structural design of new
multifunctional materials with tunable properties. This knowledge is very important when focusing
on the chemistry of such multifunctional materials based on complex element systems.

Keywords: phase diagram; phase equilibria; antimony sulfoiodide; bismuth selenoiodide;

bismuth telluroiodide.

1. INTRODUCTION

Sulfo-, seleno- and tellurohalides of a group 15
metals have been intensively investigated over the
last four decades as photo-, thermo- and ferroelec-
tric materials [1-5]. During last four decades, there
is an increasing interest for AYBVICV!-type ternary
compounds due to their intriguing electronic prop-
erties, both in the single crystal form and thin film
[6]. For example, SbSI was one of the most studied
member of this family and so far, there is much in-
formation on its physical properties [7-12]. It has
potential in applications ranging from optical light
modulators, electroacousto-optical transformers,
piezoelements to sensitive low-pressure gauges etc.
On the other hand, since the giant Rashba-type spin
splitting has recently been reported in the polar-lay-
ered non-centrosymmetric BiTel [13-14], the bis-
muth containing tellurohalides became one of the
much more attractive materials in the condensed
matter physics [15-18]. These materials exhibit a
strong spin-orbit interaction effect that opens a new
pathway for the realization of spin-based electronic
devices based on them.

04 Aliev Ziya S., e-mail: ziyasaliev@gmail.com,
ziya.aliev@asoiu.edu.az

Rational design and development of such ter-
nary or quaternary new phases and solid solutions
with a non-centrosymmetric crystal structure, as
well as with a variable chemical composition, is of
considerable interest for optimizing properties. Giv-
en the growing interest in this class of materials, a
thorough study of phase diagrams for the respec-
tive element systems is of particular importance in
the search for proper baseline compositions in or-
der to develop materials with optimized properties
[19-20]. Here, we focus on the reviewing of the ter-
nary phase equilibria in the AY-BY!-I systems. This
review can shed light on the chemical design of the
new phases with variable compositions based on the
starting multifunctional compounds of the systems,
like SbSI, SbTel, BiSI, BiSel, BiTel, etc.

2. PHASE DIAGRAMS
OF THE AV-BV'-1 SYSTEMS

2.1. The Sb-S-I system
As mentioned above, the Sb—S-I system has at-
tracted much more attention thanks to its ternary
compound SbSI which is most studied member of
the family of AYBVICV!-type ternary compounds [1,
2,7-12,21]. Until our through investigation on this

KonreHT mocrymnen mop iuieHsueii Creative Commons Attribution 4.0 License.
i The content is available under Creative Commons Attribution 4.0 License.
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system, the binary SbI_-Sb,S, section was only stud-
ied in this system. Two different literature reports
exist on the phase diagram of this section [22, 23].
Belyayev [22] reported that this section includes
the only compound SbSI, which melts congruent-
ly at 650 K. The eutectic composition between SbSI
and Sb,S_has the melting point of 595 K at about
75 mol % Sb,S,, whereas the eutectic between SbSI
and Sb,S, is degenerated close to Sbl, at443 K. Ry-
azantsev and co-authors [23] reported slightly dif-
ferent data on the melting point of SbSI and eutec-
tic compositions. SbSI melts congruently at 675 K
according to this work and has a narrow homoge-
neity region. Our DTA, XRD data and the results of
the microhardness for the selected compositions
[24] (Fig. 1) agree well with the data of Ref. [23]. The
congruent melting temperature of SbSI was deter-
mined to be 675 K which agrees well with report-
ed data [23] whereas 25 °C higher than data of [22].
The main discrepancy is related to the form of the
liquidus curve of SbSI. According to our data, the
liquidus surface of SbSI has a S-shape form, which
is typical for the systems that have a tendency for
immiscibility, however, it represented as convex
curve in Ref. [23] typical for dystectic type equilib-
rium. The crystal structure of SbSI is reported in the
literature [25, 26]. Three phases of this compound
have been reported: ferroelectric (T < 295 K), an-
tiferroelectric (295 K<T<410 K) and paraelectric
(T < 410 K) [1]. Both in the paraelectric and ferro-
electric phase, it crystallizes in the orthorhombic
structure with space group Pnam (a = 8.556(3) A;
b=10.186(4) A; c = 4.111(2) A; z = 4) and Pna2,
(a=8.53A;b=10.14 A; c=4.10 A), according to [25]
and [26], respectively. As can be seen from the glo-
bal phase diagram of the system, (Fig. 2) [24], the
primary crystallization field of the SbSI is quite large
and occupies considerable part of the total area of
the composition triangle, which provides a vari-
ety of compositions of the melts for growing single
crystals of the SbSI. However, the largest primary
crystallization field belongs to elemental antimo-
ny. Two wide immiscibility fields were detected in
this system. The first one (L, + L)) starts from the
Sb-Isystem (m,m,’) and joins to immiscibility field
of the Sb-Sb,S, subsystem (m, m,’) over the Sb-SbSI
section (m,m/). It almost covers the primary crys-
tallization field of antimony in the Sb-SbI,-Sb,S,
subsystem. The primary crystallization field of ele-
mental sulfur and some in- and monovariant equi-
libria are degenerated and is positioned very close
to the elemental sulfur corner of the composition
triangle. A schematic description of this area is giv-
en in Fig. 2 as a blow-up inset.
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2.2. The Sb-Se-I system

The literature review shows that the ternary
Sb—-Se-1I system was investigated so far along the
various isopleth sections. However, among them
the quasi-binary Sb,Se.~Sbl, section was the most
studied one [27, 28-32]. According to Ref. [28] this
section hosts the only compound SbSel that melts
congruently at 721 K, whereas the eutectic composi-
tions were found to be 69 and 3 mol % Sb,S, at tem-
peratures 703 and 428 K, respectively. Other authors
[29, 30] report slightly different data on the melting
points and eutectic compositions. The thermal anal-
ysis results in our previous investigation [27] for the
selected alloys in this system showed the well coin-
cidence with the data reported by Dolgikh and co-
authors [29]. The congruent melting character of the
SbSel at 725 K is confirmed. Its eutectic mixture with
the Sb,Se, crystallizes at 58 mol % Sb,Se, at 716 K
whereas, the eutectic with Sbl, is almost degener-
ated (Fig. 3) [27]. The Sbl,-Se and SbSel-Se qua-
si-binary sections are shown to be of eutectic type.
The eutectic compositions have melting point of
433 and 428, respectively, and have 62 and 74 mol %
Se [31]. SbSel crystallizes in the SbSI structure
type, space group Pnma, with the unit cell param-
eters a = 8.6862(9), b = 10.3927(9), c = 4.1452(3) A
[4]. The self-consistent phase diagram of the Sb-
Se-I system [27] (Fig. 4) was plotted by us at first
time. It consists of six fields corresponding to pri-
mary crystallization of the elemental components

T.K
800

X 823

700

600

1

L + SbSI

SbSI

500

[ ]

P ——s Sb,S; + SbSI
400 -
SbI;+ SbSI

1 L

Sbl; 20 40 60 80
mol% Sbl;

Sb.S;,

Fig. 1. Phase diagram of the SbI.-Sb,S. quasi-binary
system [23, 24]
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at% S

Fig. 2. The phase diagram of the Sb—S-I system [24]. Primary crystallization fields of the phases:

1-Sb;2-Sb,S,;
T,K L
865
800 | 2
(f L+Sb,Se;
o 116
€6
600
L+SbSel
SbSel+Sb,Se;
R 443
e
400 t
Sbls+Sb,Se;
Sbl, 20 40 60 80 Sb,Se;

mol % Sb,Se;

Fig. 3. Phase diagram of the SbI,-Sb,Se, system [29].
Black dots show our data [27]

340

3-SbSI;4-SbL;5-1;6-S

and compounds Sb,Se,, Sbl, and SbSel. Similar to
Sb—S-I system, it also exhibits the broad immis-
cibility region (m m,m,m',m’;m’ ), which lies with-
in the field of primary crystallization of antimony
and overlaps with 90 % of its area. The quasi-binary
sections (dashed lines in Fig. 4) triangulate the Sb—
Se-1 system forming five independent subsystems.
They are Sb-Sb,Se,~SbSel, Sb-SbI,-SbSel, SbSel-
SbI,-Se, Sb,Se.~SbSel-Se, and Sbl,-Se-1,. The two
former subsystems are characterized by monotectic
and eutectic equilibria whereas; the other subsys-
tems belong to the ternary eutectic type.

2.3. The Sb-Te-I system
The literature data on the phase equilibria of
Sb-Te-I system contained several reports on vari-
ous isopleth sections [32, 33-37], among which the
quasibinary Sb,Te,—-Sbl, section was the most stu-
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Fig. 4. The phase diagram of the Sb—Se-I system [27]. Primary crystallization fields are:
1-Sb; 2 -Sb,Se,; 3 - SbSel; 4 - Se; 5 - SbL; 6 -1,

died [8 —12]. Belotskiy shown [33, 34] that the sec- T.K
tion Sb, Te,-Sbl, contains the only compound SbTel, 900
which melts congruently at 633 K. Other authors
[35-37] report results that are different from those
of Belotskiy’s data [33, 34]. These works show that
the ternary compound SbTel melts incongruently
by a peritectic reaction at 643 [35, 36] or 675 K [37]. 700 |
Our DTA data and the results of the microhardness
and EMF measurements for the selected composi-
tions confirm the data of [35, 36], (Fig. 5).

SbTel is the only ternary compound in the Sb- L+ SbTel SbTel +Sb.Te,
Te-I system. It crystallizes in the monoclinic space 500
group C2/m with the unit cell parameters a=13.701, 2o, 443
b=4.2418,c=9.201 A[38]. Its crystal structure rep- 200 -
resents a unique monoclinic variation of the SbSI Sbl;+ SbTel
structure type [39], in which typical for these struc- X . \ .
tures (SbTe) double chains run along the b axis and SbL, 20 40 60 80  SbaTe;
alternate with the iodine atoms in the ac plane. Such mol% Sb.Te,

a monoclinic distortion of the SbSI type is stable Fig. 5. Phase diagram of the SbI.—Sb,Te, system
and persists even when 90 % of the antimony is re- [35, 36]. Black dots shows our data [32]

895

800

600 |
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placed by bismuth and transforms into the trigonal
BiTel structure only with greater bismuth concen-
tration [40, 41]. The complete phase diagram of the
ternary Sb-Te-I system has been investigated by
us in [32]. The system (Fig. 6) have a quite complex
phase relationships [32]. One can see that the area
of the primary crystallization of SbTel is degener-
ate near Sbl, indicate that grows of its large single
crystal from melt is a difficult process. The system
Sb-Te-1is divided by three quasi-binary sections in
the following four independent subsystems: Sbl. -
Tel,-1, (A), SbI,-Tel,-Te (B), Sbl,-Te-Sb, Te, (C) and
Sb-SbI.-Sb,Te, (D). The subsystem (A) relates to
the invariant eutectic type, whereas the wide im-
miscibility region was found in the subsystem (B).
The subsystem (C) is characterized by eutectic and
monotectic reactions, whereas the existence of the
eutectic, monotectic and transition reactions and
a wide immiscibility region characterize the sub-
system (D).
2.4. The Bi-S-I system

The complete phase diagram of the Bi-S-1 ter-
nary system has been reported in our paper [42]
at first itme. Nevertheless, up to this report only

OV AW =
SEEEFF

BNW SN S—- N

20 P3 min p2 p‘ 40

Te , mol %
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the quais-binary Bil,-Bi,S, system was studied by
Ryazantsev et al. [43]. According to this work, it is
a quasi-binary one and includes two ternary com-
pounds, namely BiSI and Bi S, I.. These compounds
melt peritectically at 808 and 990 K, respectively.
The compositions of the peritectic points along the
section lie at 35 and 80 mol % Bi,S,, respectively.
The eutectic reaction was found to occur at 668 K
and 4 mol % Bi,S.. The thermodynamic properties
of the both ternary compounds in this system were
obtained by Oppermann and Petasch [44]. Our DTA
and XRD results for the selected compositions agree
well with the result of [43] (Fig. 7). The detailed in-
vestigations confirm the existence both of ternary
compounds BiSIand Bi ,S, I.. The crystal structures
of both compounds are well studied. BiSI crystalliz-
es in the orthorhombic space group Pnma with the
lattice parameters a = 8.529, b =4.172,c=10.177 A
and z=41[45].Bi S, I. has a hexagonal lattice, space
group P63/m, with a = 15.640, ¢ = 4.029(2) A, and
z =2/3. BiSI crystallizes in the BiSCl structure type
(also referred to as the SbSBr type) and features
one-dimensional BiSI strands with the consider-

ably elongated Bi-I distance of 3.0 A that run along

e
-

_—
-

€ Te

D,

Fig. 6. The phase diagram of the Sb—Te-I system [32]. Primary crystallization areas of phases:
1-0a;2-08;3-v;,4-Sb,Te,; 5~ Te; 6 -Tel; 7-Tel,; 8-1,;9 - Sbl; 10 - SbTel
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the c axis. The slabs are joined into a 3D structure
through non-covalent Bi-I interactions at 3.7 A. In
the crystal structure of Bi S, I, the slabs running
along the c axis are formed only by bismuth and
sulfur atoms; they are further connected through
disordered Bi(1) atoms, whereas the iodine atoms
sit in the voids, with the Bi-I distances exceeding
3.5 A. Taking into account the details of the crystal
structure of Bi S, L, it is frequently formulated as
Bi(Bi,S,).I, [45]. The phase diagram of the system
(Fig. 8) [42] shows the existence of the ten primary
crystallization fields. The primary crystallization
fields of the binary Bil, Bi,S, and ternary Bi S, I,
BiSI compounds are found to be very large and occu-
py major part of the total area of the Bi—S-I triangle.
Two wide immiscibility fields are observed in this
system. The first one (L, + L,) starts from the Bi-I

system (m,m,’) and spreads into the Bi-Bil,-Bi,S,

Fig. 8. The phase diagram of the Bi—S-1I system [42]. Primary crystallization fields: 1 - Bi
4 -Bil,; 5 - Bil; 6 - Bi

Bi S, .L;

19727732
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Fig. 7. Phase diagram of the Bil,-Bi,S, system
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subsystem whereas the second one (L,+L,) starts
from the Bi S-S subsystem (m,m /) and spreads into
the Bi,S,—Bil,-S subsystem.

2.5. The Bi-Se-I system

Similar to analogous ternary systems this sys-
tem also investigated mostly along the Bi,Se -Bil,
section. Different groups of researchers have stud-
ied this system and reported either inapropriate or
contradictory results. Turjanica [47] and Belotskii
[48] decided that these system hosts two ternary
compounds, namely BiSel and Bi, Se, 1., while Dol-
gikh [49, 50] refutes the existence of the latter one.
According to phase diagram drawn by Turjanica
[47] and Belotskii [48] the BiSel melts congruently
at 808 K whereas, the latter one forms by peritectic
reaction occur at 943 K. However, Dolgikh [49, 50]
shows that the only compound, BiSel is exist in the
system and it melts incongruently at 805 K. The lat-
est version of the Bi,Se,~Bil, phase diagram is giv-
en in the [51] (Fig. 9). One can see that, the melt-
ing temperatures for the BiSel compound deter-
mined in [47], [49] and [51] are very close, however,
they are differ just for type of formation reaction.
The phase diagram represented in [51] is very rare
case that shows transition from a dystectic type to
a peritectic one. This type phase diagram is pos-
sible in principle and here, there is no violation of
the Gibbs phase rule. However, only thorough in-
vestigations in this area can show the correct type
of formation reaction of BiSel.

The crystal structure of the BiSI studied by
various authors [52, 53]. It crystallizes in the SbSI
type orthorhombic lattice system with the space

800 r T y
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group Pnma and lattice parameters a = 8.697(2),
b=4.221(1),c=10.574(2) A and z=4[53]. The phase
equilibria along the BiSel-Bi and BiSel-Bil systems
were studied by Chervenyuk et al. [54]. It was found
that the former one belongs to simple eutectic type,
while the latter one featured by eutectic and mono-
tectic phase diagram.

2.6. The Bi-Te-I system

The phase diagram of the Bi-Te—I system for the
entire concentration range was first investigated by
us [55]. The series of isopleth sections and the liqui-
dus surface projection were constructed. The fields
of the primary crystallization, as well as the types
and coordinates of non- and monovariant equilib-
riums were determined. Prior to our experimental
work on this ternary system, it was studied in a se-
ries of works [56-58]. The greatest number of re-
sults [57-58] is devoted to the study of phase equi-
libria in the quasi-binary system Bi,Te —Bil.. The re-
sults of [57-58] are very similar and show that the
phase diagram of this system relates to a dystectic
type with ternary compound BiTel with a melting
temperature of 828+5K (Fig. 10). Belotskiy [33, 34]
determined the melting temperature of BiTel as
743 K and some fragments of the Bi,Te,~Bil, phase
diagram are a little bit different than those of re-
ported in Refs. [56—58]. BiTel crystallizes in hexag-
onal structure of type CdI, with space group P-3ml,
the lattice parameters: a = 4.31 A, c = 6.83 A, z=1,
[56] and a = 4.3392 A, ¢ = 6.854 A, z=1 [41]. Other
isopleth sections Bil,-Te and BiTel-Te are studied
by Evdokimenko [59] and reported as simple eu-
tectic type. Savilov [60] reported at first the exis-

-

o J\\‘

600 s

500 4

g17°C

400 4

BiSel

400+5°C "o _ga408°

300 . . . .
100 80 60
Bi,Se,

mol % Bi,Se,

T T T T
40 20 0
Bil,

Fig. 9. Phase diagram of the quasi-binary Bil,-Bi,Se, system [51]
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Fig. 10. Phase diagram of the Bil .-Bi,Te, system
[56-57]. Black dots shows our data [55]

tence of two new lowest telluroiodides of bismuth
Bi,Tel and Bi,Tel ,.(or Bi Te,l) obtained by con-
densation from the gas phase. Single crystals of the
former one obtained from a melt. This compound
have a monoclinic type crystal structure with lat-

0630p

tice parameters: a="7.586 A, b=4.380 A, c=17.74 A.
The global phase diagram was constructed by us
[55], where those ternary compounds were verified,
their melting characters and temperatures deter-
mined. Standard thermodynamic functions of for-
mation were also determined. The phase diagram
(Fig. 11) shows the feasibility to prepare bulk sing-
le crystals of ternary compounds BiTel, Bi,Tel, and
Bi,Tel, ,. by directional crystallization of solution
melts. The quasi-binary sections divide the system
Bi-Te-I on five independent subsystems: Bil3-Tel, -
I, Bil,-Tel,-Te, Bil ~BiTel-Te, Bi,Te,~BiTel-Te and
Bi-Bi,Te,-BIil..

3. CONCLUSIONS

A comparative analysis of the literature data
that known so far, allows to establish that the chal-
coiodide systems of the antimony and bismuth ex-
hibit very complex phase equilibrium scheme in the
whole systems. They are characterized by immisci-
bility areas that comes from boundary binary sys-
tems. This brief review on phase diagram of these

Bi1 : 2

20 IB)I(E p40

Te
Te , mol %

Fig. 11. The liquidus surface projection of the Bi—Te-I system [55]. Primary crystallization fields:

1-Bil;2~1,;3~-Tel,; 4 -Tel; 5 - Te; 6 - BiTel; 7 - Bi,Te,; 8 —y; 9~ p; 10 - §’; 11 - Bi,Tel ;

12 - Bi,Tel;

1.25?

13-Bil; 14-Bi l; 15-Bi Il ; 16 - Bi

7722
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systems provides very valuable information for opti-
mizing the synthesis and growth conditions of their
known starting and intermediate ternary phases.
Particularly, the considered systems are of signifi-
cant importance in terms of the rational design of
new multifunctional phases with variable and non-
variable chemical compositions. On the other hands,
information on the ternary phase diagrams of the
mentioned systems are very important in growth of
large single crystals from both stoichiometric and
non-stoichiometric liquid phases.
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TPOWUHBIE CUCTEMBI A-BV'-I:
KPATKUI OB30P ®A30BbIX PABHOBECUI
Ob30P

©2019 3. C. Anues™

A3sepbationcarckuii eocydapcmeeHHblil yHU8epcumem Hepmu u NPOMbIULIEHHOCMU,
Ip. Azadneie, 20, AZ1010 Baky, A3epbatioxaH

AnHoTanus. B pabore npencrabiieH KpaTKuii 0630p 1o ¢ha30BbIM PABHOBECUSIM B TPOHBIX
cuctemax AV-BVI-1 (AV= Sb, Bi; BY'= S, Se, Te). 3Tu cucTeMbl XapaKTepU3yIOTCsI 06pa3oBa-
HMEM psiJia TPOWMHBIX COeMHEHUIA, IBJISIONINXCS TIePCIIeKTUBHBIMM 0a30BbIMY MaTepuasa-
MU 11 GOTO-, TepMO- 1 hepposTeKTpUUeCcKuX mpeobpasoBareneii sHepruu. HekoTopsie u3
HMX JE€MOHCTPUPYIOT TMTAaHTCKOe CIIMHOBOE pacuierienne Pami6a, B pe3ysibraTe 4Yero Ha
MOBEPXHOCTY KPUCTAJJIa BO3HMKAET YHUKAIbHAS TOpouAanbHas 3] moBepxXHOCTh Depmu,
KOTOpasi MPUBOLUT K HEOOBIYHBIM CBOMCTBAM, OTKPBIBAIOIMM BO3MOKHOCTb peann3aiun
Ha OCHOBE 3TUX COEIMHEHMIT YHUKAIbHBIX SJIEKTPOHHBIX YCTPOIiCTB. PazpaboTka METOMOB
HalpaBJIeHHOTO CMHTE3a YKa3aHHBIX COeIMHEHU I MYJIbTU(QYHKIIVMOHATbHBIX MAaTePUAIOB
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Ha X OCHOBe€ 68.3I/IpyeTC${ Ha JaHHbIX I10 d)aBOBbIM paBHOBeCHAM B COOTBETCTBYIOUIUX CUC-
TeMax.

KimoueBsie ciioBa: (haszoBas guarpamMma; ¢ha3oBble paBHOBECHS; CY/Ib(OMOIN CypbMbI; celle-
HOMAV, BUCMYTA; TEJUTYPOMOIN ] BUCMYTA.
KOH®JIUKT UHTEPECOB

ABTOp geKmapupyeT OTCYTCTBME SIBHBIX ¥ ITOTE€HIIMATbHBIX KOH(IMKTOB MHTEPECOB, CBSI3aHHBIX C
ITyO/IMKaLeil HaCTOSIIIEN CTaTbM.
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INNPEANIIEPEXOJHBIE ABJIEHUSA

B OBJIACTHU CTPYKTYPHOTI'O ®A30BOTO ITEPEXOA

B CYJIB®ATE KAJINA

© 2019 A. P. AnueB™, 1. P. Axmenos, M. I. KakaracaHos, 3. A. AiueB

Hucmumym ¢usuxu um. X. M. Amupxarosa /lazecmaHckozo HayuHozo yeHmpa PAH
ya. SIpazckozo, 94, 367003 Maxaukana, Pecnybnuka /lazecmat, Poccutickas ®edepauus

AnHOTauus. MeTogaMy CIIEKTPOCKOTIMY KOMOVHAIIVIOHHOTO PaCCesHMsI CBETa MCCIeq0BaHbI
CTPYKTYPHO-AMHaMUUYECKNe CBOVCTBA U MPOIeCCHl MOJIEKY/ISIPHOI pelakcaluuyu B KPUCTALIU -
geckoM cynbdare kamms K,SO, B unTepBase temneparyp ot 293 mo 900 K. [IpoaHansmpoBaHbl
TeMIlepaTypHble 3aBUCUMOCTU TOJIOKEHNSI MaKCUMyMa V (4acTOThI), IIMPUHBI W U UHTEHCUB-
HOCTY I CTIeKTPa/IbHOJA TI0/I0CHI, OTBEYAIOLIeli ITIOTHOCUMMETPUYHOMY KojebaHuIo v, (A) cynbgar-
noHa SO,*, B CIIeKTPaJIbHOM MHTepBaje oT 963 1o 976 cm'. C pocToM TeMIlepaTypbl 4acToTa
KoJleGaHusl yMeHbiaeTcs. [IpumepHo npu 650 K MMeoT MeCTo ornpefe/iéHHbIe 0COOeHHOCTH
TemriiepatypHoii 3aBucumoctu V(T). IIpu ganbpHelilieM yBenMueHUM TeMIIepaTypbl UacToTa IIpo-
JO/DKaeT YMeHbIIAThCsA. B Touke cTpykTypHOro (asoBoro nepexoga rnepsoro popa (T, = 854 K)
yMeHbIlIeHle YacTOThl MpUocTaHaBauBaeTcs. C pocTOM TeMIlepaTyphl HIMpMHA BO3pacTaeT, a
MHTEHCUBHOCTb yMeHbIaeTcst. [IpumepHo rmpu 650 K MMeroT MecTo orpeeiéHHbIe 0COOeHHOCTM
TemMnepaTypHbix 3aBucumocteit w(T) u I(T). YMeHblLIeHNe MHTEeHCMBHOCTY IIPUOCTaHaABIMBAET-
cs1, M B MHTepBase TemrepaTtyp 650—-850 K MHTEHCMBHOCTb OCTAETCS TIOYUTHU MMOCTOSTHHOI. [Ipn
CTPYKTYPHOM (pa30BOM ITepexoie IepBOro poaa (T,= 854 K) MHTEHCMBHOCTb YMeHbIIaeTcs. PocTt
mupuHbl Ipu TeMriiepatype T = 650 K rprocraHaBianBaeTcsl, a 3aTeM CHOBA UIMPUHA HAUMHAET
YBEIMUMBAThCA. Bvske K cTpyKTypHOMY (asoBomy mepexony mepsoro poxa (T, = 854 K) pocr
IIMPUHBI 3aMeJJISeTCs, M B TOUKe CTPYKTYPHOTO (asoBoro nepexopa nepsoro poxna (T, = 854 K)
MMeeT MeCTO YMeHbIIIeHe IMPUHBI. YCTAaHOBJIEHO, UTO B KPUCTA/UIMUECKOM Cyibdare Kaaus
K,SO, cTpykTypHbI¥i (ha30BbIi epexo/ IIepBoro pofa HOCUT PacTSHYThIN xapakTep. ITpu Temie-
patype dasosoro nepexona (T, = 854 K) mupuna pe3ko BO3pacTaeT, a YaCTOTa Pe3KO YMeHbIIIa-
€TCs1, YMEHBIIASICh U TP TaTbHENIIIEM YBeTMUeHUM TeMITepaTypbl. OGHapYsKeHO CYIleCTBOBaHME
npearepexofHoii 06/1acTu B UCCIeI0OBAHHOM KpUCTainideckoM cyabgdate kamms K SO,. Ota
npeznepexoiHas 061acTh MMeeT MeCTO B MHTepBasie TemnepaTyp oT 650 Ko T, = 854 K.

KiroueBbie ¢JIOBa: MOHHBIE KPUCTAJIbI, KOMOVHAIIMOHHOE paccesiHue, MOJIEKY/ISIpHAsT CTIIEKT-
pockomust, KonebaTesbHasl pelakcauysi, Ipenepexos, CyabdaTsl.

BBEJEHUE

HccnemoBaHusIM CTPYKTYPHBIX (Da30BBIX Iepe-
XOZIOB B KpUCTa/lIaX, B TOM 4uucie U B cyabdarax,
B MIOCJIeJHYE TONbI I eNseTcsl 60/bllIoe BHUMaHNe
[1-8]. MHOTMe 13 HUX ABISIOTCS [IepexonaMu Iep-
BOTO popa. Vi3BecTHO, 4TO B 06s1acTy ha3oBoro me-
pexoza 1epBoro poga «KpUCTaJlI — pacIiaB» UMeIoT
MeCTO siBJieHus Ipeanasienys [9]. Ilpennepexon-
Hble SIBJIeHVS] HAOMI0AI0TCs B XKUIKMUX KPUCTALIaxX
[10, 11]. MccnemoBaHbl peAIiepexofHble SIBIEHUS
B MeTa/I/IMYeCcKux cruiaBax [12, 13].

P< AnueB AMwib PusBaHoBuY, e-mail: amilaliev@rambler.ru

MOoKHO TTpeATIONOXKUTb, UTO TIOF0OHBIE TIpeIie-
pexXonHbIe SIBJIEHVST MOTYT HabTI0MaThCS U TIPU He-
KOTOPBIX CTPYKTYPHBIX (ha30BbIX IIEPEXOaX ITePBO-
ro poja B kpucrainax. Hapsay ¢ nudpakumoHHbIMU
MeTOJaMM 3TU SIBJIEHMSI MOTYT C YCII€XOM M3y4aTh-
CS U CIIeKTPOCKONMMYECKVMY MeTOAaMU, YYBCTBU-
TeJbHBIMMU K JIOKQJIbHBIM B3aMMOJEMCTBUSIM U Ha-
pPYLIEHUSIM B KPUCTA/UIMYECKOI pelleTKe.

B pa6otax [14-17] uccieqoBamnuch CTPYKTyp-
Hble ()a30BbIe Mepexofbl IeEPBOTO PO/ia B KPUCTAT-
nax KPb,Br,, (NH,),WO,F,, KPb,CL, (NH,),NbOF..

24
[Ipu mOBBITIEHNY TEMITEPATYPhI PA3HOCTH ITOKA3a-

KonreHT mocrymnen mop iueHsneii Creative Commons Attribution 4.0 License.
i The content is available under Creative Commons Attribution 4.0 License.
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TeJIell IIpe/IOMJIeHSI CHavala MU3MeHsI1ach JIMHe -
HO ¥ He3HAUUTENIbHO, a 3a 30+130 K o remniepary-
pbI pa30BOTO TIepexo1a HabaAaeTCs aHOMaTbHOe
TOBefleHe IBYTIpeIOMIeHUS. B 3TUX Kpuctainax B
ITMPOKOM MHTepBaJjie TeMIepaTyp HIKe TeMIepa-
TypbI (pa30BOTO Tepexoia HAGIIIAINCh CUIbHbBIE
NpeJinepexoHble SIBJIeHNS, PaCTSHYTbIe 110 TeMIIe-
parype Ha 3070 K.

TeopeTnueckue NpencraBjieHus 0 Npenmnepe-
XOJIHBIX COCTOSIHUSIX Pa3BUTHI B pabote [18]. B mo-
CJIeHVe TOAbI TIPeNCTaBIeHMS O IIPeaIepexoJHbIX
SIBJIEHVSIX Pa3BUTHI B pabotax [19-21].

B xauecTBe MeTOZa MCCIIEA0BAHMS CTPYKTYPHBIX
(ha30BBIX TIEPEXOIOB B KpUCTA/IaX yo06eH MeToy,
Kosie6aTeIbHOM CITEKTPOCKOTINM, B TOM UMCIIE U Me-
TonI KoMmOoMHaoHHoro paccesiaus (KP) ceera [22].
B oTamume OT Ipyrux METONOB B KojebaTembHO
CTIeKTPOCKOMUM U3MEPSIIOTCS BETMUNMHBI, XapaKTe-
pU3YIoIIe HerocpeaCTBeHHO OT/AeIbHbIe MOJIEKY-
JIbI WJIVL MOHBI M3y4aeMOM CUCTeMBbI. DTUMMU Iapa-
MeTpaMM SIBJISIOTCS MTOJIOKEHNEe MakCUMMyMma (Jac-
TOTA V) U LIMPUHA W CIIEKTPaIbHON I10JI0ChL. Maiteii-
11Me M3MeHeHMSI B MUKPOCKOIINYECKOM CTPYKType
U CTPOEHUM 13y4aeMOli CCTEMBI, a TAKOKe B M HA-
MMKe MOJIEKYJ ¥ MOHOB OTPasKalOTCS Ha CLIEKTPAJIb-
HbIX apameTpax (V, W) 3TOM CUCTEMBI.

[Mostomy MccienoBaHue MpernepexoaHbIX SBie-
HUIA TIPU CTPYKTYPHBIX ()a30BbIX MIEPEeX0Iax MmepBo-
ro popa B Kpucraiax metogom KP moskeT criocobe-
TBOBATb YCTAHOBJIEHUIO XapaKTepa M3MeHeHUs Me-
XaHM3Ma MOHHOM AMHAMVKH ITPU CTPYKTYPHOM ¢a-
30BOM ITpeBpalieHum. Tem 60see UTO TPy UCCITEI0-
BaHVY (Da30BbIX ITEPEXOIOB TUITA <ITOPSAOK-6€eCITo-
PSITOK» B HUTPATAX LIEJIOYHbIX METaJIJIOB OOHApysKe-
HBI TIpefIiepexoaHble SIBJIeHNS, U3y4eHMe KOTOPBIX
BaKHO 17151 IOHVMAaHMS AMHAMMKY ITPOLIECCOB Pa3y-
TIOPSII0UEHNS I OPMEHTAI[MOHHOTO TUIaBJIeHMs B 00-
JIACTU PACTSHYTHIX (ha30BbIX TIepexooB [23]. C Toukm
3peHMUsI CTPYKTYPhI pacCMaTpMBaeMbIx (a3, HEKOTO-
pble ITpeBpallleHys B TBEPAOM COCTOSTHUM OKa3bIBa-
I0TCSI Upe3BbIUaifHO BasKHBIMMU 111 UCC/IeNOBAHUS U
MHTePIIpeTaly MPo1eCCcoB IJIaBIeHMSI.

B Hammx rpeapiaymmx paboTax Mbl MCC/IEI0Ba-
7V 06JIaCTh MTPEeIIaBAeHNS B KPUCTAJIJIaX C MHOTO-
ATOMHBIMM MOHAMM METOJ0OM KOJIebaTeIbHO CTIeK-
Tpockomuu [24, 25]. IIpu 3TOM 6bUIO YCTAHOBJIEHO,
YyTO 00/1aCTh IIPeIIaB/IeHNsT Haubosee YeTKo Mpo-
SIBJISIETCSI B T€X KPUCTAJIAX, I BbILIEe CUMMETPUS
MOJIEKY/ISIPHOTO MOHA. B COOTBETCTBMM C 3TUM, B
HacTos1Ielt paboTe B KauecTBe 0ObeKTa MCCIeq0Ba-
HMsl Hamu GbuT BhIOpaH cyabgar Kamsa K SO,. Vka-
3aHHas COJIb COIEPKUT CUMMETPUYHBI MOJIEKYJISIP-
HbIii cynb(aT-1oH SO}, UMeoIMii OIpe/ieIeHHbI
HabOp HOPMAaJIbHBIX KOJIEOAHMI C XOPOIIIO U3ydeH-
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OpMFMHaJ’IbeIe CTaTbn

HBIM CITEKTPOM U akTMBHBIX B KP BO Bcex (ha30BbIX
COCTOSTHUSIX. DTO MO3BOJISIET HAM HaZesIThCs Ha TO,
YTO MCC/IeOBaHMe KoineOaTeTbHbIX CIIEKTPOB BOMM3M
CTPYKTYPHOTO TIPeBpaIeHsI TO3BOIUT 0OHAPYKUTD
TperepexoaHyo obmacTs. McorenoBanne Gpa3oBoro
Trepexoya B cy/Ib(aTax BasKHO JIJIs1 TOHMMAaHMS MeXa-
HM3Ma Y MOJIEKYJISIPHOM NPUPOLAbI CTPYKTYPHbIX ITe-
pecTpoeK B TBepAbIX Teax. B imreparype masio gaH-
HBIX, ITOCBSIL@EHHBIX MCCIeL0BaHMSIM MMEHHO 3TOr0
KJIacca MOHHBIX coenyHeHuit. [lostomy mccnenosa-
HJe peopUeHTaIMIOHHO MOABVKHOCTY U IPOLIECCOB
pasyropsimoYeHys] aHMOHOB B 0071aCTY TIOMMMOPd-
HbIX TpeBpalleHNnii B Cy/ibdarax MesT0YHbIX MeTasl-
JioB MeToniom KP gBJsieTcst akTya/IbHOM 3a/1auerii.

Takum 06pa3om, B HACTOsIIIel paboTe MbI C-
cnemyem criekTpbl KP cynbdaTta kamusi B OKpeCcTHOC-
TU CTPYKTYpHOTO (ha30BOro0 ITepexo/ia epBoro poaa
C LIeJIbIO BBISIBUTD TTpEIIePEXOAHYI0 00/1aCTh.

OBBEKT UCCJIEJOBAHNUS

Cynbdar kamus K,SO, ecTb GecrBeTHbI Kpuc-
TaJ/UT pPOMOMYECKOI CMHTOHMY TTPOCTPAHCTBEHHOT
rpy1ibl Pnam. Tlepexof, B reKCaroOHaJIbHYI0 MO M-
(GuKanuo IpoCTPaHCTBEHHOMN rpymnmsl P6,/mmc
npoucxogut mpu T, = 856—-857 K [26-28], 110 Hammm
nanHbM T = 854 K (puc. 1). Temneparypa miasje-
Hus paBHa T = 1342-1347 K [26-29], mo Hammm
nanubiM T = 1343 K [4].

DTA, arb. un

700

Puc. 1. Kpusas nuddepeHIMaIbHOTO TEPMUUECKO-
ro anammsa (DTA) nya cynbdara kamus K,SO,
[Fig. 1. Differential thermal analysis (DTA) curve for
potassium sulfate K,SO,]

IKCITEPUMEHTAJIbHASA YACTb

OuddepeHIMaNbHBIN TepMUIECKUI aHAINU3
DTA nipoBoawics Ha MpuUOOpe CUHXPOHHOTO TEPMU-
yeckoro aHanu3a STA 449 F3 Jupiter («<NETZSCH»)
pu ckopoctu HarpeBa 20 K/min B atmocdepe ap-
roHa B aJIyHIOBbIX TUIISX (puc. 1) B AIIKIT JHI]
PAH. O6paboTka JaHHBIX M MHTETPUPOBAHME ITH-
KOB MPOBOAINCH C TIOMOIIbIO BCTPOEHHBIX IPU-
KJIagHbIX TTporpaMm ¢upmbl «NETZSCH>».
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st momyyeHust MHGOpManum o JUHaMuyec-
KX MEXVOHHBIX B3aMMOZECTBUSIX HAMU UCIIOJb-
30BaH aHaM3 GOPMbI KOHTYPOB KOJIe6aHMit Mosie-
KYJISIPHBIX aHMOHOB B cnekrpax KP TBepmoii cuc-
Tembl. HemmocpeacTBeHHO 13 (DOHOHHOTO CHEKTPa
MOJTYYUTH TIOI06HYI0 MHGOPMAIINIO He TIPe/iCTaB-
JIT€TCSI BO3SMOXKHBIM. CIIEKTP MajbIX 4aCTOT BbICO-
KOTeMIIepaTypHbIX (Pa3 MOHHBIX KPUCTAIIOB, KaK
MPaBUJIO, PETUCTPUPYETCS B BUe IMNPOKOIT Gec-
CTPYKTYPHOIJ ITOJI0ChI, 06YCJIOBJIEHHO TepMuuec-
KUM CMellleHVeM pas3IMUHbIX TUTIOB (TPaHCISIIIMOH-
HBIX, TMOPAIMOHHbBIX) BHEITHUX KOJIeOaHMi CTPYK-
TYDPHBIX €AVHULI.

B 1O ke Bpems1, MU3MeHeHMSI CTPYKTYPhI U IMHA-
MMKM TBEPIIOVi CUCTEMbI OKa3bIBAET BIMSIHME Ha KO-
nebaTebHbIE COCTOSIHUS €€ CTPYKTYPHbIX eIVHMUI]
" OTpaskaeTcs B ClieKTpax MHOPaKpacHOTO TMOT/IO-
menust u KP. TI03TOMYy 1CITO/Ib30BaHMe KojiebaTeib-
HBIX CIIEKTPOB, COOTBETCTBYIOIIVX BHYTPEHHUM MO-
JTlaM MOJIEKY/ISIPHBIX MOHOB, )15 TTOJTyYeHMs NHDOP-
Malyu O Mpolieccax MOJEKY/ISIPHOI pesakcaliuy B
MOHHBIX KPUCTAJIJIaX U pacIijiaBax mpeACcTaBiisIeTcs
BITOJTHE 0O0CHOBAHHBIM.

CnekTpsl KP BO30OYXIannch U3JIydeHUEM ap-
roHoBoro Jyazepa JII'-106M-1 ¢ AJAMHOI BOJHBI
A =488 nm 1 perucTpmMpoBaINuCh CIIEKTPOMETPOM
OOC-52M ot 900 mo 1100 cm™! B 0b6acTyt IOIHO-
CUMMeTPUYHOro Konebanud v,(A) cynbdar-moHa
v,(80}) = 963-976 cm™ B TeMIIepaTypHOM MHTEP-
Bajsie 293-900 K. [IMpuHBI BXOJHOM ¥ BBIXOOHOM
mienelt MOHOXpPOMAaTOpa yCTaHABIUBAINCH OMHA-
KOBBIMMU U B 3aBUCUMOCTU OT UHTEHCUBHOCTU pac-
cestHMs Bioupasich ot 100 1o 150 um. ITososkeHust

[ \ [ \ [
1 arb.un.

| \ | \ |
940 960 980 1000 cm!

Puc. 2. Cnexrp KP cynbdara xammsa K,SO, B o6mactu
BaJ/ICHTHOTO IOJIHOCMMMETPUYHOrO Kosebanus v,(A)
cynbdat-uona SO nmpu temnepartype T = 293 K u
IIMPUHAX BXOOHOM U BBIXOOHOI 11ie/ieli MOHOXpOMa-
Topa 100 ym
[Fig. 2. Raman spectrum of potassium sulfate K,SO,
in the region of the full-symmetry stretching vibration
v,(A) of SO} sulfate ion at a temperature T = 293 K
and a monochromator entrance and exit slit widths of
100 pum]
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MaKCMMYMOB Kojie6aTeIbHbIX ITOJIOC (PUKCUPOBA-
JIOCh C TOYHOCTBIO *0.5 cm™!, a X IIMPUHBI C TOU-
HocTbIo 0.1 cm™!. TemmiepaTypa 06pasiioB ITOAIe-
pXXMBaJach B Mpoliecce perucTpalym CrieKTpoB C
TouHOCThIO 0.5 K. MeToayka perucrpanym 1 obpa-
6oTku ciektpoB KP moapo6Ho ormmcana B [30].

Ha puc. 2 nokasan criexkrp KP TBepnoii cucre-
mbI K,SO, B 06acty Konebanus v, (A) annona SO .
KoHTyp paccmaTrpuBaemMoro KojsiebaHusi pe3Ko Io-
JIIpU30BaH (M30TPOITHOE paccesiHue), v IOTOMY ero
(opMupoBaHMe Bcelesio MOXKHO ITPUITICATh MPO-
1eccaM KojiebaTeIbHO peakcamymn.

Ha puc. 3,4 nipencraBiieHbl TeMIIEpATypPHbIE 3a-
BUCUMOCTM YaCTOThI V (PUC. 3), IIUPUHBI W U UHTEH-
cuBHOCTH I (puc. 4) KoHTypa v (A) Konebanus SO, >
B kpucraje K,SO,.

[ToBbillIeHME TeMIlepaTypbl KPUCTAJIOB OT
KOMHATHOIJ 10 TeMrepaTypsl (a30BOTO Iepexona
MIPUBOAUT K MU3MEHEHUIO ITapaMeTpOB MpaKkTUIec-
KU BCeX HAOMIaeMbIX B crieKTpe 1osnoc. O6mmum
CBOVICTBOM [1J1sI BCEX CIIEKTPOB SIBJISIETCSI CMellleH1e
MAaKCMMYMOB B HM3KOYaCTOTHYIO 06/1aCTh, yIIpe-
HJe CIIeKTPaJIbHBIX JIMHUI U YIIpOIeHue nux Ghop-
MbI 10 Mepe TIOBbIIIIeHNSI TeMITepaTyphl U IIPpU Tie-
pexofie 13 HU3KOTeMIepaTypHOVi B BBICOKOTeMIIe-

paTypHyio ¢asy.

PE3VJIBTATDBI 1 UX OBCY>XXIOEHUE

Ha puc. 3 mpeacraBieHa TeMIlepaTypHasi 3aBU-
cumocTb V(T) TIo/okeHMsT MaKCMMyMa CIIeKTpasib-
HOJ1 1OJIOCHI, COOTBETCTBYIOMIEN Koae6aHuio v (A)
annona SO?~ B cynbgare Kamus K,SO,. C pocrom

v, cm!

976

974+ .

972+ .

970+ °

968+ .

966+ *

T)KI “"

904

300 400 500 600 700 800
Puc. 3. TemnepatypHas 3aBUCUMOCTb V(T) IOIOKEHUS
MaKkCMMyMa CIIeKTPaJbHOTO KOHTYpa Vv (A) aHuoHa
SO} B KpucTaMIeckoMm cyibdare Kamus K,SO,
[Fig. 3. Temperature dependence v(T) of the position
of the maximum of the spectral profile v,(A) of SO}

anion in crystalline potassium sulfate K,SO,]
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TeMIIepaTypbl YacTOTa KOIebaHNsI YMEHbIIAeTCsl.
[TpumepHo pu 650 K MMeIoT MeCTo orpeie/iEHHbIE
ocobeHHOCTU TemmepaTypHoii 3aBucumocty v(T).
[Tpu panpHeeM yBeIMYEeHUM TeMIIePaTypbl 4ac-
TOTa MPOAO/DKAET yMEHbIIAThCS. B TOUKe CTPYKTYp-
Horo (azoBoro nepexoza nepsoro poxa (T, = 854 K)
yMeHbllIeHle YaCTOThl MPUOCTAHABIMBAETCS.

Ha puc. 4 niperncraBiaeHsl TemMIiepaTypHbIe 3a-
Bucumocty wW(T) wnpunsl (1) u I(T) uHTEHCUBHOC-
T (2) CIIeKTPaJIbHON MO0JIOCHI, COOTBETCTBYIOLLEN
xonebanuio v,(A) anmona SO} B cynbdare Kamus
K,SO,. C poctom TemIiieparypsl IMPUHA BO3pac-
TaeT, a MHTeHCUBHOCTb yMeHblIaeTcs. [IpumepHO
mpu 650 K MMeloT MecTo ompenenéHHbIe 0COOeH-
HOCTU TeMmIiepaTypHbix 3aBucumocteii w(T) u I(T).
VYMeHbIIIeHVe MHTEHCUBHOCTY MPUOCTAaHABINBA-
ercsi, ¥ B uHTepBasie Temieparyp 650-850 K uH-
TEHCUBHOCTb OCTAETCS MOYTHU IMOCTOSTHHON. [Ipn
CTPYKTYpHOM (pa30BOM Iepexofie MepBoro pozja
(T, = 854 K) MHTeHCMBHOCTb yMeHbIIaeTcs. PocT
mpuHel Tipu T = 650 K ipuocranaBamBaeTcs, a
3aTeM CHOBAa IIMPUHA HAauMHAET YBeJINUYMBATHCS.
Bmke K CcTpyKTypHOMY (Da30BOMY ITepexomy mep-
Boro poga (T, = 854 K) pocT mmMpuHbI 3aMefJIser-
csl, M B TOUKE CTPYKTYpHOro (a3oBoro rnepexopa
nepsoro poza (T, = 854 K) umeeT MeCTo yMeHblIe-
HMe MV PUHBL.

B unTepsase remmnepatyp ot 650 Kmo T, mbI Ha-
6/I0aeM OTKIIOHEHME TeMIIepaTyPHOI 3aBUCHMOC-
TU 4aCTOTBI (PUC. 3) I WIUPUHBI (PUC. 4) OT JIMHEeN-
HbIX 3aBUCUMOCTe, XapaKTepHbIX [IJIs 6oiee HU3-

. .
* e
12+ . . *
. .
« 2 .
10+ . M
1
+ .
87 1‘ o0
w,emt v, . I, arb. un.
.
6+ ot
¢ *te .
]‘.o S et .
41 ot
.®
7K
2 + + + +

300 400 500 600 700 800

Puc. 4. TemnepaTypHblie 3aBUCUMMOCTU IIMPUHBI
w(T) (1) n uatencusHoctH I(T) (2) cneKTpaJbHOTO
KOHTYypa Vv (A) anuoHa SO}~ B KpUCTa/UIMYECKOM CY/Ib-

dare kamusa K,SO,

[Fig. 4. Temperature dependences of the width w(T) (1)
and the intensity I(T) (2) of the spectral profile v,(A)
of the SO}~ anion in crystalline potassium sulfate
K,SO,]
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OpMFMHaJ’IbeIe CTaTbn

KUX TeMIIepaTyp. DTU OTKIOHEHMS TIOSIBJISIIOTCS TP
650 K 1 BO3pacTaoT 1o Mepe yBeJIudeHNs] TeMIIe-
paTypsl ¥ IPUOIVKEHUS K TeMIiepatype Gpa3oBoro
nepexona. Takum 06pa3om, B MHTEpBaJie TeMIepa-
Typ 0T 650 10 T, =854 K MMmeeT MeCTO Tpesnepexos-
Hag o61acTb B cyabate Kamus K SO,.

3AK/IIOYEHUME

MeTogaMu CIIEKTPOCKOINMY KOMOMHAIVIOHHO-
rO paccesiHUS UCCIeq0BaHbI TPOLECChI MOJIEKYJISIP-
HOJ penakcauuu B cynabpare kamms K,SO,. O6na-
PYXEHO, 4TO B KpUCTa/UIM4eckom cynabgpate K,SO,
CTPYKTYPHbIN (ha30BblIii Tepexoy TepBOro poja Ho-
CUT paCTSIHYTHIV XapakTep. [IokaszaHo cylecTBoBa-
HMe TIpeepexoHol 061acTy B UCC/IeJOBAHHOM
cynbgate K,SO,.

KOH®JIUKT UHTEPECOB

ABTODBI IEKIAPUPYIOT OTCYTCTBYE SIBHBIX U I10-
TeHIIMaIbHbIX KOH(IMKTOB MHTEPECOB, CBSI3aHHBIX
¢ mybMKaIei HacTosIIIe CTaThu.
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Abstract
Purpose. The Raman spectroscopy methods were used to study the structural-dynamic proper-
ties and molecular relaxation processes in crystalline potassium sulfate K,SO, in the temperature
range from 293 K to 900 K.
Results. The temperature dependences of the position of the maximum v (frequency), width w,
and intensity I of the spectral band corresponding to fully symmetric vibration were analyzed
v,(A) of sulfate ion SOZ, in the spectral range from 963 cm™ to 976 cm™'. With increasing tem-
perature, the oscillation frequency decreases. At approximately 650 K, certain features of the
temperature dependence v(T) take place. With a further increase in temperature, the frequency
continues to decrease. At the point of the structural phase transition of the first kind (T, = 854 K),
the decrease in frequency is stopped. With increasing temperature, the width increases, and the
intensity decreases. At approximately 650 K, certain features of the temperature dependences
w(T) and I(T) take place. The decrease in intensity stops and in the temperature range 650-850 K,
the intensity remains almost constant. In the first order structural phase transition (T, = 854 K),
the intensity decreases. The width growth at a temperature T = 650 K is suspended, and then
again the width begins to increase. Closer to the first-order structural phase transition (T, = 854 K),
the width growth slows down and at the point of the first-order structural phase transition
(T, = 854 K), the width decreases.
Conclusions. It was established that in crystalline potassium sulfate K, SO, the structural phase
transition of the first kind is extended. At the phase transition temperature (T, = 854 K), the
width increases sharply, and the frequency decreases sharply, decreasing with a further increase
in temperature. The existence of a pre-transition region in the studied crystalline potassium
sulfate K SO, was found. This pre-transition region takes place in the temperature range from
650K to T, =854 K.

Keywords: Raman scattering, ionic crystals, molecular spectroscopy, vibrational relaxation,
pretransition, diffuse phase transition, sulfates.
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1 ®A300BPA30BAHUSA B TOHKOIIJIEHOYHO

NIBYXCJIOMHON CUCTEME INOJIUKPUCTAJNJIMYECKUX

OKCHUAO0B TUTAHA 1 KOBAJIBTA

©2019 H. H. Apounu'"’, B. A. JloraueBa®

'BopoHexcckuti 2ocyoapcmeeHHblii nedazoeudeckuti yHusepcumem
ya. JlenuHa, 86, 394043 Boponest, Poccutickas @edepayust
2BopoHexcckuii zocydapcmeetHolil yHusepcumern
VHusepcumemckas ni., 1, 394018 Boporest, Poccutickas ®edepauus

AnHoTanus. IIpenyioxkeHa MoJe/ib, pa3BuBalolas Teopuio JlapkeHa B3auMHOM nuddysum B
OGMHAPHOII CUCTEMe C HeOrpaHUYEHHO PacTBOPMMOCTbBIO, Ha CJIydyaii peaKki[MOHHOM B3auMO-
mubdys3un B OBYXCIOMHOI CUCTEME, COCTOSIIEN 13 MTOMUKPUCTAIINIECKNUX (a3 OKCUIOB ABYX
MEeTaJIJIOB M COfiepsKalleli MOABYKHBIE Y HEITOABVKHbIE KOMITOHEHTHI B Kaskaoit 13 ¢a3. B pam-
KaxX MOJIeJIV ITPOBEIEH UVMC/IEHHBIN aHa/IM3 9KCIIEpYMEHTATbHbIX KOHIIEHTPAIMOHHBIX pacipe-
IeJIeHMi TUTaHa ¥ KoOabTa B TOHKOIUIEHOUHOI CUCTeMe TiOz_X—Col_yO, TOTy4YeHHbIX METOIOM
pe3epdopmoBCKOro 06PATHOTO PaCCesTHMS, IIPU OTSKUTE B BaKyyMe. AHAIM3 BBISIBUII TOMMUHM-
pyouyio posb uddysun noasuskHOro kobanpra B Gasy TiO, o cpaBHeHuo ¢ auddysueit
TTOABMKHOTO TUTAHa B (asy Co, Omu 00/1aCTh JIOKaIM3aLUy 06pa3oBaHms ¢a3 CJI0KHBIX OKCH-
JIOB B OKPECTHOCTY Mesk(a3HOI rpaHuIIbI TiOZ_X—Col_yO.

KiioueBble c10Ba: MofeIpoBaHue, peakiiMoHHas B3aumonuddysus, sbdexr Kupkenngania,

ME)KCI)EIBH]JIE I'paHUIIbI, ITIOJIMKPUCTA/UIMYECKME ITJIEHKM, CJIOJKHBIE OKCHUbI.

BBEJEHUE

Cpenyt XxMMn4yeCKnX peakiyii, MPOUCXOISIINX C
yJacTreM TBEPIIbIX T, SKCIIePUMEHTATbHO U TeO-
peTuyecKky HanboJiee MCCIeIOBaHbI IBa TUIIA — pe-
akIMu 06pa30BaHNS MHTEPMETAINYECKUX COETV -
HEHMI1 U peakuuy OKUCIeHusT MeTa/uioB [1]. Xa-
paKkTepHOI 0CO6EHHOCTHIO TBEPHO(hA3HBIX peak-
LM SIBJISIETCST JTOKaM3auust AU y3MoHHO 30HbI
Ha IMOBepPXHOCTU paspena rpanuibl pas. OHu 06b-
eIVHEHbI 00IIei 1 0COOEeHHOCThIO — 00pa3syIoIeecs
XMMMUYECKOe CoeqMHeHMe, PeCTaBIsaIoNee co00ii
MIPOAYKT peaxuyu, pasmensieT ¢hassl MCXOTHBIX pe-
arMpymoImux Bemiects. PocT mpoMexxyTouHo (ha3bl
MPOAYKTA peakiuiu mpoucxoauT 6narogaps nuddy-
311 aTOMOB K I'paHUIIe pasena IByX MaTepuaioB 1
peakIusM, KOTOpbie UMEIOT MeCTO Ha TPAaHUIIAX U B
o6bEMe 1051 HOBOJI asbl. Kak ciiemcTBue, IpoTe-
KaHMe peaKlyy Ha Pa3BUTON CTauy 00yCJIOBIEHO
nuddysneil peareHTOB Yepe3 CI0¥ MPOMYKTa, a K-
HETVKA peakluy OTIpeIesiseTcsl pa3JIMIHbIMU Me-
XaHM3MaMM MaccollepeHoca ¥ ero TPaHCIOPTHBI-

P4 Adbonnn Hukomnait Hukonaesuy,
e-mail: nafonin@vspu.ac.ru
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MM CBOJICTBaAaMM. ATOMHbIE MeXaHM3Mbl peaKilun
Ha rpaHuiie $a3 nsyuens maso [1, 2].

B [3, 4] uccnenoBanu B3anmonuddysuo u da-
3000pa30BaHMe B TOHKOILJIEHOYHbIX ITOJIUMKPUCTAII -
mmnaeckux cucremax Fe-TiO, n Co-TiO,. IIpennoxen
MexaHM3M (GOPMUPOBAHMST CJIOKHBIX OKCUIOB Me-
TaJIIOB He ITyTeM ITOC/I0ITHOTO pocTa Ha Meskdas3Hoit
rpanuiie pasgena (MOI') meTa/l1 — OKCUJI, a Ha Ipa-
HUIIAX 3€peH 110 Beei ToyyHe ieéHku TiO, B ycto-
BUSIX OTPaHMYEHHO PaCTBOPUMOCTY KOMITOHEHTOB.
MexaHu3M IpefIioaaraeT IyoOKYI0 PeaKIIOHHYIO
B3anmoanddysuio metamios Fe u Co o MexX3epeH-
HBIM I'DaHMIIAM B IIJIEHKY OKCMIa TUTAHA U TI03BO-
JieT omucaTh MOsIB/IeHMe TUTaHa B IVIEHKe MeTaJl-
JIOB B pe3y/IbTaTe ero BhICBOOOKAEHMS 1 00paTHO-
'O IIOTOKa B cBOOOAHOII (hopMe. [Tom00HbIN MOIXO0T,
MOKET ObITh IPYMMEHEH ¥ K OIMCAHUIO B3aMOZeli-
CTBMSI B TOHKOIIJIEHOYHOJ CHUCTeMe, COCTOSIIEi 13
MOJIUKPUCTA/UVINYECKMX OKCUI0B METAJLJIOB.

Llesiblo HaCTOSIIIIEN PAaGOTHI SIBJISIETCSI MOZEIUPO-
BaHMe polecca B3aMOIeiCTBISI B TOHKOTIJIEHOY -
HOJi CuCTeMe, COCTOSIILEN U3 IBYX MTOMUKPUCTAIIIN -
YeCKMX OKCHIOB TUTaHA 1 KOOaIbTa, BKIIOYAIOIIEro

KonreHT mocrynen nmop iueHsueii Creative Commons Attribution 4.0 License.
The content is available under Creative Commons Attribution 4.0 License.
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B3anmMoaubdy3nio 1 pacrpeneaéHHOE 10 ITyOMHe
cucTeMbl 0bpa3oBaHye (a3 CJIOKHBIX OKCUIOB.

OIIMCAHME MOJEJIN

PaccmaTrpuBaeTcs OBYXCAOHAas MAEHOYHAs
CUCTeMa, COCTOSIAS U3 OKCUAOB ABYX METAJIOB
- TutaHa (A) u Kob6anbra (B). [TosryueHHbIE M3HA-
YaJIbHO B CTEXMOMETPUYECKOM COCTaBe MPU OTKU-
re B BAKyyMe OKCU/JIbl CTAHOBSITCSI HECTEXMOMETPU-
YyeCKMMM: OCHOBHBIMM AlepekTaMu B CUCTEMeE He-
CTEXMOMETPUUECKMX OKCUIOB TUTAHA U KOOAIbTa
TiOZ_X—Col_yO OyIyT MeXy3eJbHble KaTMOHBI Me-
tayuioB Co* u Ti*. B oTinume oT crexmoMeTpuyec-
KOT'0 COCTaBa B KaKA0M 13 OKCUIOB MeTaJsll CylIecT-
BYET B [IBYX COCTOSIHMSIX — YaCThIO B HEITOJBVKHOM,
CBSI3aHHOM C KMCJIOPOZIOM B COOTBETCTBYIOIINI OK-
CU[, COCTOSTHMM — A 1 B, 1 4acThIO B CcBOOOIHOM (B
BIJIe MEXY3eJbHBIX KaTMOHOB) [5], CTOCOGHOM K
v y3MOHHOI MUrpauym COCTOsTHMM — A . u B..

B mpoiiecce BaKyyMHOTO OTKMUTa MPOUCXOIUT
B3auMoM(phy3us MesKy3ebHbIX KATUOHOB MeTas-
JIOB, HAXOSIIUXCSI B HECTEXMOMETPUUECKUX OK-
cuax B CBOOOIHOM, CIIOCOOHOM K MUIpaLUM CO-
crostHun. Eciiv ¢cBOGOIHBIN MEXKY3€eTbHbIN KaTUOH
MeTasia B MmeeT 60JbINYIO TOABMKHOCTD B IBYX-
CJIOVHO CHCTEME HeCTEXMOMETPUYECKMUX OKCUA 0B
TUTaHa ¥ KOOAIbTa, YeM CBOOOIHBI MeKy3€e/TbHbIN
KaTMOH MeTasuia A, TO B pe3y/ibTaTe B3auMongud-
dy3un nnénka oxkenzga AO (TiO, ) 6yzeT yrommars-
cs1, a éHka okenga BO (Col_yO) — YTOHSThCA. Ta-
KM 00pa30oM, IMOJIOKMB HAUAJIO CUCTEMbI OTCYETA
Ha BHelllHel rpaHulie 1éHku AO, uMmeeM repeme-
mweHue MexxdasHoi rpanuib Ti0, —Co 17yO BITTyOb
OT MOBEPXHOCTU TIJIEHOYHOI CUCTEMBI BCJIEICTBUE
acddexra Kuprennmasia [6]. [Ipy 3TOM CTPYKTypHbIE
(parMeHTBHI 060X OKCHIIOB, COIEPsKaIIe MeTa-
JIbI B MUMMOOWIM30BAHHOM CBSI3aHHOM C KMCJIOPO-
JIOM COCTOSIHMM A, 1 B, 6yayT urpaTth posib MHEpT-
HBIX METOK B OIbITe CMurenbckaca 1 Kupkengania
[6] 1 apdexTMBHO TepeMelaThCs BC/IeCTBIE SIB-
neHust B3auMmoauddysuu cBOGOIHBIX MEKY3€eIb-
HBIX KaTMOHOB MeTa/lJIoB A, 1 B..

B Kaxkmoit 13 IIEHOUHBIX (a3 CUCTEMBI HeCcTe-
XMOMETPUYECKNX OKCUAOB TUTAHA 1 KOOAIbTa CBSI-
3aHHbIN C KUCTIOPOJOM METaJI/T MOKET OBbITh 3aMe-
IIeH BTOPbIM MEeTaJIJIOM (B BUTY 6/TM30CTH UX MOH-
HBIX pajinycoB) U (OpMasbHO CTYKUTb IIEHTPOM
3axBara Jijis ipyroro Mmetasina. OqHaKo BCIeICTBIE
OTpaHMUYeHHOV PacTBOPUMOCTY MeTa/IJIOB B KPUC-
TaINTax [7, 8], TAKMMM LIEHTPaMM 3axXBaTa MOTYT
CIYXUTb MeX3E€peHHble TPaHUIbl OKCUI0B. Me-
XaHM3M 00pa30BaHMS CJIOKHBIX OKCUIOB MeTas-
JIOB mpepnrionaraeT B3anMoandGy3nio mogBIK-
HBIX MEKY3€eJIbHbIX KATMOHOB MEeTa/IOB A, 1 B, 110
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Mex3€peHHbIM rpannnam cucremsl TiO, —-Co,_ O,
cerperamyoHHbIi 3aXBaT (PMU3UUECKYIO COPOINIO)
Ha HUX C UMMOOMIM3aLeii U MoCIeqyIOMMMU X1 -
MUYECKUMM peakiusMyu obpasoBaHus (a3 CIox-
HbIX OKCUOB.

ST peakyy HOCST TOITIOXVMMUYECKUI XapakTep,
IpOMCXOAAT B 06beme IIEHOK TiO, u Col_yO B pe-
3ynbraTe IubPy3MOHHOr0 IIPOHUMKHOBEHMS B HETO
KaTMOHOB B, 11 A; COOTBETCTBEHHO, JIOKA/IM3YSICh HA
MeX3EpeHHbIX TPaHUIIAX, IIe IMoTepy SHepPIuM Ha
nmedopMmaliyio CBsi3eit MUHMMAJIbHBI, ¥ CYIIECTBYET
HEKOTOPbIii CBOOOIHBIN 06beM, 06jIeryaroIuii me-
peopueHTalMI0 pearnpyrommx yactui. Ilpu stom
OAVIH METAJI/I 3aMellaeT TOJbKO T€ aTOMBbI APYro-
ro MeTajlyia, KOTOpble HaXOASITCSI Ha MMOBEPXHOCTHU
3€peH ero OKCUAA U BXOIST B COCTAB JIOBYILIEUHBIX
LIEHTPOB. 3aXBaT MeTa/Ila Ha JIOBYIIKY OYAeT IMpo-
MICXOIUTD JIO TEX IMOP, II0KA BCe OHU He 3arOoTHSITCS,
U, CJIeoBaTeIbHO, He OyIeT mepeBeféH B CBOOOI-
HY10 (GOpMY BeCh IMEIOIINIACS B HUX IPYTOi MeTasll.
Takum 06pa3oM, IPOIYKT peaKLM — CJIOKHBIE OK-
CUJIbI METAJVIOB PACTET He B BUE TPOMEKYTOUHOTO
c10s1 Ha MeskdasHoii rpaduie (MOT) TiOZ_X—Col_yO,
a B €€ OKPeCTHOCTH U ITPEeICTaB/IsIET CO60i 060I0UKY
KPUCTAJJIUTOB COOTBETCTBYIOIIMX OKCUIOB.

Bynem nmosaraTh, YTO KOHIEHTPALMS LIEHTPOB
3axBaTa (JIOBYIIEK) Ha MeK3E€peHHbIX I'PaHMUIaX OK-
CUIOB MPSIMO MPOIOPIMOHATIbHA KOHIIEHTPALUK
BCEro CBSI3AHHOTO C KMCIOPOAOM MeTayia A u B,
B (pasax TiO, n Col_yO COOTBETCTBEHHO. [Ipo1ecc
3axBara 151 ITOABVSKHOTO KaTMOHA MeTajlyia Heo0-
paTuM, MPOUCXOIUT C BbITECHEHMEM BTOPOTO Me-
TaJIyIa ¥ IeEPeBOZIOM ero B CBOOOAHOE, CITOCOOHOEe K
MUTpaIUU COCTOSTHIE.

C/103KHbIE OKCUIBI TUTAHA ¥ KOOajabTa 00pasy-
IOTCS Ha TPAaHUIIAX 3epeH 06eMX OKCUOB B Pe3Yilb-
Tare MpoTuBOAM(GY31M KaTMOHOB ITyTEM:

a) IPOHMKHOBEHMsI CBOOOJHOrO TUTaHa A, B
IJIEHKY OKCHAa KobGajbTa Co, Oc HeobpaTUMbIM
3aXBaTOM Ha JIOBYIIKM, KOHI[€HTpaI /s KOTOPBIX
IPSIMO MPOTIOPIMOHATbHA KOHIIeHTpayu B, cBs-
3aHHOTO C KMCJIOPOAOM HEITOABIKHOTO KOOAIbTa;

6) NIPOHMKHOBEHMS CBOOOIMHOrO KobasbTa B, B
IIEHKY okeuaa tutana Tio, ¢ HeoOpaTVMbIM 3a-
XBaTOM Ha JIOBYIIKM, KOHIIEHTPaLVs KOTOPbIX IPsi-
MO TIPOTIOPIIMOHAIbHA KOHI[EHTPALMY A CBSI3aH-
HOTO C KMCJIOPOJIOM HEITOABIDKHOTO TUTaHA.

B oxkpectHOCTM MO®T' €O CTOPOHBI IVIEHKU OK-
cupa turaHa TiO,  TpOMCXOAUT 3aMelleHne KO-
6aJIbTOM TMTaHa Ha JIOBYIIKAX IPaHMIL 36 PEH OKCH-
na titana TiO, ¢ BbICBOGOXKIEeHMEM CBOOOLHOTO,
CITIOCOOHOr0 K MUIpallMy TUTAaHA A,. AHaJIOTMYHO,
B oKpecTHOCTU M®TI' cO CTOpOHBI IIJIEHKM OKCHIA
KobOaJbTa Col_yO MPOMCXOIUT 3aMellleHye CBOOO/I-
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HbIM TUTaHOM A, K0Oa/lbTa Ha JIOBYIIKAX IPAHMI]
36peH oKcuaa KobanbTa Col_yO C BBICBOOOKIEHM -
€M CBOOOIHOI0, CITOCOGHOI0 K MUTpaLiyy KobaibTa
B.. O6pa3oBaBuecs: B 3TOM IIpoLiecce CBOOOHbIE
KaTMOHBI META/IJIOB IIPUCOEIVHSIIOTCS K ITOACUCTE-
Me CBOOOIHBIX KATVOHOB META/IJIOB COOTBETCTBYIO-
myx a3 1 yJacTBYIOT B mpoiiecce Auddys3nn, B TOM
yycie U B a3y okcuaa Apyroro MeTaia.

CBoGozHbIE MesKy3e/IbHbIe KaTUOHBI TUTaHa A,
MMMOOMTM3YIOTCS, 3aXBAThIBASICh HA 36 PHOTPAHNY -
Hble JIOBYILIKU B (aze Co,_,O. ArombI TMTaHa A, 3a-
XBaueHHbIe Ha JIOBYIIKM B (aze Co,_,0, criocobc-
TBYIOT OCJIA0JIEHNIO M Pa3pbIBY COCETHUX KOBAJIEH -
THBIX CBSI3€14, B HAllleM C(JIyJyae Col_yO, U 3aMeHe UX
Ha cBsi3u A-O ¢ 3ameneHeM B 1 nepexony ero B
CBOOOIHbIE MEXy3e/IbHble KaTMOHBI KobanbTa B.:

A +B —45 B +A, (1)
rae A, - UMMOOW/IM30BaHHbIN aTOM TUTaHa, 3aXBa-
YeHHBIIi Ha 3epPHOrPAaHMYHBIX JIOBYIIKAaX B COCTaBe
oKcupa KobaibTa Col_yO, U 3aMeHUBIINIT KOOAIbT
B €r0 CTPYKType, Kk, — KOHCTaHTa CKOPOCTY peax-
uymu (1).

CBOOOIHBIE MeKy3e/IbHbIe KATMOHBI KOOA/IbTa
B, MMMOGMIN3YIOTCS, 3aXBaThIBAsICh Ha JIOBYIIKY B
dase TiO, . Arombl KobanbTa B, 3aXxBaueHHbIe HA
JoBYIIKK B ¢dase AO, CIIOCOGCTBYIOT OCIA0IEHNIO
Y PaspbIBY COCENHMX KOBAJIeHTHBIX CBs13eil A—O, u
3aMeHe ux Ha cBs3u B-O ¢ 3ameleHeM TUTaHa U
IIepexomy ero B CBOOOMHbIE MEXKY3eIbHbIe KaTHO-
HbI TUTAHA A

B,+A —“— A +B,, (2)
rae B, — MMMOGMIM30BaHHbI aTOM KOb6asbTa, 3a-
XBaUeHHbIII Ha 3€pHOTPAHUYHBIX JIOBYIIIKAX B CO-
CTaBe OKCUIa TUTaHa TiOZ_X ¥ 3aMEeHUBIINI TUTAH
B €ro CTPYKType, k, — KOHCTaHTa CKOPOCTY peax-
i (2).

Heob6xomymMo OTMETUTH, UTO 3HAUEHMSI KOHC-
TaHT CKOPOCTeli peakuuii k m k, B (1) 1 (2) HOCAT 3¢~
(hekTUBHBIN XapakTep. ITO OOYCTOBIEHO TEM, UTO
BC/IEACTBYE OTPAHMUYEHHOJ paCTBOPMMOCTH HE BCe
CBSI3aHHBIE C KMCIOPOAOM aTOMbI MeTasljia, BXOs -
IIye B COCTaB OKCK/Ia, OyIyT B3aMMOI€/ICTBOBATD C
MTOJIBVKHBIM KaTVMOHOM JPYTOro MeTaslia, a TOJIbKO
BBIXO/ISIIIIYe Ha TOBEPXHOCTD 36 peH (KPUCTAJIUTOB)
U B IIpuUJIeraoleii K Helt 061acTu.

BerynuBiiye B XMMUYECKYIO CBSI3b C KMCIOPO-
IoM TuTaH A, B ase Co, Omu xobanbT B, B ase
TiOZ_X IIaIOT OCHOBY IJIS JasIbHeInero oopasoBa-
HMS CJIOKHBIX OKCUIOB TUTaHa U KobanbTa. Cobe-
TBEHHBIE 3aMelIéHHbIe KaTMOHBI B (pa3ax Co,,Om
TiO, , cTaB cBOGOAHBIMM, CITIOCOOHBIMM K MUTDPA-
LMY, TIOTIOJIHSIIOT ITOACUCTEMbI CBOOOIHBIX KaTUO-
HOB MeTaJl/IoB A, 1 B, B COOTBeTCTBYIOMMX (a3ax.
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Ony yacTuaHO TG EPYHIAMPYIOT B TVIEHKY COCETHE-
ro OKCUAA, a OCTaBUIMECS B TJIEHKE TaKKe CTy>KaT
OCHOBO/1 JiJ11 00pa30BaHMs CIIOKHBIX OKCUAOB TH-
TaHa U KobaJjbTa.

Kak ciencTBye, Ha TOBEPXHOCTY 3€peH OKCUI0B
TUTaHA ¥ KoGasbTa 06pasyeTcst 0607I0YKa 13 CIIOK-
HbIX okcuaoB Ti u Co. O6pa3oBaBIIMecs: CJIOKHbIE
OKCHUIIbI pacrnpeneieHbl BHYTPU TOBOJILHO ITPOTSI-
SKEHHOI peaKUMOHHOI 30HbI, COM3MEePUMOI € TON-
IIMHOM MCXOMAHOM CUCTEMBI TiOH—ColfyO. bonb-
11ast IPOTSKEHHOCTh 3TOM 30HBI CBU/IETEIbCTBYET
00 OTHOCUTENIBHO HMU3KOW CKOpPOCTU TBepaodas-
HOJi peakIyy 10 CPAaBHEHMIO CO CKOPOCThIO aud-
(dy31M MOABIMKHBIX KOMIIOHEHTOB — CBOOGOIHBIX
KaTMOHOB A, 1 B. O6pasoBaHme OKCHIOB IPONC-
XOIUT B 3TOM (JIy4yae He IyTeM MOCJI0HOTO pocTa
Ha rpaHuile pasgena ¢as, a 1o Bceil TOMIIHe TIIE-
HOK TiO, u Col_yO.

B 3amaue pasmesnsieTcs CylleCTBOBaHME MMMO-
6WIM30BaHHOTO MeTaJl/ia B IBYX KauecTBax (COCTO-
SIHUSIX) — B COCTaBe JIOBYIIEK CBOEJ (pa3sl U B BUAE
3aXBaueHHOT'0 Ha JIOBYIIKM B (pa3e okcuia Apyro-
ro metayuia. [IpenmnoynoxkeHie 0 HEOOPATUMOCTHU
[IPOLIECCOB 3aXBaTa — CBSI3bIBAHMS METAJVIOB Ha
JIOBYIIIKAxX B COOTBETCTBYIONIMX (ha3ax mpeaycMar-
pUBaeT OTHeNbHOe onyucanue 3PhHeKTUBHON MUT-
paluy C6sA3aAHHBIX MeMALl08 B ABYX COCTOSTHUSIX,
YTO MpeJnosiaraeT BBeeHye JOMOJTHUTENIbHO IBYX
YpaBHEHMIA.

[TonHas KoHIeHTpalys TutaHa C, B IJIEHOYHOIA
cucTeMe TiOz_x—Col_yO CKJIQIbIBA€TCSI 13 KOHIIEHT-
paLyy CBOOOIHBIX MEXKY3€e/IbHbIX KATMOHOB TUTaHa
C,p CBA3aHHOTO C KucIopopom Turana C,, B cocTa-
Be JIOBYIIIEK Ha MeK3EpeHHbIX I'PaHMIIAX €ro OKCH-
naTiO, , ¥ KOHIIEHTpalyy CB3aHHOIO C KUCIOPO-
nom tuTaHa C, | 3aXBaueHHOrO Ha JIOBYLIKM B (hase

OKCMa KoOabTa Col_yO:
C,=CytCy+Cy.

ITonHass KOHIIEHTpauusl aTOMOB KobanbTa C, B
IUIEHOYHO cucTeMe TiOZ_X—Col_yO pencTaBsseT
CYMMY KOHILIeHTpaluit kobaabTa C,,, HaxXo[sIIero-
ST B CBOOOTHOM COCTOSTHMM, CBSI3aHHOTO C KMCJIOPO-
moMm KobanbTa Cy, B COCTaBe JIOBYLIEK HA MEK3EPeH-
HBIX I'PaHMIIaX ero OKCHUaa ColfyO, 1 KOHIIeHTpaLun
CBSAI3aHHOT'O C KMCI0poaoM KobasbTra C, , 3aXBayeH-
HOTO Ha JIOBYIIKK B (ase okcupa TiO,

CB = CBf + CBt + C'BO'

ITpotecc B3auMHOM And@y3um B 6MHAPHO
CUCTeMeE C HeOrpaHMYeHHOI pacTBOPMMOCTBIO OITH-
caH JlapkeHOM [9], KaKk pe3y/nbTaT pelieHns KpaeBoil
3aauy IJISI IBYX YpaBHEHMUI, COmepsKaIix OOMH
3 dexTuBHBIN KO3hUIMEeHT B3aumonndysun,
SIBJISTIOLMIICS JIMHETHOM KoMOMHAIMell NHIVBA-
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IyabHBIX KO3 duineHTOB A dy31y KOMIIOHEH-
TOB. OCHOBHOE I0JIOKeHMe Teopun [9] cBsI3aHO C
OTCYTCTBVMEM y4eTa BO3MOXKHbBIX XMUMUIECKUX TTPe-
BpalleHuit B mporiecce B3anmonuddysum u mpes-
TOJIOKEHVEM O HEM3MEHHOCTM MOJIBHOTO 00beMa
CUCTEMBI, CBSI3aHHOM C M3MEHEHMEM ero COCTaBa.
B Hamem cirydae 0HO 060CHOBAHO TE€M, UYTO 06pa3o0-
BaHMe TBEPAbIX PACTBOPOB 3aMeIlleHNS Ha OCHOBE
OKCHIOB TUTaHa ¥ KOOAIbTa ITPOMUCXOIUT Ha IPaHU-
11ax 3epeH Py HAIMUUY JOCTATOYHOTO CBOOOIHO-
ro o6beMa, a Takke TeM, UYTO B TBepaodasHoit pe-
aKII}M YYaCTBYIOT TOJIbKO 36 PHOTPAHMYHbIE aTOMBI
METaJIJIOB, COCTABJISTIOIIVIE HE3HAUMTETbHYIO JTOTI0
OT BCEro CBSI3aHHOTO € KUUIOPOJOM MeTaljia B CO-
OTBETCTBYIOIEM OKcuie. [ToaToMy mosaraem, 4To
B cucreme TiO, —Co, O Iuddy3noHHOE ITepeMe-
HIMBaHMe KOMIIOHEHTOB, B TOM UMC/Ie HaXOSIIIUXCST
B CBSI3aHHOM COCTOSTHUM, TAK’KE MOXKET ObITb OITH-
CaHO C TIOMOIIBI0 3G deKTUBHOTO KO3bduIMeHTa
B3auMoandys3un.

PaccmoTpuM ypaBHeHUST 3aauy, OMMUChIBA-
foneit B3aumonud@ysnio B MIEHOUYHON CHUCTEME
TiOZ_X—Col_yO. Peaxiyn (1) u (2) Ha TpaHUIIAX 3€peH
YUMTBIBAIOTCS C TTIOMOIIBIO BBEIEHMSI KMHETUYEeC-
KX (peaKUVOHHbBIX) YJIEHOB.

Cpobonublii (MeXy3enbHblil) THTaH C,, B CUC-
Teme TiOz_X—Col_yO V3HAYAIbHO CYILIIECTBYET B HE-
crexuomeTpudeckoii pase TiO, . On quddynnm-
pyet B ¢pasy Co, O u nucuesaer, HeoGpaTuMo 3a-
XBaThIBASICh HA JIOBYIIIKAX CO CKOPOCTBIO, ITPOITOP-
IIOHA/IbHOJ KOHIIEHTpaLMy JIOBYIIeK B, ymMeHb-
mas ux KoHuenrpauuio C, . Kpome toro, cBo60s-
HbIi (MeXy3e/IbHbIN) TuTaH A, obpasyercs B dase
TiO, B pesynbrare 3amMeleHNs CBI3aHHOTO TUTA-
Ha A cBOGOIHBIMYM KaTMOHaMM KobanbTa B, (peak-
VS 2) CO CKOPOCTBIO, IIPSIMO MPOIMOPLMOHAIBHOM
KOHILIeHTpauyuu cBo60AHOro kobanbra Cy,, M KOH-
LeHTpaI MY HaxXOHAIIerocs B IOBYIIKAX CBSI3aHHO-
ro TutaHa C, :

dC (. ..dC
ot a_[D W‘“]—k«cm ) +h(C € 3)

CBsI3aHHBINM C KUCIOPOLOM TUTAH B CUCTEME
TiOZ_X— Col_yO MpeObIBAET B ABYX KAUECTBAX: B BUIE
vyactu C,,, BXOAAIIEH B COCTaB JIOBYIIEK HA MeX-
3€peHHbIX rpaHuiax okeuaa TiO, ,u B BuIe yacTu
C,,, 3aXBaueHHOJ B (hase Co,_,0. Takum obpasom,
IIJIST TIOJIHO¥ KOHIIEHTPaLy MMMOOU/IM30BaHHOTO
xobanpra umeem: C, =C, +C, .

YacTh KOHLEHTpaLMu CBSI3aHHOro tutaHa C, ,
BXOJSIIAsl B COCTAB JIOBYIIEK HAa MeX3EPEeHHBIX
rpanniax okeuaa TiO, , ymMeHbIIaeTcs B Iporecce
3axBaTa MOJXO/sIIero cBo60HOro KobanbTa B, Ha

noBywku B pase TiO, €O CKOPOCTBHIO IIPSMO PO~
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OpMFMHaJ’IbeIe CTaTbn

IMOPIMOHAIBHOM KOHIIEHTPAINM CBOOOITHOIO KO-
6asibTa C,; ¥l KOHILIEHTPALIMM CBSI3aHHOTO B JIOBYIII-
ku Tutada C e

aCAt — i(D aCAt

of  ox ox j_kZ(CBf'CAt)' )

YacTb UMMOGMIN30BaHHOTrO TUuTaHa C o 3aXBA-
YyeHHas Ha JIOBYIIKM B ¢ase Col_yO, yBeIN4YMBaeT-
Cs C YYETOM 3axXBaTa TUTAHA HA 3€pHOIPAHMYHbBIX
JIOBYIIIKax B (ase CoHO U 3aMeHbI KOOaJIbTa B €ro
CTPYKTYPE CO CKOPOCTBIO, MPSIMO ITPOITOPILIMOHAIIb-
HOVi KOHIIeHTpaLum IoByiek C, B ColfyO ” cBOOOJI -

Horo tuTaHa C,;:

9o _ i(D* 9o ] +k(Cy - C,p)- (5)
ot  ox 0xX

CBo6opHblIii K06anbT Cy B CCTEME TiOZ_X—Col_yO
M3HAYaJIbHO CYIIECTBYET B HECTEXMOMETPUUECKO
daze Co, 0. On mupoyngupyer B pasy TiO, n
ucye3aeT, HeoOGPaTUMO 3aXBaThIBAsSICh HA JIOBYIII-
Kax CO CKOPOCTbIO, IPOIOPIMOHAIbHOI KOHIIEHT-
pauyy camux Jopyuek C, ¥ KOHLEHTPalyuu CBO-
6opHoro kobansra C,. . Kpome Toro, cB0601HbI
kob6anbT C,, 06pasyercs B pase Co, O B pesyinbra-
Te peaklyM 3aXBaTa CBOOOSHOIO TUTaHA C,(1)co
CKOPOCTBIO, IIPSIMO MPOIOPIMOHATbHOI KOHILIEHT-
patuu jioByiek C, (CBSI3aHHOTO C KMCIOPOAOM KO-
6asbTa) B (hase Col_yO Y TIOOXOMSIIEro K HMM CBO-
6omHoro tutana C,:

aC_Bf = i(D* aCBf ) + kl(CBt : CAf) - kZ(CBf : CAt)’(6)
ot  ox ox

CBsI3aHHBIN C KUCIOPOAOM KOGAJIbT B CHCTEME
TiOz_x—Col_yO (KOHLIEHTpAaLS JIOBYIIEUHBIX II€HT-
POB) IIpeObIBaeT B IBYX KaUeCTBAxX: B BUJIE MMMO-
OMIM30BAHHOI YacTy KOOa/IbTa B,, Bxozs1ieit B Co-
CTaB JIOBYIIIEK HA MeX3EpeHHbIX TpaHMUIIaX OKCUIA
CoHO U B BUe MMMOOMIM30BaHHOI YaCcTy KOOaJIb-
Ta B, 3axBauenHoii B pase TiO, .Takum o6pazom,
JIJIsI TIOJIHO KOHIIeHTpaLiy MMMOOMU/IM30BaHHOIO
kob6anpra umeem: C, = C, + C, .

CKOpOoCTh YMeHbIIIeH)SI KOHIIeHTPalu JT0OBY-
mevHo¥ yactu Cy, MMMOGMIM30BaHHOTO KOGaIbTa
MPSIMO MPOTOPLIMOHAIbHA KOHIIEHTPallMM CaMUxX
noBy1eK Kobanbra C, ¥ KOHLEHTPALMM TIOLXO/Is -
IET0 K HUM cBO6oaHOro TuTana C,:

aC, . dC
—“—i[D—“]—mcm-cAf)- )

ot Ix ox

CKopoCTb yBemueHus 9acty kobanbra C, , 3a-
xBaueHHoOI B ¢ase TiO, ,6yner npsamo TpOnopuM-
OHaJIbHa KOHIeHTpauuu toByuiek C, B pase TiO,
(T. e. KOHLIEHTPAILMH CBSI3aHHOTO C KUCIOPOAOM TH-
TaHa B (ase TiO, ) 1 KOHIEHTpauuM CBOGOIHOTO

KObOaJbTa CBf:

361



H. H. AdoHuH, B. A. JloraueBa

aCBo _ a (Dx aCBO)+kZ(CAt 'CBf)' (8)

o ox ox

dddexTrBHBIN KO3 buienT B3aumoaudoy-
3uu D' B HallleM CTyJyae MMeeT BUI:
D,C, +D,C, ’

Ct

rae D, u D, - uHOUBMAYyalbHble KOIPMUIVEHTDI
Inddy3un MOOBMKHBIX TUTaHA M KOOAIbTa COOT-
BeTCTBeHHO, C, = C, + C, — o01asi KOHLEHTPaLus
KOMTIOHEHTOB CUCTEMBI.

Ha rpaHuiiax mia€HOo4YHO CUCTEMBI TiOH—COHO
I71s1 KOHIIeHTpanyy C BceX pacCMaTpyBaeMbIX KOM-
ITOHEHTOB M0JIaTaJIOCh YCIOBYE OTPaXKeHNS :

aC
—=0npux=0ux=L.
ox
HavanbHbIMM yCIOBUSIMU IJis1 ypaBHeHU (3)-
(8) mpu MmopmenpoBaHUM Ilepepacripee/ieHUsI KOM-
TIOHEHTOB B IPOLecce BaKYyMHOI'O OTKUTA SIBJISI-
I0TCSI:

D = 9)

(10)

C,(x,0)=Ng,,C,(x,0)=rN,,, C,(x,0)=0
npu 0<x<h, (11)
G, (%,0) =N, C,, (x,0)=0, C, (x,0)= r;Ng
npuh<x<L, (12)

C,,(,0)=C, (x,0) =0 mpu Bcex 0<sx<L,(13)
rae h — rommyna mienku TiO, , L - TonmmHa ¢1o-
ucroit cucremst TiO,  —Co, O, Ny, N, - COOCTBEH-
Hasl KOHIIEHTpamusl aTOMOB MeTa/yla B OKCUJIE:
Ng, = 3.20-10** cM™® i OKCMZA TUTaHA U
N, = 5.18:10% cm™® 111 OKCMzia Kobanbra; ry U r, —
JLOJIV TIOABMKHOM YacTy MeTa/lJIOB B OKCHJIe TUTA-
Ha ¥ OKCHAE KOOaIbTa COOTBETCTBEHHO.

Cucrema ypaBHeHMii (3)—(8) ¢ KOHIIeHTpaIMOH-
HO 3aBUCUMBIM 3G DeKTUBHBIM K03 uImeHTOM
B3anmoauddysun (9) pemasach YMCIEHHO METO-
oM aKTopM3alum C MCTIOIb30BaHMEeM KOHCepBa-
TUBHBIX HESIBHBIX Pa3HOCTHBIX cxeM [10].

[TapamMeTpamMy MoOMeNu SIBASJINCH: UHIUBU-
IyanbHble K03bduieHTsl quddy3un MeTanIos,
KOHCTaHTbI CKOPOCTY peakuuu 3amenienus k, u k,
(1, 2), vuguBUAYyaabHble KO3GuIMeHTh Auddy-
3uM MmeTayutoB D,, D, v O/IN UX TOABVIKHBIX KOM-
TIOHEHTOB I', U I,.

Pe3ynbTaThl pacueTa M CpaBHeHUE
C 3KCIIEPUMEHTOM
B ycnoBusix Halero sKCrepyMMeHTa 1o MeTOI -
Ke, OMMCaHHOV B [11], Ha TIZIEHKY, COCTOSILYIO U3
okcuaoB kobanbra Co,0, n CoO (d ~ 250 nm), me-
TOZOM MarHeTPOHHOTO PacCITbIJIEHMS] HaHOCWUIACh
nmiénka Tutada (d ~ 50 nm)). B mpoiiecce mocre-
JIYIONIero BAKyyMHOTO OT>KUTa (B MHTepBaJie TeM-
repatyp 673-873 K) kucyopom, o6pasyrooimuiics B
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pesynbrare aycconyanyu Co,0,, U3 IIEHKM OKCH-
Jla KobGabTa JOCTATOUYHO OBICTPO YXOIUT B BAKYYM,

OKMCJISAS TUTAH !

2Co,0, — 6Co0 + 0,1 (14)

Ti+0,=TiO, (15)

dopmupyeTcs 4BYXCI0VHA IVIEHOYHAs CUCTe-

ma TiO,-CoO, Bpems 06pa30BaHus KOTOPOii MajIo

10 CpaBHEHUIO CO BpeMeHeM BaKyyMHOIO OTXKUTa

(30 munyT). [TosTOMY ITpaKTUYECKA B IIPOLLECCE BCE-

ro BAaKYyMHOTO OTXKUTa Mbl pacCMaTpuUBaeM B3au-

MOJeiicTBMe He B cucTemMe MeTayl1 — okenp: Ti—CoO,
a B cucTeMe MI€HOYHbIX okcuaoB TiO,—-CoO.

B pesynbrare BakyymHoro omkuranpu T =673 K
u P=2.7-1073 [Ta 06pa3yloTcsl HeCTEXMOMEeTpUUIeC-
Kye OKCHUbI TUTaHa ¥ KoOasbTa. B pyTuiie mpu 1aB-
JIeHUSIX, ONIU3KUX K aTMOChepHOMY, JOMUHUPYIOT
IBYX3apsiiHble KUCTOPOIHbIE BAKAHCHM, B TO BpeMsI
Kak TIpY JaBJIeHUY HIDKe aTMOC(hepHOTO Ha HISKHEM
npepene 061aCcTy TOMOTeHHOCTY OCHOBHBIMU Jie-
(hexTamMm IBJISIOTCS MEXKIOy3e/IbHbIE MOHBI TUTAHA.
Hectexmomerpuueckuii okcup Kodanbra CoO (006-
napaet crpykrypoii NaCl) umeer gedunur merai-
na Co, O, 4TO COOTBETCTBYET 06pa30BaHMIO OTHO3a-
PSITHBIX KaTMOHHBIX BaKaHCUI, KOTOpbIe JOMUHU-
PYIOT ITpy U36bITKe Kuciaoposaa (y > 0). [Tpy HU3Kux
JaBaeHMsIX kKucenopoga (y < 0) JOMUHMPYIOIINIL fe-
(beKT — MOHbI KOOaTbTa B MEXI0Y3/MSIX [5].

MeTtomom PDA o6HaApyKeHO, YTO BAKYyMHBbIA
omkur ipu T = 1073 K nmpuBen K GopMUpPOBaAHNIO
cnoxHoro okeuaa CoTiO, KyGuueckoit CTPYKTypbI
6e3 ob6pa3oBaHMS TTPOMEKYTOUHOTO CJIOS, Pa3jie-
JISTIONIEro MJIEHKU TiO2 n CoO. BeposTHbIM Mexa-
HU3MOM (a3000pa3oBaHMs SIBJISIOTCS 3epHOIPa-
Hy4YHas1 nud@ysnst MeTaIOB U TOITOXMMUYECKIE
peaxkiuyu Ha rpaHMUIlax 3épeH OKCUIOB, TaK KaK Ha
HUX ITOTEPY SHEPTUM Ha JePopMalinio CBI3eit Mu-
HUMAaJIbHBI, U CYIIECTBYET HEKOTOPBI CBOOOIHDIN
06beM, 06/1eryalonIiii IepeopueHTaIuIo pearupy-
olux yactur, [11].

Ha pucyHke mpeacTaB/ieHbl pacyéTHbIe pac-
rpemeeHus 10 ITyOuHe CUCTEeMBbI TiOZ_X—Col_yO
OTHOCUTEJIbHBIX CYMMapHbIX KOHLeHTpauuii C
(1, 1), nOOBMKHBIX (2, 2') U CBSI3aHHBIX C KUCIIO-
pomom MeTasioB (3, 3') turana (I1-3) u kobanbTa
(I'-3") B cpaBHEeHMH C pe3yabTaTaMU SKCIIePUMEHTa
[11]. Kak BMAHO U3 pUCYHKA, paCUETHbIE CyMMap-
HbIe KOHIIEHTPAIMM TUTAaHa U KOGaIbTa JOCTaTOU-
HO XOPOIIIO COOTBETCTBYIOT 3KCIIePUMEHTaTbHBIM,
MOJIyYeHHBIM MEeTOIOM pe3ep(opaoBcKOro o6part-
Horo paccesuus (POP). Yronmenne daser TiO, u
npopasyskeHre MOT TiOZ_X—Col_yO B CTOpPOHY (a3bl
Co,_, O cBMAETENBCTBYET O OMUHMPYIOLIET mubdy-
3MM MIOABVKHOTO KobanbTa B asy TiO, 1o cpas-

Condensed Matter and Interphases, 2019, 21(3), 358-365



Opl/ll'l/l HaNbHbl€ CTaTbU

100 +—{—-y/0
O
80
o\o 60 COI-YO
&
Dn
40
2'
20 f-----hm e
A
0 I . I ro—\s A A A
100 150 200 x gy 250

Puc. Pacnipenenenus no riy6une cucremsl TiO, —Co,

,O OTHOCHTE/IbHBIX CyMMapHBIX KOHIleHTparmii C (1, 1 s

TTOABVIKHBIX (2, 2) ¥ CBSI3aHHBIX C KMCJIOPOAOM METAJ/UIOB (3, 3): TMTaHa, 3aXBaUeHHOTO Ha JIOBYIIKK B (ase
OKCUia KobasnbTa ColfyO (3)  xobGasbTa, 3aXBaYEHHOr0 Ha JIOBYIIKM B (ase okeupaa TiO,  (3') . TemmepaTypa
omxkura 500 °C, Bpems, 30 Mun: Toukn - sxciepumeHT (MeToz POP) [11], kpuBble — pacuér ipu D, = 6.0-107 em?/c,
D,=1.4-10"" cm*/c, k, = 1.0-10"* cm¥/c, k,= 1.0-10"*2 cm*/c, r, = r,= 0.2
[Fig. Dstributions over the depth of the TiO, -Co, O system of the relative total concentrations of C (1, I),
mobile (2, 2’) and oxygen-bound metals (3, 3'): titanium trapped in the phase cobalt oxide Co,_ O (3) and
cobalt trapped in the TiO, (3’) oxide phase. Annealing temperature 500 °C, time, 30 min: Points — experi-

ment (RBS method) [11], curves — calculation at D,

=6.0-10"* cm?/s, D,=1.4-10""% cm?s, k,=1.0-10"*' cm¥/s,

k,=1.0-10* cm¥/s, r, = r,= 0.2]

HeHMIO ¢ M dy3ueii MOABIYKHOTO TUTaHA B (asy
Col_yO. KoH1leHTpaliOoHHbIe pacrnpeneneHus TU-
TaHa, 3aXBaUeHHOI'O Ha JIOBYIIKY B (a3ze okcuaa
KobasbTa Co, O3 u KobaJibTa, 3aXBaUeHHOro Ha
noBywku B (hase okeupga TiO,  (3') B OKpeCcTHOCTH
M®T' xapakTepusyloT 06;1acTh $Ga3000pa3oBaHMs
CJIOKHBIX OKCMIIOB KOOasbTa 1 TUTAHA.

3AK/IIOYEHUE

IIpenyioskeHa Momeab, pa3BMUBaIONIAs TEOPUIO
IapkeHa B3auMHOI auddy3uu B 6MHAPHOI CyC-
TeMe C HeOrpaHMYEeHHO pacTBOPMMOCTbBIO, Ha CITy-
yail peakIMOHHON B3auMoanbdy3nn B ABYXCIO-
HOJi cucteMe, COCTOSINEN M3 MOMMKPUCTAIINYEC-
Kux (a3 OKCUIOB ABYX METAJIOB M COIepsKallein
MOJBIVKHBIE Y HEIOABVKHbBIE KOMIIOHEHThI B KaXK-
moii u3 das.

Moenb mpeaycMaTpUBaeT CYIieCTBOBaHVE M-
MOOMTM30BaHHOT'O METAJIA B IBYX COCTOSTHUSIX — B
COCTaBe JIOBYIIEK CBOET (asbl U B BUE 3aXBaUeH-
HOT'O Ha JIOBYIIKM B (hase OKCUAA APYroro MeTas-
na. Bzaumonnuddysus mogBuUKHON KOMIIOHEHTHI
MeTaJIJIOB B (ha3bl COCEITHMX OKCUAOB C ITOCTIeAYIO-
MM 3aXBaTOM Ha JIOBYIIIEUHbIE IIEHTPbI, COIePsKa-
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IIe OKMCIeHHbIE aTOMbI COOTBETCTBYIOIIEH (hasbl,
CITYKUT OCHOBOJ 11T 06pa3oBaHus (a3 CI0KHBIX
OKCUIOB. PaccMOTpeHa MOCTaHOBKa KpaeBoli 3a-
Iayy MOJENN.

B pamkax mopeny mpoBeEeH YMCIeHHbI aHa-
JIN3 3KCIIePUMEHTAIbHbIX KOHI€HTPALMOHHBIX
pacrpeneneHuii TUTaHa U KobGajabTa B TOHKOILIE-
HOYHOI cucTeMe TiOZ_X—Col_yO, MMOJIyYEHHBIX Me-
TogoM POP. AHanu3 BeISIBIJI JOMMHMPYIOLLYIO POJIb
mubysun moABMKHOTO Kobanbra B pasy TiO, 1o
cpaBHeHMIO ¢ nubdysueii MOABMKHOTO TUTAHA B
dasy Co, ,Omn 00/1aCTh JIOKAIM3aLMK 00pa30BaHMs
(a3 UIOKHBIX OKCHUJIOB B OKPECTHOCTM MeXK(pa3HO
IrPaHUIIBI TiOZ_X—Col_yO.

KOH®JIUKT UHTEPECOB

ABTODBI IeKIapUPYIOT OTCYTCTBUE SIBHBIX U TIO-
TeHIMaIbHbIX KOH(QIMKTOB MHTEPECOB, CBSI3aHHBIX
¢ myoMKaIei HaCcTosIIe CTaTh.
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MODELING OF INTERDIFFUSION AND PHASE FORMATION
IN THE THIN-FILM TWO-LAYER SYSTEM
OF POLYCRYSTALLINE OXIDES TITANIUM AND COBALT
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Abstract

Purpose. A model of reactive interdiffusion in a bilayer system of polycrystalline oxides of two
metals with moving and stationary components in each phase is proposed. The model develops
Darken theory of interdiffusion in a binary system with unlimited solubility.

Results. The model provides for the existence of an immobilized metal in two states — in the
composition of the traps of its phase and in the form of the oxide of another metal trapped in
the trap in the phase. The interdiffusion of the mobile component of metals into phases of
neighboring oxides with subsequent capture to trap centers serves as the basis for the formation
of phases of complex oxides. The formulation of the boundary-value problem of the model is

considered.

Conclusions. Within the framework of the model, a numerical analysis of the experimental
concentration distributions of titanium and cobalt in the TiO, - Co, O thin-film system obtained
by the Rutherford backscattering method was performed. The anaiysis revealed the dominant
role of the diffusion of mobile cobalt into the TiO,  phase compared with the diffusion of mobile
titanium into the Co, O phase and the region of localization of the formation of complex oxide
phases in the vicinity of the Tio,_~Co, , O interface.

Keywords: modeling, reaction interdiffusion, Kirkendall effect, interphase boundaries, poly-

crystalline films, complex oxides.
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KOJIVIEKTUBHASA ITNMHAMUKA
N PASMEPHBIE DODEKTbI ®PA300OBPA3OBAHUA
CUCTEME A3POCMUIJI - TIOJIUCTUPOJIBHBIN JIATEKC

©2019 U. U. Jonrux, O. A. JXykamuua™, JI. A. BuTtionkas

BopoHexcckuii zocyoapcmeenHblli yHusepcumem
VHusepcumemckas ni., 1, 394018 Boporest, Poccutickas @edepauus

AHHOTaNMA. B cTaHIapTHHIX YUIOBUSIX MIPOBENEH SKCIIEPVMEHT M0 BIMSHUIO CUJT 00eTHEHSI
Ha ITPOIIeCC BbIChIXaHMSI KAl B3Beceil HeB3aMMO/IeICTBYIONIMX YaCTHULL a3pOCKIa U MOUCTH -
POJILHOTO JIaTeKca. BriepBbie 06HaPY:KeH OBICTPOIIPOTEKAIONINIT ITpoIiecc (a30BOro IpeBpalie-
HYISI KPYCTAJLIMYECKOr0 a3poCciia B KpucTaimieckuii SiO, B TedeHme qecsiTKOB CeKYH[I, COpo-
BOXKIAIOIINIICS Pe3KUM M3MEeHEeHMEM IIBeTa pacTBOpa KaIlIi OT CBETIO-TOMy60To IO CUHETO.
3apeructpupoBaHa MUKpoaubpakius, CBUIETebCTBYIONIAS O HAHOKPUCTA/IMYECKOI TIPUPO-
Ile 3apoblie06pa3oBaHyst HOBOJ (a3bl. O6pa3oBaHye HAHOKPUCTAIMYECKOI (asbl MHTep-
MIPeTUPOBAHO KaK pe3y/IbTaT AeiCTBYSI HepaBHOBECHOI CUJIbl 06eMHEHMS B YCJIOBUSIX TUAPOAM-
HaMMYeCKOi HeyCTOMUMBOCTH BbIChIXaloIllelt Karlyii. BoIUMcINTeIbHbIN SKCIIEPMMEHT B CTaTUC-
TUYECKO¥ MOIeNbHOI CMCTeMe KeCTKMX HeB3aMMOeiiCTBYIONIMX cdep IMoATBepAII IIpe iara-
eMblil MexaHu3M (pa3000pa30BaHMsI B YCIOBUSIX CTECHEHMS.

KiroueBble ¢j1oBa: KaIlisl, HAHOPEAKTOP, CAMOOPraHm3anys, HAaHOCUCTeMa, CUJIbI O0eTHEH NS,
(daszoobpasoBaHIe, KOJJIEKTMBHAS JMHAMMKA.

BBEJEHME

CTpyKTypHast 3BOIOLMS BbICHIXAIOIIUX Karesb
KOJUIOMAHBIX PACTBOPOB Ha IMApO(UIbHON IIOJI-
JIOXKKe IIpe[CcTaBiisieT co60ii KOMILIEKC CI0KHBIX
(PU3UKO-XMMUIECKUX Y MeXaHUYeCKUX ITPOLIeCCoB,
00beIMHsIeMbIX ITOHSTIEM JeruapaTalioHHas ca-
moopranusauus [1-3]. Boicbixarwonas Karisi pac-
CMaTpPUBaeTCsI KAK HAHOPeaKTOP C MOCTOSIHHO Me-
HSIOIIMMMCSI TapaMeTpaMu : KOHIIeHTpalysl, paay-
YC KPUBU3HBI, TOBEPXHOCTHOE HATSKEHME, TEMITE-
parypa. Hapsioy ¢ 6110710rMuecKoit ¥ MeIUIITHCKO
IMarHOCTMKOI, caMOCOOPKOII HAHOYACTULL U APY-
MMM IPUMEHEHUSIMU «KaTleTbHbI/i HAHOPeaKTop»
IIpeCcTaBJIsIeT O0JIbIION MHTEpeC P CUHTe3€e Ha-
HOCTPYKTYPUPOBAHHBIX MaTePUaOB.’

3a 1rocieaHe HeCKOIbKO AeCITUIeTUil pa3pa-
60TaHO MHOKECTBO METOJIOB CMHTEe3a HaHOYACTMUI]
KOHTPOJIMPYyeMOi1 hopMbl, pa3Mepa 1 JUCIIEPCHOCTI
I7151 GOMBILIOTO YMC/Ia MaTepraaoB. KpoMe xapakre-
pU3aLyM ONITUUECKUX, JNEKTPOHHBIX, MeXaHNUEeCKUX
M KaTAIMTUIECKMX CBOVICTB OTIe/IbHBIX HAHOUACTUII,
00JIbIIIOE BHMMAHME YIesIeTCsI Pa3paboTKe METOLOB
COOpPKM HAHOYACTUIL B OOJIBINNE YIIOPSIAOUYEHHbBIE
WIN Pa3ymnopsAoYeHHbIe CBEPXCTPYKTYPbI.

P4 XKykanuu IMUTpuii AnekceeBud,
e-mail: d.zhukalin@mail.ru

9T mMeTombl COOPKYU 6GA3UPYIOTCS Ha CYIIECT-
BOBaHMM MHOXeCTBa pa3IMUYHbIX TUIIOB MeXdac-
TUYHBIX B3aumogelicTeuil (BaH-mep-BaanbCcoBble,
MarHuTHbIE, JMeKTPOCTATUUYECKe, MOJIEKY/ISIPHbIE
IUIIONIbHbIe, KOBAJIEHTHbIE ¥ BOAOPOAHbIE CBSI3M).
Bosnbniasg yacTb 3TUX B3aMMOIEMCTBUIN UMEIOT 3a-
JaHHOe HaIllpaBjieHle 160 JeiiCTBYIOT JUIIb Ha
onpeneneHHbIX PACCTOSHUSX, M TOJIBKO 3JI€KTPO-
CcTaTU4ecKye B3aumMoeiicTBus [4] MOTyT GbITh Kak
MIPUTSTATebHBIMMU, TAK U OTTAIKUBAIOIIMMMU, a UX
cuia U IanbHOCTD AeCTBUSI OTipenessieTcs 3apsi-
JIOM Ha ITOBEPXHOCTY HAaHOYACTULL, AIM3IeKTpudec-
KOJi TIPOHMIIA€MOCTbIO Cpelibl M KOHIleHTpalue
VMIOHOB, IIPUCYTCTBYIOLIMUX B PaCTBOPE.

B mocnenHee BpeMs OJis1 M3y4eHUSI PaHHETO
CTPYKTYpOo06pa3oBaHust (KOATy/IsALNM) B KOJJIOU -
HBIX CHCTeMax MCIO/b3YIOT KanelbHblii MeTof, [5,
6]. KanesbHbINM MeTOn, LIMPOKO IIPUMEHSeTCsl Ha
MpaKkTuKe, HAIIpUMep, OH JIEKUT B OCHOBe aHa/IM-
TUYECKMX METOMIOB UIEHTU(MKALINY HEOpTaHIec-
KMX [7] M opranmyeckux (611070rMuecKmx) BelecTB
[8]. SIBneHMe mernapaTalMiOHHON CaMOOpraHu3a-
LMM KUIOKOCTU 3amaTeHToOBaHO. [Ipu kaxyeics
ITPOCTOTE METO/I 0Ka3aJICs Ype3BbIUaITHO CJIOXKHBIM
busuxo-xumMmyeckum mnporeccom [9-11]. 3a roxbr
MCCIeq0BaHNIi HalTpaBieHye U3yUueHMs IPOLeCCOB

KonreHT mocrymnen mop iuieHsueii Creative Commons Attribution 4.0 License.
i The content is available under Creative Commons Attribution 4.0 License.
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MCIapeHust CTaJI0 MeXAVCIUIUIMHAPHBIM, TIpUBJIe-
Kasi BHMMaHue GU3UKOB, XMMMUKOB, 6110JIOTOB 1 Ma-
TeMaTMUKOB. lHTepec K ¢hu3uKe mporiecca ucmape-
HMSI KaIlJIX PacTeT ¢ KaKIbIM r0JIOM KaK CO CTOPO-
HbI TEOPETUKOB [12], TaK ¥ NMPaKTUKOB [13].

[Tpu B3auMOeiicTBUM YaCTULL B BbIChIXaIOIIeit
Karie Heo6XOIMMO YUUTHIBATh CUJIbI 0O THEHNS.
OmHuM 13 11epBbIX 9P deKT ObUT OIMCcaH mpodecco-
poM Acakypoii B paboTe, TOCBSAIIEHHON UCC/Ief0Ba-
HMIO B3aMMOEVICTBUSI MEXY YaCTUI[aMMU, CYCITeH-
IVPOBaHHBIMM B PACTBOPAX MaKpOMOJEKy [14].

TpaguIMOHHO CUIbI 0OeqHeHNMs paccMaTpuBa-
I0TCS1 B KOHTEKCTe B3aMMO/IeICTBYSI ABYX YaCTULI, pac-
TBOPA JIJ151 OTIpeNEeIeHNS VX B3aMMOJIeCTBYS. BaKHO,
uyTO 3(pheKT AcaKypbl HAOTIOIAETCS 11T YACTUL] KOM-
TMOHEHTOB, OTVIMYAIOIINXCS 110 PasMepy B 4 1 6oee
pas. Ilesibto JaHHOV paboThI SIBJISIETCS M3yUeHme ¢a-
30BOTr'0 MIOBeJIeHMSI IBYXKOMIIOHEHTHOV KOJUIOMIHOM
B3BeCU a3pOCUJI — JIATEKC B YCIIOBUSIX KpayIMHTA.

JKCITEPUMEHTAJIbHAS YACTb

B KauecTBe UCXOIHBIX MaTEePHaIOB UCIIOIb30-
Ba/IMCh KOJIJIOMIHbIE B3BECH a3pOCuiia B KOHIIEHT-
pauyu 0.1 mg/ml ¢ pasmepom uactuir 100 nm u ro-
JIMCTUPOAbHBIN JIaTeKC ¢ pa3Mepom vactuii 20 nm
B KoHLeHTpaiuyu 10 mg/ml. [Ijs1 IpUroToBIeHMs
OOHOPOIHBIX KOJUIOUIHBIX B3BeCel 3aJaHHO KOH-
LIeHTpaluM UCIOIb30BaIM YIbTPa3BYKOBOI AMC-
nepratop Y3I-13. Pasmepsl yacTull MOTyYUBIINX-
Cs1 B3BecCeil KOHTPOJIMPOBAIM MeTOJIOM CBeTopac-
CesTHMSI Ha M3MepuUTeJie pa3sMepoB uactull Photocor
mini. [IpoBoaWICS CpaBHUTENbHBIN aHAIN3 TTPOLIeC-
COB BBIChIXaHMS KaIIM MCXOIHBIX KOMIIOHEHTOB U
cMecH B IMHAMMYeCKOM peskuMe in Situ. OTbITHI
MPOBOAINCH B CTAaHIAPTHBIX YCIOBUSIX. MCITONMb30-
BaJICSI OITUYECKMIT MUKpocKom Bresser Advance ID
¢ uudPOBOI perucTpaueii.

Mopdonorus u umeHTUGUKALMS TPOAYKTOB
BBICHIXAIOIIEl Kalljay MPOU3BOAMUIACh KOMIIIEK-
COM MeTOA0B, BKIouarmyux MK crieKTpocKonmo —
Bruker VERTEX 70, pacTpoBast MUKPOCKOIIVS — Jeol
JSM-6380LV 1 nmpocBeunBawiasi MMKPOCKOIIUS —
LIBRA 120 PLUS.

PE3VJIBTATBI 1 X OBCY>XXIOEHUE

[Ipu perucrpanym npoiiecca BbICbIXaHMS Kall-
JIV ICXOHBIX KOMITOHEHTOB — a3pOCIJIa U ITOJIUCTU -
POJILHOI'O JIATeKCa HAaO/TI0MaeTCsl TUIIMYHAS KapTUHA
JIJISI OMHOKOMIIOHEHTHOJ CUCTEeMbl, BK/IIOUaoIast
KodeiitHoe KojbLo. ITpy BhICHIXaHUM KAIJIX CMECH
aspocuia u [T iponucxoguT ocaxkaeHne KOHAeHCH -
POBaHHOI'O 0CAJKa C HECKOJIbKMMM I100/1€CKMBAIO-
MY MMKpPOUYaCTUIIAMM B pe3y/bTaTe 00pa3oBa-
HMS ¥ OBICTPOTO POCTa HOBOW (ha3bl MUKPOCKOIIN-
YyeCcKUX pa3sMepoB IO IeCsITOK MUKPOH B TeueHle
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IecsITKOB ceKyHn (puc. la, b). LiBeT pacTBOpa Me-
HSIeTCS OT ITPO3pavyHOro A0 cuHero. [Ipu 3ToM 1po-
MUCXOAUT 06pa30BaHMe HOBO (a3bl JOKATU3YETCS
B LIeHTPaIbHO 06/1aCTU KaTuIN.

Wpentuduxauys metomom MK-cnekrpockommim
MPOAYKTOB BbICHIXaHMSI TPOBOAM/IACH B CDABHEHUM
C UCXOOHBIMU KOMMOHeHTaMu. CpaBHUTEIbHBIIA
aHajM3 TMOoKa3bIBaeT XapaKTepUCTUUeckue CIeKT-
PbI MICXOAHBIX UYMCTHIX KOMIIOHEHTOB aspocuia U
TTOJIVICTUPOJIBHOTO JlaTekca (puc. 1¢). ObpasoBaHme
HOBOI/1 (ha3bl He ITPUBEJIO K 3aMEeTHOMY M3MeHEeHUIO
CIIEKTPOB MCXOIHBIX KOMIIOHEHTOB. Hebosbloe
JVICKpUBJIEHME MMKa, OTBevalolero 3a cBssb Si-0O,
BbI3BAaHHOE V3MeHEeHMEeM COOTHOLIEHUSI TPOIOb-
HOJA 1 TIOTIepeyHOli KOMITOHEHThI KoiebaHmii, MO-
SKeT OBITh BBI3BAHO MeXaHNIecKkoi nedopmariuei.
Takum 06pa3omM, MOKHO CUMTATh, YTO HOBas ¢asa
SIBJISIETCSI OKCUAOM KpPeMHUSI.

OTMeTHM, UTO TaHHbI 9(DPEKT XapaKTepeH st
IMHAMWYECKO CUCTeMbI OTPaHMUEHHOTO 06beMa,
KaKOBOJ SIBJISIeTCST KaIvisi. B MakpockonmMueCckmux
obbemax a¢hdeKT He HabIIoJaeTcs.

[Tpu uccnegoBaHUy Ha paCTPOBOM MUKPOCKOTIE
MIPONYKTOB BBICHIXaHMSI Kariyi HaOII0ZAeTCsT KOH-
IJIoMepaT HOBO¥ (pa3bl U JJaTeKca B MCXOTHOM CO-
CTOSTHUM. DTO MTOATBEPKIaeT XMMUUECKYI0 MHePT-
HOCTb KOMIIOHEHTOB U M€XaHUUECKYI0 TIPUPOAY UX
B3aMMOJIECTBUS.

IList ompeieneHus KpUCTATUYECKO CTPYKTYPhI
(ha3bl HAHOKPUCTAJUTBI U3 OCAIKA BHICOXIIIEN KaTIIN
MCC/IeN0BAIUCh HA MPOCBEUYMBAIOILEM 3JI€KTPOH-
HOM MMKpOCKorie. [IudpakiuyoHHast KapTUHa, CBU-
JeTeIbCTBYIOIAS! O HAHOKPUCTAJIMYECKOI TTPUPO-
Ile 3apoabIle06pa3oBaHms HOBOW dasbl (puc. 2¢).
CuUMMeTpusl pacIioNoKeHUsT OTpaskeHMI Ha MUK-
pondpakIMOHHONM KapTuHe (puc. 2¢) Ipearosa-
raeT OJHOBpeMeHHOe IonagaHue Moj, JIeKTPOH-
HbII1 ITyYOK JIBYX CPOCIINXCS HAHOKPUCTAITIOB,0AVH
13 KOTOPBIX PAa3BEPHYT K MUKy MJIOCKOCTHIO 6a31-
Ca reKCaroHaJIbHO/TPUTOHAJITHO 371eMEeHTapHOM
sTYeliku , @ BTOPOI MJIOCKOCTBIO, TTePIeHINKYIISIP-
HOJ K 3TOI IJIOCKOCTMU.

st [I1s1 MOHMMaHMS MexaHnu3Ma pa3oobpas3oBa-
HISI HAMM TTPOBOAMJICS] BIUMCIUTENbHBIN SKCTIePU-
MEHT B CTaTUCTUYECKOI MOJIEe/IbHOI CUCTEME JKeCT-
KX HEB3aMMOIECTBYIOMMX chep B MPUOTVIKEHNUA
OPOYHOBCKOTO JBIVsKeHMsl. OTHOIIEHE PaguyCcoB
B3SITO PaBHbBIM 4 COOTBETCTBEHHO YCIOBUSIM MOZE/Tb-
HOTO 9KcrepuMeHnTa. Hab/momaeTcst mpoCTpaHCTBEH-
HOe mepepacipeneaeHe 00MbIIMX YacTUIL B IIPU-
CYTCTBUU MaJIeHbKUX, TTPUBOJSIIEE K BO3HUKHOBE-
HUIO CTYIIeHU (PUC. 3). ITU CTYIEHUS MOTYT ObITh
OTBETCTBEHHBI 33 HEITPO3PAYHOCTh CMeCH a3pocuiia u
JlaTeKca, HeCMOTPS Ha IMPO3PavyHOCTh 000MX KOMIIO-

367



M. N. Donrux, O. A. XykanuH, J1. A. buTioukas

mixture
P adad

Optical density
o
[}
N
a
el

0,020 J— v

aerosil

polystyrene latex

KonnektnBHas oMHaMumka M pasMepHble 3pdekTbl pa3oobpa3oBaHus...

3500 3000 2500

2000 1500 1000 500

Wavenumber

Puc. 1. ®a3o06pasoBaHme KPUCTA/UIATA IIPU BbICHIXaHMM KaIlJIM KOJJIOMIHOTO PAacTBOpa B CHCTEME a3pOCul
— MOJIMCTUPOJIbHBIN JIaTEKC: d, b — 110, OIITMYECKMM MUKPOCKOIIOM; @ — B ITPOLIECCE BBICHIXaHMSI; b — Tocie
BbIChIXaHMS; ¢ — VK CIIeKTpbl HPOSYKTOB BhICHIXaHMS
[Fig. 1. Phase formation of crystallite upon drying of a drop of colloidal solution in the aerosil -polystyrene
latex system: a, b — under an optical microscope; a — in the drying process; b — after drying; ¢ - IR spectra of
the drying products]

HEHTOB, 1 32 00pa30BaHye HOBOJ (pasbl. ITH Crymie-
HMS BO3HMKAIOT IO, JeiICTBMEM CIbl 0OeIHEeHM.
OOBIYHO IPY PACCMOTPEHMM B3aMMOIEIICTBUS
YacTUIL B paCTBOPE UX MOKHO CUMTATh UAeaTbHbIM
rasom. Yuet pasmepa 1 (popMbI YaCTHUIL IPUBOOUT K
MoIpaBKam Ha cyity obemHeHus [14], KoTopble yII-
PaBJISIIOT BBICOTOJ ITOpOra aKTUBALIVM, CKOPOCThIO U
HarpaByieHreM peakiuu [15]. B psane cydyaes cuia
06emHeHNs SIBJISIETCS yyKe He ITOITPaBKOoii, 8 OCHOBHOI
IBVDKYIIEV CUITOT ITPOLIECCOB B PACTBOPE, MPEBOCXO-
IS ApyTMe CWITBI [ 16], M MOKeT Jaske co6MpaTh BMec-
Te OTTAIKMBaroNyecs yactutibl [17]. Cuma obemHe-
HMSI CTAHOBMTCS BeJIMKa, KOIIa YaCTUIIbI 3aHMMAIOT

368

GOJTBIITYIO0 YaCTh MPEIOCTaBIEHHOTO UM 00beMa, a
IIPOCTPAHCTBO IJISI UX IBVKEHUS Majo. OTUM YCIO-
BUSIM OTBeUYaeT MOZEeJIbHbII OIbIT. Takoe CTeCHEeH-
HOe COCTOsIHMEe Ha3biBaeTcst KpaynuHrom [18]. Ipo-
BeJleHVe peaklM B BbIChIXAIOIEl Karlle SIBJISIeTCS
TUITOBBIM CITOCOO0M TIOTyUeHMs KpayauHra. B stom
cydae 00beMOM pacTBOpa YIIpaBiIsiiOT, KOHTPOIN-
py# npoliecc BeIcbixaHu [19]. KpayauHr MOXKHO 110-
JIYYUTDb He TOJIbKO 3a CYET BbICOKOJ KOHLIEHTPpaLun
KOMITOHEHTOB ¥ Majioro 06bema, HO 1 JIOKaJIbHO Ha
HEOZHOPOOHOCTSIX pacTBopa. [jist 3TOTO UCIONb3Y-
IOTCS Pa3IMYHbIE METO/IbI IOKATbHOTO BO3AECTBUS.
Hampumep, HarpeB TOUKM, IIPUBOISILINI K OOTbIINM

Condensed Matter and Interphases, 2019, 21(3), 366-373
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Puc. 2. ®a3oo6pasoBanme kpucrammra SiO, B KalleIbLHOM HAaHOPEaKTOpe: a — PaCcTPOBast 3/IEKTPOHHAs
MMKpOCKOTHSt; b — nudpakuyoHHast KapTHHA TPOCBEUNBAIOIIEI HTeKTPOHHON MUKPOCKOITUN
[Fig. 2. Phase formation of crystallite SiO, at droplet nanoreactor: a — scanning electron microscopy;
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b - diffraction pattern of transmission electron microscopy]
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Puc. 3. BeruncmTenbHbIl SKCepyUMeHT. [Ipou3BOIbHBI MOMEHT OMHAMMUKM cep — LIBETOM BbIIEIEHbI
commsuBIMecs chepsl. Ha rpadrke mokasaHa BepoOSITHOCTh OOHAPYKUTD TaKOe KOJTMIECTBO 60bInx cdep,

CONMM3UBIINXCS B 3aBUCUMOCTH OT KOHIEHTPpaUVNM MaJIEHbKIMX

[Fig. 3. Computational experiment. Arbitrary moment of the dynamics of the spheres - the clustered
spheres are pointed out with color. The graph shows the probability of detecting such a number of large

spheres clustered, depending on the concentration of small ones]
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rpagyieHTam TeMIIepaTyp B eé OKpecTHOCTH [20], um-
IIyJIbC JIa3epa, YIIPABJISIIOIINIA JIOKAJIbHOM KOHLIEHT-
panyeli MarHUTHBIX YaCTHULL, TPUBO/AS K BOSHUKHO-
BEHMIO KOJUTIOUIHOTO Kpuctayuia [21], u T. 1. B aTom
cyJae MMeeTcs ellle U JOTIOTHUTEIbHbIN 3¢ deKT —
cuia obeHeHMsT 3aMeTHO BO3pacTaeT AJIsl JBUKY-
IIMXCST YACTULL, YTO ObIIIO U3yUEHO B BHIUMCIIUATEIb-
HBIX 3KCIlepyMeHTax [22]. [l moy4eHus: caMmoop-
raHM30BaHHBIX CTPYKTYD, KaK IIPaBUIIO, VICIIONb3YIOT
MMEHHO HepaBHOBECHYIO CUITY 00eTHEeHMSI.

PaHee HaMM OGbLJIO TTOKA3aHO [23], YTO MIPY BBI-
ChIXaHMM Ha XOPOILO CMauyMBaeMOli TOBEPXHOCTU
KOJUIOMTHASI B3BECh YINIEPOIHBIX HAHOTPYOOK 00-
pasyeT KpyIHbIe XXTYTbI, XOPOIIIO HAOMI0jaeMble B
OIITUYEeCKUII MUKpPOCKOIl. CMauuBaemas IOBepX-
HOCTb TpebyeTcsl 1)1 BO3HMKHOBEHMSI CMJIbHBIX Ka-
NWUISIPHBIX T€YEHUI1 IIpU BbICbIxaHMU. Ha rugpo-
($b0oOHOIt TOBEPXHOCTH XXI'YThl HE BO3HUKAIOT, [10C-
KOJIbKY PaBHOBECHbIX CUJ1 06€THEHUSI B OTCYTCTBUM
TeuyeHMI1 OKa3bIBaeTCs He,OCTaTOYHO.

BbIBO/ bI

BriepBble sKcIieprMeHTa/IbHO [TOKa3aHo, YTO IpU
BBICBIXaHUU KaIlIV KOJUIOMIHOTO PACTBOPA HEB3au-
MOJENCTBYIOIIMX YaCTUL B CUCTEME adpOCUI — I10-
JIMCTUPOJIbHBIN JIATEKC ITPOUCXOIUT 0O6pa3oBaHme U
OBICTPBIN POCT HOBO¥ (ha3bl KpyCcTaLIMIeckoro Sio,.
MTPeaIIoIOKNUTE/IbHO reKCaroHaJIbHO/TPUTOHAIb-
HOJi CMMMeTPWI, 3aPETMCTPMPOBAHHON Ha Iy pak-
LIMOHHOM KapTuHe MuKpoaudpaxuym. [Tporiecc da-
3000pa30BaHMsI COIMPOBOXKIAETCSI PE3KUM M3MeEHe-
HIMEM IBeTa pacTBopa CO CBET/I0- FOJyOoro 10 CUHe-
ro. PazMep KpUCTa/UTUTOB BapbUPYETCSI B UHTEPBAJIE
OT JIeCSITM HAHOMETPOB 10 IeCSITU MUKPOH. Brumc-
JIUTEJIbHBIV SKCIIEePUMEHT B CTATUCTUUECKON MO-
JIeJIbHOM CUCTEME SKeCTKUX HEB3aMMOZeCTBYIOLIX
cep moaTBEpAWI ITpeAIaraeMbIii MexaHu3M (a3o-
06pa30BaHMSI B YOUIOBUSIX CTECHEHMS.

BJIATOOJAPHOCTU

ABTOPBI BbIPasKAIOT MCKPEHHIOK 6/1aroapHOCTh
BCeEMY KOJJIEKTUBY LleHTpa KO/UIEKTUBHOTO ITOJb-
30BaHMSI HAYYHBIM 000PyIOBaHMEM BOPOHEKCKO-
ro rocymapcTBeHHoro yHusepcureta. URL: http://
ckp.vsu.ru

KOH®JIUKT UHTEPECOB

ABTODBI IeKIapUPYIOT OTCYTCTBME SIBHBIX U I10-
TEeHIIMATbHbBIX KOH(QIMKTOB MHTEPECOB, CBSI3aHHBIX
¢ MyOMMKaIei HacTOsIIe CTaTbu.
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Abstract

Purpose. In addition to characterizing the optical, electronic, mechanical, and catalytic properties
of individual nanoparticles, much attention is paid to the development of methods for assembling
nanoparticles into large ordered or disordered superstructures. These assembly methods are based
on many different types of interparticle interactions (Van der Waals, magnetic, electrostatic,
molecular dipole, covalent and hydrogen bonds). Recently, the drip method has been used to study
early structural formation in colloidal systems. When particles interact in a drying drop, depletion
forces must be taken into account. In this paper a model experiment has been carried out to study
the effect of depletion forces on phase formation during the drying process of a drop.

Methods and methodology. Colloidal suspensions of Aerosil at a concentration of 0.1 mg/ ml
with a particle size of 100 nm and polystyrene latex with a particle size of 20 nm at a concentration
of 10 mg / ml were used as starting materials. Homogeneous colloidal suspensions of a given
concentration were prepared using an ultrasonic disperser UZG-13. The particle sizes of the
resulting suspensions were controlled by light scattering on a Photocor mini particle size meter.
A comparative analysis of the drying process of a droplet with the initial components and with
their mixture has been conducted in dynamic mode. The experiments were carried out in standard
conditions. A digital optical microscope Bresser Advance ID was used to control the drying

D<) Zhukalin Dmitry Alekseevich, e-mail: d.zhukalin@mail.ru

KoHaeHcnpoBaHHble cpeapl 1 MexdasHble rpanumubl, 2019, 21(3), 366-373

371



M. N. Donrux, O. A. XykanuH, J1. A. buTioukas

dynamics. The morphology and identification of the drying products have been carried out by a
set of methods, including IR spectroscopy - Bruker VERTEX 70, scanning microscopy - Jeol JSM-
6380LV and transmission microscopy - LIBRA 120 PLUS.

Results. When a droplet of a mixture of aerosil and latex was dried, there was observed the formation
and rapid growth of a new phase of microscopic sizes up to ten microns in a matter of tens of seconds.
The color of the solution changes sharply from transparent light blue to bright blue. The formation
of anew phase is localized in the central region of the drop. According to the data of IR spectroscopy
and of electron and transmission microscopy, the resulting phase is crystalline SiO,.

To interpret the obtained results, a computational experiment was carried out in a statistical
model system of rigid non-interacting spheres in the Broun motion approximation. In the
simulation the spatial redistribution of large particles in the presence of small particles is
observed, leading to the occurrence of the thickenings. Phase formation is interpreted as the
result of the action of the nonequilibrium depletion force under the conditions of the
hydrodynamic instability of a drying drop.

Conclusions. In the conditions of a model experiment on phase formation during drying of a
drop of a non-interacting particles colloidal solution in the aerosil-polystyrene latex system,
the formation and rapid growth of a new phase of crystalline SiO, has been detected. The phase
formation process is accompanied by a sharp change in the color of the solution from light blue
to blue. The crystallite size varies from ten nanometers to ten microns. A diffraction pattern of
the new phase has been found indicating its crystalline nature.
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collective dynamics.
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ME>XATOMHBIE CBSI3U1
B AMOP®HBIX KOMITO3UTAX (CoFeB) (TiO,),
C PA3BHBIM COJIEP)XAHUEM METAJIJIMYECKON
1 JU3JNEKTPUYECKONI KOMIIOHEHT
10 JTAHHBIM MK-CIEKTPOCKOIINU

!BopoHexcckuii 2ocydapcmeeHHolli yHusepcumem
Yuusepcumemckas nin., 1, 394018 Boponei, Poccutickas @edepauus
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AnHoTauus. MeTonoM MOHHO-Ty4eBOT'O PacIlblIeHUsI ABYX MulleHel (onHa 13 cruiaBa CoFeB,
BTOpas u3 Ti0,) Ha BpaIaoNyI0Cs CUTAJIOBYIO MOIJIOXKKY ITOTydeHa cepust 06pasioB ¢ rpafm-
€HTOM COCTaBa U To/muHbl Komnosura (CoFeB) (TiO,), .

Ha nudpakrorpammax aMmopdHbBIX KOMIIO3UTOB 0GHAPYKEHO I'ajio, COOTBETCTBYIOIEE CpemHe-
MY MEXaTOMHOMY PacCTOSIHMIO, GJIM3KOMY I10 BEJIMUMHE K 3HAUEHMSIM MEKIUIOCKOCTHBIX pac-
CTOSTHUII CAMBIX MHTEHCUBHBIX T PAKIMOHHbBIX JIMHMII B citaBax CoFe.

MeTomom VK-crekTpocKomy poBeieHa UaeHTUGUKAIMS MOJT, COOTBETCTBYIOIUX MEXKATOM-
HBIM CBA3AM B aMopdHbIX Kommnosurtax (CoFeB) (TiO,), pa3sau4yHOro cocrasa. YCTaHOBJIEHO
Ha/Inuye CBsI3eii C KUCJIOPOIOM Bcex 3meMeHTOB komrmosuTta Fe—0, Co-0, Ti-0, B-0, a Takke
00pa3oBaHMe MPOMEXKYTOUHBIX XUMUUIecKnX cBsi3eit Ti-O-B, Ti-O-Co Mexxay aToMaMy I3-
JIEKTPUYECKOM ¥ MeTa/IM4eCcKoi KOMITOHEHT KOMITO3UTa.

Ha OCHOBE I10/Ty 1€ HHDIX IAHHDIX IPe/YIOKeHa MOZIeNb amopdubxkommnosutos (Co, Fe, B ) (TiO,), ,
B KOTOPOJt MeTa//TMuecKie YaCTUIIbI IIPeNCTaBIISIIOTCS B BUIE SIpa U3 MeTa/IMUeCKUX KaacTe-
poB CoFe ¢ 060/10UKOIi 113 OKCHUIOB M 6OPUA0B/OKCMOOPHUIOB d-MeTalyIOB, pacipee/ieHHbIX B
JU3IeKTPUUeCKO MaTpuLle guokcuaa tutana Tio, .

KiioueBbie cj1oBa: aMopgHble MeTa//IOCOAEepsKallyie KOMIO3UThI, IK-CIIeKTpbl, MOZIbI KOJIe-

OGaHMii, MESKATOMHbIE CBSI3U.

BBEJEHUE

KomnosuTHsble TJIeHKM, COCTOSIME U3 Mar-
HUTHBIX MeTa/UIM4eCKuX HaHOTPaHysl, paBHOMEP-
HO pacIripefieIeHHbIX B AM3IEeKTPUYECKON MaTpu-
11e, SIBJISIIOTCS TIePCIEeKTUBHBIMM MaTepuajsaMu
CBY s51eKTpOHMKYM U CIMHTPOHUKH [1-6]. Hapsamy ¢
0COOBIMMY INEKTPUIECKUMM, MATHUTHBIMMU U OTTTH -
YeCKMMM CBOMCTBAMM JaHHBIX CTPYKTYP OAHOM U3
Hanbosiee 3HAUMMBIX XapaKTePUCTUK TaKNX HAHO-
KOMIIO3UTOB SIBJISIETCSI HAIMUME B HUX TUTAaHTCKO-
IO MarHUTOCONPOTUBIeHMS. CoueTaHNe YHUKAJIb-
HBIX 0COOEHHOCTE! 03BOJISIeT CYUTATD ITOT KJIACC
COeAMHEeHM ITePCIIEKTUBHbBIM 1151 BCECTOPOHHETO
M3Y4YeHUs] U UCIIONb30BaHMS B Pa3IMYHbBIX 06sac-
TSIX HAYKU U TEXHUKNA.

< TomaieBckast OBenyuHa [1aByioBHa,
e-mail: ftt@phys.vsu.ru

MaruuTHbIe CBOJCTBA reTepodasHbIX CUCTEM
3aBUCST OT MHOTMX ITapaMeTPOB aTOMHOTO U 3JIeK-
TPOHHOTO CTPOEHUS KOMIIOHEHT. K OCHOBHBIM OT-
HOCUTCSI COOTHOIIIEHWEe 06beMOB (heppOMarHuT-
HOJi ¥ HEMarHMTHOM (a3, KOTOpoe BIMSIET Ha pac-
CTOSIHMSI MEeXIY HAaHOYaCTULAMU META/IJINYECKOrO
CIUIaBa U, ClIef0BaTeIbHO, HA BeIMYMHY MarHUTHO-
ro B3aMMOJENCTBUS MeXAY MarHUTHbIMY MOMEH-
TaMMu rpaHyJ1. BaXHbIM napaMeTpoM, BJAVSIIOLIMM Ha
CBOJCTBA rPaHyIMPOBAHHBIX KOMIIO3UTOB, SIBJISIETCS
pasMep MeTa/UIMYECKUX IPaHYJ/I, KOTOPbI KOHTPO-
JIUPYETCS YUIOBUSIMU TTOTyYeHMST ¥ 00bEMHOI 10-
Jieit MeTasia (X), KoTopast MOKeT U3MeHSTbCs oT 0
Io 1.0. B kauecTBe MaTpul] IpaHy/IMPOBAHHBIX KOM-
MO3UTOB Yallle BCero UCHOAb3YIOTCS AUSIEKTPUKNA
§i0,, Al,0,, MgO, MgF, u npyrue. [1;151 KOMITO3UTOB C
MaJIOii BeIMYMHO X MeTaJ/TMUeCKye rPaHysbl U30-

KonreHT mocrymnen mop iuieHsueii Creative Commons Attribution 4.0 License.
i The content is available under Creative Commons Attribution 4.0 License.
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JIMPOBAHBI APYT OT APyTa B 00bEME MaTPUILIbI, 1 IT0-
3TOMY TaKye Cpebl GIM3KM TI0 CBOMM CBOMCTBAM K
usonstopaM. [IpoBOAMMOCTD B TaKMX KOMITO3UTaX
OCYIIIECTBJISIETCS, B OCHOBHOM, 32 CUET TYHHEJIUPO-
BaHMUS JIEKTPOHOB MEXY MeTa/TMueCKMMU Tpa-
HyJIaM¥ UJIU 32 CUET MPbDKKOBOI TTPOBOIMMOCTY 10
JIOKaJIM30BaHHBIM COCTOSTHUSIM B IUAIEKTPUUYECKOT
MaTpuiie. C Ipyroi CTOPOHBI, [JISI COCTaBOB C O0JTb-
IO BEJIMUMHOM X peayin3yeTcsl MeTa/IM4eCKuii pe-
SKUM TIPOBOAMMOCTU. [Ipy 3TOM pa3Mepbl U KO-
YeCTBO I'PaHy/l B eIyHMIIe 06beMa BO3PacTaloT Ha-
CTOJTBKO, UTO ITPOVCXOANT (popMMpoBaHMe ITPOBOIS-
HIMX KJIaCTePOB U CIJIOIIHBIX MeTA/IIMUeCKMX KaHa-
JIOB (LIeroYeK UM «CeTOK» 13 B3aMHO KOHTaKTMU-
PYIOLIMX APYT C APYTOM I'PaHyI), MPOHU3bIBAIOLIMAX
Becb MaTepuaa 1 06ecreunBaroImNX TPeuMyIIecT-
BEHHO MeTaJTMUeCKUii TUII TPOBOAUMOCTU. Mexmy
KaHaJIaMU CYIIECTBYIOT AMJIEKTPUUECKIe 00JIacTu,
KOTOpbIE YBEJIMUMBAIOT OOIINI1 yPOBEHD HJIEKTPOCO-
MPOTUBJIEHMS] MaTepuasia, HO He BJAMSIOT Ha MeXa-
HM3M IIPOBOJAMMOCTH B 11€JIOM. B 3TOM pexxume ma-
TepuaJ BefeT ceOs Kak MeTa/UTMUeCKUiA IPOBOTHMK,
XOTS$I T€ ero CBOMCTBA, KOTOPbIE 3aBUCSIT OT AJIMHBI
cBOGOIHOrO Mpobera IeKTPOHA, 3HAUUTEIbHO U3-
MeHEeHbI BCJIe[ICTBME CUJIbHOTO paccestHis Ha TpaHu-
[1ax rpaHy/. JeKTpuyeckas IPOBOAVMOCTb TaKMUX
KOMITO3UTOB MEHbIIIE B HECKOJIBKO Pa3 OTHOCUTETb-
HO 3HaYeHMI, XapaKTePHBIX JJI51 YUCTHIX METAJIOB
WIN MeTaJ/UIMYeCKuX CIUIaBoB |2, 3] .

ITpoTsixkeHHas IPOBOIAIIAS CeTKa” i MarHuT-
Hasl 3aMKHYTasl CTPYKTypa BO3HUKAIOT B KOMIIO-
3UTax MMPU NOCTVKEHUM TaK Ha3bIBaeMOTO IepKo-
JISIMOHHOTO Mpenesia (rmopora NpoTeKaHus), Ipu
KOTOPOM MeXaHM3M IPOBOAMMOCTY U3MEHSeTCs
C TYHHEJIbHOTO WJIM TIPbDKKOBOTO HA MeTainyec-
K1ii 32 CYET GOPMMPOBAHMS CIIOIIHBIX TTPOBOSI-
HIMX KaHAJI0B U3 MeTaJlyIMUeCcKuX rpaHyl.

OKCHepUMeHTa/JbHO YCTAHOBJIEHO, UTO IS
60JTBIIIOTO KOJIMUECTBA IPAHYIVPOBAHHBIX KOMITO-
3UTOB MTOPOT MTPOTEeKaHUs COOTBETCTBYET COCTaBaM
¢ x=50-60 [2, 3]. st 607bIIMHCTBA O01IEN3BECT-
HbIX MeTa/IOB, TakuXx Kak Fe, Co, Au, Cun . 1., rpa-
HYJIbI MOTYT MMeTb pa3Mep OT OHOTO 10 HeCKOJIb-
KUX AeCSITKOB HAHOMETPOB. ATO Ta 06J1aCTb pasMme-
POB, B KOTOPOJi TpaHyJ/Ibl CTAHOBSITCSI OOHOLOMEH-
HBIMM U BO3MOXKEH Mepexop, B cylepriapamMarHuT-
HOe COCTOSIHME.

I'pany/nMpoBaHHbIE KOMIIO3UTBI MOTYT OBITH I10-
Jy4eHbl pa3IMUYHbIMM MEeTOAAMM, OMHAKO MOHHOE
pacrblIeHe SIBIsIeTCsl Hanbosiee YHUBepCaTbHbIM
MeTOLOM [2, 3]. DopMMpOBaHMe TPAHYIMPOBAHHO
CTPYKTYPbI MPOUCXOIUT HA TOBEPXHOCTU TTOMIIOXK-
KU, KyJa OCaKIAIOTCSI aTOMbI MJIM aTOMHbIE KOM-
TIJIEKCHI, BBIOWTBIE U3 MUIIeHM. Pa3meneHne KoH-

KoHaeHcnpoBaHHble cpeapl n MexdasHble rpanmupl, 2019, 21(3), 374-384

OpMFMHaJ’IbeIe CTaTbn

IEeHCUPYIONIENCs Cpenbl Ha 1Be KOMITOHEHTHI (V-
J7eKTpuUUecKass ¥ MeTajandecKkas) OCyIleCTBIs-
eTcs B pe3y/sbTaTe MpoIlecCOB CaMOOpPraHMU3alun,
IBIVDKYIIEN CUI0l KOTOPBIX SIBJSETCS CTpeMyIeHe
K CHIYDKEHMIO SHTPOIIUY TP peanm3aliuy HeCcTalu-
OHApHOTO Mpollecca, KOTOPLIM SIBJISIETCSI KOHIEH-
carus U3 ra3oBoii ¢assi [2, 3].

[Tpy GONMBIIOM PACCTOSTHUYM MEXIY rpaHyIaMu
9Ta CUCTeMa MMeeT HeYIOPSIA0YeHHOEe ITPOCTPaHC-
TBEHHOE PaCITO/IO’KeHVE COOCTBEHHBIX MArHUTHBIX
MOMEHTOB, ¥ MaTepua/l HAaXOAUTCS B Cylepriapa-
MarHuTHOM cocTossHuu. C yBe/imyeHeM OTHOCH-
TeJIbHOTO 00beMa peppOMarHmuTHOI (hasbl yMeHb-
IIAIOTCS PACCTOSIHMSL, BO3HMKaeT 0GMeHHOe B3au-
MoJieiiCTBMe MKy MarHUTHBIMY MOMEHTaMM aTo-
MOB pa3JIMUHbBIX TPAHYJI ¥ BO3HUKAET KOPPesius
MarHUTHBIX MOMEHTOB CTPYKTYPHI B 11€JIOM.

Panee B pa6orax [7, 8] ¢ moOMOIIbI0 METO-
noB XANES (X-ray absorption near edges spectra),
USXES (ultrasoft X-ray emission spectra) v VK-
CIEKTPOCKOINMU MbI U3YUUIM MEXATOMHbBIE CBSI-
31 B aMOP(MHBIX IPaHYIMPOBAHHBIX KOMITO3UTaX
(Co, Fe,B,) (8i0,),,,_, C PasIMUHBIM COfI€pP)KAHIEM
criaBa Co, Fe B, B MaTpuiie 13 OKCHIa KDEMHMUSI.
[TomyueHHbIe JaHHbIE TTOKA3aJT/ BAVSIHME 3JIeMeHT-
HOTO COCTaBa ¥ XMMMUUECKUX CBsI3€i1, B TOM 4ucie U
060pBaHHbIX CBA3el B SiO, , Ha pusuyeckme CBOJ-
CTBa rpaHy/IMPOBAHHBIX HAHOKOMITO3UTOB. OIHO-
BPEMEHHO ObljIa ITPOIeMOHCTPMPOBaHa 3D PEKTUB-
HOCTb MeToza K-crieKTpocKkonmu mpu uccienoBa-
HUM MeXATOMHBIX B3aMMOEICTBIUII B aMOP(HBIX
nanokommnosurax (Co, Fe, B, ) (SiO,),,,, [8]-

B omgHoIt 13 mowiegHMX HamMX pabort [9] me-
TogoM MK-CIrieKTpocKonmMu Mbl YCTAHOBWIM HaJIV-
yye XUMMUUECKMX CBsI3eil MeXAy KOMIIOHEHTaMM
MHOroc/0#HbIX HaHocTpyktyp (Co,Fe, Zr /a-Si),,
n (Co,Fe, Zr /SiO,)., C ONVMHAKOBBIMM MeTalIN-
YeCKUMMMU CJI0SIMU ¥ Pa3IMUHBIMY ITPOC/IOKaMU U3
aMop(HOro KpeMHMSI ¥ AMOKCUIA KpeMHMsI. Pe3yiib-
TaTbl MCCIeMOBAHMS TTOKA3a/IM HaJMuyue MesKaToOM-
HbIX CBSI3€i He TOJIbKO BHYTPU MeTaIMueCcKux rpa-
HYJ1, HO TIOTPaHUYHbBIX CBSI3€¥i C KMCI0POIOM KOMIIO-
HEeHT Kak MeTajnnueckux cioeB Fe—0O u Co-0, Tak
" HeMeTa/nueckux rpocioek Si—0-Si u Si-0.

LlenbIo TaHHOI pabOThI SIBJISIETCS MCCIEOBAHME
MEXKaTOMHBIX B3aMMOZAECTBUI MEKAY /IeMeHTaMMU
B amop@HbIx Kommnosurax (CoFeB) (TiO,), ¢ pasmny-
HBIM COIEep)KaHMeM X MeTa/NIMYeCKUX KIacTepoB/
rpanyn CoFeB B IManeKTpu4eCcKoi MaTpulle U3 ay-
oKcHga TUTaHa TiO2 meTtonom MK-crnekTpockonmn.

METOIANKA B3KCIIEPUMEHTA
O6beKkTaMM UCCIeTOBAHMS CTY>KUIN 5 06pasiioB
(Ne 5,19,21,33,55) komrosutos (Co, Fe, B, ) (TiO

Z)I—x
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Pa3HOro COCTaBa X, MOTYYEeHHBbIX METOIOM MOHHO-
JIy4eBOTO paclblIeHMs ABYX MUIIEeHel Ha Bpalja-
IONIYIOCSI CUTAJNIOBYIO TIOMJIOKKY [5, 6]. OnHa MU-
IIeHb IIpeCcTaBIsIa c060ii MeTa/IMYeCKYIO I1J1ac-
TuHY ciuiaBa CoFeB, mmosyyeHHOro MeTomOM MH-
IYKUVOHHO IIaBKY B BaKyyme. BTopoii MuilieHbI0
ObL1a IIACTMHA IBYOKMCY TUTAaHA TiOZ. s co3pa-
HMS TpaJieHTa cocTaBa (M TOMLMHBI) KOMIIO3UTa
MeXIy MUILIEeHbIO U MOAJI0KKaMU yCTaHABIUBAIN
V-06pasHblii akpaH. HambuteHne MpoBOaAWIIN B aT-
mocdepe Ar ipu gasyieruu 5-10# Torr.

Homepa nccmeqoBaHHbIX 06pa3IioB BO3pACTAIOT
B COOTBETCTBUM C YBeJIMUEHNEM COLEpPsKaHUSI Me-
Ta/UINYECKOV KOMIIOHEHTHI X B KOMIIO3UTE U TOJI-
UIMHBI HAIIBIJIEHHOTO CJIOSI.

Pentrenogudpakumonnsie (PI) mcciemoBa-
HMST KOMITO3MTOB MIPOBOAWIN Ha IudpaKTOMeTpe
JIPOH-4 ¢ CoKo-usnyyenuem (1.789 A) B pexu-
Me TOIaroBOT0 CKaHMPOBAaHUS B AMamna3oHe YT-
J0B 20 = (10-110)°.

MukpodoTorpadny TOBepXHOCTY U CPe30B 06-
pas1OB CAeaHbl HA pACTPOBOM 3JIEKTPOHHOM MMK-
pockorme JSM-6380LV.

VIK-cIieKTpbl KOMIIO3UTOB ITOJTyUYeHbI HA MHE-
pakpacHom @ypbe-crekrpomerpe VERTEX 70 (LIKIT
HO BI'Y), KoTopblii IIpegHa3HaueH [IJ1s1 U3MepeHUs
OITUYECKUX CITIEKTPOB IPOITYCKAHUS Y OTPAKEHMS
B cpenHeit o6nactu VIK guamasona 100x600 cm™ u
400x4000 cm™. Perucrparnuio VK-criekTpoB Ha OT-

1800

MeaToMHble CBS3M B aMOP(dHbIX KOMMO3MWTaX...

pakeHye OCYIIeCTBJISIN C UCTIOMb30BaHMEM MEeTO-
mviky HITBO — Hapy1ieHHOTO MOJTHOTO BHYTPEHHE-
r'O OTPAKEHMUSI.

PE3VJIBTATBI 1 OBCY>XKAEHUE

PenrrenoandpakimoHHbie UCC/IET0BAHMS
kommnosuros (Co, Fe, B ) (TiO,),

Ha puc. 1 mpepacraiieHbl Ay pakTorpaMmbi 06-
pa3ioB KoMo3uToB N2 5, 19,21, 33 1 55 pasamyHbIx
COCTaBOB, HAHECEHHBIX HA CUTAJJIOBbIE TTOMIJIOKKMU.

AHanu3 Momy4eHHbIX Pe3y/lbTaTOB, TPeACcTaB-
JIeHHBIX Ha puc. 1, mokasasi, 4YTo IepBoe rajao npu
260 = 25° ¥ HeCKOJIbKO C1abbIX IMHMUIT Ha Audpax-
TorpaMme OT o6pasiia N2 5 COOTBETCTBYIOT rajio u
CaMbIM MHTEHCUBHBIM JIMHUSM CUTAJIJIOBOI TIOI-
noxkky. OmHaKo, HauMHas ¢ o6pasna N2 19, y Bcex
MOC/IeAYIOIIMX 06PA3LIOB C OOIbLIMM COIEPIKaHUEM
MeTa/JINYeCKOl KOMIIOHeHTBI M OOJIbIIeNl TOMIIN -
HOIJ1, HAO/TI0HAeTCS ITOABEM MHTEHCUMBHOCTY B BUJIE
BTOPOTO TaJI0 B 00/1aCTH YIJIOB 20 = 53°. MakcumMmym
OTpakeHUSI ITOTO TaJI0 B COOTBETCTBUM C COOTHO-
nreHiem Bynbda-Bparros 2d* sin 6 = nA, mpu gym-
He BonmHbI CoKow A = 1.789 A, cooTBeTcTBYeT Cpen-
HeMy MeXIIIOCKOCTHOMY paccTostHMIo d = 2.004 A,
6/1M3KOMY I10 BeJIMUMHE K 3HAYEHUSIM MEXKIUIOC-
KOCTHBIX PACCTOSIHMIT CAMBIX MHTEHCUBHBIX IU]-
PaKIMOHHBIX JMHUI B CIUIaBax KOOaJbTa U JKeje-
3a: CoFe d = 2.02 A [10], Co,,Fe,, d=2.02A[11] n
Co,,,Fe,,, d=2.064 A[12].
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Puic. 1. O630pHbIe audpakTorpaMmbl 06pasuos komnosutos (Co, F

e, B ) (Ti0,)), N@5-55u yncroro curaana
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[Fig. 1. Survey diffractograms of samples of composites (Co,.Fe, B, ) (TiO,), No.5-55 and pure glass]
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Takum 06pa3oM, pesyiabTaThl PII viccieqoBaHmit
IMOKa3bIBAIOT, YTO KOMIIO3UTHI C pa3IMUHbIM COMIepP-
>KaHMEeM MeTa/UTMYeCKO U AV3IeKTPUIeCKO KOM-
nonent (Co,Fe, B ) (TiO,),  aBnsaoTcsa amopdHbI-
mu. [Ipy 9TOM MeTaIMuecKue rpaHyibl MOTYT CO-
CTOSITb M3 KJIaCTEePOB C Pa3IMUHbIM UMCJIOM aTOMOB
Co n Fe, Ho, B cpegHeM, G/IM3KMM K PABHOMY UMCITY
aToOMOB KOOajIbTa 1 kejie3a B KjIacTepe.

PacTtpoBasi 3/ieKTpOHHAasi MUKPOCKOIIUS

UccnemoBanue mpoduieit o6pasios ¢ 1mo-
MOIbI0O PACTPOBOTO NIEKTPOHHOTO MUKPOCKO-
na (P3M) mo3BONMMUIO BBISIBUTH, UTO IIPU HAIIbI-
JIeHUM KOMITO3MTOB OIMCAHHBIM BbIIIE METOAOM
Ha CUTA/UIOBBIX MOAJIOKKAX (QOPMUPYIOTCS OFHO-
pOAHbIE CJIOM KOMITO3UTOB MUKPOHHO TOJIIIN-
HbI. B KauecTBe mpuMepa Ha pUC. 2 TIPeICTaBIEHbI
npopuu o6pasuoB N2 5 (cieBa) u N2 19 (cripaBa)
xomnosutos (Co,Fe, B ) (TiO,), . B cepun 1504

OpI/II'I/IHaJ'IbeIe CTaTbn

(Co,Fe, B, ) (TiO,), TOMIIMHBI CJIOEB [IEPEMEHHO-
r'0 COCTaBa U3MEHSIMCH B Ipefenax ot 0.8 ym (06-
paser N2 5) mo 2.3 um (o6pa3ser N2 55).

Kpome Toro, ¢ momoIibio PAM 6b11 onipeeieH
3JIEMEHTHbIN COCTAB MCCIeAyeMbIX HAHOKOMIIO3M -
T0B (CoFe, B ) (TiO,), .IaHHbIe os 0Ty 06pas-
o (N2 5, 19, 21, 33, 55) npuBeaeHbI B Ta61. 1.

B cooTBeTCTBUM C OAMHAKOBBIM COAep>KaHM-
em Co u Fe B pacnbuisemom cmiase Co,Fe, B |
B MccaenyeMblX o6pa3max HaHOKOMITO3UTA
(Co,Fe,B,) (TiO,), TNpoLeHTHbIE COOTHOLIEHMS
skeyie3a M KobGasibTa OKa3aIMCh OUeHb OJIM3KUMMU
(IBe rocyieHMe CTPOKM TabI. 1), B TO BpeMsI Kak Co-
IlepsKaHye 3TUX 3JIeMEeHTOB B KOMITO3MTe YBeJTUUM-
BaeTCs MIPMMEPHO B 5 pa3 ¢ yBeJimueHreM HoMepa
o6pasia or N2 5 1o N2 55. OmHOBpEeMEHHO C YBeJIN-
yeHmeM cogepykannst Co u Fe B o6pasmax Habm0-

JaeTcsda aHTHUbaTHOE YMeHbIIeHNMe CoOgep>KaHMsI 3J1e-

Puc. 2. POM nipodusieit 06pasioB pa3HOTo COCTaBa.
Ne 5 (cneBa) u N2 55 (cnpaBa) kommnosura (Co,Fe, B, ) (TiO

) -
2/1-x
[Fig. 2. SEM pI Oﬁles Of Samples Of dlffel ent COIIIpOSitiOIl.

No. 5 (left) and No. 55 (right) of the composite (Co,Fe,B, ) (TiO,), ]

Tabamua 1. SnemenTHbI coctaB HaHokommnosuta (Co, Fe B ) (TiO,), ,
B o6pasiax N2 5-9 ¢ pasaMyHbIM 3HAUYEHMEM METa/UIMYeCKOli KOMIIOHEHTHI X

[Table 1. The elemental composition of the composites (Co,Fe, B ) (TiO,),
in samples No. 5 — No. 55 with different values of the metal component x]

OTHOCHUTENIbHOE COflepyKaHMe 3JIEMEHTOB B aTOMHBIX NpoLieHTax (%)
DnemMeHT [Relative element content in atomic percent (%)]
[Element] O6paser; N2 5 O6pase1;19 O6paserr 21 O6paserr 33 O6pasers 55
[Sample No. 5] [Sample No. 19] | [Sample No. 21] | [Sample No. 33] | [Sample No. 55]
C 8.10 7.97 8.96 10.67 10.75
0] 55.10 48.28 47.44 40.03 30.14
Al 1.16 0.25 0.22 0.23 0.29
Si 5.34 0.75 0.43 0.34 0.40
Ca 1.17 0.30 0.21 0.12 00
Ti 19.31 21.17 20.78 18.00 12.48
Fe 5.00 10.44 10.75 14.86 22.60
Co 4.83 10.82 11.21 15.74 23.34
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MEHTOB IM3/IeKTPMYECKOIi KOMIIOHeHThI TiO, TTa-
Ha ¥ KUCJIOpOo/ia TIPY COXPaHSIONIeMCsI COOTHOIIIe-
HUM 9TUX 9JIEMEHTOB B 06pasiiax okomo 1:2.5.

HeckombKo yBeMueHHOE CofepsKaHyue KUCIo-
pora B 06pa3iiax MOXKHO OOBSICHUTD BJMSHMUEM afl -
COpOMPOBAHHOIO KMCIOPOAA U3 BO3yXA.

OTHOCUTENIBHO OJIM3KIE ITOKA3aTeNIN COIepsKa-
HMSI YIJIEpOaa B pa3HbIX 00pa3Iiax MOKHO CUMTATh
MIPU3HAKOM CTaOMJIBHOCTM YCJIOBUIA, B KOTOPBIX IT0-
JTy4ajiv 06pasIbl ¥ MPOBOAVIIN SKCIIEPUMEHT.

[Tockombky GOp SIBASIETCST HauboJiee JTErKUM
3JIEMEHTOM M3 COCTABJISIOIIX KOMIIO3UT 3JIEMEH-
TOB, MCCef0BaHMe U3MeHeHNt ero MPOLIeHTHOTO
coZlepsKaHMsI JIEXKUT 3a ITpeeaMy BO3MOKHOCTEI
MpOBeIeHNsT MMKpOaHali3a Ha JTaHHOM Ipubope.
IMosTomy MHbOPMAIIMS 10 JTAHHOMY 3JIEMEHTY He
npencTaBjaeHa B Tao6. 1.

Kpome Toro, mpy aHanmu3e IOTyYEeHHBIX TaH-
HBIX CJIeyeT YUUThIBATb, UTO HaMMeHee TOUYHbIE
IaHHbIE O COCTAaBe KOMIIO3MTA ITOJTYUEHbI AJIST Ca-
MOTO TOHKOTO 00pa3siia N2 5 113-3a BIAMSIHUS CUTaI-
JIOBOJI IOJIJIOKKM, G1arogaps ee ajeMmeHTam Si, Al,
Ca, O, HauboJIbllIee comepiKaHMue KOTOPbIX OOHa-
PY’)KeHO MMEHHO B 3TOM 06pasiie (IepBbIii CTOM-
oer Tab. 1).

B kauvecTBe mpuMepa Ha puC. 3 mpeacTaBie-
Hbl MuKpodoTorpaduu POM mnoBepxHoCTu 006-
pasmoB N2 5 (cieBa) u N2 55 (cripaBa) KOMITO3UTOB
(Co,Fe,B,) (TiO,),  .OHM MOKa3bIBAIOT KAK M3MeE-
HSIETCSI KOHTPACT MPaKTUUECKY OTHOPOIHBIX 1306-
paskeHMii aMOPGHBIX KOMIIO3UTOB OT TEMHOIO IO
CBETJIOTO TPV M3MEHEHNM COIePsKaHMs B HUX Me-
TaJIJINYECKOI KOMIIOHEHTHI OT MMHUMAJIbHOTO (00-
pasel; N2 5) mo MmakcuMMaabHOTO (o6pasel; N2 55).

24 Sep 2009

SEl  30kV WD8mm' 8817

x100,000 0.1pm
Sample 0000

MeaToMHble CBS3M B aMOP(dHbIX KOMMO3MWTaX...

HK-crekTpbl aMOpPPHBIX KOMIIO3UTOB
(Co,Fe, B, ) (TiO,), pasHOro cocrasa

Ha VK-criekTpax, ImpecTaBaeHHbIX Ha PUC. 4,
OBLIM BBISIBJIEHBI MOIbI KOJIE6GATEIbHbBIX CIIEKTPOB
B o6mactu 100+1500 cm™!, oTHOCKUTEIbHAS UHTEH-
CUBHOCTb KOTOPbIX BAPbUPYETCS B COOTBETCTBUM C
M3MeHeHMeM CofepkaHMs MeTa/VIMueckoi U Ou-
97IEKTPUUYECKOI KOMIIOHEHT B aMOP(HBIX KOMIIO-
3UTax.

Ha puc. 4 CIUIOLIHBIMU JIMHUSIMM U300pake-
HbI 3KcIlepuMeHTanbHble VK-crekTpbl KOMITO3M-
T0B (Co,.Fe, B, ) (TiO,), ¢ pasnMyHbIM comepsKa-
Huem mertauinyeckoii Co, Fe, B v nuanexkrpu-
yeckoii TiO, komrioHeHT. IITPUXOBBIMMU JTIMHUSAMU
Ha TOM >Ke PUCYHKe ITpeACTaBAeHbl MOAEeIMPOBaH-
Hble K-cnekTpsol, COOTBETCTBYIONIME PA3JI0KEHNIO
Ha KOMITOHEHTHI B (popMe rayccmaH, Ipon3BeIeH-
HOMY C ITOMOIIIbIO0 ITporpaMmbl Magic Plot.

B Tabn. 2 mpuBemeHbl 3HAUEHUS MAKCUMYyMOB
MO/ B OOpaTHBIX CAHTUMETPAX, ITOJIyUeHHBIX B pe-
3ynbTaTe pasnoxkeHus VIK-criekTpoB u uaeHTUdON-
LIMPOBAHHBIX C TTOMOIIbIO JIUTEPATYPHBIX UCTOU-
HMKOB [8, 13-20].

PesyinbTaThl, pencTaB/ieHHble HA pUC. 4 U B
TabJI. 2 ITOKA3bIBAIOT, UYTO caMoe OOJIbIIOe UKCIO
MOJ, IPUHAIJIEXUT CBI3SIM KMUCJIOpOJa CO BCEMU
aJieMeHTaMy KOMITO3UTa, B TOM UMC/Ie IU3IeKTPU -
yecKoii KomnoHeHTbI Ti—O u ¢Bsizsim Co—-0. Cneny-
eT OTMEeTUTb, YTO KUCJIOPO,, UCTOUHUKOM KOTOPO-
ro SBJIAETCA AusIeKTpuyeckas KommnoHenTa TiO,
06pasyeT CBSI3Y He TONBKO CO BCEMY OCTaTbHBIMM
KoMItoHeHTamy Komno3suta Fe—O u B-O, Ho n nipo-
MeXyTOUHbBIe CBSI3U MEXKIY dJieMeHTaMy AU3JIeKT-
pUYECKO ¥ MeTaJIMUYecKoir KOMIIOHEHT KOMIIO-

Puc. 3. POM noBepxHOCTM 06pasioB pa3sHoro cocraBa. N2 5 (cieBa) u N2 55 (cripaBa)
kommnosura (Co,Fe, B ) (TiO,),
[Fig. 3. SEM of the surface of samples of different composition. No. 5 (left) and No. 55 (right)
of the composite (Co,Fe,B ) (TiO,), ]
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Ta6amua 2. Mogpr MK-cniektpos komnosutos (CoFeB) (TiO

Opl/ll'l/l HaNbHble CTaTbU

B o6pasuax N¢ 5,19, 21, 33 u 55

Z)l—X

B nuanasoHe 100-1400 cm!

[Table 2. Modes of the IR spectra of the composite (Co,Fe,B, ) (TiO

in samples No. 5 — No. 55

2)1—x

in the range of 100-1400 cm™!]

Moppbl KonebaHmii, cM ™!
[Modes of oscillation, cm™]
Homepa 06pa3sioB IlaHHbBIE TUTEPATYPDI
[Sample numbers] [References]
Ne5 Ne19 Ne21 N933 Ne55
1442 1473 1438 1442 B-0 1396~1450 [13]
1383 1385 1395 Ti-O-B 1397 [14]
1500 1294 1302 Ti-O 1320 [15]
1186 1188 1198 Fe-0 1160 [17]
1084 1094 1100 1108 Ti-O 1110 [15]
1029 999 1036 1025 Ti-O 1110 [15]
934 915 907 919 921 Co-0 936 [18]
838 822 818 828 828 Ti-O- Co 820 [10]
751 742 738 746 746 Fe-B 754 [8]
Co-0; Ti-0 650 [15] [16];
661 651 649 651 649 670 [14]
Co- B 580 [8]
565 561 557 557 557 s Co- Fe 516-540 [19]
476 Ti-0 450 [20]
7 380 474 462 445 474 469,670 [14]. 375 [15]
309 325 338 327 Ti-O -Co 310[12]
256 268 234 214 Co-0 285,250 220 [15]
Co-0 160 [15]
185 146 126 124 C0-0 135 [15]

3uta Ti-O-B u Ti—O-Co. [Ipu 3TOM OTHOCUTEb-
Has MHTeHCUMBHOCTb MOC/IeagHelt MOJbl BO3pacTa-
eT C yBeJlIMueHueM Ccofep>kaHusl MeTa/IMuuecKo
KOMITOHEHTbI KOMITO3UTA, T. €. C YBeJIMUeHeM HO-
Mepa obpasia.

OO6pamaer Ha ce6s1 BHMMaHMe MHTEHCUBHAas
Mo7a Kojie6aHMsl, COOTBETCTBYIOIIAS CBSI3U MEKIY
atromamu Fe-B, mpeBocxopsiiiasi 1o MHTeHCUBHOC-
T MofbI Kostebanunii Co-B 1 B—O u comocraBuMast
¢ momamu Konebaumit Co—O-Ti u Co-0. U 3To He-
CMOTpsI Ha OTHOCUTEJIBHO Majioe cofiepskaHue 6opa
B MCXOOHOM MeTa/uinueckoM ciuiaBe Co 1sF€4:B o
CIyKalleM MCTOYHMKOM MeTaslIMuyecKoi KOMIIO-
HEeHTbI KoMIio3uTa. Kpome TOro, Hanuume CBsI3en
B-0O u Ti—O-B yka3sbiBaeT Ha aKTMBHOE yuyacTye
60pa B CBI3SIX MEKIY aTOMaMM MeTaUIMIeCKOi 1
IU3IeKTpUIeCckoit KOMIIOHEHT KOMITO3MTa.

CnenyeT OTMETUTh, UTO M3MeHeHMe OTHOCHU-
TEeJIbHOTO COMlepskKaHMs MeTa/UIMuecKoi U JuUdJieK-
TPUYECKOJ KOMIIOHEHT B 00pasiax Majio BMSeT
Ha coctaB Mog K-CriekTpoB, T. €. Ha X KOJINYECT-
BO. OfHAKO C YMeHbIIEeHeM COmepKaHMs AUIIeK-
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TPUYECKOI KOMITOHEHTBI TiOZ’cnyn(ameﬁ VICTOYHMU -
KOM KMCJIOPOZAa, B 06pasiax N2 33 1 55 mponcxoauT
o611ee yMeHblIlIeH)e MHTEeHCYMBHOCTY LIeHTPaIbHOI
obnactu MK-crnekTpa, cogepskalieii, IiaBHbIM 00pa-
30M, MOZIbI METaJIT-KUCTOPOS,.

3AK/IIOYEHME

IOudpakiMoHHbIE MCCAeg0BaHMSI 00pa3oB
amMop(@HBIX KOMITO3UTOB (Co45Fe45B102X(TiOZ)1_X C
pa3HbIM OTHOIIIEHMEeM MeTaJlIMuecKoil U OusJieK-
TPUYECKO KOMIIOHEHT OOHAPYKWINM Trajo, COOT-
BETCTBYIOIlee CpelHEMY MeXaTOMHOMY pacCTOsI-
HUIO OGIM3KOMY K MEXKIUIOCKOCTHBIM PacCTOSTHU-
sIM Hauboyiee MHTEHCUBHBIX OTPaKeHMiI B CILIa-
Bax CoFe.

HK-crnexkTpsl aMmOp(HBIX KOMIIO3UTOB COmep-
>KaT MOZbI KOJIeGaHMI, COOTBETCTBYIOIINE CBI35IM
KMCIOPOAA CO BCEMM JIEMEHTAMM MeTajuIndec-
KOV M IyuaneKTpudeckoi kommnoneHT Fe—0, Co-0,
B-0, Ti-O.

Kpome Toro, o6Hapy>kKeHbl IIPOMEKYTOUHBIE
CBSI3Y KMCJIOPOJA C 3JIeMEeHTaMM 00eMuX KOMIIO-
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Puc. 4. VIK-criekTpsl 06pa3nos pasHoro cocraBa komnosura (CoFeB) (TiO,),
[Fig. 4. IR spectra of samples of different composition of the composite (CoFeB) (TiO,), ]
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HEHT, IM3JIeKTpudeckoii u Metaindeckoit Ti—-O-B,
Ti-0O-Co.

YCTaHOBJIEHO, YTO, HECMOTPSI HA OTHOCUTEIbHO
He6OoJIbIIIoe coepsKaHye B ICXOAHOM MeTajliuec-
xoMm crase Co, Fe, B ,60p o6HapyXuBaeT CBA3M
Fe-B, Co—-B He TOJMBKO B MeTa/UIMUECKUX KjIacTe-
pax, HO U y4acCTBYeT B CBSI3SIX C KUCJIOPOAOM M-
aMeKkTpuyeckoil Mmatpuiibl B—O. CBs13u 6opa ¢ Tu-
TaHOM OCYIIeCTBJISIOTCS yepe3 kuciopon Ti—O-B.

TakuM 06pa3soM, Ha OCHOBAHMM IOJTyUYEHHBIX
IaHHbIX VIK-CIIeKTPOCKOIMM O MeKaTOMHBIX CBSI3SIX
B aMOP(GHBIX KOMITO3UTAX MOKHO IMPEIJIOKUTD Clie-
nytonryio mozesb: komrosutsl (Co, Fe, B, ) (TiO,),
COCTOSIT U3 YaCTULL B BUE SIAPA U3 MeTaINUEeCKUX
kiactepoB CoFe, TOKPbITHIX 060/I0UKO 113 60PIA0B
1 OKCMIOB d-MeTaJIJIOB, pacIipeie/IeHHbIX B IM3JIEK-
TPUUECKOVi MaTpuile AMOKCHAA TUTAHA.

NCTOYHUK ®MMHAHCHUPOBAHUSA

Pa6oTa BbIroHeHa Ipy [ofaaepskke MuHoOpHa-
yKu Poccuy B paMKax rocyqapCTBEHHOTO 3aJaHus
BVY3am B chepe HayuHOI mesiteibHOCTY Ha 2017-
2019 roppr. [TpoekT N2 3.6263.2017/BY.

KOH®JIUKT MHTEPECOB

ABTODBI IeKIapUPYIOT OTCYTCTBYE SIBHBIX U T10-
TeHIIMATbHbBIX KOHMIMKTOB MHTEPECOB, CBSI3aHHBIX
¢ myOMKaIei HacTOSIIel CTaTbM.
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INTERATOMIC INERACTIONS IN AMORPHOUS COMPOSITES
(CoFeB) (Ti0,),  WITH DIFFERENT CONTENT OF METAL

AND DIELECTRIC COMPONENT ACCORDING
TO IR SPECTROSCOPY

© 2019 E. P. Domashevskaya!™, Tran Van Tu!, A. N. Lukin!, A. V. Sitnikov?, O. V. Stogney?>

Voronezh State University
1, Universitetskaya pl., 394018 Voronezh, Russian Federation
2Voronezh State Technical University
14, Moskovskii pr., 394026 Voronezh, Russian Federation

Abstract
Purpose. By a method of ion-beam sputtering of two targets (one of the CoFeB alloy, the second
of TiO, on arotating glass-substrate substrate, a series of samples were obtained with a gradient
of the composition and thickness of the composite (Co40Fe40B20) (TiO,),  on the diffraction
patterns of amorphous composites, a halo was found corresponding to the average interatomic
distance close in magnitude to the interplanar spacing of the most intense diffraction lines in
CoFe alloys.
Results. Using IR spectroscopy, the modes were identified that correspond to interatomic bonds
in amorphous composites (CoFeB) (TiO,), ofvarious compositions. The presence of bonds with
oxygen of all elements of the composite Fe — O, Co - O, Ti — O, B — O, as well as the formation of
intermediate chemical bonds Ti — O — B and Ti — O — Co between the atoms of the dielectric and
metal components of the composite has been established.
Conclusions. Based on the data obtained,a model of amorphous composites (Co40Fe40B20) (TiO,),
is proposed, in which metal particles are represented as a nucleus of metal CoFe clusters with a
shell of d-metals oxides and borides/oxyborides distributed in a dielectric matrix of titanium
dioxide TiO, .

Keywords: amorphous metal-containing composites, IR spectra, vibration modes, interatomic
bonds.
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AnHoTauus. B cTaTbe 110 M3BECTHBIM B IMTEPAType SKCIIePUMEHTATbHbIM 3HaUeHMSIM KpaeBbIX
VIJIOB ¥ MOBEPXHOCTHBIX SHEPTUIl TBEPABIX U KUAKUX META/JIOB PacCUMTAHbl MeK(basHbIe
SHeprum rpaHul] pasgesna Mexxay TBepAbIMU U XXUAKUMU MeTa/lslaMu. B HacTosilee Bpems Ipu
BBIUMCIEHMM BeJTMUMH MeK(Da3HbIX SHEPTUIA ITOSBMUIACh BOSMOKHOCTD yUeTa TeMIIePaTypPHOTO
(baxTopa [/ MHOTMX TBepAO-KUAKMUX MeTamndeckux cucreMm. [lokasano, uro npu 6, =1/ 2
MexdasHasi 5HepIusa G B UCCIeSOBaHHBIX CYCTeMaX MeHbllle, YeM MIOBepXHOCTHAs SHeprus

TBEPIbIX METAJIIOB O, .

KiroueBsbie ¢/10Ba: KpaeBoit oy, MOBePXHOCTHAS SHePrist, MexkdasHast SHeprsl, 0JI0BO, CBU-

He1l, >KeJyie30, MeIb.

BBEJEHUE

VccnenoBaHMSIMIM OTeUeCTBEHHBIX U 3apyOesk-
HBIX YYEHBIX K HACTOSIIEMY BPeMEeHU M3MepeHbI
yIenbHble TTOBEPXHOCTHBIE CBOOOIHBIE YHEPIUNU
MOYTHU BCEX UMUCTBIX METAJIOB B XUIOKOM COCTOSI-
Hum o, [1-3].

YTo KacaeTcsi TOBEPXHOCTHON SHEPTUN METaJI-
JIOB B TBEPAOM COCTOSIHUM, TO O HEeJaBHEro Bpe-
MeHM ObUIM M3MEePEHBI G ¢, TONbKO IJIS1 OTPaHMYeH-
HOTO UX KOJIMYEeCTBa, KOTOpPbIe He OTIUYaINUCh [0-
CTaTOYHOM CTeIleHbI0 TOUHOCTHU. [lo3TOMY B Hayke
0 MeK(a3HbIX SIBJIEHUSIX CIIOKMIOCH TTapagoKCalb-
HOEe TIOJIOKeHMeE, TIPU KOTOPOM He ObUIO BO3MOXK-
HOCTY IPOBECTM pacyeT MeX(ha3HOii SHEPIUN G,
Mcnonb3ys ypapHeHue lOHra. B ¢Bsi3u ¢ aTuM B n1u-
TepaType HaKOIUIeH 60JbIIOoi 06beM paboT, B KO-
TOPBIX BBIUUC/SIUCH TOMBKO Pa3HOCTU MEXIY I10-
BEPXHOCTHOM SHepruei MmeTtaia B TBEpAOM COCTO-
STHUY M Mesk(a3HOi SHePTMei Ha IpaHMIIe TBePIbIi
MeTaJul-pacIjiaB gPyroro MeTasuia.

CiienyeT OTMETUTD, YTO IIPSIMOT'O METO,A U3Me-
peHusI 3TOI BeJIMYMHBI He CyIecTByeT. Mexny Tem,
OHa oIpezesseT KpaeBoiil yroan 6, B paBHOBECHBIX
CUCTeMaXx ¥ KOHTaKTHBI Yoyl 6 B HEpaBHOBECHBIX
cucremax. [TocieqHme BeTIMYMHbBI HEOOXOIVMBI TP
skupgKodasHOM crieKaHMM, Taiike, cBapke U T. [I.

B Hacrosiee BpeMs MOSIBUIACh BO3MOXHOCTb
€€ BBIUMCIUTD KaK OTJENbHYI0 BEIMUMHY, TaK KaKk
P< IllepueBa dnbBupa XyceHOBHa, e-mail: teuva.ella@mail.ru

y’Ke M3MepeHbI TOBEePXHOCTHbIe SHEPIUM MHOTUX
MeTaJl/IOB B TBEP/IOM COCTOSIHUM G, U UX TeMIIe-
partypHble KO3QOUIMEHThI AG, / AT . DTy JaHHbIe
Gy, MHOTYE 13 KOTOPBIX TIOJTyYeHbl yCOBepIleHC-
TBOBAaHHBIM KOMITEHCAI[MIOHHBIM METOJIOM «HYJIe-
BOJi IO/I3y4YecTu», 0000111eHbI B paboTe [4].

[lesnbi0 HACTOSIIIEN CTATbU SIBJISIETCS TOTIBI-
TAThCSI YACTUYHO BOCIIOMHUTD 3TOT IPO6GEN U BbI-
YMCIUTb Mexk(asHble SHEPIUM B YKa3aHHBIX BbIIIe
cucremax.

METOAUKA ITPOBEJEHVA PACUHETOB

B pa6ote T. B. 3axapoBoii [5] 66111 M3MepeHbI
paBHOBeCHbIe KpaeBble YITIbI 6, 00pasyeMble XI/I-
KMMM OJIOBOM ¥ CBMHIIOM Ha ITOBEPXHOCTSIX TBEP-
IBIX XKejie3a U Mef.

VI/ibl CMauMBaHMS JKejie3a 0OJI0BOM U CBUHLIOM
npu Temrieparype 623 K o e€ gaHHbIM paBHbBI 43
1 48° COOTBETCTBEHHO. YI/Ibl CMauMBaHUSI Meau
0JIOBOM ¥ CBMHIIOM IIPU TOJ 3Ke TeMIiepaType paB-
HbI 20 1 34°.

JLJ1s1 5KMIKMX OJI0BA Y CBUHIIA €10 TIOTyYeHbl M-
nypuyecKyie ypaBHEeHVsI, BbIpasKalolLyie ITOBEPXHOC-
THbIE HATSDKEHMS B 3aBUCUMMOCTHU OT TeMITepaTyphbl:

6,,(Sn) = 537 —0.052(T — 505), (1)
6,, (Pb) = 455—0.085(T — 608). )
B cBs31 ¢ TeMm, 4TO TeMIlepaTypa IJIaBIeHUSs

cBuHUA paBHA He 608 K, a 601 K, To MbI BBenu B
ypaBHeHMe (2) rorpaBKy 1 mJ/m?.

KonTeHT mocTymneH nop auieHsueit Creative Commons Attribution 4.0 License.
T The content is available under Creative Commons Attribution 4.0 License.
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[Tpy HM3KKUX TemIlepaTypax JKeje30 UMeeT Ipa-
HEelLIeHTPUPOBAHHYIO0 KyOMUECKYIO CTPYKTYPY, TI03-
TOMY U3 BYX 9KCII€pPMMEHTaIbHbIX 3HAUEHUI1 Be-
JIMUVH MMOBEPXHOCTHBIX SHEPTUii TBEPHOTO XKeJesa,
MIpUBeeHHbIX B paboTe [4], Mbl BbIOpasin y-Fe st
KOTOPOro G, =2170 m]/m’npuT (T - Temnepa-
Typa I1aBaeHus). [I0oCKONbKY B IUTepaType OTCYTC-
TBYET 9KCIIePUMEHTAIbHO M3MEPEHHOEe 3HaUeHMe
BeJIMYMHBI TeMIlepaTypHoro koadgduuyeHTa mno-
BePXHOCTHOM SHePIUM TBepPIOro xkenesa Ac, / AT,
TO MbI BOCIIO/Tb30Ba/INCh IOTYIMIMPUIECKMUM 3Ha-
YyeHMeM 3TO} BeUMUMHBI, I0JIyUeHHOl HaMU B pa-
oore [6]: AG, / AT =0.3333 mJ/(m*K).

Ina meou 6, =1760 mJ/m?* npu Temreparype
maBnenus, a A, / AT = 0.50 mJ/(m* K). Temnepa-
TYDbI [UIaBJI€HMS JKejle3a 1 MeJy B3SThbl U3 [7] 1 paB-
Hbl: T (Fe)=1809 K, T, (Cu) =1356 K. Temmneparypsl
M3MepeHNsT paBHOBECHbIX KpaeBbix yoB T (T, -
TeMIiepaTypa u3MepeHusi) IpuBeeHbl B Taom. 1.

B xavecTBe mpuMepa nmposeneM NpOLERypy
pacueTa MOBEPXHOCTHO SHEPTUM TBEPAOTO JKeJle-
3a IIpU TeMIlepaType, IpM KOTOPOJi aBTOP JuUccep-
Taluy M3Mepusia paBHOBECHBI KpaeBoii yron 0,
o6pa3yeMmblii 0JIOBOM Ha ITOBEPXHOCTH kese3a. [Te-
peBO[I IOBEPXHOCTHON SHEPruy TBepAOro xKenesa
K TOJ TeMIlepaKkType, Py KOTOPOI M3MepeH Kpa-
eBOIJ1 YT, OCyIeCTBUM I10 popmyiie:

A
oy, (Fe)=2170+(T, T, ) ;{V . B

[Toxcrasiisist B (3) UMC/IeHHbIe 3HAUeHUS BeJu-
YYH, TOJIyYUM:
o4, (Fe)=2170+ (1809 -623)-0.3333 =

=2565 mj/m?.

3HaK IUTI0C B (3) 1 (4) 03HAUaeT, 4YTO IMPU YMeHb-
IIeHMY TeMIIepaTypbl G, PACTeT.

Jlns1 BbIUMCIIEHUSI G, BOCIIO/Ib3YeMCsl ypaBHe-
HueM lOHra:

Oy =04, — O, COSO. (5)

CMaumBaHuMe xenesa u Meam XMAKMMU 0JI0BOM, CBUHLLOM M pacuyer...

[ nogcTaHoBKY B Gopmyiy (5) G, TaKkKe He-
006XOIMMO IPUBECTH K TEMIIepaType, Ipu KOTOPOit
M3MepeH KpaeBo yroi. s 3Toro BOCI0ab3yeMcs
ypaBHeHueM (1):

Oy (5 =537-0.052(623-505)=
= 537-118-0.052 = 531 mJ/m”.

IMoncrasnsist (6) B (5) v yuntbiBas Gopmyiry (4)
MMeeM:
0y =2565-531c0s43° =2565—-531-0.7314 = %
=2177 mJ/m’.

B cBsI3M € T€M, UTO KpaeBbIe YIJIbl aBTOPOM [5]
M3MepeHbI NTPU HU3KUX TeMIlepaTypax, TO BIINSsI-
HMEM I1apOB JXUIKMX METaJJIOB Ha IMOBEPXHOC-
THYIO 9HEPTUIO TBEPAOTrO MeTasja MOXHO Ipe-
HeOpeub. Tem He MeHee, CuMTaeM HeoOXOIMMbIM
IanbHelilIee 1Uccaen0BaHMe 10 BbISCHEHUIO BO3-
IeliCTBMS I1apoB KUAKMUX METaJJI0B Ha II0BepX-
HOCTHBIE U Mesk(dasHble XapaKTepUCTUKA TBEP-
OO-XKUIKUX KOHTAKTUPYIOIIMX MeTaJaudeCKUX
CHUCTEM.

Pabory agresun pacrmaBa W, MOXKHO BbIYMC-
JIUTD C TIOMOIIIbIO OTHOTO U3 IBYX TOX/IECTBEHHbIX
BbIpaKeHWIA:

I/VA1 =04 0., —Og, ®
W, =0, (1+cos8,). ©)

[TopcTasiisis yMC/IeHHbIE 3HAUEeHNS BeJIMUMH B (8)
wiu (9), HaripuMmep, B (8), MOTy4nM:

W, =[2565+531-2171]mJ/m* =919 mJ/m".

Kak ormeueHo, B aBTOopedepaTe rmcrepesuc
KpaeBoro yria B cucteMme Fe—Sn He Habmogancs, 1
PacTBOPMMOCTbD 3KeJjie3a B 0jJI0Be Oblyia Majoii.

OTMeTuM, UTO BO BCeX M3yYeHHbIX CUCTeMaXx,
pe3y/bTaThbl OKPYIJIEHbI A0 11eJIbIX UMCel.

ITo Tako’ii ke cxeme MMPOBeAEeHbl PACYEThI U JIJIST
Ipyrux cucteM. Pe3ynbTaTbl BIUMCIEHUI TIpe-
CTaBJIEHBI B TAOII. 1.

Ta6auia 1. PesynbraThl pacueToB Mesk(pasHbIX SHEPruii TBEPOBIX Kejae3a U MeOy KUAKUMY OJI0BOM
¥ CBUHIIOM B 3aBMCMMOCTY OT Te€MIIepaTyphbl.
[Table 1. Results of calculations of interfacial energies of solid iron and copper by liquid tin
and lead depending on temperature]

System | T,K q° G4y, MJ/m? G,y, mJ/m? o, MmJ/m? W,, m]/m?
Fe-Sn 623 43 2565 531 2177 919
Fe-Pb 623 48 2565 454 2261 758
Fe-Pb | 1023 48 2432 420 2151 701
Cu-Sn | 573 20 2152 533 1651 1034
Cu-Sn | 623 20 2126 531 1627 1030
Cu-Sn 723 20 2076 526 1582 1020
Cu-Sn | 873 0 2002 518 1484 1036
Cu-Pb 623 34 2126 454 1750 830
Cu-Pb 873 34 2002 433 1643 792
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PE3VJIBTATDBI 1 UX OBCY>XXIOEHUNE

ITpu cocraBieHuy Tabil. 1 HAMY YIUTHIBAIUCD,
BbICKazaHHbIe B aBTOopedepare muccepraium Io-
nosxkeHus [5]:

1. KpaeBoit yron 6, cBMHLIA K MeIy IIPU BCeX
TeMIlepaTypax CoCTaBJsin 0, = 34°.

2. B cucreme Meb—010BO KpaeBOJi YTol HE U3-
MeHscsa a0 723 K, a 3atem 6 ymeHbIIaJICS 10 HYJIS,
TO ecThb 0, =0°.

3.ITpu HarpeBanuu cuctem Fe—Sn u Fe—Pb kpa-
eBble YIVIbI CHIKAIVCh CPAaBHUTENBHO C1ab0, a Ipu
MOCAeYIOLeM OXJIKIEHUM BO3BPALIAJIUCh K UC-
XOIHBIM 3HAUEHMSIM TOJbKO Y CBMHIIA, KOTOPbI
He oOpasyeT C jKeJie30M pacTBOPOB M XUMMUYEC-
KMX coenyHeHuit. I1o 3Toii mpuymHe pacyeTsl G,
npu temrepartype 1023 K npoBeneHbl TOIBKO AJIS
CBMHIIA C 3KeJie30M. [Ipy BbICOKMX TeMIiepaTypax B
cucreMe Fe—Sn 06pa3oBbIBa/ICh MHTEPMETAIIN-
IIbI, [TIO3TOMY PacyeThl C MOCJIeAHEN CUCTEMOI He
MIPOBOAMIINUCE.

4. OTMeTHUM, YTO HallIM pacyeThbl IIPOBOSUINUCH
6e3 yuyeTa BO3MOKXHOTO M3MEHEeHUS G, MOIJIOKEK
T[IOJL AeiCTBMEeM pPaCIlJIaBOB.

B nutepartype HepenKo MOSIBIISIETCS YTBEPXKIE-
HMEe O TOM, 4TO ypaBHeHMe lOHra, cBSI3bIBaOIIEE
MeK(hasHYI0 SHEPIUIO C [IOBEPXHOCTHOW SHEpPIu-
el TBepooro Tena, paciuiaBa U yrjia CMayMBaHus,
HeIIpMMEeHMMO JIJIs1 pacyeTa Mexx@a3HO SHepTUn
TBEPIAO-KUAKUX CUCTEM, TaK KaK B 3TOM ypaBHe-
HMJ He YUUTHIBAETCS BePTUKa/IbHAS COCTABJISIO-
11ast BeKTopa ABVOKYILIEN Cuiibl. B 4acTHOCTH, Tak-
>Ke YTBepPsKIaeTCs, YTO OHO He COAEepsKUT YIIPYTUX
KOHCTaHT TBeproro Tena [8]. JeiicTBUTeNbHO, 3TO
Tak. OgHAKO HY>KHO MMETb B BUIY, UTO peUb UIET
00 abCOJIIOTHO TBEPAOM TejIe U TePMOIMHAMMUYEC-
KOM paBHOBecuy TpéxdasHoii cucrtembl. Ecm cob-
JIIOJaTh IOCIeqHMeEe YCI0BUS, TO YpaBHeHMe FOHra
BIIOJTHE TIPMMEHVMMO U He TOJIBKO B 00JIacTH, rae
yroJy cMaumBaHus 6osbie 90°, HO U AJISI CUCTEM, B
KOTOPBIX PABHOBECHBIN KpaeBOii yroyl MeHblIe fe-
BSIHOCTA I'PagyCoB.

W3 Tabmn. 1 cienyert, UTo Mexk(asHble SHEPTUN
O, BCEX M3YUYEHHBIX CHCTEM MEHbIIe, YeM G, NIPU
BCeX TeMIiepaTypax.

3AKJIIOYEHUME

BriepBble npuMeHeHO ypaBHeHMe FOHra Hermo-
CpeICTBEHHO 6e3 KaKMX-TMO60 KOCBEHHBIX BBIUMC-
JIeHWI 1151 oIIpenenieHst Mexkda3Hol SHepruM Ha
rpaHuile pasmesia TBepaas dasa omHOTO 6ojiee Ty-
TOTJIaBKOTO MeTaJl/ia € SKUAKOM (ha3oii Apyroro jger-
KOIJIABKOTO MeTaslia.
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T
[TokasaHo, uTo Ipu 0, < — Mexxda3Hasi SHeprus
2

BCer/ia MeHbIIIe, YeM ITOBEPXHOCTHAS SHEPI sl TBEP-
Io¥i ToToskKi. [ToKa3aHO TakKe, YTO ITPY KOHTAKTe
BBICOKO3HEPTeTUYECKIX TBEPIbIX METAJ/IIOB C HU3-
KO3HEPreTUUeCKMMU KUIKOCTSIMIM HIU3KOe 3Have-
HIM€e BeJIMUMHbI KPAeBOT'0 YIJIa He TapaHTUPyeT Hu3-
KOe 3HaueHue Mexkxdas3Hoii SHeprumu.

KOH®JIUKT UHTEPECOB

ABTODBI IeKIapUPYIOT OTCYTCTBYE SIBHBIX U T10-
TeHIMaIbHbIX KOH(QIMKTOB MHTEPECOB, CBSI3aHHBIX
C ImybGIMKaIyeil HaCTOSIIE CTaTh.
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THE WETTABILITY OF SOLIDS IRON AND COPPER

BY LIQUIDS STANNUM, PLUMBUM AND CALCULATION
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Abstract
Object. Until recently, due to the absence of many solid metal experimental values of the surface
energy O, and the temperature coefficient A, / AT not possible to bring the computed values
of interfacial energy o, of the same temperature at which measurements were made of the
contact angle, which naturally negatively influence in the results of calculations of interfacial
energies. At the present time by their calculation them will be able to account the temperature
factor for many solid-liquid metal systems.
Purpose. The purpose of this paper is calculating interfacial energy between melting metal and
another solid metal. The interfacial energy of iron, copper on the boundary with meltings stannum,
plumbum is calculated. It is showed that if the wetting angles more than ninety degrees, it then
the interfacial energy is more than surface energy of a solid body. In case, when boundary angle
is smaller ninety degrees then the interfacial energy less than the surface energy of solid body.
Method and Methodology. According to the literature, data know experimental values of contact
angles formed by liquid tin, lead on the surfaces of solid iron, and copper their interfacial energy
calculated. For calculations, we used the Young’s equation relating interfacial energy with the
surface energies of the solid, the liquid and the cosine of the contact angle.
Results. It is showed that if the take in to account the temperature at which it the makes a sig-
nificant is measured, contributes to the of a significant contribution in the interfacial energy.
Conclusions. In conclusion, it should be noted that our method of calculation can be also adapted
to the investigations of other solid-melt system.

Keywords: boundary angle, surface energy, interfacial energy, stannum, plumbum, iron,

copper.
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AnHoTauus. B pa6ore 6bUTM TPOBEIEHBI UCCIEAOBaHMSI BO3SMOKHOCTY BHeIpeHus cepebpa B
MTOPUCTBIN KPEMHUIT METOJIOM JIEKTPO-TepMoanddy3un 1 yCTaHOBIEHO BIMUSIHME POy PbI
OCaKIEeHMsT Ha afCcopOIIMOHHbIE CBOMCTBA ITOBEPXHOCTY ITOPUCTOI MaTpuilbl. KOMITO3MUTHI
MOPUCTOTO KPEMHMSI C BHEIPEHHBIMY YaCTUILIAMY METaJIa OTHOCSITCS K MHOTO(MYHKIIMOHATbHBIM
MaTepuaaaM ¥ IepcreKTUBHBI 151 IPMMeHEeHMSI B COBPeMEeHHO ONITO3IeKTPOHMKE, CCHCOPUKE

U TIepCOHAIM3MPOBAHHOM MeIUIIMHE.

KiioueBbIe ¢JI0Ba: KPeMHUIA, IOPUCTbIN KPEMHMIT, KOMIIO3UTHBIE CTPYKTYPbI, QYHKIIMOHAIIN-
3a1us, 37eKTpo-Tepmoauddy3us, yroi cMauuBaHmsI.

BBEJEHUE

B HacTosilee BpeMsi aKTUBHO BeIyTCS MeX-
IUCLIUTIIMHAPHBIE UCCIeOBaHMUS MHOTO(YHKIIMU-
OHaJIbHBIX KOMIIO3UTHBIX MaTE€PUAJIOB, B TOM UKC-
Jie OJis 1eJieli IepCoOHaMM3UPOBAHHOM MeIUIIVHBI,
OTITUKU, CeHCOpUKU. ONHUM U3 TTOAX0A0B (hopmMu-
pOBaHMS TaKMUX MaTepUaJiOB SIBISIETCS CO3OaHNe
MOPUCTBIX 6MIOCOBMECTMMBIX MATPUIIL C OCAXKIEH-
HBIMM KaTaAUTUUYECKM aKTUBHBIMU YAaCTUILLAMU
PasIMYHbIX MeTaoB. B KauecTBe ocaskaeMoTro
MeTaJlJia B 3aBUCUMOCTH OT LieJieit uccieqoBaHms
MOTYT BBICTYTIATh Cepe6po, 30JI0TO, MAaTHUTHBIE Me-
TaJI/IbI I'PYIIIBI JKejie3a, 0JI0BO, MHIANI, IMHK U UX
oKcuabl. [TopucThiii KpeMHMI (por-Si) ¢ ocaxkmeH-
HBIMM YacTUIIaMM cepebpa, 61arogapst MUPOKOMY
Hab0py MOACTPaMBaeMbIX MO, KOHKPETHYIO MpaK-
TUYECKYIO 3a/5a9y XapaKTepPUCTUKaMM, MOKET MpH-
MEeHSIThCSI B KauecTBe 37ieMeHTOB (hOTOAEeTeKTOPOB,
COMTHEUHbBIX 6aTtapeii [1], MeOUIIMHCKUX MUKPOYCT-
POMCTB (MMIUIAHTOB) C aHTUMUKPOOHBIM 3 der-

>4 JlenpminH Anexcanap Cepreesud,
e-mail: lenshinas@phys.vsu.ru

TOM [2], a TaKKe IIpU CO34aHUNU STIeKTPOXUMMUYEC-
KX CEHCOPOB [3—-4].

Llesnb paboThI OBITIO YCTAHOBJIEHVE BO3MOXKHOC-
TU BHeIpeHus cepedpa B IMIOPUCThIA KpeMHMIT Me-
TOMIOM 3JIeKTPO-TepMonandpdy3un 1 BAUSHUS TTPO-
1eTypbl OCaKIeHMS Ha aiIcOPOIIIOHHbIE CBOVICTBA
[IOBEPXHOCTU MMOPUCTOI MaTpulbl. Vccienyemble
CTPYKTYPbI MOTYT ObITh MCIIOb30BaHbl B CEHCOP-
HbBIX YCTPOVCTBAX B KaueCcTBe MeXaHUYeCKU IIpo-
YHO KOHTaKTHO 6a3bl (3JIEKTPOIOB).

DKCITEPMUMEHTAJIbHASA YACTb

MeTomuKa CMHTe3a IMOPUCTBIX CTPYKTYP
Ha OCHOBe KpeMHUs (por-Si)

B pabore mas GopMUPOBAHUS HMOPUCTHIX
CTPYKTYD Ha OCHOBE KpeMHMSI (por-Si) c ocaskIeHHbIM
Ag 1CIIOIB30BAICSI METOJ, 371eKTPOXUMUUECKOTO
TpaBjieHus [5, 6]. YcTaHOBKA AJIS MOAyYeHUs
06pa3moB MOPUCTOTO KPEMHUSI COCTOUT U3
CTeKJIOYTJepPOgHOTr0 TUIJISI C 37IeKTPOJUTOM, B
KOTOPbIii ToMelaeTcst oopaseri. CTeK/IOyIIepOIHbIi
TUTeTb TIPU AaHOAMPOBAHUM BBICTYTAET B POIU
KaTofa. B kauecTBe sneKkTponnTa B paboTe 6b11 UC-

KonreHT moctymneH mop ineH3neii Creative Commons Attribution 4.0 License.
T The content is available under Creative Commons Attribution 4.0 License.
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0JIb30BAaH BOAHBIM PacTBOP Ha OCHOBE (PTOPOBO-
moponHoit kucnotsl (HF) ¢ mobaBiieHueM U30Ipo-
mtosoro crinpta (C,H,OH).

I popMumpoBaHMs TTOPUCTON MATPUIIBI OBLTN
BbIOpaHbI MOHOKPUCTA/UTMUECKIE ITOJIOKKMA KPeM-
HMSL, JIerTupoBaHHbIe pochopom (n-Tura MpoBOAY-
MOCTHU), KpUCTA/UTOrpaduyeckuM HarpaBIeHMEM
(100), ymenbHbIM compoTuBieHueM 4.5 Ohm-cm.
Tak ke B IMpollecce TpaBIeHUs COOTIONAINCH OIl-
penenéHHble TeXHOJOTMYEeCKe mapaMmeTpbl: Bpe-
Ms aHoaupoBaHus t = 10 min, MJIOTHOCTb TOKa
j =30 mA/cm?. TTorydeHHbIE B XO/I€ 3JI€KTPOXUMMU-
YeCKOro TpaBjieHUSI OPUCTbIe MAaTPUILIbI B ajb-
HelileM NMpUMEeHSJIUCh B KaueCTBe TMOIJI0KeK JIJIst
CO3JIaHUS CTPYKTYP por-Si/Ag .

CHHTe3 KO/UIOUMIHBIX KBAHTOBBIX TOUYEK

C MCTIO/Ib30BaHMeM HMUTpara cepe6pa AgNO,

@OYHKIMOHAMM3AlMsI MaTPUIbl TOPUCTOTO
KpeMHus mpoBoaniack HaHodacTuamu AgNO, ¢
MpUMeHeHeM MeTOIa 3IeKTPOo-TepMoaudhy3umn.
[Mox dyHKIIMOHANTM3AITMEN TIOpa3yMeBaeTcs Mpo-
mecc (opmMupoBaHMS KOMITO3UTHBIX CTPYKTYpP Ha
OCHOBe por-Si ¢ M3MeHeHHbIMM II0 CPaBHEHUIO C
OPUTMHAIBHOM MaTpUIIEli CTPYKTYPHBIMU U DU3U-
KO-XMMMUUECKMMM CBOJCTBaMU. [IJis1 CMHTe3a uep-
HWI cepebpa ObLI IIPUMEHEH MeTOJ, KOJJIOMIHBIX
KBAaHTOBBIX TOUeK. [IogoOHBIN CHMHTE3 B OpraHu-
YeCKOi HeTTOJISIPHOM CpeJie TT03BOJIsSIeT BapbMPOBATh
JINTAH[IbI, HAXOMSIIMeCs] HAa TOBEPXHOCTU YaCTUII,
YTO OMpeAensieT yUIOBUS CMeIIMBaeMOCTH TTI0Bep-
XHOCTU PacTBOPOM. YCTaHOBKaA JIJIs CMHTe3a HaHO-
yacTull cepebpa npezcrasiaeHa B pabore [7].

I popmumpoBaHMsi KOHEYHOTO PACTBOpPA MPO-
M3BOIMUJIOCH CMeIllBaHMe HUTpaTa cepebpa, uTpa-
Ta HaTpus, xaopuaa HaTpus u 95 °C pacTBopa ac-
KOpOMHOBOI KUCIOTHI. [lajiee HarpeB MOAIEPsKIU-
BaJics B TeueHMe 30 MUHYT 10 TTIOJTHOTO ITPOTeKaHMsI
peakiun. [Iig n36aBaeHNsT OT HEIIPOpearnpoBaB-
MIMX KOMIIOHEHTOB MPOBOAMIOCH ITeHTPUdYTUPO-
BaHMe KOJUIOMIHOTO pacTBopa. B paborax [7, 8] mo-
Ka3aHo, YTO 110 JaHHOI MeTOAMKe ITOTydeHNs Ha-
HOYACTUI] HUTPAT cepebpa pacriagaeTcs 10 MeTa-
nuyeckoro Ag, a HepacIaBlecs: peareHThbl yaass-
I0TCS 1IeHTPUGYTMPOBAHNEM.

Ha ocHOBe TaHHBIX CKaHUPYIOLLEN 5J1eKTPOH-
HOJi MMUKpocKonuu (puc. 1), 6bUT onpeaenéx aua-
MeTp vactul, ~20 nm [7].

Ilamee CMHTe3MpPOBaHHbIe HAHOUYACTUIIBI Ce-
pebpa TakKe C IMOMOIIbI0 MeTo/Ia IeHTPUDYTUPO-
BaHMs ObUIM HAaHECEHBI Ha CJIOU ITOPUCTOTO Kpem-
HMS C TIOUIEAYIONIMM OTXKUTOM MPU TeMIlepaType
150 °C B Teuenme 30 MMHYT.

MeTop, amekTpo-Tepmoanddysun
CTaHgapTHBIMM MeTomaMu (GOPMUPOBAHMS
KOHTaKTOB (MOHHO-IIJIa3MEHHOE pacIlblJIeHe, Me-

KoHaeHcnpoBaHHble cpeapl n MexdasHble rpanmubl, 2019, 21(3), 390-398

Opl/ll'l/l HaNbHbl€ CTaTbU

TOJ, TEPMMYECKOTO VCTIAPEHMSI U T. [I.) CJIOSKHO 0bec-
MeYnTh KauecTBeHHOe BBeeHNMe HaHOuacTUI] Ha
[JIyOMHY B TOPUCTYIO MaTpuily. C 9TOJi 1IebI0 ObUT
IIpUMeHEH MeTOJ, 37IeKTpo-Tepmoanddys3nm, mpu
KOTOPOM YacTUI[bI Ag MOTYT aKTMBHO ITPOHMKATH B
ropsl. B paborte 117151 peanu3aiium MpoIeccoB 3IeK-
Tpo-Tepmonuddy3un UCTIOIb30BaIACh YCTAHOBKA,
BKJIIOUAIOIIAs B ce0sI: My eTbHYIO I1eUb, CIIOCOOHYIO
MO AePXXUBATh TeMIIepaTypy B lpefenax ot 100 no
900 °C, MCTOYHMK HATPSKeHMS ¢ paboumM guarna-
30HOM B parioHe 100-400 V ¥ npm>kMMHOI Mexa-
HU3M, PEAIM3YIOLIMIA 37IeKTPUUECKUI KOHTAKT C
9KCIIePUMEHTAIbHBIM 06pa31oM.

[lepen mpoBeneHMEM JEKTPO- U TepMmonuddy-
3UM Ha 06pa3Iibl MOPUCTOTO KPEMHMSI TIpeBapu-
TeIbHO ObIJT HaHeCeH CJ10Ji cepebpa. O6pa3iibl ObLIN
romMeieHbl B MydenbHYyI0 rmedb. [Tocie qocTmskeHNsT
temnepaTypbl B 200 °C Ha o6pasel HofaBaaach pas-
HOCTb TioTeHIManoB B 300 V B TeueHue 25 MUHYT.
CTOUT OTMETHUTD, UTO 06PA3IIbl TPY TAHHOM TEXHO-
JIOTMYEeCKOM ITPOIIecce TOBEPraloTCsl HU3KOTEMITe-
paTypHOMY OTKUTY, UTO B CBOIO OUepeb TPUBOIUT
K MoaviduKkamyy Mophosorum 1 GuU3nIecKux xa-
PaKTEPUCTUK UCCIIEAYEMBIX CTPYKTYD.

PE3VJIBTATDBI 1 UX OBCYXXIEHUNE

MeToabl UCCIeqOBaHUS CTPYKTYP
[J1s1 icciemoBaHMst KOMIIO3UTHBIX CTPYKTYP Ha
OCHOBE TTOPUCTOI MaTPUIIbI KPEMHMS C UACTULIAMU
cepebpa 6bUI MCIT0/IH30BaH PACTPOBBINi 3JIEKTPOH-
Hbili Mmukpockort TESCAN MIRA3. JlaHHbIl MeTOx,
ITO3BOJINJI BBISIBJISITE 0COOEHHOCTY MOP(OIOT MM I10-
PUCTBIX MATPULL [0 U HOcIe GYHKLUVOHATM3ALINUA.
Taxoke 1151 ompefesieHss 0CO6eHHOCTe mpoiec-
COB (DYHKLIMOHAIM3ALIMY METOIOM pacTeKalole-

Cs1 Karwiv GbLT paCCYMTAH YroJl CMavyMBaHMs.

Puc. 1. JlanHbIe CKaHUPYIOLIEii 57IeKTPOHHOM
MMKPOCKOTIMY HAHOYACTUII cepebpa [7]
[Fig. 1. Scanning electron microscopy data
of silver nanoparticles [7]]

391



B.J1. Kowesow, A. O. benopyc, /1. b. MatiowkuH, N. M. Mnewaxos... BHeapeHue cepebpa B MATpULYy NOPUCTOrO KPEMHMS. ..

PacTpoBas 3/1eKTpOHHas1 MMUKPOCKOIIMS

IlaHHBIE PACTPOBOV 3MEKTPOHHON MUKPOCKO-
MMM VICXOMHBIX 06pasioB por-Si mpMBegeHbl Ha
puc. 2-3.

Ananusupys PAM CHUMKM, MOXKHO YTBEPXKIATh,
YTO pasMep Iop 1y1st o6pasia mapku KOd-4.5 co-
crasiseT d = 50—100 nm c TonumHo¥ cnos go 20 pm,
0cobeHHOCTH MOpP(QOJIOruy Ha CKOJIE CBSI3aHBI C
KpucTamorpaduieckoit opMeHTaIei miacTUHbBI
[9]. LanHbIe POM 1151 MOPUCTBIX MAaTPUL, KDEMHMUS
roc/ie HaHeCeHMsT Ha HUX CJIOST cepebpa MeToAoM
CUHTEe3a KOJUIOMIHBIX KBAHTOBBIX TOUEK IIPe/ICTaB-
JIeHbI Ha pUC. 3.

ITo manHbIM POM (puic. 3) 6bUIO BBISIBJIEHO, UTO
cepebpO MPUCYTCTBYET MPEMMYIIeCTBEHHO Ha T10-
BEPXHOCTU ITOPUCTONM MaTpUIbl KpeMHMs. Takoke Ha
6OKOBOM Cpe3e MOKHO YCTAaHOBUTb, UTO HEOOJIbIIIAsT
KOHIIEHTpaIus cepebpsTHbIX YaCTUI] CITOCOOHA TT0-

Mag= 1.00 KX
SUPRA 253063

SEM HV: 5.5 kV
SEM MAG: 26.7 kx

WD: 3.51 mm

Lol

Det: In-Beam SE__ 2

a

—

MafiaTh BHYTPb 110D, HO JAHHBII MEXaHW3M He SIB-
JISIETCS OTIPeAETISIIONIMM MTPU CLETUIEHUM TOPUCTOM
MaTpuIlbI CO CJI0OEM cepebpa.

HccnemoBaHMe KOMIIO3UTHBIX CTPYKTYP
Ha OCHOBE MaTpuiibl por-Si/Ag mocie
npoiecca iekTpo-repmoauddysnmn

MeTOAO0M pPacTpPOBOJIi 3/1€eKTPOHHOI
MMKPOCKOIIMU

Ha puc 4. npepnctaBiedbl POM-u3o6paxkeHus
06pasIioB ¢ HAHECEHHBIM cepebpoMm Mociie Tpolie-
IYPBI 3IEKTPO-TepMOIUDPY3UMN.

ITo maHHBIM maHHBIX POM (puc. 4a, b) cepebpo
aKTUBHO AM(MOYHAMPYET B IMOPBI, 3aTTOTHSS IMPaK-
TUYECKY BCI0 BHYTPEHHIOIO MOBEPXHOCTD. [Tpu rpu-
JIOKeHUM HATIPSKEHWST U BO3[Ie/CTBUM TeMITepaTy-
DB TPOMUCXOOUT BTSITMBAHME YaCTUI] BIITyOb TTOPUC-
Toro c1os. Cepebpo, mud yHIAMPYS B ITOPbI, TOBbI-
IIaeT yAeabHYIO0 TUIOIIAIb TOBEPXHOCTU MeTaslIN-

EHT - 5.00 kV
30 A Noise Reduction = Pixel Avg.

b

Signal A= InLens Date :29 Nov 2018 Time
Chamber Status = Power Up

Puc. 2. [laHHbIe PacTPOBOIt 3/IEKTPOHHOI MUKPOCKOMNM por-Si: a - POM mmoBepxHOCTM 06pasiia;
b - POM nonepeyHoro ceueHus oopasia

[Fig. 2. SEM data of silicon porous structures: a —surface; b side cut]

MAIA3 TESCAN

WD: 3.69 mm Ll
7 kx Det: In-Beam SE 2 pm
Date(m/d/y): 11/17/17

MNasen Comon Performance In nanospace

a

MAIA3S TESCAN

b

Puc. 3. [TaHHbBIE PACTPOBOI1 MEKTPOHHOI MUKPOCKOTIMY por-Si/Ag: a — POM mnoBepxHOCTM 06pasia;
b — POM nonepeyHOro ceueHust o6pasia
[Fig. 3. SEM data of porous silicon structures with a deposited silver layer: a — surface; b — side cut of pores]
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Performance in nanospace

Opl/ll'l/l HaNbHbl€ CTATbU

MAIA3 TESCAN

Performance In nanospace

b

Puc. 4. [lanHbIe pacTpPOBOJi 37IeKTPOHHOIM MUKPOCKOTIUM por-Si/Ag mocse mpoijecca
anekTpo-Tepmoauddysun: a — POM noBepxHocTy o6pasiia; b — POM momepeyHoro ceueHust obpasia
[Fig. 4. SEM data of por-Si with a deposited silver layer after the process of electro-thermal diffusion:

a - surface; b - side cut]

YeCKOTO CJI0s], ¥ YBEJIMYMBAETCS] KAUECTBO 3aKpell-
JIeHUSI TIOCPEICTBOM Iepexofa K b Py3MOHHbIM
rporeccam. JlaHHBIN ITPOLECC MOXKHO OXapaKTepu-
30BaTh Kak 3QeKT nepepacnpeneneHus: cepedopa
Ha ITOBEPXHOCTH IIPU 37IeKTPO- TepMoanddy31oH-
HOM BO3JI€JiICTBUMA.

HccnepoBaHue CTPYKTYp MeETOLOM
peHTreHoBCKOV aAudpakunu

CTpyKTypHasi AMAarHOCTUKA TIOTYYEeHHBIX 00-
pasIoB MPOBOAMIACH METOAOM PEHTreHOBCKOI
Iudpakinm, C UCIONb30BaHKeM AMdpaKTOMeTpa
IIPOH 4-07 ¢ Bo36yskpatonium CoKo-n3myueHnem
(1.789 A)B ogHOM pexxume (puc. 5).

Ha nudpakrorpamme MOAJOKKM MTOPUCTO-
ro KpeMHus Habmopaimorcs auHauu  Si (200) Ha
20 = 38.5°, a Taxke Si(400) Kb Ha 73.3° u Si(400) Ka
Ha 82.4° coorBercTBeHHO. C yUeTOM MPUOOPHOI
MOTPELIHOCTY ¥ BO3MOKHOTO BJIMSIHUSI TIOPUCTOTO
ciost nonympuHa amauit KaKb 1 nx cooTHomeHme
0CTaeTcst TOCTOSIHHBIM ¥ COOTBETCTBYeT IapaMeT-
paM TMOAJIOKKM KPUCTA/UINYECKOTO KPEMHMUSI.

Ha gudpakTorpamMmmax 06pasIiioB C 0CaXKIEHHbBI-
MM YyacTUIIaMM cepebpa HaOII0maI0TCs IMHUMA, CO-
OTBETCTBYIOIIME MeTa/uTnueckomy cepebpy Ag(111)
Ha 44.5°, Ag(200) Ha 52.3° u Ag(220) Ha 76.8°. ITo-
CJle TIpOBeJieHNSsT TIPOTIeAYPhI JIEKTPO-TepMoand-
dysum muHMM cepebpa, B ocobernHocT Ag(111), Ha
I@paKTOrpaMMe IMPOSIBJISTIOTCS MEHEe MHTEHCHB-
HO, IpU 3TOM norymrpuHa iU Ag(111) pacrer.
OTO MOXKeT ObITh BbI3BAHO M3MeHeHueM Mopdo-

KoHaeHcnpoBaHHble cpeapl n MexdasHble rpaHmubl, 2019, 21(3), 390-398

JIOTUIn OGpHBU,OB " YMEHbIIEHeM CpeqHero pas-
Mepa 4YaCTUII.

MeToz, KpaeBoro yrjiia cCMauyMBaHUS

MeTomom M3MepeHust KpaeBoro yIjia CMaunBa-
HMS B TAaHHO paboTe ObLIV OITpeieIeHbl XapaKTe-
PUCTUKY TUAPODUIBHOCTI/TUAPO(POOHOCTM IIOBEP-
XHOCTU TIOJTYYEHHBIX B paboTe 06pas3ioB. Msme-
HeHlMe KpPaeBoTro yIjia CMAauyMBaHUSI IOBEPXHOCTU
00pasLioB MOC/Ie MTPOBEAeHUS C HUMM KaKUX-T1M00
IeVICTBUI MOYKeT CBUIeTeILCTBOBATH KaK 06 M3Me-
HeHMM MOPGOJIOTUH, Tak 1 06 M3MeHEeHUM COCTaBa
aZCOPOIIVIOHHBIX KMUCIOTHO-OCHOBHBIX (PYHKIIVIO-
HaJIbHBIX IIEHTPOB Ha TTOBEPXHOCTY 00Pas3IoB, Xa-
pPaKTepU3YIOMNX GU3UKO- XUMUUIECKME CBOVICTBA
MaTepuaa.

Ha ciom por-Si go nmporiecca QpyHKIMOHAIM3a-
LMY HAHOYACTUIIaMM cepebpa 1 Iocjie MexaHuuec-
KVIM J03aTOPOM ObUIVM HAaHECEHbI OAVHAKOBBIE BOI -
HbI€ KaTUIx, TTOC/Ie Yero MoTyYeHHbIe M300pakeH ST
¢ukcupoBanch. IsamepuTenbHbI CTeH I, TpeaCcTaB-
JisieT 06071 3aKperIeHHbI MUKPOCKOTI C TOPU30H-
TaJIbHOV ONITUYECKOM OChIO, PACTIONIOXKEHHOM B O -
HOJ IVIOCKOCTM C MCCaemyeMbIM o6pasmoM. [Ijist
IajbHelelit 06paboTKM MOMTyUYeHHBIX U300paske-
HM¥ 6bUT pa3paboTaH BUPTYaTbHbIN TPUOOP B IPO-
rpamMmHoIt cpenie LabVIEW [10]. IIpunHumn paboTsl
BUPTYaJbHOTO MpuU6GOpa 3aKII0YAETCS B TOM, UYTO
rporpamMmma, o6pabaTsiBast M306paskeHue, MoayJa-
eT JaHHbIE O IYaMeTpe U BbICOTE KaIlIv U MTPOu3-
BOAVT pacyeT KPaeBoro yIjia CMauyMBaHsI METOIOM
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Puc. 5.XRD-creKTpsI MCXOJHOTO ITOPUCTOTO KpeMHMSI, por-Si ¢ HaHeceHHBIM Ag (T)
u por-Si ¢ HaHeCeHHbIM Ag ITOCITe TTPOLIeAyPhI 37eKTpo-Tepmoanddysun (ET)
[Fig. 5. XRD-spectra of the initial porous silicon, por-Si with deposited Ag and por-Si
with deposited Ag after the electrothermodiffusion procedure]

«IIPOeKIMM Karin». TOUHOCTD pacyeTa yIvia I1o 1aH-
HOJi METOAVKE OLIEHUBAETCS B 1 -5 rpamycoB, KOH-
TPOJIbHBIE M3MEPEHMS KPAaeBOT0 yIla CMauyMBaHUS
IIpY ITIOMOIIY CPEACTB CTAHIAPTHOTO IrpaduvecKo-
IO pemakTopa IOATBEPAIN KOPPEKTHOCTh pabo-
ThI IIPOrPaMMHOT0 obecreueHusi. JJaHHbIe, TTOJTY-
YeHHbIe I10 OTIMCAaHHOM MeTOIMKe, MpuBeaeHbl Ha
puc. 6a, b, c v B Tabs. 1.

OrnpeneneHye yriaa CMauMBaHUS SIBJISIETCS Me-
TOIOM KOHTPOJISI TIPOLeCccoB (PyHKMOHATM3ALIUNA.

Ta6n. 1. [laHHbIe yI/Ia CMauMBaHUS
[Tabl. 1.Wetting angle data]

VYron cmaunBa-
HUS
Obpasen [Wettingangle] 6,
[Sample] N
pPa3MepHOCTb,
[0, value, °]
a - por-Si 59
b — por-Si/Ag 31
¢ — por-Si/Ag ¢ TipMeHeHue
anekTpo-Tepmonuddysun 42
[using electro-thermal diffusion]
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IMopucTas MaTpulia KpeMHMS M3HAYAIbHO CKIOH-
Ha K rugpodobHOCTY (0 = 59°), puc. 5a. anee mpu
HaHeCeHMM YacTull cepebpa ruapodobHOCTh cMe-
HsieTcs Ha ruapodmwIbHOCTS (0 = 31°), puc. 5b, umo-
CJ1e MCTIOIb30BAHMSI METO/IA 3JIEKTPO-TepMoanddy-
3UY YTOJI CMaYMBaHMS U XapaKkTep ruapoduIbHOC-
TU MEeHSIIOTCS ¢1abo (0 = 42°), puc. 5¢. YBennueHne
KpaeBOro yIjia CMa4iBaHMs ITPY HaHeCeHMM HaHO-
YyacTull cepedpa MOXKeT ObITh CBSI3aHO KakK C M3Me-
HeHyeM MOpP@OJIOrMy MMOBEPXHOCTM 06pasiia, TaKk U
C MI3MEHEeHMEM ITOBEPXHOCTHbIX PYHKIMOHAIbHbIX
IPYIIN BCAEACTBIME MACCHBALVM ITOBEPXHOCTHU I10-
pucrtoro kpeMmuus. IIpoliecc 3/eKTpo-TepMoaud-
(by3um 03BOMSIET OCYIIECTBIISITh IIepepacIpeaesne-
HI€e HAHOYaCTUI] cepedpa ¢ TOBEPXHOCTH ITOPUCTO-
ro KpeMHUS B T/Ty6b 06pa3iia, uTo B CBOIO OUepe/lb
MIPUBOIVT K YMEHbBIIIEHWIO TOJIIMHBI CJIOSI HAHOYAC-
TUIIL cepebpa 1 Kak CJIe[CTBYE M3MEHEHMIO CBOJCTB
MTOBEPXHOCTHU, UTO IIPUBOIUT K HE3HAUNUTEIIBHOMY
POCTY KpaeBOTO yIjia CMauMBaHMSI.

3AKJITIOYEHME

B paboTe mpomeMoHCcTpUpoBaHa 3G PeKTUB-
HOCTb ITPYMEHEHVSI METOJIMKY 3JIEKTPO-TepMoand-
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Puc. 6. PacuéT yria cMaumBaHus 151 06pasiioB: a — por-Si; b — por-Si/Ag;
¢ — por-Si/Ag c mpuMeHeHMeM 37IeKTpO-TepMoanddys3umn
[Fig. 6. Calculation of the wetting angle for samples: a — por-Si; b — por-Si/Ag;
¢ — por-Si/Ag with the use of electro-thermal diffusion]

dysum 11 BHeApeHUs cepedbpa B MaTPUILy ITOPUC-
TOro KpeMHMs1. ISl CMHTe3a YepHMUI HUTpaTa ce-
pebpa AgNO, 6b11 IPUMEHEH METOJ, KOJUIOMHBIX
KBaHTOBBIX TOUEK. Pazmep HAHOUACTHIL COCTABIISIT
ropsaka 20 nm. C TOMOIIbI0 MeTOoHa LEHTPUGYTH-
poBaHMs 0¥ cepebpa 6bIT HAHECeH Ha IOPUCTYIO
MaTpUILy KpeMHMS € TOCTeAYIOMIM OTKUTOM. B pe-
3ynbTaTe ekTporepmoanddys3nuy HaHOYACTUIIBI
cepebpa akTMBHO IubOYHAVMPOBAIN B ITOPUCTYIO
MaTpUILy, 06pasyst KOMITIO3UTHYIO CTPYKTYPY.

Ha ocHOBe IaHHBIX MOJYYEHHBIX METOIUKOM
oripejieJieHMsI KPaeBoro yrjaa CMauyMBaHUS ObLIU
clieslaHbl BBIBOMIBI O TOM, UTO MOPUCTast MaTpuiia
KPEMHMS M3HAUaJIbHO CKJIOHHA K r’UApodoOHOCTU
(6 = 59°). Ilowte HaHeceHMs YacTull cepebpa Iup-
podo6HOCTh CMeHsIeTCS Ha TUAPOPMIbHOCTS. ITo
CpaBHEHMIO C aHAJIOTMYHBIMM MeTomamu [11,12]
IAHHBIN TEXHOIOTMYECKUIA ITPOIECC TTO3BOJISIET Ha-
HOCUTb HAHOUACTUITBI cepebpa B IIyOb MaTPUIIbI
TMOPUCTOTO KPeMHUSI, TEM CaMbIM CO3/1aBasi aKTUB-
HbII IPOBOASILNIA C10M. Vccnemyemast KOMITO3UT-
Hasl CTPYKTypa MOXKET HaiTU MMPOKOE MpUMeHe-
HMe B CeHCOpax Pa3/JIMUHOTO TUTIA, BBICTYTIAsI B POJIU
2JIEKTPOIHOVE 6a3bl, Ha KOTOPYIO MOKET HAHOCUTBCS
(doto-, 6M0- U T. 1) aKTUBHBI Cj10i1. TakKe co3ma-
BaeMble 3JIEKTPO/IbI AO/IKHbBI MMETb ITOBBIIIEHHYIO
CTaOMJILHOCTD ¥ MEXaHMUYECKYIO IIPOYHOCTD 3a CUET
bopmupoBaumst A y3MOHHOTO COeTMHEHMS.
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FEATURES OF SILVER DEPOSITION IN POROUS SILICON
BY ELECTRO-THERMAL DIFFUSION METHOD

© 2019 V. L. Koshevoy!, A. O. Belorus?, L. B. Matyushkin?, I. M. Pleshanov?, P. V. Seredin?*,
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Abstract
Purpose. In this work, we investigated the possibility of modifying porous silicon with silver

particles.

Methods and methodology. For the synthesis of substrates was used the method of electro-
chemical etching in hydrofluoric acid solutions. At given technological parameters was formed
a porous matrix. The resulting samples were subjected to further functionalization. For the
synthesis of silver ink AgNO, was used the method of colloidal quantum dots and then by the
method of electro-thermal diffusion, these particles were deposited in a porous matrix to form-
ing a composite structure. To study the samples was used by scanning electron microscopy.
Morphology and diffusion processes were studied using SEM data. To control the functionaliza-
tion process was used the method of determining the wetting angle.

Results. Using the method of centrifugation, a silver layer was deposited on a porous silicon
matrix. According to SEM data, it was established that the pore size is d = 50-100 nm, the layer
thickness is 25 ym. Base on wetting angle data was concluded that the porous silicon matrix is
initially hydrophobic (6 = 59°). After the deposition of silver particles, the hydrophobicity
changes to hydrophilicity (6 = 31°) and further electrothermal effects have little effect on the
wetting angle and the nature of hydrophilicity (6 = 42°).

Conclusion. As a result of research work demonstrated the effectiveness of the electro-thermal
methods for introducing silver into the porous silica matrix. It shows that the deposition of
silver leads to a decrease in the hydrophobicity of the surface.
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APPLICATION OF LUMINESCENCE AND ABSORPTION
SPECTRA TO CONTROL THE FORMATION
OF A HETEROJUNCTION IN NANOSTRUCTURED RUTILE
FILMS SENSITIZED BY CdS QUANTUM DOTS

© 2019 S. B. Kuchev!, A. N. Latyshev?, L. Yu. Leonova?, O. V. Ovchinnikov?, E. V. Popova?*

Voronezh State Technical University
14, Moskovskii pr., 394026 Voronezh, Russian Federation
2Voronezh State University
1, Universitetskaya pl., 394018 Voronezh, Russian Federation

Abstract. The effect of photon processing (FO) on the formation of a heterojunction in the
TiO,/QD’sCdS interface obtained by applying separately synthesized CdS quantum dots to the
TiO, film in the rutile phase has been studied. The changes of luminescence spectra and absorption
of the investigated samples after this treatment discovered. It is shown that the separation of
charge carriers occurs only after irradiation of samples with a powerful light pulse of a xenon

lamp.

Keywords: quantum dots, luminescence and absorption spectroscopy, cadmium sulfide, titanium

dioxide, heterojunction.

1. INTRODUCTION

Wideband gap semiconductors are used in pho-
tocatalysis, solar energy converters and optoelec-
tronics. In the last decade, sensitization by other
semiconductors with a smaller band gap has been
used to expand the scope of application and increase
the efficiency of these devices [1]. In particular, tita-
nium dioxide having a band gap in the rutile phase
3.05 eViswidelyused as a wideband semiconductor.
And to sensitize it in the visible region of the spec-
trum, chalcogenides of some metals, for example
CdS, are used. In this case, the boundary between
TiO, and CdS there is a heterojunction of type Il ac-
cording to Andersen [2]. The bottom of the cadmi-
um sulfide conduction band is located above the bot-
tom of the titanium dioxide conduction band. This
means that when the CdS is excited by light quan-
ta, the photoelectrons pass into TiO,, the holes re-
main in the CdS. This is the process of separation of
the photoexcited electron-hole pair, which leads to
the efficient operation of devices with such hetero-
junction. A similar situation occurs if the sensitizer
is used in the form of quantum dots (QDs) [3-5].

Crystal lattices TiO, and CdS very much differs,
that leads to impossibility of creation ideal hetero-

P4 Popova Elena Vyacheslavovna,
e-mail: elina.vacheslavovna@gmail.com

junction between them [6, 7]. Consequently, the in-
terface between them can contain various point de-
fects, which will be an obstacle to the separation
of charge carriers. This creates the need to search
for treatment ways of a TiO,/QDCdS heterostruc-
ture to improve the interface and control the pro-
cess of separation of charge. There is a method of
treatment by powerful light pulses in which the re-
arrangement of the crystal structure of a substance
is very effective [8]. This efficiency is caused by the
appearance of giant vibration amplitudes of a lim-
ited number of modes corresponding to some effec-
tive temperature, much higher than the equilibrium
temperature. We used this photon processing (PP)
method to treat the TiO,/QDCdS heterostructure
in order to improve the properties of the interface.
The control was carried out using luminescence and
absorption spectra.

2. MATERIALS AND METHODS

2.1. Investigated samples
Samples of TiO,/QDCdS were synthesized by
the following way. At first nanocrystalline films of
titanium dioxide were obtained. For this a thin ti-
tanium film was formed on the surface of the fluo-
roflogopite substrate by electron-beam evapora-
tion and condensation [9]. Then it was oxidized on
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air in a resistance heating furnace at temperatures
of 673-1273 K during 60 minutes. This technique
provided the formation of TiO, layers with a thick-
ness of 0.8 um. The synthesis of colloidal QD CdS
was carried out under the conditions of the drop-
by-pouring out of aqueous solutions of CdBr, and
Na,S into an aqueous solution of alkaline inert pho-
tographic gelatin with constant stirring of the re-
action mixture at a temperature of 313 K[10]. Syn-
thesis was carried out at pH = 7. The growth of QDs
was stopped by the termination of a chemical pro-
cess due to the cessation of the supply of precur-
sor solutions to the reaction area. QDs CdS was re-
leased from gelatin by treatment in the solution of
Pancreatin. To limit the aggregation of QDs ultra-
sonic treatment of the resulting suspension was
used. The resulting aqueous suspension of QDs CdS
was deposited onto a titanium dioxide film. At the
same time, measures were taken to ensure that the
number of quantum dots did not exceed the value
required for the monolayer. The samples were dried
at a temperature of 300 K and placed in a chamber
in which they were subjected to photon treatment
by the radiation of high-power pulsed xenon lamps
for 2 seconds. During the exposure time at the loca-
tion of the sample, the radiation energy incident on
an area of one square centimeter was 230 J.

2.2 METHODS OF INVESTIGATION
AND EQUIPMENT

Rutile films were studied using fast electron
diffraction and transmission electron microscopy
(TEM) on EMB-100BR and Tecnai G2 20F S-T (FEI)
microscopes. The studies of QDs CdS were carried
out on a Libra CarlZeiss 120 electron microscope and
a Thermo ARLX’TRA X-ray diffractometer. The TiO,/
QDCdS heterostructure was studied on a LEO 912 AB
Omega transmission electron microscope.

Application of luminescence and absorption...

The transmission spectra of the samples in the
visible and near UV regions were measured on a
spectrophotometer USB2000+(OceanOptics, USA).
The luminescence spectra in the spectral range
400-860 nm were measured on an automatic spec-
tral-luminescent complex consisting of an MDR-23
diffraction monochromator (LOMO, Russia), to the
output slit of which the photomultiplier R928P was
connected. The photomultiplier worked in photon
counting ritgime. The power source was C4900-51
(Hamamatsu, Japan). Operation was carried out by
a computer through the interface unit.

3. RESULTS AND DISCUSSION

3.1. Morphological characteristics

The TEM image of TiO,/QDCdS samples (Fig. 1a)
shows a block substructure with block sizes up to
100 nm. The grain size of which the blocks are made
is about 20 nm. All reflections of the electron dif-
fraction pattern correspond to rutile (Fig. 1b). The
spectrum of the characteristic X-ray radiation of in-
vestigated samples (Fig. 1¢) indicates the presence
of a small number of Cd and S atoms in addition
to titanium and oxygen atoms. Peaks correspond-
ing to copper are an artifact due to the subject grid.
The relative intensities of the peaks indicate that
the content of Cd and S in the samples does not ex-
ceed 1.0%. The data on the spectral properties of the
synthesized samples given below confirm the pres-
ence of the CdS phase on the surface of rutile films.
In figure 2a shows the TEM image of colloidal QDs
CdS. Their size distribution is relatively wide, with
maximum in the 3.25 nm region (Fig. 2c). Moreover,
after their release from gelatin, the average size in-
creases and becomes equal to 3.75 nm (Fig. 2d). In
fig. 2b shows an X-ray diffraction pattern of these
QDs, from which it follows that their structure cor-
responds to the cubic CdS crystal lattice.

01 cd

00 Energy (keV)

o

Fig. 1. TEM image (a), microelectron diffraction pattern (b) and the energy spectrum of the characteristic
x-ray radiation of the TiO,/CTCdS heterostructure (c)
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Fig. 2. Electronic photography (a), x - ray diffractogram (b), size distribution of colloidal QDs CdS in gelatin
(¢) and size distribution of QDs CdS released from gelatin (d)

3.2. Optical characteristics

The absorption spectrum of a TiO, film is shown
in Fig. 3, curve 1. The edge of the absorption band
is located near 400 nm (~ 3.1 eV). It well corre-
sponds to literary data for rutile [1]. Curves 2 and 3
of this figure are the absorption spectra of samples
of a TiO, film with QDs CdS deposited on it before
and after the PP, respectively. It is clearly seen that
they extend to 500 nm, where rutile practically does
not absorb. This result agrees well with the data of
[11].The curves have maximum values at 420 nm
(curve 2) and 440 nm (curve 3). Absorption of cad-
mium sulfide begins in this part of the spectrum [5,
12]. The observed maxima correspond to the first
allowed transition of QDs CdS [13].

Luminescence of the samples was excited by ra-
diation from a wavelength of 365 nm (photon energy
3.4 eV). In this case, the energy of quantum is near
the edge of the titanium dioxide absorption band.
In the luminescence spectra of all samples there is
a band at 850 nm (Fig. 3, curves 4-6), what is con-
sistent with the work [9]. This band is the most in-
tense for TiO, film (curve 4). Its maximum decreases

KoHaeHcnpoBaHHble cpeapl n MexdasHble rpanmubl, 2019, 21(3), 399-405

approximately ten times after depositing the emul-
sion QDs CdS to the film (curve 5). The PP leads to
a significant restoration of intensity, which reach-
es a more than 40% of the magnitude at the maxi-
mum before this treatment (curve 6).

The application of a film of the emulsion con-
taining QDs, leads to another very important result.
A band with a maximum near 720 nm (curve 5) ap-
pears which corresponds to the quantum dots of
cadmium sulfide [14, 15]. But the most interesting
is the fact of the complete disappearance of this
band after the PP (curve 6).

Thus, the absorption and luminescence spectra
make it possible to control the presence of a rela-
tively small number of CdS quantum dots deposit-
ed on thin rutile film, as well as to reveal the effect
of the PP procedure on the optical properties of the
TiO,/QDCdS samples under study.

3.3. Discussion of obtained results
Using the obtained results, we consider the
physical processes that occur in the samples under
study before and after the PP procedure. First of all,
it should be noted that the absorption of untreated
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Fig. 3. Luminescence spectra at 77 K of TiO, film (curve 4) and TiO,/QDCdS heterostructure before (curve 5)
and after the PP (curve 6). The luminescence was excited by radiation with a wavelength of 365 nm. Inset:
absorption spectra of TiO, film (curve 1) and QDs CdS before (curve 2), and after the PP (curve 3)

and treated of the PP samples TiO,/QDCdS in the
range of 400-500 nm, where titanium dioxide in the
rutile phase does not absorb, indicates the presence
of cadmium sulfide in them. The optical density of
these samples at a wavelength of 365 nm is 0.23-
0.24 (Fig.3, curves 2 and 3, respectively). The optical
density at this wavelength of the TiO, film is 0.11
(Fig. 3, curve 1). The difference between these val-
ues is 0.14-0.15. This value is the optical density
of the cadmium sulfide layer deposited on the film
in the form of QDs CdS. It will be used in further
discussions on the intensity of the luminescence
bands. In addition, the obtained value makes it pos-
sible to estimate the effective thickness of the QDs
CdS layer. Indeed, the absorption coefficient of cad-
mium sulfide in the near ultraviolet range reaches
1.5-10° cm! [16]. Therefore, the thickness 9-10 nm.
This value is approximately 1.25 % of the film thick-
ness, which is in order of magnitude in good agree-
ment with the above data on the concentration of
Cd and S elements obtained by x-ray atomic analy-
sis. It should be borne in mind that the contribution
of light scattering by quantum dots was not taken
into account in this estimate. Therefore, the result-
ing thickness of the QDs layer is too high.

As noted above, the presence of maxima on
curves 2 and 3 (Fig. 3) is a sign that cadmium sul-
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fide after depositing the suspension QDs CdS on the
film is stored in the form of quantum dots before
and after the PP. Their position relative to each oth-
er (420 and 440 nm) indicates that the size of QDs
CdS increases slightly after FO. Indeed, the shift of
the absorption edge by 20 nm to the longwave side
of the spectrum corresponds to an increase in the
size of the nanoparticles by only 0.1 nm [13]. There-
fore, if the size of the QDs that were deposited on
the TiO, film had an average size of 3.75 nm prior to
the PP, then after the PP their average size should be
equal to 3.85 nm. The increase in the average size
of QDs as a result of the PP occurs, apparently, due
to the destruction of the smallest particles. Curve 3
is above the curve 2. We assume that this is due to
the increase in light scattering in the samples un-
der study as a result of the PP. For the final conclu-
sions, this fact is not of great importance.

Now we turn to the rest of the curves of Fig. 3,
which are luminescence spectra. The decrease in
the intensity of the band at 850 nm by a factor of
ten after depositing the aqueous suspension QDs
CdS (Fig. 3, curve 5) can occur for two reasons. The
first reason is the partial absorption of the exciting
radiation by the QDs CdS layer. Indeed, if the op-
tical density of the QDs layer located on the TiO,
film in the region of 365 nm is approximately equal
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to0 0.14-0.15, the intensity of the exciting radiation
reaching the film will be 70 % of the value in the ab-
sence of the CdS layer. The second reason is presum-
ably the enhancement of nonradiative transitions
that occur due to moisture residuals after drying of
the film. After the PP procedure, the intensity of this
band is partially restored (curve 6). Its intensity at
the maximum increases approximately four times,
reaching a little more than 40 % of the maximum
value before the PP. This result cannot be explained
only by the absorption of exciting radiation by QDs
CdS layer. It would be assumed that the channel of
nonradiative transitions after the PP continues to
exist, although it is significantly weakened. Howev-
er, the experiment showed that the band at 720 nm
after PP completely disappears, which contradicts
the partial weakening of the channel of nonradia-
tive transitions. This contradiction cannot be ex-
plained by the evaporation of QDs under the influ-
ence of the PP, since the maxima corresponding to
the first optical transitions of QDs CdS are present
in the absorption spectra (Fig. 3, curves 2 and 3).
But it is easy to explain by the fact that after the PP
heterojunction in the interface between microcrys-
tals of TiO, film and QDs CdS occurs. In this case,
the electrons excited in the QDs CdS must pass to
the titanium dioxide film, leading to the disappear-
ance of the 720 nm band.

The result is that the intensity of the lumines-
cence band at a maximum of 850 nm after the FA
(Fig. 3, curve 6) does not reach 70% of the initial
value (curve 4). This can also be explained by the
emergence of heterojunction. Indeed, when the mi-
crocrystals of the TiO, film are excited by radiation,
part of the holes localized on the centers of lumi-
nescence, which are intrinsic lattice defects [14, 15].
Another part of the free holes can go to QDs CdS due
to the charge separation process in the presence of
heterojunction. If their number is about 30 % of the
total, the intensity of the maximum luminescence of
the titanium dioxide film with QDs CdS at 850 nm
should be 40% of its intensity without QDs. Since
the intensity of the band maximum at 850 nm after
the PP is exactly this value, and the band at 720 nm
disappears, it is quite likely that the heterojunction
is established as a result of this procedure.

4. CONCLUSION

As a result of the experiment and discussion
of its results, the following conclusions can be
drawn.

1. Complex studies of samples of TiO,/QDCdS
using electron microscopy, X-ray atomic analysis,
luminescence and absorption spectroscopy were
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given the opportunity to establish that the photon
processing forms a heterojunction in the interface
between the QDs and microcrystals of TiO, films.

2. It is possible to reliably establish the fact of
the separation of charge carriers occurs at the het-
erojunction by measuring the luminescence spec-
tra of the samples TiO,/QDCdS.

3. The application of an aqueous suspension
of QDs CdS on TiO, film and subsequent drying
of the samples does not lead to the formation of
a heterojunction. In this case, QDs CdS have good
luminescence, and the intensity of the TiO, lumi-
nescence band decreases sharply due to nonradia-
tive transitions.

4. Photon processing of the studied samples
within a few seconds significantly restores the in-
tensity of the TiO, band. The luminescence of QDs
CdS is completely quenched.

5. The titanium dioxide films obtained by heat
treatment in air a previously deposited layer of ti-
tanium at a temperature of 673-1273 K are formed
in the phase of rutile and have a block structure
with block sizes up to 100 nm. The blocks consist
of grains, the size of which reaches 20 nm.
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KommekcHbIe uccienoBaHus 00pasioB TiOZ/KTCdS C IOMOIIbIO0 3JIEKTPOHHO MUKPOCKOIINHA,
PEHTTeHOBCKOTO aTOMHOIO aHa/IN3a, JIIOMUHECIIEHTHO! 1 abCOPOLIMOHHON CIIeKTPOCKOTINHA
TT03BOJIVJIN YCTAHOBUTD, UTO IIPU POTOHHOI 06paboTKe 06pa3yeTcs reTeporiepexo Ha rpaHuIe
pasngena KT 1 Mukpokpucrauios mieHok TiO,. 9To uccrenoBanue SBISETCS 3HAYUTEIbHbIM,
TTOCKOJIbKY MOTEHI[Ma] TaKMX MHOTOKOMITOHEHTHBIX IIJIEHOK MCIIOb3yeTcs B (poToKaTaamse,
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AnHoTtanusa: Metonom neHTpudyruposannst copMmupoBaHbl IJIEHKY HAHOPa3MepHOro Jua-
Ia30Ha TOMIMHBI (Jla3epHas, CIIeKTpaibHas sjmicomerpust) cucremsr Y,0,-Fe,O, Ha MOHO-
KpuctauimyeckoM InP 13 HuTpaTtHOTro pactsopa. CoCcTaB IUIEHOK, BbIPAllleHHbIX 6e3 OTKura —
YFe,0,; oroskskenHbIx Tepmudecku mpu 200 °C - YFe,O,, Fe,O, c mpumecsio Fe,O,; mpomenmmx
MMIIYJIbCHYIO (poTOHHYIO 06paboTKy (50 Ik/cm?, 0.4 ¢) 1 TepMooKcuaupoBanme (450-550 °C,
Bpems 10-60 mun) - YFe, O, n YFeO,. OTKMT € TOCTeAYIOMMM TePMOOKCHIMPOBAHMEM CIIOCO6C-
TBYeT YMEHbILIEHMIO pa3Mepa 3epeH Ha IIOBEPXHOCTY BbIPALeHHO [IJIEHKM, HO YBeINUYMBaeT
CPeIHIOI0 IIePOX0BaTOCTh. VIMIy/bcHast (OTOHHASI 06paboTKa 0O0YC/IIOBIMBAET TTOBBIIIEHHYIO
HEPOBHOCTb ITOBEPXHOCTY re€TePOCTPYKTYPHI.

KiioueBble ciioBa: GeppuThl UTTPUSI, TOHKME TUIEHKY, OCAXKIeHMe U LieHTpudyruposaHue, re-
TEePOCTPYKTYPbI, hochu 1 MHANS, TEPMOOKCUANPOBAHME, UMITY/IbCHAST DOTOHHAs 06paboTKa.

BBEJEHUE

VHTepec K Mccaef0BaHUI0O HAHOMOPOUIKOB
(beppuTOB penKo3eMenbHbIX 37IEMEHTOB U MaTe-
pUaJIOB Ha UX OCHOBe [1-4], xapaKTepus3youmx-
CS1 TIepOBCKUTONOI0OHOI CTPYKTYPOIi, 06YC/IOBIEH
KOMIUIEKCOM MX YHUKaJIbHbBIX 37I€EKTPOMATHUTHBIX
CBOJCTB [5-15] (cerHeTOoaneKTpuUecKme, Koaoc-
caJbHOe MarHeTOCONPOTHUBIIEHN e, CBEPXITPOBOAM -
MOCTb, MyJIbTU(hEPPOU3M), BBICOKOV MeXaHuuec-
KO IPOYHOCTBIO U JKapOCTOKOCThI0. Kpome TOrO,
OHM LIMPOKO MCTONb3YIOTCSI KaK KaTaau3aTOPhI
[16]. Cpenn MmHOXecTBa opTodepputoB P33 ocobo
BbIfIeNIsIeTCs OpTOdepput uTTpus — YFeO,, MHOTO-
o6pasue MpakTUYeCcKy BaXKHBIX CBOVICTB KOTOPOTO
(MmynbTHhEPPOUK, TTOTYIIPOBOIHMK, (DOTOKATAIM3a-
TOP B BUAMMOII 06/1aCTV CBETA U T. I1.) IOITOJIHSIET-
ST 9KOHOMMYECKOI1 11e71ecC000pa3HOCThIO UCTIONb30-
BaHUS MaTepHaioB HA eTr0 OCHOBE BBUY HAMOOIb-
11el pacIpoCTpaHeHHOCTHU 37IeMeHTapHOTro Y cpenn
Bcero psima P33 [17]. CornacHO nipeicTaB/JIeHHBIM B

< CnapxormesiieB bopuc Bragumuposud,
e-mail: dp-kmins@yandex.ru

[18] manHbIM 110 da30BOI AMarpaMme COCTOSTHUS
cucrembl Fe,0,-Y,0,, oprodepput utTpus ABis-
eTCsl TepMOAVHAMMUUECKM CTaOMIbHBIM BO BCEM
TeMIlepaTypHOM MHTEepBaJIe CyIlleCTBOBAHMS TBEP-
noit (pa3bl CUCTEMBI C COOTHOIIIEHVIEM KOMITOHEH -
T0B Fe,0,-Y,0, = 1:1 BIUTOTh 10 TEMITEPATYPHI €TO
KOHI'PYSHTHOTO I1aBiaeHus, paBHoi 1720 °C. Tem
He MeHee, B TOHKOIIJIEHOYHOM COCTOSIHMM, 0COOeH-
HO B IJIEHKaXx HAaHOPa3MepHOro AMana3oHa ToJj-
IIVMHBI, MOTYT IPOSIBJISITbCS IPYrvie 0COOEHHOCTU
¥ CBOJICTBA. DTOMY BUIY HaHOMAaTepuasaoB ceil-
yac, Hapsify ¢ HAHOKPUCTA/UIaMMU, YAEISIeTCsl 0CO-
60e BHMMaHMe [19] B CBS3M C MHTEHCUBHBIM Pa3BM-
THEM MeIULINHCKUX METOI0OB JUAarHOCTUKM, TAKMUX
KaK MMMYyHO(GepMeHTHbBIN aHaIn3, TUTIepTePMMUS U
TPaHCIIOPT JIeKaPCTB C MIPpMMeHeHeM MarHUTHBIX
HaHOO0OBbeKTOB. OcOb60€e MecTO cpenyi CPeJiCTB pe-
TUCTpalUM MarHUTHBIX T0JIeli 3aHMMAaT MarHu-
TOMOZIYJISIMOHHBIE CEHCOPBI C UCIIOIb30BaHUEM
MarHuTOyIOPSIAOYEHHOIO Marepuana, OCKOAbKY
OHM 06eCITeuMBaIOT HaMOOJIbIIYI0 SHEPTUIO B3au-
MOJEVCTBUS C UCCAeyeMbIM I1O/IEM, U, TTIOTEHLIV-

KonreHT moctymneH mop ineH3neii Creative Commons Attribution 4.0 License.
T The content is available under Creative Commons Attribution 4.0 License.
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aJIbHO, YPE3BbIUa/HO BBICOKYIO UYBCTBUTEIBHOCTD,
He TPeOYIOT OXJIaXKIeHNS, IeIIIeBbI Y TEXHOIOTMUHbI
[20-21]. K TOMY ke HeMaJOBa>KHO, UTO LOTIMPOBa-
HMe TUIeHOK (PeppuToB pa3IMUYHbIMU MOHAMMU JJIST
LIeJIEBBIX TIPMMEHEHMI MO3BOJSIeT NMPEeLN3MOHHO
YIPaBJIATh UX XapaKkrepuctukamu [22-25]. B [26]
MoKa3aHa BO3MOXXHOCTb (hOPMMUPOBAHMS HAHOPA3-
MepHbBIX TUIEHOK deppuTa UTTPUS HA KPEMHUU U3
pacTBOpa MeTOJOM LIeHTPUMYTUPOBAHNS, OTHAKO
HEeOOXOMMO OTMETUTD, UTO Pe3y/IbTaT 3TOM pabo-
ThI B OOJIBILIOI Mepe 0OYCIOBJIEH BO3MOXKHOCTBIO
OCYILLECTBJIEHMS BBICOKOTEMIIEPATYPHOTO OTKUTA
IJIEHOK, He0O6X0aMOoro it GopMUpPOBaHMS 1iejie-
BOI1 (ha3bl, UMEHHO Ha KpeMHMEBOI MOJI0KKe, yC-
TOMYMBON K BBICOKMM TeMIlepaTypam.

Llenb HacTOSIIIEl PabOTHI — CMHTE3 IIJIEHOK CHC-
tembl (Y,0,-Fe,O,) HaHOpa3MepHOTO AKanasoHa
TOJIVHBL HA MOHOKPHCTa/I/IM4eckoM InP, ycTaHoB-
JIeHMe UX COCTaBa U XapaKTePUCTUK TTOBEPXHOCTH.

DKCITEPMUMEHTAJIbHASA YACTb

BbIGOp MeTOOMKM OCHOBaH Ha paboTe, MpoBe-
IeHHO1 B Halleit JabopaTopuy paHee [26]. B akcme-
pPUMEHTe UCXOIHbIMM BellleCTBaMM CTYKMUIU HUTPAT
skenesa (III) 9-tm Bogubiit Fe(NO,),-9H,0 x. 4., HUT-
pat uttpust 6-v BogHsiin Y(NO,),-6H,0 u., muctums-
AMPOBaHHAS BOMA, B3SThie B CTEXMOMETPUUECKOM
OTHOILIIEeHMM, KOHIIeHTpaLyst pacTBopoB — 0.008 mol/
1, cymmapHbIit 06beM pacTBopa — 100 ml.

PactBopsl HUTpaToB keje3a (III) u uTTpus ro-
TOBWJIM PaCTBOPEHMEM COOTBETCTBYIOIIMX COJIEN
B IVICTMJUIMPOBAHHONM BOAe MPpU KOMHATHOM TeM-
neparype.

[TpUroTOBIEHHBIV PACTBOP KUIISITUIIN IO 00pa-
30BaHMs reJisl, HAHOCWIM Ha MOMJIOKKY InP 1ieHTpu-
¢dyruposanmuem (Centrifuge type MPW-31) co cko-
poctbio 2000 rpm B TeueHne 1 MMHYTBI, a 3aTEM —
co ckopocTbio 5000 rpm B TeueHue 15 MUHYT, HaHe-
CeHue POOJIKAIN 10 AOCTVKEHNST He0OX0IMMOTi
TOJIIVHBIL. [T0/1/TOKKaMM CITY3KUIIY MOHOKPUCTATN-
YyecKue MoJaupoBaHHbIe miaacTuHbl InP (OU3, (100),
JIETUPOBAH OJI0BOM, KOHLIEHTPaLMsl OCHOBHBIX HO-
cuteneit 3apsiga npu 300 K He meHee 5-10'° cm~3,
COOGCTBEHHBIN N-TUM TTPOBOAMMOCTH), IIpeaBapu-
TebHO 06paboTaHHble TpaBuTesneM cocrasa H,SO,
(X4 TOCT-4204-77.92.80 %) : H,0, (OCU TV 6-02-
570-750. 56 %) : H,0 = 2:1:1 B Teuenue 10 MuHyT,
MHOTOKPAaTHO MPOMBITbIE B OAUCTUIIMPOBAHHOI
BOJie U BbICYIlIEHHbIE HAa BO3/YyXe.

CuHTe3MpOoBaHHbIe 00pa3libl OTSKUTAIN B MY-
denpHoIt meun (SNOL 8.2/1100, TepMuuecKuii oT-
skur (TO)) B pexxume 200+1 °C, 60 MuHyT, 06paserr
CpaBHeHUS He TOoABepraau OTKUTY. VIMITYy/IbCHYIO
doronHy0 06paboTKy (MIP®O) 06pa3ioB MPOBO-
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OpMFMHaJ’IbeIe CTaTbn

IV Ha TIpefHa3HauYeHHO JJ151 OTXKUTa TTOTYIIPO-
BOJHMKOBBIX MaTepUalOB MOAEPHMU3UPOBAHHON
ycraHoBKe YOJIIT-1M. HarpeB ocy1iecTBIIsICS U3-
JIy4eHMEeM TpeX razopaspsiiHbIX KCEHOHOBBIX JTaMIT
VIHIT 16/250. [To3a o6ayuyenus 50 J/cm? BpeMs 06-
pabotkm 0.4 s. BeI6Op maHHOTO pekyiMa OCHOBAH Ha
npuemieMoit 1ubGy3MoHHO aKTUBHOCTY KOMIIO-
HEeHTOB [27]. 3aMeHa TepMUYeCKOT0 OTXKUTa Ha UM-
ITy/IbCHBIN (DOTOHHBI MOKET CUJIbHO IIEPECTPOUTD
CTPYKTYpHO-(a30Bble TIpeBpalleHns B IUIEHKE, T.
K. TaKO¥ OTKUT OGyIeT eiiCTBOBATh B OCHOBHOM Ha
BKJIIOUEHMSI, TIPAKTUUECKM He 3aTparmpas OINTH-
4yecKky Mpo3pauvHyro Matpuly. Kpome Toro, BbICO-
Kasi CKOPOCTb ITPOoLiecca TaKOro OTXKUTa YMEHbIaeT
BEPOSITHOCTb pa3pacTaHMsl HAHOKPUCTAJIIOB.

Tepmuyeckoe OKCUIMPOBaHME 00Pa3I0OB MPO-
BOJMJIM B IPOTOYHOM KBaplLieBOM peaKTOpe MaJo-
MHEPIMOHHOI TpybuaToii meun MTII-2MP (pery-
nsrop Temnepatypet OBEH TPM-201) B atmocde-
pe kuciaopona (ckopocTh roTtoka 30 1/h) B remmepa-
TypHOM MHTepBase 450-550 °C, ob1ee BpeMst OK-
cuaupoBaHus — 60 MUHYT.

TonuuHy CMHTe3MPOBAHHBIX TIJIEHOK OIpejie-
JISLTIYM MeTOJIOM Jia3epHOoit annuricometpun (JIod-
754, A = 632.8 nm, TOTPeNIHOCTb OIpeeIeHNs yT-
JIOB IOBOPOTA MOISIpMU3aTOPa, aHaIM3aTopa U ey
mpubopa *1°, MOrpenrHoCcTb M3MePeHMs TOMIIHbI
wieHKU =1 nm). 179 KOppeKTUPOBKY AAHHbIX Jia-
3€PHOM AMIUTICOMETPUN UCTIOTb30BaIN CLIEKTPASb-
HBIN 3yuIicomeTp «urc-1891», paboTarouni
10 CTaTUYECKOV cXeMe B Irarna3oHe IJIMH BOJIH OT
250 mo 1100 nm. TOYHOCTb M3MEPEHMS JIIUIICO-
MeTpuueckux napamerpoB o¥ = 0.05° 1 dA = 0.1°.

IJist crieKTpanabHOM 3JJIMIICOMETPUM pacueT
npousBoaWIM 10 Mmoesu Kotiin, ipeonaraoiiei
OJIHOCJIOMHYIO TVIaIKYIO IUIEHKY. YC/IOBMEM, OTIpe-
JeJISI0UIVM IPaBWIbHOCTb HAXOXKAEHNS TOIIVHbI
[VIEHOK, SIBJISLIACh CXOOMMOCTDb 3KCIIepUMEeHTasb-
HBIX U PACYETHBIX CIEKTPOB, MOJYYEHHBIX B pe-
3y/ibTaTe MogenupoBanus. 13 tabi. 1 ciemgyer, uTo
BCe OCaXKIeHHbIe IeHTPUGYTMPOBAHMEM IVIEHKY T10
TOMILIMHE OTBEYal0T HAHOMETPOBOMY AMama3oHy.

[Mpu nccneqoBanmu pazoBOTO COCTaBAa HAHOPA3-
MepPHBIX TOHKUX TJIEHOK METO/IOM PeHTreHo(has3o-
Boro a"Ham3a (P®A) Heo6X0myIMO ObLIIO YUUTHIBATD,
YTO TOJIIMHA TOJIOXKKM Ha TTOPSIIKM TIPeBbIllIaeT
TONIIMHY IVIEHKU, UTO TIPUBOAUT K 3HAUUTENbHO
MHTEHCUBHOCTM MTMKOB MOAJI0KKM IO CPAaBHEHMUIO C
MKaMMu IIEHKKU. Kpome TOro, B cryyae HaHeCeHus
[JIEHOK Ha OPMEHTUPOBAHHYIO ITOAJIOKKY BO3MOXK-
HO MPOSIBIIEHNE TEKCTYPUPOBAHHOCTY TOHKUX ITJIE-
HOK, YTO IPUBOJIUT K YBEJIMYEHUIO MHTEHCUBHOC-
TU IMKOB, COOTBETCTBYIOIINX AAHHOW OpUEHTAaINH,
M YMEHbIIIEHMIO OCTa/IbHBIX. B HacTos1Iel pabore
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®opmuposatme nneHok cuctemsl (Y,0,-Fe,0,)...

Ta6amua 1. Pexxumbl cuHTe3a 06pa3uoB mieHok cucrembl (Y,0,-Fe,0,) Ha MOHOKpucTammyeckom InP

LeHTPUPYTMpPOBaHEM
Table 1. Modes of synthesis of samples of film (Y,0.-Fe O,) systems using single-crystal InP
273 273
by centrifugation]
N¢ o6pasiia OTxRuUr ToniiuHa AEHKNU, HM
[Sample number] [Annealing] [Film thickness, nm]
1 bes oTxkura 55
[Without annealing]
2 TO [TA], 200 °C, 120 muH [min] 58
3 bes oTxkura 61
[Without annealing]
bes oTxkura
4 [Without annealing] >7
5 be3s oTxura 69
[Without annealing]
bes oTxkura
6 [Without annealing] 69
7 WO [PFT] 50 Ix/cm? [J/cm?] 66

P®A nipoBoauIM C UCTIOJIb30BaHMEM PEHTTEHOB-
ckoro gudpakromerpa Thermo ARL X’tra Ha oT-
dwnbrpoBanHoM CuKo (A = 0.154018 nm) msnyye-
HuM. HavanpHbIl yros cbeMKM cocTaBisit 20 = 20°,
KOHeuHbIl — 20 = 70°, mar = 2°. peHTuduuupye-
Mble MMMKM HAa CKAaHUPYeMOM MHTepBajie B 2° umMe-
IOT TAKy10 K€ MHTEHCUBHOCTD, UTO U B ITOJITHOM PDA
CIIeKTpe, HO 3HAYUTENbHO MOHMKEHHbI YPOBEHb
IITyMOB, UTO TTO3BOJISIET BHIJEUTD TPeOyeMbie KOM-
MTOHEHTHI Ha (hOHE ITYMOBO¥ TOPOKKK. KauecTBeH-
HbIIi aHA/IM3 OCHOBAH Ha CpaBHEHUM 3KCIIepUMEH-
TaIbHBIX AV(PAKTOrPAMM C KAPTOTEKOI 6a3bl TaH-
HbIXx PCDFWIN [28]. [Ipn 3TOM KpUTepueM MpUCyT-
CTBUS B 06pasiie TO¥ v MHOM (asbl CTYKUT COB-
najieHye Kak MUHMMYM C IBYMSI CMJIbHBIMY JIMHU -
sIMM 3TajioHa [29].

Mop@donoruio noBepxXHOCTM CUHTe3UPOBaHHBIX
06pasIioB MCCIe0BaIM METOAOM aTOMHOM CUJIO-
BOJ MuKpockornu (ACM) B ITOMTYKOHTaKTHOM pe-
KMMe Ha ycraHoBKe Solver P47 Pro kopmopaummu
NT-MDT c kautuieBepom HA NC Etalon. Munu-
MaJibHOe BpeMsI PMKCUPOBAHHOTO M3MEPEHMS B 01 -
HOJi TOUKe rmoBepxHocty — 0.3 ms, pasMep 06/1acTu
ckaHupoBauus 1x1 pm?. O6paboTKa MOTyIeHHbIX
ACM-1306paskeHi1 OCYIIECTBIISIIACh C TIOMOIIBIO
nporpamMHoro obecrieuernst Nova RC1 u 3aximroua-
JIach B aHA/IM3€ CpefHeli 11epoXOBaTOCTU MOBepX-
HOCTY IO BIOPAHHBIM JIECSITY MaKCMMaTbHbIM BbI-
COTaM 1 BITaguHaM (CpeHee aGCOMIOTHOe 3HaUeHVe
MISTU HauBBICOUAMIINX MUKOB U MITU CaMbIX Y-
OOKMX BITa[MH). B KauecTBe B3ayMOIOIOIHSIIONIETO
MCIIOJIb30Ba/IVi METO, CKAHUPYIOLLEl TYHHeJIbHO
mukpockormmy (CTM, abopaTopHbIiT HAHOTEXHO-
JIOTUYECKMUI KOMIUTEKC « YMKay, pa3paboTaHHbIi Ha
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6a3e yCcOBepIIeHCTBOBAHHOTO CKAHVPYIOIIETO TyH-
HeJIbHOTO MMKpOCKoTa Moaenu «YMKa-02-Uy).

O6paboTKy TaHHBIX KUHETUKM (OPMUPOBAHUS
[IJIEHOK BeJI B COOTBETCTBUM C [30], 111 OLLeHKU Xe-
MOCTUMYJIMPYIOLIETro BAVSHUS HaHeCeHHO IJIeH-
ki (Y,0,-Fe,0,) Ha po1iecc TepMOOKCUINPOBAHYS
InP paccunThIBaiv 3HaUEHNS OTHOCUTEBHOTO YBe-
AudeHust b TONMIMHBI COPMIPOBAHHO TIJIEHKY TI0
CpaBHEHMIO C 3TAJIOHOM (pas):

b = AdXF.‘MOCTVlM/ AdSTaHOH’ (1)
roe Ad - M3MeHeHMe TOIIIMHbI [VIEHKM IIPU
OKCUIMPOBAHUM TETEPOCTPYKTYP C HAaHECEHHbIM
XeMOCTUMYJ/ISITOPOM 3a BbIYETOM TOJILIMHBI I1OC-
nenHero;Ad - y3MeHeHMe TOMIIHbI OKCUIHO
TJIEHKY TIPY COOCTBEHHOM OKCUAMPOBAHUM, UC-
MOIb30BaHbl fJaHHbIe [30], paHee MOyYeHHbIE Ha
QHAJIOTMYHBIX MOJIOXKKAX.

PE3VJIBTATDBI UX U OBCY>XXIOEHUE

W3 npuBeneHHbIX Ha puc. 1 maHHbIX PDA njis
obpasia N2 1 (cMm. Tabn. 1) ciemyer, UTO OCHOB-
HO¥1 (a30ii B ocakIeHHOM MeHTpUudyrumpoBaHm-
em 1uteHke siBisietcst YFe,O,, Tak Kak IOAABIISIO-
1ee GOJIBIIMHCTBO IMMKOB COOTBETCTBYET ITaHHOM
(ase, 1 MX MHTEHCUBHOCTb JOCTATOYHO BBICOKA.
910 omHOMa3HbIN 06pasel], B KOTOPOM He 0OHapy-
>KEHO MpuMeceri.

ITocne omkura B obpasie N2 2 (puc. 2) OCHOB-
HbIMU (Da3aMM SIBJISTIOTCS YFe,O,,Fe,0,, Tak KaK 1mo-
IaBJIsiiolee 60JbIIMHCTBO IMKOB, MHTEHCUBHOCTD
KOTOPBIX JOCTATOYHO BbICOKA, COOTBETCTBYET 3TUM
dasam. B kauectse npumecn Bpictynaet Fe O,.

Takum o6pas3om, o6paser; 6e3 oTkura obagaer
60JIb1IIel cTeneHbio (ha30BOli TOMOTeHHOCTH!.
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Puc. 1. Penrrenosckas audpaxrorpamma obpasua N1 (Y,0.-Fe,0,)/InP (6e3 omxura 10 OKCHMIMPOBaHNUS)
[Fig. 1. X-ray diffractogram of sample No. 1 (Y,0,-Fe,0,)/InP (without annealing before oxidation)]
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Puc. 2. Penrrenosckas audpakrorpamma obpasua N°2 (Y,0,-Fe 0,)/InP

(mocs1e OTKUTA IO OKCUAMPOBAHMS)
[Fig. 2. X-ray diffractogram of sample No. 2 (Y,0,-Fe,0,)/InP (after annealing before oxidation)]
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BBuay 6omblieii pa3oBoit OMHOPOIHOCTY Tep-
MooKcuaupoBaHue choOpMUPOBAHHBIX IreTepOCT-
pykryp cucremsr Y,0,—Fe,O./InP npoBoanin mnpu
Temmneparypax: 450,475, 500, 530 1 550 °C B Teue-
HMe 60 MUHYT C UCIIOb30BaAHMEM HEOTOXOKEHHBIX
06pa31ioB. [lomydyeHHbIe JaHHbIe CPABHUBAIM C Ta-
KOBBIMU JJIs1 COOCTBEHHOTO OKCUAMpPOBaHuUs InP,
npuBeneHHbIMU B [30], 1 pacCUUTHIBAIM OTHOCU-
TelbHOe yBeIuJYeHNe TOMIMHBI TJIEHKY Ha OCHOBA-
Hy (1). DT pe3yabTaThl MPUBEIEHbI B TAO. 2.

Vi3 Tabsm. 2 cemyer, yTo Mpy TemMIiepatypax 450—
500 °C pocT IJIeHOK Ha TeTePOCTPYKTYpaxX 3aMe s -
eTCsI TI0 CPAaBHEHMIO C COOCTBEHHBIM OKCUIMPOBA-
HueM, a mipu 530, 550 °C yckopeHMe pocTa TIEHOK
b Ha reTepoCcTpyKTypax mocTuraert 2.64 pas.

Ha puc. 3 nmpuBeneHa nudpakrorpaMma OKCH-
IVMPOBAHHOTO 06paslia, 13 KOTOPOiA CJIeyeT, UTO OC-

®opmuposaHme nieHok cuctemsl (Y,0,-Fe,0,)...

HOBHbIMM (asamu siByisirorcst YEe O, n YFeO, npu-
Meceit He 00HaPY>KEHO.

TakuM 00pa3soM, OKCUIMPOBAaHME TTPUBOAUT K
06pa3oBaHMIO B IUIEHKax HOBOJ (a3spl YFeO, (cp. ¢
puc. 1), 4To B JaJbHENIIIEM MOXKET YIy4YIIUTbh Mar-
HUTHBIE CBOJMCTBA 00pa3I0B U YBEIMUNUTD X KaTa-
JIUTUYECKYI0 aKTUBHOCTb B COOTBETCTBYIOIIMX OKIC-
JINTEJIbHO-BOCCTAHOBUTEJIbHBIX Ipoueccax. [Ipu-
MeuaTeabHO, UTO 3TH ke (a3bl 3aMKCUPOBAHBI U
B 06pasiie N2 7, cunTesupoBaHHoM ¢ IOO 6e3 Tep-
MookcuaypoBanus (50 J/cm?, 0.4 s, puc. 4), uTo 1o -
TBEPKIAaeT BbIBOJ, O BO3MOKHOCTHU ITOCPENCTBOM
VDO cuHTE3MPOBATh CIOKHOOKCUIHbIE (QYHKIMO-
HaJIbHbIE TVIEHKM 32 PEKOPIHO KOPOTKOE BpeMs 6e3
TePMMUYECKOTO, aHOAHOTI'O U T. IT. OKCUIAMPOBAHMSI.

Omuaxo no ganHsiM CTM, PO o6ycioBnmBa-
€T [TOBbIIIIeHHYIO0 HEPOBHOCTb IIOBEPXHOCTH reTepo-

Ta6nuua 2. OTHOCUTETbHOE YBeJIMUYEHE TOJMIIMHBI TUIEHOK (pa3), chOpMUPOBAHHBIX OKCUIMPOBAHUEM
HEOTOXCKeHHBIX c1oeB cucrembl Y,0.~Fe,O, Ha InP npu 450-550°C B Teuenne 60 muH

[Table 2. Relative increase in the film thickness (times) formed by the oxidation of unannealed layers
of the Y,0,-Fe,O, system on InP at 450-550 °C for 60 min]

T, °C/t, MMH b
[T, °C/t, min] 10 20 30 40 50 60
450 0.20 0.31 0.60 0.43 0.51 0.35
475 0.54 0.60 0.67 0.80 0.71 0.82
500 0.57 0.58 0.56 0.71 0.70 0.61
530 1.03 1.08 1.22 0.78 0.98 1.05
550 1.36 1.10 1.71 1.92 2.20 2.64
700 1
600
500 A
o,
é 400
Z
(=
Pa’ 300 -
= YFeOs (111)
200
Yﬁ204 !10[!
100 4 YFeO_3 (312)
YFeO; (122)
0 T L T T T 1
10 20 30 40 50 60 70
20, deg

Puc. 3. PenrrenoBsckas audpakrorpamma obpasua N° 4 (Y,0,-Fe,0,)/InP
(mocye okeuaupoBanus pu 500 °C, 60 MuH)
[Fig. 3. X-ray diffractogram of sample No. 4 (Y,0,-Fe,0,)/InP (after oxidation at 500 °C, 60 min)]
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Puc. 4. Penrrenosckas audpakrorpamma o6pasua (Y,0,-Fe,0,)/InP N2 7
(mocye UOO 6e3 OTKMUTra ¥ OKCUIUPOBAHNS)
[Fig. 4. X-ray diffractogram of sample No. 7 (Y,0,-Fe,0,)/InP
(after pulsed photon treatment without annealing and oxidation)]

CTPYKTYPBI (PUC. 5), YTO CTUMYIMUPYET MOVUCK OITH-
MaJIbHBIX J1JIS1 K&K, 0TO pacCMaTpMBaeMoro ciayJast
rapameTpoB Ipoijecca.

[list ycTaHOBIEHMSI BAMUSIHUSI OTSKMTA Ha Xapak-
TePUCTUKY TTOBEPXHOCTY OKCUIMPOBAHHBIX 00pa3-
II0B PACCMOTPUM HAHOIIJIEHKH, CHOPMUPOBAHHbIE
MeTONOM IleHTpUdyrupoBaHyis 6e3 TpeIBapUTesb-
HOTO OT>KUTA.

Ha puc. 6a mpencraBieHo ACM-u3obpaskeHne
nmoBepxHocTy obpasma N21, cpemgHss 1mepoxoBa-
TOCTb COCTaBMIA 5.25 nm, a cpegHMit pasmep 3ep-
Ha — 207 nm. [I;1g o6pasiia N2 2, OKCUAMPOBAHHO-
'O B TOM 3Ke peXXrMe, HO MTOATOTOBJIEHHOTO C IIpefi-
BapUTEIbHBIM OTKUTOM (puUC. 6b), CpenHsis 1epo-
X0BaTOCThb — 21.36 nm. CpengHuii pazmep 3epeH Co-
craBui 50 nm.

Takum 06pa3om, mocsie MpeaBapuTeIbHOTO OT-
SKUTA C MTOCTAeAYIOIIUM TeEPMOOKCUAMPOBAaHMEM Ha
MOBEPXHOCTY BBIPAIlEHHO TJIEHKU YMEeHbIIaeT-

Puc. 5. CTM-usobpakeHye 1 mpoduib MOBEPXHO-
cru obpasua N2 7 (Y,0,-Fe,0,)/InP nocie OO
(50 Osx/cm?)

[Fig. 5. STM image and surface profile of sample
No. 7 (Y,0,-Fe,0,)/InP after pulsed photon
treatment (50 J/cm?)]
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Puc. 6. ACM-u3o6pakenns nosepxuocru obpasuos N2 1 (Y,0,-Fe,0,)/InP (6e3 orxkura) (a) u N 2
(Y,0,-Fe,0,)/InP (niociie omkura) (b), TepMuUUECKM OKCUANPOBAHHBIX B peskume 450 °C, 60 MuH.
Pasmep obmactu ckaHupoBanus 1.5x1.5 Mrm?

[Fig. 6. AFM images of the surface of samples No. 1 (Y,0,-Fe,0,)/InP (without annealing) (a) and No. 2
(Y,0,-Fe,0,)/InP (after annealing) (b), thermally oxidized at 450 °C, 60 min.

The size of the scanning area is 1.5x1.5 pm?

0,0199

a b c
Puc. 7. CTM-uso6paxenus u npoduis moBepxnoctu o6pasuos (Y,0,.~Fe,0,)/InP (6e3 oTxura) mocie
TepPMOOKCUIMPOBaHMsI B pexkuMax 475 °C, 60 mun (o6pasern; N2 3, a), 530 °C, 60 mun (o6paser N25, b)
u 550 °C, 60 muH (o6paser N2 6, ¢).
[Fig. 7. STM images and surface profile of (Y,0,-Fe,0,)/InP samples (without annealing) after thermal
oxidation at 475 °C, 60 min (sample No. 3, a), 530 °C, 60 min (sample No. 5, b) and 550 °C, 60 min
(sample No. 6, ¢)]
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Cs1 pazMep 3epeH, HO YBeJIMUMBAETCS Cpel s Le-
pPOXOBATOCTb.

B kauecTBe mMeTopa ucciaenoBaHusi Mopdoio-
I'Y TTIOBEPXHOCTM 06pa3ioB N2 3, 5, 6 1cIionb30Ba-
it CTM. COOTBETCTBYIONIME PE3YIbTAThI IPUBEAE-
HbI Ha puC. 7a—c.

W3 puc. 7 ciepyet, 4TO HaMJTy4lIlel [NIaAKOCTBIO
ITIOBEPXHOCTM 00amaeT obpasern N2 5, cMHTe3Mupo-
BaHHbIN TIpu 530 °C.

CoBmecTHO aHanu3upys ganusie ACM n CTM,
MOXHO CAeaTh BbIBOA, YTO C POCTOM TeMIlepary-
PbI OKCHAVPOBAHVST 06Pa3I0B ITPOMCXOIUT POCT 3€-
PEH, HO B pe3yJibTaTe okcuaupoBanus mmpu 530 °C
MIPOUCXOOUT CITIaKMBaHNe TTIOBEPXHOCTHU, TIPeLIIo-
JIOKUTEIbHO BCIENCTBYME POCTA 3epeH, a TakKe UX
armoMepauyy 1 HacJaayBaHMS.

3AK/TIOYEHUE

MeTtomom tieHTpuUdyTrupoBauus chopMupoBa-
HBI [JIEHKM HAHOPa3MePHOTO AMaIa30Ha TOMILMHBI
(JtazepHas, CIIeKTpaIbHAS JUIMIICOMETPMUS) CUCTE-
mbl (Y,0,-Fe,0,) Ha MOHOKpUCTayeckom InP u3
HUTPATHOTO pactBopa. [lo manueiM PDOA nineHku,
BbIpaliieHHble 6e3 OTxkura, ogHOMa3HBI U COCTOSIT
u3 YFe,O,, mofBepruyThie ke TePMUUECKOMY OT-
sxury B peskxume 200 °C, 120 MUHYT, SIBIISIFOTCS IBYX-
dbasubivu u comepxkar YFe,O,, Fe,O, ¢ mpumechio
Fe.O,. Hamnbosee nepcrnekTUBHBI IJ1s1 Ja/ibHeIIe-
o IpMMeHeH s TJIeHKU, ITPOoIIIe/ilie UMITY/IbCHYIO
doroHHyI0 06paboTKy B pexkume 50 J/cm?, 0.4 s, u
TepPMOOKCHUAVPOBAaHME C TTapaMeTpaMu IpoLecca
450-550 °C, Bpems 10—-60 MUHYT, B KOTOPBIX ITPH-
cyrcreytor YFe,O, u YFeO, (P®A). PerynnpoBanue
COOTHOIIIeHUs 3TKX (pa3 B BbIpallleHHbIX TJIeHKaX
HaHOpPAa3MepHOro ayara3oHa TonuHbl Ha InP ot-
KpbIBaeT BO3MOXKHOCTHU 1I€JIEBOTO YIIPABA€HUS UX
xapakrepuctukamn. Pesynbratel ACM 1 CTM cBU-
JeTebCTBYIOT, UTO OTSKUT 0OPa31[0B C HAHECEeHHBbI -
MM CJIOSIMY (PEPPUTOB C TOCIEAYIOIIM TEPMOOKCH -
IMPOBAHMEM CITOCOOCTBYET YMEHBIIIEHNIO pa3Mepa
3epeH Ha MOBepPXHOCTY BbIpallleHHO TIJIeHKM, HO
YBEJIMUYMBAET CPeNHIOK IIePOXOBATOCTh IIOBEPX-
HOCTM TIO CPAaBHEHMIO C HEOTOXKEHHBIMM 06pas-
mamu. OO o6yCI0BIMBAET ITOBBIIIEHHYIO HEPOB-
HOCTb TOBEPXHOCTY F€TEPOCTPYKTYPBI, UTO YKA3bI-
BaeT Ha HeOOXOOMMOCTD JaJbHellell ornTuMu3a-
LMY IJ1 pacCCMaTpUBaeMOTO Ipo1iecca mapaMeTpoB
9TOTO MEePCIeKTUBHOTO M CBEPXOBICTPOTO MeToa
(hopmMupoBaHMs TETEPOCTPYKTYP.

NCTOYHUK ®VNHAHCHUPOBAHNUA

Pa6oTa BBITTOJIHEHA TIPU TOJIEPKKE TPaHTa
POOU N218-03-00354 a.
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Abstract
Purpose. YFeO, is distinguished by a variety of important practical properties (multiferroic,
semiconductor, photocatalyst) in the visible region and others. The economic feasibility of the
use of materials based on it is due to the highest prevalence of Yttrium among the entire range
of rare-earth elements. New properties may appear in films of the nanoscale thickness range;
however, their synthesis by simple, economical, and technologically advanced methods is not
an easy task. The purpose of this work was the synthesis of films of nanoscale films (Y,0,-Fe,0.,)
system on InP monocrystals, the determination of their composition and surface characteris-
tics.
Methods and methodology. Films of the nanoscale thickness range (laser, spectral ellipsom-
etry) of the system (Y,0,-Fe,O,) on monocrystal InP were formed by centrifugation from a nitrate
solution. For their primary treatment, thermal annealing (TA) or pulsed photon processing (PPP)
methods were used; for the subsequent thermal oxidation of the formed heterostructures,
samples without annealing were used. The phase composition was determined by X-ray diffrac-
tion analysis (XRD) and the surface characteristics were determined by atomic force (AFM) and
scanning tunneling microscopy (STM).
Results. The results of the study demonstrated, that films that were grown without annealing
are single-phase and consist of YFe,O,. The films that were thermally annealed at 200 °C for
120 min were two-phase films, and contained YFe,O, and Fe,O, with Fe,O, (X-ray diffraction
analysis). The most promising films for further use were films subjected to PPP in the regime of
50]/cm? for 0.4 s and thermal oxidation with the process parameters of 450 —550 °C for 10-60 min,
in which YFe,O, and YFeO, were present. The results of AFM and STM indicated that annealing
of samples with deposited layers of ferrite with subsequent thermal oxidation promoted the
reduction of the grain size on the surface of the grown film, but increases the average surface
roughness compared to unannealed samples.
Conclusions. Nanoscale films of the (Y,0,-Fe,0,) system on monocrystal InP were synthesized
by centrifugation, their compositions that correspond to various types of pretreatment and
surface characteristics before and after thermal oxidation were established. We concluded that
the most promising films for further use were those that underwent IPP or thermal oxidation
and contained YFe,0, and YFeO,. Regulation of the ratio of these phases in the grown films of
the nanoscale thickness range on InP opens up the possibility of targeted control of their char-
acteristics.

Keywords: yttrium ferrites, thin films, precipitation and centrifugation, heterostructures, indium
phosphide, thermal oxidation, pulsed photon processing.
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Annoranmsa. 1enpio cTaTby SIBASETCS pa3padoTKka (GeHOMEeHOJOTMUEeCKOi MaTeMaTUueCKOi
Mopenu GopMMPOBaHMS 1 pocTa a3 B YaCTy BJUSIHMS TeMIIepaTypPHOIi 3aBUCUMOCTY IlapaMeT-
poB nuddys3uu Ha XapakTep POCTa CJI0eB B IBYXKOMIIOHEHTHOI MHOrodasHoi1 cucreme. Temorii
MCCIeIOBaHMS SIBJISIETCST aHAIU3 BIMSIHMS TeMIIepaTypHOI 3aBMCUMMOCTY ITapaMeTpoB audady-
311 HAa M3MEHEeHMe XapaKTepa poCTa CJIOeB B IBYXKOMIIOHEHTHBIX MHOrO(asHbIX CHCTeMaX.
[TpenJioskeHO pelieHe 3afaun MCII0Ib30BaHMsI TEMITEpaTyPHOTO peskuMa Ipotiecca nuddysnm
IIpy pa3paboTKe TEXHOJIOIMUeCKMX IIPOLIeCCOB CBapKM, [TaiiKii, HAHEeCeHMI IIOKPBITII U IPYTUX,
TP KOTOPBIX B A PYy31OHHOI 30HE 06Pa3yIOTCsI MHTepMEeTa/UIMUeCcKIe CJIOU, KapOu/Ibl, HUAT-
pUIbI, cy6oKCHUIbI, GochuUabI U T. 1. C 3aJaHHBIMU M KOHTPOIMPYEMBIMM SKCILTyaTallMOHHBIMMU
XapaKTePUCTUKAMM [TOJTyYaeMbIX HOBBIX MaTePUaIOB, UX COeIMHEHNI, TOKPBITUIA 1 TIp.
Pe3ynbTaThl perieHus 3a0auy [O3BOJISIIOT IT0 M3BECTHBIM ITapaMeTpaM TEMIIEPATYPHOTO PEKI-
Ma rporitecca nuddy3nun, ToTyYeHHbIM IIPY UCC/IeJOBaHMM IBYXKOMIIOHEHTHO MHOTOGbAa3HO
CUCTEMBI, IleJIeHAIIPaB/IeHHO KOHTPOIMPOBATh AMHAMMKY POCTa, COCTaB 0OPa3YIOIIMXCS B ITPO-
mecce nuddys3nn CI0eB, 1 UX BHIXOIHbIE TapaMeTPbl B JTaHHOI CYCTeMe [1JIsk TIOJTyYeHMsT HOBBIX
MaTepyasoB C 3aJaHHbIMM CBOJICTBAMM.

KinioueBble ciioBa: TemMrepaTypHas 3aBUCUMOCTh nuddysun, dasa, MmexxdasHasi rpaHuUIIa,

MHOI‘O(baBHaﬂ cucremMa, MarTeMaTuiyeckast MoJe/ib, KOMITIOHEHT.

BBEJEHUE

B craThsx [1, 2] B pamKax pa3paboTky HOBOVi e-
HOMEHOJIOTMYECKOI Teopuy B3auMHOM nuddysun
rpeJIokeHa MaTeMaTnyeckast MoJeslb pocta ¢as B
I BYXKOMITOHEHTHBIX MHOTO(a3HbIX CHCTEeMaX Ipu
M30TePMUUECKOM OTXKUTEe U MTPOBeeH aHaIn3 UX
pocTa B 3aBUCHMMOCTHU OT COOTHOIIIEHMsI TTapaMeT-
poB muddysun B AByX cocegHNX dasax.

HoBas ¢eHOMeHOMOTMYecKass Teopusi B3auM-
HoV auddy3un Ias JByXKOMIIOHEHTHBIX MHOTO-
(ba3HBIX CUCTEM YUUTBHIBAET, UTO COTTIACHO 2-MY 3a-
KkoHy ®uKka mapaboamyecKkoi 3aBUCMMOCTY OT Bpe-
MeHM TG Gy3un MOTUMHSIETCS KOTMYEeCTBO KOMITO-
HEHTAa, TIePeXOSIIET0 KaskKIyI0 Mesk(hasHY0 IpaHu-
Iy 4epe3 eqMHUITY TUIOIIAAM, a He TOJMIIMHA CJIOST
pactyteit ¢asbl. DTO MIPUBOIUT K 6ojee KOppeK-
THOMY pacyeTy TeMIlepaTypHOl 3aBUCUMOCTHU Ma-
pameTpoB Audy3un ¢ yueTomM B3aMMHOTO BJIMSI-
HMSI Ha HUX TTpOo1ieccoB nuddy3un B IBYX COCETHMUX
(azax. CoBMecTHbI aHaAM3 rpaduKOB TeMIepa-

< ®ummn Cepreit Anekcanaposuy, e-mail: Filin.SA@rea.ru

TypHOIi 3aBucumoct In B = f(1/T) uIn B, = f(1/T)
OT TeMITepaTypbl OTSKUTA AJIS IBYX COCETHUX (a3:
npenpIayInei i ¥ rocaenyiomei i + 1 mokasbiBaer,
KaK M3MeHSsIeTCs XxapaKkrep pocTta ¢asbl i moce Io-
SIBJIGHMSI HAa ee rpaHuIle C KOMIIOHEHTOM B HOBO
dassr (i +1).

3aBMCUMOCTD TOJIIMHBI CJ10S KOMIIOHEHTA A,
TIOLIEIIIero Ha pocT (assl i Ipu mepexode yepes
MexkdasHylo TpaHuiy pasmena gas «(i + 1) — i», u
Bcex mocienymmux (n — i) a3, 06pa3oBaBIIMXCS
B nuddy3MOHHON 30HE 3a MCCAeAyeMblii TIepUo]
nuddysnn, onpenenseTcs ypaBHeHueM [1, 2]:

M

n
rae Zhi — TOJIIIMHA CI0ST KOMIIOHEHTa A, Tolie -
i=1
mast Ha pocT ¢asbl | ¥ BCeX MOoCIemyommx (n — i)
a3, 06pa30BaBIINXCS B CUCTEME K COOTBETCTBYIO-
memy nepuony; B, — KoabduumeHT ckopocTu me-
pexofia KOMIIOHEHTa A uepe3 KaXIylo Mexxda3HyIo

KonTeHT mocTymneH nop auieHsueit Creative Commons Attribution 4.0 License.
T The content is available under Creative Commons Attribution 4.0 License.
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1. A. MonoxwuHa, C. A. DunuH

TpaHMIly, PaBHbIV TAHTEHCY YI/Ia 3, HAKJIOHA ITPSAMOiA

u
3aBuUCUMOCTH h’=f(1); Z‘E“ — CyMMapHbIit MHKyOa-
i=1
IIMOHHbIN TTePUOJ, TPeIIIeCTBYIONIMIA TTOSIBJIEHUIO
($asbl i ¥ OTCYMTHIBAEMBI OT Havasla U30TEPMMU-
YecKoro oTkura; 1¢ — BpeMsi M30TepMUYECKOTO
oTskura (muddysun).

VYpaBHeHMe (1) moKaspIiBaeT, YTO 2-Ji 3aKOH
duKa onmMchIBaeT MMEHHO 3aBYCUMOCTDb KOJTMUECT-
Ba KOMIIOHEHTA A, TepexoIsIiero B mporecce amud-
dys3un kaxxmyio MexxdasHyio rpanuiy. [Ipy sToM B
ypaBHeHMM (1) YUTEHBI IJIUTEIBHOCTY MHKYOALIM-
OHHBIX TIEPUOJIOB, MPEIIECTBYIOIIME HAUaTy POC-
Ta Kaxkgoit ¢asel. Poct ke ¢assl (i + 1) mpoucxo-
AT 32 CYET YACTUYHOTO pacriajia ¢asbl i Ha rpaHm-
e pasgena «dasa i — gasa (i +1)», YTO IPUBOIUT K
ITOSIBJIGHMIO «I1epernba» Ha rpaduke pocra dassl i
U K JaJibHeleMy M3MEeHEeHUIO XapaKTepa pocTa
(dassl i TocsTe MosiBIeHUs B OUbQY3MOHHOM ClI0€e
dassr (i + 1) [1, 2]:

u . C,‘ u+l ‘
X; = Ai(tid_zti j_c_ﬂ Ai+1(t?+1_zti+l]’ @)
i=1 i i=1

rje X, — TO/MMHA ¢10s Qassl i; A, — Ko3pPuuyenT
CKOpocTM pocTa ¢assl i; A, — KOIPOUIMEHT CKO-
pocty pocta a3l (i + 1); C, - cpeqHss aToMapHast
KOHIIeHTpaLusI KOMIIOHEHTA A B pase i; C,, —cpen-
HSIST aTOMapHasl KOHILIEHTpalsl KOMIIOHEHTa A B

u
daze (i + 1); ZT“ — CyMMAapHbIif MTHKYOAIIMOHHbIN
i=1
Tepuoz, TIPeAIleCcTBYIOMNI TOSIBIeHNI0 (assl i U
OTCUMTBIBAEMBIl OT HayaJia M30TepMUUYECKOTO OT-

u+l1
SKUTA; Zr” — CyMMapHbII MHKYOALIOHHBIN ITepUO]I,
i=1
TIpelecTBYIONMI mosiBjieHnio ¢asbl (i + 1) 1 oT-
CUMTBIBAEMBbII OT HaUaa MU30TePMIUUECKOTO OTKM -
ra; 1 — BpeMsl M30TePMUYECKOTO OTKUTa (BpeMs
anbdysm).

AnHanmus autepaTypsl o auddys3um B MHOTO-
(ba3HBIX cHCTEMAX ITOKA3aJT, YTO IJISI MHOTMX M3 HUX
Ha6JII0al0TCSI OTKIIOHEHUS KaK B CKOPOCTM POCTa
(has, Tak 1 B IOPSI/IKE MOSBIEHUS] MHTEPMeTaJIIN -
yecknx (a3 B 11 hy3MoHHOM ¢Ji0e, aHATOTUYHBbIN
perieHui0 ypaBHeHus (2). B paborax [3—-8] ormeua-
€TCs OTKJIOHEHME TMHAMMKY pocTa (a3 OT IpecKa-
3bIBA€MOI1 2-M 3aKOHOM P1iKa rapabo/muecKkoii 3a-
BUCHMOCTY OT BpeMeHu Auddy3nu, B ApyTux — He-
COOTBETCTBME B PACIIONIOKEHNM 1 KoMuecTBe das
Ha paBHOBECHBIX AMarpaMMax COCTOSTHSI, BbISIBIISI -
€MbIX TP M30TePMMUECKOM CEeUeHUN OMarpaMMbI
(ha30BOro COCTOSIHMSI COOTBETCTBYIOIINX CUCTEM.
ITpu sTOM CKOpOCTD pocTa a3 B pa3HbIX CUCTEMAX
MOYKeT BeCbMa HelpeICKa3yeMbIM 00pa30M YBeJu-
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YMBATHCS WIN 3aMeJISIThCS Kak TPy M30TepMuiec-
KOV BbIIEepsKKe, TaK U TIPY U3MEHeHUM TeMITepaTy-
pb1 mponiecca [7,9-13]. B uacTHOCTHM, U3BECTHBI CUC-
TeMbI, T/ie TIePBbIMM PacTyT dasbl C OObINIeN Tem-
JI0TOV 06pa3oBaHMsI, YeM TIPEAbIIYINAs, VJIU CKO-
pocTb pocTta a3 ot BpeMenu audysnm He TOJIbKO
He TTOYVHSIETCS TTapaboIMyecKoii 3aBUCUMOCTH, HO
TTOSIBUBIIINECS TIEPBbIMMU (Pa3bl MOTYT ITOTOM MCUEe3-
HYTb B IIpoliecce pocTa ciienymoiieii gpasei [1,2,5, 6,
9-11, 13-18]. [Ipuém Ha KMHETUYECKUX KPUBBIX
pOCTa CJI0eB OTMeuaeTcsI MHKYOaI[MOHHbII Tepuo]I,
B TeueHle KOTOporo Anddy3moHHbIe CJIOU He IT10-
asnsawTca [1-4, 6, 7,9, 19-21].

Hannune meperuba Ha rpaduke (puc. 1) pocra
1-i1 dbasbl BepBbie oTMeTu B. 3. Byrakos [16] miis
CUCTEMBI «MeIb — KaJIMIii», B KOTOPOIi poCT e-(asbl
MpY Havase pocTta y-has3bl JEMOHCTPUPYET ITepernd
Y U3MEeHEeHVe CKOPOCTH pocTa e-dasbl. OH Mpemro-
JIOKWJT, UTO TTOSIBJIEHVIE TAHHOTO Tlepernba CBSI3aHo
C MU3MEeHeHMeM TPaHNYHbBIX YCIOBUI 1)1 €-(Da3bl B
repuo/ Havasa pocrta y-da3ssl.

g 100y2
5 2
=z
£ = =
SE T
5 5
2 é 10 |- .,
E %) 0 I ] ] ] ] ] | ] ]
“ 40 80 120 160 time, h

Puc.1 Poct nuddy3noHHOTO C/10ST CUCTEeMbI
«MeJlb— KaaMMi1»
[Fig. 1. Growth of a diffusive layer of the
“copper—cadmium” system|

Llenpb uccmenoBaHms — pa3paborka heHoMeHo-
JIOTMYECKOI MaTeMaTu4yecKkoi Moaeny GopMupo-
BaHMS 1 pocTa da3 B YaCTU BAUSIHUSI TeMITepaTyp-
HOJI 3aBMCMMOCTY TIapameTpoB Auddy3nn Ha xa-
pakTep pocTa CJI0eB B IBYXKOMITOHEHTHOW MHOTO-
haszHoi1 cucTeme.

TEOPETUYECKUN AHAJIU3

TemmnepaTypHasi 3aBUCMMOCTb ITapaMerT-
pos nubdysun A, B, u D,B NByXKOMIIOHEHT-
HOVi MHOroda3HoI cucreme. [loBbillieHe TEM-
repaTypbl M30TEPMUUECKOTO OTKUTA TPUBOJIUT K
607bIIIel TOABMUKHOCTY aTOMOB KaK B CTPYKTYype
(HaTpMMep, B KPUCTA/UIMUECKUX PelIeTKax) caMmx
B3aMMOJE/CTBYIONMX KOMITOHEHTOB ¥ PACTYIIVX
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a3, Tak ¥ Ha pasgeIsoIMX UX MeX(a3HbIX I'pa-
Hunax. OnpeneneHHbIi YpOBeHb SHEPTUM aKTU-
Bauyu auddysun, Heo6XOIUMBIN IJIsT IIPeomoIe-
HMST MeXX(ha3HOTo ITOTeHIIMATIbHOTO SHepreTnyec-
KOTo O6apbepa Ha TpaHMUIlE pasmena M pocra ¢as,
obecrieurBaeT mepexoj; aTOMOB M3 OJHOTIO I10JIO-
SKeHMS B IPYToe BCIeACTBYE HEIIPEPIBHOI'O OOMe-
Ha KMHETUYECKO 3Hepruen ¢ CoOCeqHMMM aToMa-
MM, IIPU 9TOM YPOBEHb SHEPIUM aKTUBaLMM Iud-
(dy3un Bo3pacTaer ¢ yBeIMYeHNeM TeMIIePaTypPbl
nporiecca nubdys3nn.

OMITMPUUECKYIO 3aBUCUMOCTb KOHCTAHTbI CKO-
POCTM XMMMYECKOJ peakiuu K OT TeMIlepaTypbl
ycraHoBui C. Appennyc B 1889 1.:

k=k0~exp{— F, }, 3)

RT

rae k — KOHCTaHTa CKOPOCTH peakuyuu; Kk — IocTo-
STHHBI MHOKMTEJTb (TIPEIKCIIOHEeHTa); E, — sHep-
I'vsl aKTUBaLMM; R — yHUBepcasibHas ra30Basi oc-
tTositHHas (R = 8.31 J/(mol-K)); T — abconoTHas
temrepatypa, K. [Ipu 3Tom 3ak0H AppeHuyca Inmpu-
MeHUM U J1Jis OTIpeie/ieH s YPOBHSI 9HePIruit akTu-
Banyy B I @y3MOHHBIX ITpoIleccax, Tak Kak IT0-
Ka3bIBaeT XOopolilee COBMaZeHue C IKCIepuMeH-
TaJbHBIMY JAHHBIMY B OOTBIIMHCTBE UCC/IeJOBaH-
HbIX MHOTO(a3HbIX cucTeM [4-6].

Ins mocTpoeHus: rpaduka 3aBUCUMOCTU
In k = f(1/T) (puc. 2) 4aCcTO UCHOIB3YIOT 3aKOH Ap-
peHuyca B jiorapudmmyeckoit hopme:

Ink=InA- E, , 4
RT

Ink

InA

T

Puc. 2. 3aBUCUMOCTD JoTapudMa KOHCTAHTbI CKOPO-
CTV XMMUWYECKOI peakivu OT BeJIMUMHbI, 06PaTHO
Temneparype (1/7T)

[Fig. 2. Dependence of a logarithm of a constant
of speed of chemical reaction on size, return tem-
perature (1/7)]
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e In A — COOTBETCTBYET TOUKe IepeceyeHus rpa-
¢duka 3aBucumoctu In k = f (1/T) ¢ ocblo OpAMHAT;
TaHTeHC yIJIa O, MPOMOPIMOHATBHOTO YHEPTUN
akTMBanuy npoiecca nuddysnun:

Ea

, ©)
RT

B cooTBeTcTBMM € 3aKOHOM AppeHunyca 3aBUCK-
MOCTb BCexX TTapameTpoB anddysnun (koshduiieH-
TOB B3auMHOM nuddysuu (D), ckopocty pocTa (a3
(A) M niepexofia KOMIIOHeHTa A MeK(ba3HbIX IPaHMI]
(B,)) MOOUMHSIOTCSI SKCIIOHEHIIMAIbHOMY 3aKOHY OT
TeMIlepaTypbl OTSKUTA:

tgo=-

D, =D, -exp| ——= |, (6)
A,‘ ZA(),‘ eXpl ——-—|, (7)

B, =B, -exp| -—|, ()

rae D, — koahduuyenT B3auMHoI aubdysun; A, -
KOHCTaHTa CKOPOCTH pocTa ¢asbl, MPOMOPLIMOHAIb-
Hast Koo duieHTy B3auMHOM auddysnum B (ase i;
B, - K03G@UIMEHT CKOPOCTH MePexXoa KOMIIOHEH-
Ta A yepes Kakayi0 Meskda3HyIo rpaHuIly, paBHbBI
TAHTeHCY yIJa [, HAK/IOHA MPSAMOJi 3aBMCUMOCTH
h*=f(t); D,; A By;~ IPENIKCIIOHEHIMAIbHbIE MHO-
xuTenn; Q, — SHeprus akKTMBaLMY B3aMMHOI G-
Gysun B dase i; E; — sHeprus akTUBaLUM poCTa
(aspl i; G, — sHeprus akKTMBaLMU [IePexona Mex-
(ha3HbBIX rpaHuII.

s moctpoeHus rpadMkoB TeMrepaTypHO
3aBUCUMMOCTHM TapamMeTpoB nuddy3um 3amnuiiem
ypaBHeHUs (6-8) B iorapmudmmyeckoit popme:

Q.
InD, =InD,, - =, 9
nD,=InDy - ®)
InA =InA; _E (10)
Y RT

lnBizlnBOi—%, (11)

B 60/bIIMHCTBE MCCIe0BaHMI POCT CI0ST KaxK-
noit dasbl moguMHsIeTCs Mapaboauueckomy 3aKo-
Hy, [TI0JIyUeHHOMY pellleH/eM ypaBHeHMs1 MoTaHo
C YYETOM JJIUTENbHOCTY MHKYOAI[MOHHOTO Tepu-
ora[16]:

AcC. i i
v =2—1Di(td _ ty]z .[td - tl.”], (12)
¢[1-¢] ; 4 ;
rie ¢~ BpeMsi M30TePMUUECKOTO OTKUTa (BpeMst

nubdysun).
OpHako B ypaBHeHUM (12) He yUUThIBAETCS BJIN-
sTHMe Ha CKOpOCTh pocTa (a3 B MHOrohaszHOM ciioe
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1. A. MonoxwuHa, C. A. DunuH

pacraza yacTu cost ¢assl i Ha rpaHMIIAX pasnena
a3 «i - (i+ 1)» Ha poct dassbl (i + 1) [1, 2]. dTO IpU-
BOJUT K OIIMOKAM B pacueTax rmapameTpoB audaoy-
sun A, B.u D.. B pesynbrare rpaduKu 3aBUCUMOC-
™ In k = f(1/T) UMeIOT OTKJIOHEHMSI OT IIPSIMOIA JIN -
Hum [4, 7, 20, 21].

Vuyer B ypaBHeHUM (2) 2-r0 4ieHa

C. u+l
1 d
’C* \/A,.+l (tm — Y t', |, ompeneNsIONLero yMeHb-
i=1

i

IIeHVe TOMLIVHBI c1ost (asbl i, pacxomyeMoro Ha
poct dassl (i + 1), TPUBOAUT K 60Ie€ KOPPEKTHOMY
pacuety napametpoBs guddysun A, B.uD. DT na-
paMeTphl CBSI3aHbI MEXIY C06071 (6e3 yuéTa BIus-
HISI Ha TOIIMHY C/I0€B PA3HUIIbI B INIOTHOCTHM yTIa-
KOBKM aTOMOB B KPUCTA/UIMYECKUX PelIeTKax KaK
CaMMX MCXOJHBIX KOMITOHEHTOB, TaK ¥ BceX (a3 cuc-
TEMbI) CJIeAYIOIMIVIMY COOTHOIIEHUSIMMU :

xC.=h, (13)
A A% p (14)
¢[1-¢]7"
B =AC, (15)
D, ZMAN (16)
2Ac,

rae h, — TommyHa 108 KOMIIOHEeHTA A, IOoIIe/IIIero
Ha pocT cnost dassl i; AC, — pasHMUIA aTOMapHbIX
IPaHMYHBIX KOHIIEHTpaluii KOMIIOHeHTa A B ase i;
C, —cpenHsist aTOMapHast KOHIEHTPALs KOMITOHEeH-
Ta A B dase i.

In B'
InBg .

In B,

i+l

AHanus BAUSIHUS TeMnepaTypHoﬁ 3aBMCMMOCTU NapaMETPOB ,EI,VIquJy3VIM...

DKCIIEPUMEHTAJIbHAS YACTb

AHanu3 BAUSHUS TeMIIepaTypHOi 3aBUCU-
MOCTU mapameTpoB auddysumu Ha xapakTep
pocCTa cj10eB B IBYXKOMIIOHeHTHOJ MHorodas-
HOJ1 cucTeme. Vcronb3yem Mpu MOCTPOEHUY Irpa-
(prKoB KO3PDULIMEHT CKOPOCTH TTepexoa KOMIIO-
HeHTa A uepe3 Kakayio MexkdasHylo rpauuy B,
paBHbI TAHT€HCY YI7Ia 3, HAKJIOHA MPSMOJ 3aBy-
cumoctu h?= f(t). Kospduumentsr D, n A, CBA3aHbI
¢ B, cootHomenusamu (13-16).

[TpoaHanu3MpyemM COBMECTHO Tpaduku (puc.
3) TemnepaTypHoii 3aBucumoctu In B, = f(1/T) u
In B, =f(1/T) or TemMnepaTypbl OTKUIa s IBYX
cocemHuX ¢as: MpeAbIAyLeit i U mowIeayoIei
@i+1).

Kak BunHO u3 puc. 3, rpaduxu In B, = f(1/T) n
In B, = f(1/T) moryT 6bITh NapaieNbHbl (pUC. 3b)
VIV HAKJIOHHBIMM IPYT K APYyry (puc. 3a u 3¢). Ilpu
M3MeHeHUM TeMIlepaTypbl M30TePMUUECKOTO OT-
skura B gasax i u (i + 1) mponopuoHalIbHO W3-
MEHSIOTCS U cooTHoIenus: (B, > B, ), (B,= B,,)) u
(B,<B.,)).

B cratbe [2] moapo6HO paccMOTpeH BOMPOC 06
M3MeHEeHMN XxapaKTepa PoCTa MpeabiayIieit Gpassl i
MIpY TIOSIBJIEHMM Ha ee rpaHulle B KOMIIOHEHTOM B
crenytoreit ¢asbl (i + 1) mpu pasHbIX COOTHOIIEHN -
AX napameTpoB guddysun B dpasax A, B, D, A_
B, m D, . B crarbe mokasaHo, 4To Xapakrep pocra
(aspl i 3aBUCUT He TOJILKO OT S9HEPTUI aKTUBALIUU
B KakAoii ¢a3e, a OT COOTHOIIEHMS STUX SHEePIuii
B 06enx daszaxim (i + 1).

InB

Bi>Bi+1
a

Bi<Bi+1
b c

Puc. 3. I'paduku 3aBuCUMOCTY KO3(QOUIMEHTOB CKOPOCTH ITepexofa KOMIIOHEeHTa A uepes MexxdasHbie
IPaHUIIBI OT 0OPATHOI TeMIlepaTypsl Ajist dhas i u (i + 1)
[Fig. 3. Schedules of dependence of coefficients of speed of transition of component A through interphase
borders from inverse temperature for phases i and (i + 1)]
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C poCcTOM UM CHWKEHMEM TeMIlepaTyphl OT-
JKMTa U, COOTBETCTBYIOIIMM M3MeHeHneM A, B, D,
A_ B, u DM, OyIeT U3MEHSITbCSI U XapaKTep poc-
Ta ¢assl i.

IMoctpoum rpadukm TemriepaTypHOi 3aBUCK-
MOCTM KO3 IHUIIMEeHTa CKOPOCTH ITepexojia KOMITO-
HeHTa A uepes MexdasHble rpanuipl In B, = f(1/T)
ulnB, =f(1/T) nna pocra ¢as i u (i + 1) (puc. 4).
Paccmotpum cnydau (a) u (b), Korma mpsivbie rpa-
(bVKOB IepeceKkaroTcs B 30HE MCC/IeyeMbIX TEMITEe-
partyp mpu remrieparype nepexozna T..

Kak BuaHO 13 rpadukoB (puc. 4), ueMm gabliie
orcrout T ot T, Tem 6omblie pasHuia KO3pdu-
LIMEHTOB B, u B, TeM 00JIbIlle pa3HIUIIA B XapaKTe-
pe pocta ¢asbl i TP pa3HbIX TeMIlepaTypax.

Pemias cucremy ypaBHeHuit (9—11), pacCunThI-

BaeM Temreparypy mnepexona T :

T = (Gi+1 _Gi) (17)
t.B; B. ’
Rln 0i+1
0i
Tt.B,. = Tt.D,. = ’I;.Ai . (18)

[IpoBemeHHBIN B paboTe [2] B COOTBETCTBUM C
ypaBHeHusmu (1) u (2) aHanu3 caydaeB pocrta ¢as
B IBYXKOMITOHEHTHO! MHOTO(a3HOI cucTeme Io-
KasaJl, YTO M3MeHeHMe xapaKkTepa pocTa ¢hasbl i 3a-
BVICUT OT COOTHOIIIEHMS TapaMeTpoB nuddysnu B
IBYX cocemHux (asax. Poct mpenpimyineit ¢assl i
3aBUCUT OT YPOBHSI SHEPIUM aKTUBALMU Mpolec-
ca nuddysumn, CKOpocT pocTa ciienyiolieii Gasbl
@i+ 1), cyMMapHOJi IJIUTETbHOCTU UX MHKYyOaLM-
OHHBIX TEPUONIOB U KOHIIEHTpalyM KOMIIOHEeHTa
A B cocemHux (azax. [Ipyuém Ha pasHUITY Cpel-
HMX KOHIIEHTpaINii KOMIIOHEHTAa A B cocemHMX ¢a-
3aX OKa3bIBAeT BAMSIHYME KaK MUPUHA 06/1acTy TO-
MOTeHHOCTH 3TUX (pa3, Tak U MMprHA ABYX(a3HO
0061aCTV MEXTY HUMU.

Ha rpadwukax (puc. 5 u 6) pocra dassl i mocie
TOUKM «ITepernda» MpouCXOANT 3aMeIJIeHN e POCTa
dassl i. Dopma U pasmep «mepernba» 3aBUCAT OT
COOTHOILIEHNS BCeX mapamMeTpoB nuddy3un B IBYX
cocenHux ¢asax. Janee ¢asa i MOKeT: a) BHOBb
MPOJOJIKUTH POCT, HO CO CKOPOCTbIO MEeHbIIIei, YeM
3TO GBLJIO 10 MOMEHTA TOSIBJIEHNSI Ha €€ IPaHuIIe
pasgesa ¢ KomroHeHToM B da3si (i + 1); b) mpakTu-
YeCKy He U3MEHSTHCS 10 TOMIIMHE; C) TTPOAOIKATD
YMEHbIIATHCS, BIUVIOTD JI0 TIOTHOTO MCUe3HOBEHUS.

[Tpoananu3upyem M3MeHeHMe XapaKkTepa pocTa
daspl i (puc. 5 1 6) Tpu M3MeHEeHUN TeMITepaTypbl
omkura T, B 3aBUCMMOCTY OT COOTHOLIEHMSI SHePIIAi
aKTUBaLMM Iepexofia MexkdasHbix rpanul Gu G, |
(puc.4) mnsa dazim (i + 1).

Iyt cryyaeB, KOT[a SHepPrus aKTUBALUM T1e-
pexoia KOMIOHEHTOM A MexXda3HbIX TPaHMUI]

KoHnoeHcupoBaHHble cpenbl U MexdasHble rpaHuubl, 2019, 21(3),419-431
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(G, > G,,,) v py IPOBeieHNI OTKUTA IIPY TeMITe-
parypax Bbime (T > T ) (30Ha 1 — puc. 4 a), napa-
meTp (B, > B.,,). Ha puc. 5 [2] moka3aHO M3MeHeHue
xapakrepa pocta ¢asbl i 1ocse MosIBJIeHNsT Ha ee
rpaHuile ¢ KomrnoHeHToM B ¢assr (i + 1). [To mepe
CHIDKEHUS TeMIlepaTypbl OTXKUTA U YMEeHbIIeHUS
pasHUIIBI MeXKIyY rmapamerpamu B,y B, CKOpOCTb
pocta assl i cHMsKaeTcs (puc. 5a - 5¢) [2].

Iis ciy4yaeB, KOTAA dHEPTUSI aKTUBALIUU Tie-
pexoa KOMIIOHEHTOM A MeXdasHbIX TPaHMUI]L
(G, <G,,)) M TIpy IPOBEIeHNM OTKUTA TPV TeMIIepa-
Typax Bbime (T > T ) (30Ha 1 - puc. 4b), mapameTp
(B;<B,,).B arom cydae, xapakTep pocTa (asbl i co-
OTBETCTBYET pUC. 6b 1 6¢. IIpu BBICOKMX TeMIlepa-
Typax dasa i MOXKeT BOOOIIe He 0OHAPYKMBATHCS B
I dy3moHHOI 30He. 1 TOIBKO M0 Mepe CHVKEHMST
TeMIlepaTypbl OTKIUTA U COMVKEHNUS 3HaUeHni B,
B.,,, a Takxe Mpu Mepexoie TeMIepaTyp OTKuUra B
30HY 2 (puc. 4b) u moCTIReHUM 3HaYeHwii (B,> B, )
(dasza i 6ymeT 0OHApPYKMBATHCSI B IUDPY3MOHHOM
c10€e (PUCYHOK 6 a—c) [2].

PE3VJIBTATBI 1 UX OBCYXIEHUE

W3 npuBeIeHHBIX IPUMEPOB BUAHO, KaK M3Me-
HSIEeTCS XapaKTep pocTa MpeabiayIei ¢hassl i, mocie
TTOSIBJIEHNS Ha ee TpaHuIle C KOMIIOHEHTOM B cie-
myroteit dasel (i + 1). B pabore [22] omvcaH aHa-
JIOTMYHBIA cyvaii pocra dasel «UAL» moce mo-
apnenus ¢assl «UAL» 11 cucteMbl «ypaH-ajlio-
muHMi». Ilpu remneparypax < 560 °C dasa «UAlL»
YBEJIMUMBAETCSI T10 TOJIIIMHE, a BbIIIe ITOI TemIle-
paTypbl — yMeHbIaeTcs (puc. 6a). [I1st 06bsICHEHNST
9TOTO SIBJIEHUSI ¥ HA OCHOBaHUM pellieHNs ypaBHe-
Huit (19-21) aBTOphI paboThl [22] BBEIM B 060POT
HEKYIO «<OTPULIATEIbHYIO» SHEPIUIO aKTUBALIMM POC-
Ta (a3 B JaHHOI CUCTEME:

e 4 (DKM),., —(DKM), )
i A €, = Cl)
19)
) (DKM)I_l - (DKM)(M)I
roe €y, ~ G
R dk
M, =0+-YDQ — 2
n Q,+k;D,Q, a|™ @0
dc
K—\/Ea(x,r,Di,...,Dn). 21

OpHako JaHHOe SIBJieHNe JIeTKO OObSICHUMO U
0e3 mpuBIIeYEHNST «OTPUIIATEIbHOI» SHEPTUM aK-
THBaluu pocra dasbl. Kpome 3T0r0, perieHue ypas-
HeHMii (17-18) mo3BosIeT pacCUUTaTh TEMIIEPATY-
py Tiepexopa, Tocie KOTopoii xapakrep pocta das
KapAMHAJIbHO U3MEHSIeTCS.
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J1. A.MonoxuHa, C. A. ®unuH AHanus BAMSHUSA TEMNEpaTypHON 3aBUCMMOCTM NapaMeTpoB anbdysum...
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/T _ pngi+1y /
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Puic. 4. 3aBUCHMOCTb OT 06paTHOI TeMIIepaTypbl KoadduieHTa rmepexona KOMIOHEHTOM A Mesk(ba3HbIX
rpanui] mpu pocte (a3 B 1ByxdasHOI cucTeMe, rae (a) — SHeprust akTuBanuu ¢assi (i + 1) HuOKe sHEprun
aktuBauyu $assl i; (b) — sHeprust akTuBanuu dassl (i + 1) Bbille 3Hepruy akTuBanyu $assi i; pl, p2 — Tou-
Ku 1, 2 coorBeTCTBeHHO; phi, ph(i + 1) — daseri i, (i + 1) coorBeTcTBeHHO; T ..  — KPUTHUECKas TeMIlepaTypa
[Fig. 4. Dependence on inverse temperature of coefficient of transition by component A of inter-phase
borders with a growth of phases in a two-phase system where (a) — energy of activation of a phase (i + 1) is
lower than energy of activation of phase i; (b) — energy of activation of a phase (i + 1) is higher than energy
of activation of phase I; p1, p2 are points 1, 2, respectively; phi, ph (i + 1) are phases i, (i + 1), respectively;
T — critical temperature]

critical
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thickness of a layer of

Opl/ll'l/l HaNbHble CTaTbU
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Puc. 5. XapakTep pocra a3l i 1 mepexoma MexkhasHbIX FPaHNUI] KOMITIOHEHTOM A B IBYXKOMITOHETHOA
u u

MHOro¢a3sHoJi cucTemMe Ipy COOTHOLIEeHUM TapaMeTpoB nuddysun (B, > B, ,) npu (2 < <21" )

i i+2

[Fig. 5. The nature of growth of phase i and transition of interphase borders component A in

i+2

u u
a two-component multiphase system at a ratio of parameters of diffusion of (B, > B,,)) at (2 <t <Zr“ )]
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1 1+
1
C
VccnemoBanue mpoiieccoB anddysmu KpaiiHe OpnHaxko onmcaHHbIe BnTepartype [23-27] pas-

BaKHO TTPU pa3paboTKe TEXHOIOTUYECKNX ITPOIeC-  JIMYHbIE XapaKTepUCTUKY pocTa c1oeB B Auddy3u-
COB CBapKM, Maiiky, HAHECEHUN MOKPBITUI U IPy-  OHHBIX 30HAX [MOKA3bIBAIOT, YTO IIPU UCCIeJOBAHUN
TUX, IPU KOTOPbIX B MG dy3MOHHO 30He 06pa3y-  MpoieccoB anddy3ny TOCTOSTHHO BbISIBJISIOTCS HO-
I0TCS MHTepMeTa/undeckue cion. CTpyKTypa, CO-  BbI€ SIBJIEHMsI, TPeOYIOIMie HOBBIX MOAXOA0B K UX
CTaB M TOMIIMHA 0COOEHHO MHOro(dasHbIX CI0EB  HAyYHOMY OOBSICHEHUIO, TOHMMaHMIO KOPpesun
OTpefesioT SKCIUTyaTallMOHHbIe XapaKTepUCTU-  Mekay nudy3MoHHBIMY U TepMOAVMHAMMUYECKUMU
KM MaTepuasoB, COeJMHEHNI, TOKPbITHIA M TIp. [Ipy  mapaMeTpamMu, MeToaM pacyéTa ¥ POTHO3MPOBa-
9TOM BaskHA He TOJIbKO CTPYKTYpPa, COCTaB M TOMIIM-  HUSI Y UCCIeJOBAHUIO IOHITUS «Anddy3usi» B 1e-
HBI CJI0€B, 00pa3yIONIMXCS B IEPUOJ, UX POCTa, HO M  JIOM. B JaHHBIX KCCIen0BaHUSIX oOpallaeT BHMMA-
M3MeHeHMsI, Tpoucxonsinye B Aupy3MOHHOM 30He  HMe TTPOTUBOPEUNBOCTh OLIEHKYU 3((PEKTUBHOCTU
B TI€PUOJ, SKCIUTyaTaly U3IeNiA. TOTO MJIVI MTHOTO BO3JeiCTBUS B mipoliecce nuddy-
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31U Ha pa3BUTHE HU3NIECKOTO KOHTAKTA, aKTUBA-
LIMM KOHTAKTHBIX [IOBEPXHOCTE 1 00bEMHOTO B3a-
UMOZIeCTBUS.

IIJIST YCIIeNTHOTO TTOTYYeHMsT HOBBIX MaTepua-
JIOB, X COEOMHEHMI WM TIOKPBITUI C HATMYUEM
MHTepPMEeTA/IUI0B, KapOUI0B, HUTPULOB, CYOOK-
cunoB, GochumoB U OPYTUX COeNUHEHUN B Tex-
HOJIOTUSIX MCITOJIb3YIOT Pa3Hbie METO/bI TAKOTO
BO3JeCTBUS sl aKTUBMU3AIMU TUOOY3MOHHBIX
Mpo11eCcCOB: HAarpes, AaBjeHMe, BO3eiiCTBUe Jia-
3€PHBIMM WJIM JIEKTPOHHBIMM JIyYaMU, pagyaliy-
eif, MarHUTHBIMM TTOJITMU U T1p. TIpu 9TOM BO31I€ii-
CTBUE MOKET OBbITh OCYIIECTBIEHO OAHOBPEMEHHO
HEeCKOJIbKMMM BUIAMM BHEIIHEN SHepreTuuecKomn
aKTMBALMM B Pa3HOM COUETaHMM, a TAKKe CTaIMO-
HaPHBIM MM UMKINIECKNUM, C MeIJIEHHbIM Harpy-
>KeHVEeM WJIM B3PbIBOM. YPOBEHb BHEIIIHEN SHepre-
TUYECKON aKTUBALIVIM MOXKET 3aTParuBaTh HE TOJIb-
KO MOBEPXHOCTHBIE CJIOM, HO U BO3[IeliCTBOBATh,
Hampumep, neGopmrpoBaTh, Ha AMDOY3MOHHYIO
30HY WM BCE M3enue, TPUBOAUTb K U3MEHEHUIO
SHePTUM aKkTUBAMU IUGQPY3MOHHBIX MPOIECCOB
KaK BHYTpM caMMx (Pa3oBbIX CJIOEB, TaK U Ha pas-
IeSoImMxX UX Tpauniax. [Ipy 3Tom eciu sHepre-
TUYECKOoe BO3eiCTBMe MpeBbIliaeT YPOBHM, BbI-
3bIBAIOIIME CKAYKOOOpa3HOe M3MEHEHME CTPYK-
TYpPbI U CBOJCTB KaK CaMMX MaTepuasioB, TaK CJIO-
eB nubdy3roHHOI 30HBI (TIaB/IeHKe, APOOIeHe
3epeH, TpaHchopmanys IIacTUIecKoii sedopma-
MM B Opyrve BUIbI JedhopMalyuy U IIp.), CKAUKO-
00pa3Ho OyAyT U3MeHSIThCS U Bee b Py3moHHbIE
napameTpbl. Ho ocHOBomonaraomumu 6ymyT ma-
paMeTpbl, Hab/MogaemMble B MHOTO(MA3HO CHUCTe-
Me IIpY YPOBHE BHEIHel YHepreTu4yeckoi akTu-
BalMM, He TIPUBOZSIIEN K CTPYKTYPHBIM M3MeHe-
HMSIM, KaK B CAaMMX MaTepuasioB, Tak u nuddysmu-
OHHBIX CJIOSIX.

IMosTOMY BaskHO TIpu u3yueHUM AUPAOY3M0oH-
HBIX ITPOIIECCOB B CC/IeAyeMO¥ CucTeMe aHaIU3 M-
pPOBaTh OTHENbHO XapaKTep POCTa CJIOEB AJIST KaxK-
IIOTO BMA BHEIIHEN SHepreTMUecKoi akKTUBaLUN.
OTO MO3BONMUT 6ojee TTPAaBWIbHO OlLIEHUTb, KAKOe
BO3/Ie/iCTBME OKa3bIBAET HA POCT CJIOEB KasKIbIi
BUJ, dHeprum (TeMreparTypa, JaBjieHue, paaua-
1yst, BUOpALVS U TIp.), IUKINIHOCTD BO3/ECTBUS
Y SHEpPTeTUYECKNI1 yPOBEHb (HIYKEe UJTU BbIIIIE YPOB-
HS CTPYKTYPHBIX M3MEHEHMIi KaK B CAMIX MaTepua-
J1aX, Tak B AuQdy3MOHHONM 30HE 1 Ha rPaHuUIIax pas-
nena ¢as). B pe3ynbrare MoSBISIETCS BO3MOKHOCTb
He TOJIbKO 3KCIIepMMEeHTaIbHOTO OIpeie/ieHus T1a-
paMeTpPOB TEXHOJIOTMYECKOTO Ipoiiecca nuddysnu,
HO U UX OOBbEKTHBHAS OIl€HKa, ITOATBEpsKIeHHas
pPacUETHBIMM TAHHBIMM 3TUX IIapaMeTpOB, C Ie-
JIbIO X OITTMMM3AaIMH, @ TAKKe IIPOTHO3MPOBaHME
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OpMFMHaJ’IbeIe CTaTbn

CBOJVICTB YCOBEPILIEHCTBOBAHHBIX /I HOBBIX U3Je-
JIMI B TIpoLiecce 3KCIUTyaTalMy B YCJIOBUSX MeXa-
HUYEeCKOro, TeIVIOBOTO, PAAMALMOHHOTO U IPYTUX
BUA0B BO3OEMCTBUIA (CTATUYECKOTO, IMKINIECKO-
r0, CJIOKHOTO U T. 1.).

B pabore [1] mpenyioxkeHa MaTeMaTuyeckas
Mozenb pocta ¢a3 B JBYXKOMITOHEHTHBIX MHOTO-
(hasHbBIX cucTEMax MPU M30TEPMUUECKOM OTKUTE.
Ho aTa Mopmenbs MOXKeT ObITh MCIIOIb30BaHA U JIJIST
OIIeHKU TIpolieccoB nuddy3um n306apHbBIX MPO-
L1eCCOB, B YCJIOBUSIX PAAVAlMOHHOTO BO3ECTBUS
u 11p. IIpu 3TOM, MCCemoBaHMe mpoieccoB Auddy-
3UM NP OJHOBPEMEHHOM BO3[eliCTBUM, HAIIPU-
Mep, TeMrepaTypbl U NaBiaeHMUs, MO3BOIUT Olje-
HUTb BKJIaJ, KakXAO0TO BUJA SHEPTUM B COOTBETC-
TBUMU C ypaBHeHMEeM (8) 1 COOTHOIIeHMe rpadKoB
sapucumoctu (In B, = f(1/T) n In B, = f(1/T)) nna
IBYX cocequnx a3 Mo M3MeHeHUI0 SHePTUM aK-
TUBALMU TIPM KAKOM-JIMO0 OJHOM M3 yKa3aHHBIX
BUI OB BHEITHEr0 BO3/IeJiCTBUS, ¥ IPU UX CyMMap-
HOM BO3/IeJiICTBUMN.

3AK/IIOYEHME

Pe3ynbTaThl HACTOSIIETO UCC/IeA0BAHNS TT03BO-
JISTIOT CIIeIaTh CeyIOIIyie BbIBOIbI.

1.ITpu pacueTax mapameTpoB Auddy3uu Heob-
XOAVMO YUYUTBIBATD, YTO 2-My 3aKoHY DuKa (rapa-
60J1MYeCKOi 3aBMCMMOCTY OT BpeMeHu nuddy3min)
TTOIUMHSIETCST KOJIMYECTBO KOMITOHEHTA, ITepeXo/isi-
IIero KaKayio Mexk(as3Hyo TpaHuIly yepes eqHu-
1y IJIOIAAM, & He TOMIIMHA C/10s pacTyiieit dhasbl.
9TO MPUBOOUT K Goslee KOPPEKTHOMY pacueTy 3a-
BUCMMOCTY TTapameTpoB auddy3un ¢ yuéTom B3a-
MMHOTO BJIMSIHMS Ha HUX ITpoleccoB nuddysun B
IBYX cocemHMx ¢asax.

2. CoBMeCTHbIN aHanmm3 rpaduKoOB TeMIlepa-
TypHOii 3aBucumoctu In B, = f(1/T) u In B, = f(1/T)
OT TeMITlepaTypbl OTSKUTA [JISI IBYX COCeNHUX (a3:
npenpiayieit i u nocaenywoiedt (i + 1) moka3biBa-
€T, KaK M3MeHsIeTcsl XapakTep pocra (assl i mocie
TOSIBJIEHNS HA ee TpaHuIle C KOMIIOHEHTOM B HO-
BOIi asbl (i + 1).

3.Pe3ysbTaThbl TEOPETUUECKOTO PellleHNs 3a/a-
Y1 MO3BOJISIIOT 110 M3BECTHBIM ITapaMeTpaM TemIie-
paTypHOro peskuMa rpotiecca auddysnn, momyyeH-
HbIM ITPU UCC/IeA0BAHMM JBYXKOMIIOHEHTHOI MHO-
rodasHoi1 cuCcTeMBbI, Ile/ieHaNpaBJIeHHO KOHTPOIN -
pOBaTh AMHAMMKY POCTA, COCTAB 0OPA3YIOMIMXCS B
nporiecce auddy3un coeB, M UX BbIXOHbIE TTapa-
MeTpbI B JAHHO CUCTEMeE ISl TIOTyUYeHMsT HOBbIX
MaTepuasIoB C 3aJaHHbIMM CBOICTBAMM.

4. AHa;IM3 TUTEepaTypPHBIX TaHHBIX TTOKA3bIBa-
€T, YTO MHOKECTBO MPUMEPOB pocTa MHOrodas-
HBIX CJI0€B IIpM M3MEHEeHUM TeMIlepaTypbl Ipo-
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1ecca M30TepMMUYeCKOro OTKMUTA COBITAAAeT C Te-
OpeTMUYeCKMMI MMOCTPOEHUSIMMU, TTIOKA3aHHBIMU B
IAHHOM CTaTbe.

5. C yuéToMm TOro, 4TO Ha Mpoiiecchl aAuddy-
3UIM BIMSIIOT HE TOJIbKO TeMITepaTypa, HO U MHOTO
IPYTUX TEXHOJOTMYECKMX [TapaMeTpPOB (IaBJIeHNeE,
BMOpaLMS ¥ IPyTye BUAbI IUKINIECKUX HArPY30K,
a TaKKe BeJIMYMHA ¥ CKOPOCTh HarpyskeHus U TIp.)
HeoOXOIMMbI AanbHelIne 1cciefoBaHus B JaH-
HOM HarpaBjeHUMN.

KOH®JIUKT MHTEPECOB

ABTOpBI IeKIaPUPYIOT OTCYTCTBYE SIBHBIX U T10-
TeHLMaTbHBIX KOH(IMKTOB MHTEPECOB, CBSI3aHHBIX
C mybMKalyei HaCTosIIei CTaTb.
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Abstract

Purpose. Subject of research — development of phenomenological mathematical model of for-
mation and growth of phases regarding influence of temperature dependence of parameters of
diffusion on the nature of growth of layers in a two-component multiphase system, topic— analy-
sis of influence of temperature dependence of parameters of diffusion on change of nature of
growth of layers in two-component multiphase systems.

Methods and methodology. Chemical and thermal methods of processing. Novelty of article
is the offer of new approach to a scientific explanation of different observed examples of devia-
tions of growth of phases from Fick and Arrhenius’s laws and the proof that most of them is
connected with lack of accounting of mutual influence on growth of multiphase layers of all

phases of a diffusive zone.

Results. It is proposed the solution of a problem of use of temperature condition of process of
diffusion when developing technological processes of welding, soldering, application of coverings
and others at which in a diffusive zone intermetallic layers, carbides, nitrides, suboxides, phos-
phides, etc. with the set and controlled operational characteristics of the received new materials,
their connections, coverings and so forth are formed.

Conclusions. Results of the solution of a task allow to control purposefully in the known pa-
rameters of temperature condition of process of diffusion received at a research of a two-com-
ponent multiphase system dynamics of growth, structure of the layers which are formed in the
course of diffusion, and their output parameters in this system for receiving new materials with

the set properties.

Keywords: temperature dependence of diffusion, phase, interphase border, multiphase system,

mathematical model, component.
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KUHETHUKA KATOAHOI'O BBIAEJIEHUA BOAOPOIJA
HA MOHOCU/IMOUNUAE MAPIAHIDA B CEPHOKHCJ/IOM
JJIEKTPOJIUTE

© 2019 B. B. Ilanreneesa, U. C. BorunHos, U. C. [I01KOBHMKOB, A. B. Illenu™

Iepmckuti 20cy0apcmeeHHbIll HAYUOHANBHDIT UCCIe08ameNbCKULl yHUsepcumem
ya. Bykupesa, 15, 614990 ITepmb, Poccutickas @edepauus

Annoranusa. Metomamy MOASIPU3ALMOHHBIX Y MMITEJAaHCHBIX M3MEPEeHMii 3yUeHa KMHeTHKa
peaxkuuy BbIIe/eHMsT BOogopoaa Ha MnSi-aeKTpofe B CepHOKMUCIBIX PacTBOpax C pas/iMyuHOIM
KOHIIEHTpalyei MOHOB Bogopoaa. ChoeaHo MpearolokeHe 0 MexaHu3Me Bbife/IeHI s BOIO-
pona Ha cywinnyae. OTMeUeHO BJIMSIHME TOHKOI OKCUIHOV TUIEHKM Ha KMHETUKY BbIIeIeHUs
Bomopoza Ha MnSi mpy HEBbICOKMX KATOAHBIX ITOISIPU3ALIMAIX.

KinioueBble c1oBa: cyummiu Mapradiia MnSi, peakuys BbifeeHMs] BOGOPOAA, CEPHOKMCIIBIN

9JIEKTPOJIAT, UMITeIaHC.

BBEJEHUE

Peakiusi 371€KTPOXMMMUYECKOTO 00pa30BaHMUS
BOZOPOJA OTHOCUTCS K 3JIEKTPOKATAIUTUYECKUM
Mpo1ieccam, CKOPOCTb KOTOPBIX B 3HAUUTETbHOM CTe-
TeHY 3aBUCUT OT TPUPOJIbI U CTPYKTYPBI MaTepuaia
anekrpopna [1, 2]. B kauecTBe KaTaamM3aToOpPOB peak-
LMY BbIJIeJIeHVS BOAopoza (P.B.B.) UCCIeOBAINCH
MeTaJl/Ibl, CIIJIaBbl, MHTEPMeTa/UIn4ecKue 1 MeTall-
JIOTION00HbIE COeIMHEeHNs, KOMITO3UI[MOHHbIE MaTe-
puainbl [3—12] v np. I3yyeHN10 KUHeTUYECKUX 3aK0-
HOMEPHOCTEN P.B.B. Ha CIIMIMUIAX [IePeXOHbIX Me-
TaJIJIOB TIOCBSILIEH PsifL paboT [3-6, 9, 12]; ny1st HeKo-
TOPBIX CUIIUIIMAOB OTMeUeHbI 6osiee HU3KME TIepe-
HanpsDKeHMS BbIe/IeHNs BOA0POAa M0 CPAaBHEHMIO
C COOTBETCTBYIOMIVMM YMCTHIMY METa/UIAMMU.

[IpemMeTOM HaCTOSIIIEN PAOOTHI SIBISIETCS YC-
TaHOBJIEHVE KMHETUKM U MeXaHM3Ma peaKkini Bbl-
JleJleHVs BOA0POJa Ha MOHOCWIMLIMZE MapraHiia
(MnSi) B cepHOKNCIIOM 3/IeKTPONNTE, ONIpefiesieHye
3IEKTPOXUMUYECKOI aKTMBHOCTY MnSi B p.B.B.

MATEPUAJIBI 1 METOJAUKA
IKCIIEPMUMEHTA

Marepuanom AJis UCcCaef0BaHys CIY>KUIT MOHO-
CHMIUIMAL Mapradiia MnSi, KoTopblii 6bUT OTYYEH
MeToAoM YoXpaabCKOTO B MeUM 1151 TPOMBbILIIEH-
HOT'O BbIpaliyBaHus MOHOKpucTawioB OKB-8093
(«PegmeTt-8»).

DJIeKTPOXMMMYECKYe M3MepeHUs ITPOBeAeHbl
npu Temreparype 25 °C B yUIOBUSX €CTECTBEH-

D4 llenu Anatonuit Bopucosuu, E-mail: ashein@psu.ru

HOJ aspalyy B HelepeMellBaeMbIX pacTBOpax
0.5MH,S0,;0.35 MH,SO, +0.15MNa,SO,;0.20 M
H,SO, + 0.30 M Na,SO,; 0.05 M H,SO, + 0.45 M
Na,SO,. [l npuroToBieHust paCTBOPOB MCTI0Ib30-
BaJIM IEMOHM30BaHHYI0 BOAY (yIeIbHOe COMTPOTUB-
nenue Bogpl — 18.2 MOhm - ¢cm, comepskaHye OpraHu-
YyecKoro yriepona — 4 mcg/l), mosxyuyeHHyIo ¢ ITOMO-
IIBIO CHCTeMbI ouncTKY Bombl Milli-Q dupmbl Milli-
pore (Ppanuys), u peaktusbl H,SO,, Na,SO, mapku
«X.4.». FIaMepeHMst TpoBeeHbI C TIOMOIIbIO TTOTeH-
1IMOCTaTa-TaIbBaHOCTATa C BCTPOEHHBIM YaCTOTHBIM
a"aym3saTtopoM Solartron 1280C dbupwmsl Solartron An-
alytical (Benuko6GpUTaHMS) B TEKTPOXUMUUECKOI
stuelike SICD-2 ¢ pa3geneHHbIMY TOPUCTOM CTEKIISTH-
HOJ AyiapparMoii KaTOIHBIM ¥ aHOIHBIM OT/IeIEHM-
sIMU. B KauecTBe 3/1eKTpojia CpaBHEHUS UCITO/Ib30-
BaJTM HACBIIEHHBI XJIOPUICEPEOPSIHBIN S7IEKTPO,
B KaueCTBe BCIIOMOTaTeTbHOTO 37IeKTPo/ia — IJIaTH-
HOBBIV 35eKTpo,. [ToTeHIMabl B paboTe MPUBEAeHbI
OTHOCUTEJIbHO CTaHJAPTHOTO BOJOPOIHOIO 3JIEKT-
pofia, TIVIOTHOCTY TOKa i TaHbI B pacyeTe Ha eIUHUILY
reoMeTpUUeCKOii IOBEPXHOCTU 37IeKTPO/a.

ITepen npoBeneHeM U3MePEHIT pabouyo Mo-
BEPXHOCTb JIEKTPoAa IIIMdoBany abpasMBHbIMU
6ymaraMy C MocjiefoBaTeIbHbIM YMeHbIIeHMEeM
pasMepa 3epHa, 06e3>KUPUBAJIN STUIOBBIM CIIMP-
TOM, OmoJiacKuBaiau pabouum pactBopoM. IToc-
Jie TIOTPY’KeHUSI B pacTBOP 37EKTPOJ, MoABepra-
7V KaTOAHOW MONSIpU3aluy MpU MJIOTHOCTU TOKa
0.5 mA/cm? B Teuerne 10 min, 3aTeM BbIFEPKI-
Ba/IM MIPU MOTeHIIMajae pPa30MKHYTOM 1iemu 10 yC-

KonreHT moctymneH mop ineH3neii Creative Commons Attribution 4.0 License.
T The content is available under Creative Commons Attribution 4.0 License.
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TaHOBJIEHMSI CTAL[MOHAPHOTO 3HAaUeHusl, fanee pe-
TUCTPUPOBAJIM CIIEKTPbI MMIeAaHca. [lepen n3me-
peHMeM CIIeKTPOB UMIIe[laHca IIPY KaskA0M ITOTeH-
1Mase MPOBOAVIIN MOTEHUMOCTATUIECKYIO TIOSIPU-
3alMI0 37IeKTPOAA 10 YCTAaHOBIEHMSI TTPAKTUUECKNU
TOCTOSTHHOTO 3HAYEeHNsI TOKA, TT0C/Ie Yero HaumHa-
M U3MepeHus UMITle[laHca Mpu AaHHoM E u 6oree
HU3KUX TTOTEHIIMaNax, M3MeHsIsl TOTeHIIMA C OTl-
penesieHHbIM I1aroM. Ha ocHOBe MoTy4eHHbIX 3Ha-
YeHwmt i A1 JAaHHOTO 3HaUYeHus E CTpOMIM KaToJl -
HbIe TTOTEHIMOCTAaTUUeCKIe KpuBbIe. [[arna3oH 1c-
T10JIb3YEMbIX B IMITETAHCHBIX M3MEPEHMUSIX YaCTOT
f (w/2m) — ot 20 kHz 1o 0.02 Hz, amruiutyma nepe-
MeHHOTro curHajia (5-10) mV. B kauecTBe KpUTepust
OLIeHKM CXeM Ha UX MPUTOAHOCTb JIJISI MOJLeNUPO-
BaHUS SKCIIePUMEHTAIbHBIX CIIEKTPOB MMIIeAaHca
MCII0/Ib30BA/IM TTapamMeTp y2; 9KBUBaJIeHTHAs Cxe-
Ma CUMTANACh YAOBIETBOPUTENbHON mpy 2 < 1073
(TIpU MCIIOB30BAHUYM BECOBBIX KOI(PDUIMEHTOB,
pPacCYMTAHHBIX TI0 SKCTIEPUMEHTATbHbIM 3HAUEeHN -
SIM MOZYJISI UMITeTaHCa).

PE3VJIBTATBI 1 UX OBCY>XXIOEHUE

KaTtonHbie moTeHIMocTaTuueckye KpyuBble MnSi-
37IeKTPOJla B PacTBOpaX CEPHOI KUCIOThl UMEIOT
OIHOTUITHBIN BUI U XapaKTepU3YIOTCSI HaludueM
IBYX TadeneBCKMX y4yacTKoB ¢ HakimoHamu 0.17-
0.18 Vopu Igi = -5.3 ... -4.4 n 0.13-0.14V nipu
lgi~-4.4...-3.8; mpu 60ee BbICOKMX 3HAUEHUSIX 1g i
oTMeuaeTcs TToBhIlIeHne HakiaoHa 1o ~0.20-0.21V
(puc. 1). ITocrosiHHAst a B ypaBHeHuu Tadesns njs
MnSi Ha mepBoM yyacTke paBHa 1.36—1.47 V, Ha BTO-
pom yuactke — 1.12-1.30V, To ecTb 110 Knaccudmka-
uuu [1, 2] MOHOCHMIIMIIM, MapraHiia B CepHOKMCIIOM
37IeKTPOJINTE OTHOCUTCSI K MaTepuasiaM C BbICOKUM
riepeHarnpsokeHeM Bblle/IeHMSI BOLOPOaA.

KuneTtuueckie napaMeTpbl peakiuy Bbiaesie-
Hus Bomopozaa Ha MnSi-anekrpone npu lg i=-5.3 ...
—3.8 6IM3KM K TeOPeTUUYECKUM [JIs1 3aMeIJIEHHOI
cTaguu repeHoca 3apsiga (puc. 1, tabn. 1) [1, 2].

[j1 yTOUHeHMSI MeXaHM3Ma Y KUHeTUUeCKIX 3a-
KOHOMepHOCTe p.B.B. Ha MnSi-3/1eKTpo/ie B CepHO-
KVCJIOM 3JIEKTPOJINTE GBI UCIIOb30BaH METOI, CIIEK-
TPOCKOMIMM 37IEKTPOXUMUYECKOTO MMITeaHCa.

Opl/ll'l/l HaNbHble CTaTbU

IOuddepenunanbHas eMKOCTs MnSi-saeKkTpo-
Jla, U3MepeHHas Npy YacTOoTe MepeMeHHOro Toka
f= 10 kHz, B MicciemoBaHHOJ 06/1aCTH COCTaBIISIET ~4—
7 uF/cm?, ¢1abo 3aBUCUT OT TOTEHLIMAIa U YMEHb-
LIAETCS IPU CHVKEHUYM KUCJIOTHOCTU Cpefpl (puc. 2).
HuddepeHIMambHYIO €MKOCTh OTIPENesIsN 13 3Ha-
YeHMI1 MHMMOJ COCTaBJIAIONIeH umnenaHca Z”:

1
C="oz”
rme o — KpyroBas 4acToTa MmepeMeHHOTO TOKa

(o = 27f).

[MoHMsKeHHBbIE 3HAUeHUS OVddepeHIaabHOI
eMKocTM MnSi-37eKkTpoaa 1Mo CpaBHEHUIO CO 3Ha-
YEeHMSIMU €MKOCTU, XapaKTePHBIMMU IJISI TBEPAIX
MeTaTn4eckmx anekTponos (20-30 uF/cm?), moryT
OBITh CBSI3aHbI C HM3KO KOHLIEHTPallJeli HOCUTe-
Jieyi 3apsiga B cuaniyae. OGHaKo B COOTBETCTBUM C

4 3 )
08

1
0.7

>

M0.6 F
05
04 +

1 1 1 1 1 1

55 50 45 -40

log (i/A cm'z)

Puc. 1. KaTomHble MOTEHIIMOCTATUUECKIE KPUBBIE
MnSi-snektpopa B pacrBopax: 1 - 0.5 M H,SO,; 2 -
0.35MH,SO, +0.15 M Na,SO,; 3-0.20 M H,SO, +
0.30 M Na,SO,; 4 - 0.05 M H,SO, + 0.45 M Na,SO,

[Fig. 1. Cathodic polarization curves for a MnSi
electrode in solutions:
1-0.5MH,SO0,;2-0.35MH,SO, +0.15M Na,SO,;
3-0.20M H,SO, +0.30 M Na,SO,; 4 - 0.05 M H,SO,
+0.45 M Na,SO,]

3.5 3.0

Ta6auna 1. KuneTndeckue rmapaMeTpbl peaklyy BbifeneHns Bomopona Ha MnSi-snekrpope
B PacTBOpax CEePHOI KMUCIOTHI

[Table.1. Kinetic parameters of hydrogen evolution reaction for a MnSi electrode
in sulfuric acid solutions]

dlgi dlgi on oFE
R 2 _ , AV _ , Vv
i Ao {algcw J [algc}p J {algcw j [algc}p J
5.3...-4.4 0.49 0.1 0.07 0.13
~44...-3.8 0.55 0.96 0.08 0.14
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[13] MnSi npy KOMHATHOV TemMIlepaType OTHOCUTCS
K MeTa//TMYeCKUM MPOBOSHMUKAM U XapaKTepusy-
eTcsl yeJIbHbIM COTPOTUBIIEHMEM, He TTPeBbIIIal0-
myM 3HaveHuit 35 pOhm-m [13-15]. TTo nutepa-
TYPHBIM JTaHHBIM, 3HaUeHMs KO3 duimenTa Xo-
J1a ¥ ero ciabasi 3aBUCUMMOCTD OT TeMIIePATYPhI /IS
MnSi [16, 17] TakKe yKa3bIBalOT Ha BBICOKYIO MPO-
BOAMMOCTb CMTULIVAA.

Huskue 3HaUeHMST eMKOCTU CUJIUITM/Ta MapraH-
112 MOTYT ObITb 00YC/IOBJIEHBI IIPUCYTCTBMEM Ha €T0
TOBEPXHOCTU TOHKOW AMITEKTPUUECKON TIIeHKU
nvoxkcuaa kpemuus (Si + 2H,0 — SiO, + 4H" + 4e-,
E? = -0.86 V [18]). CornacHo [3] SiO, aBnsercs yc-
TOMUYMBBIM B KUCJIBIX Cpelax MPyU HeBBICOKUX Ka-
TOIHBIX MOJSIPU3ALIVSIX.

3akioyeHye O MPUCYTCTBUY TOHKOTO OKCHU]I-
HOTO CJI0SI Ha TIOBEPXHOCTYU CUIUIIMUIA OObSCHSIET
cHIDKeHMe nuddepeHIIMaNIbHOM e MKOCTY C TTOBbI-
menueM pH snekrponuta (puc. 2). Ilocnennee mo-
KeT ObITh 0O6YCIIOBJIEHO MeHbIIell CKOPOCThIO XU-
MMYEeCKOro pactBopennus SiO, B pacTBOpax ¢ Me€Hb-
11ej KUCIOTHOCTBI0. ComtacHo [19] ckopocTh XMMU-
YeCKOT0 PaCTBOPEHMS PasaNYHbIX (DOPM OMOKCHIA
KpeMHMS (KBap1il, aMOPQHBII OKCHT) MUHMMAaIbHA
npu pH ~ (2-3) u Bo3pacraeT Npu OTKIOHEHUU B
06e CTOPOHBI OT 3TOTO 3HAUEHMS.

Cimaboe M3MeHeHNMe eMKOCTU C IMOTeHIa-
7oM (TIpu €, = const) MO3BOJISIET pacCMaTPUBATh

C/puF cm”
o
T
[\S)

| | | | |
0.4 0.5 0.6 0.7 0.8
-E/V

Puc. 2. 3aBucumoctsb nuddepeHIManbHO! €MKOCTH
MnSi-anexkTpoza OT noTeHUuMana npu yacrore 10
kI B pacteopax: 1 - 0.5 MH,SO,; 2-0.35 MH,SO,
+0.15 M Na,SO,; 3-0.20 M H,SO, + 0.30 M Na,SO,;
4-0.05MH,SO, +0.45 M Na,SO,

[Fig. 2. The dependence of differential capacitance
of MnSi electrode on the potential at frequency of
10 kHz in solutions: 1 - 0.5 M H,SO,; 2-0.35 M
H,SO, +0.15 M Na,SO,; 3-0.20 MH,SO, + 0.30 M
Na,SO,; 4 -0.05 M H,SO, + 0.45 M Na,SO,]
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lg i,E-kpuBbIe (puC. 1) B IPEAIIONOKEHUY O TIOCTO-
SIHCTBE TOJIIIVHBI OKCUIHOV IVIEHKY Ha 37IeKTpoJie.
B TO ke BpemsI CHUKeHME eMKOCTU (TTOBBIIIIEeHNEe
TOJIIMHBI OKCUTHOTO CI0S1) C YMEHbIIEHEM KIC-
JIOTHOCTU JIEKTPOIUTA MOXKET OKa3bIBaTh BANSIHYIE
Ha KMHETUKY P.B.B. ¥ UCKaXKaTh paCCUMTAHHbIE Be-
JUYMHBI KUHETUYeCKMX ITapameTpoB (Tabi. 1). AB-
topamu [20], ucciiefoBaBIIMMU BAUSIHUE TOHKUX
m1eHoK SiO, (1.5-10 nm), HaHeceHHbIX Ha Pt-371ek-
TPOZ, Ha KMHETUKY P.B.B. B paCTBOPE CEPHON KUC-
JIOTBI, TTIOKA3aHO, UTO C YBeJIMYEHMEM TOIIMHBI OK-
CUIHOI TVIEHKU IJIOTHOCTh KaTOLHOIO TOKa (IIpu
E = const) ymeHblIaeTcs.

CrniexTpsl MMIiefaHca MnSi-371eKkTpoaa Bo Bcex
MCC/IeNOBAaHHBIX pacTBopax Ipu lgi = 5.3 ... -3.8
TIPEJCTaBIISIIOT COO0¥ eMKOCTHbIE TTOTYOKPY>KHOCTY
CO CMeIlleHHbIM IIeHTPOM; Ipu 1g i > —3.8 B obnacTu
HM3KMX YaCTOT Ha CIIeKTPaxX MMIIe[IaHCa PETUCTPUPY-
FOTCSI OTKJIOHEHMSI OT ITOJTYOKPY>KHOCTH, 3TU OTKJIOHE-
HMS UMEIOT BUJL, TIOYTH MPSIMOTTMHETHBIX YIaCTKOB U
YCWIMBAIOTCS ¢ pocToM pH snekTponuta (puc. 3).

Iljis MofilenupoBaHus p.B.B. Ha MnSi-anekTpo-
ne mipu Igi = -5.3...-3.8 B McC/IeJOBaHHBIX PACTBO-
pax UCIO0JIb30BaHA SKBMBAJIEHTHAS JI€KTPUYECKast
cxeMma, IpeJicTaBjaeHHast Ha puc. 4a. B 3Toit cxeme:
R_- compoTuBieHMe 31eKTPONINTa, R, — CONTPOTUB-
JIeHMe TepeHoca 3apsa, ConpoTuBeHne R, u em-
KocThb C, ONMCHIBAIOT aICOPOLVIO aTOMapHOTIo BO-
[0poJa Ha MOBEPXHOCTH 3/1eKTpoaa, C, — eMKOCTh
IBOMHOIO 3/IeKTPUYEeCKOTo c1051. COIPOTUBIEHMS
R ¥R, 3aBUCAT OT KMHETMYECKMX [TaPAMETPOB 00€-
UX cTaguii p.B.B. [21]. B cxeme Ha puc. 4b BMecTO
JIBOVMHOWIONHOI €MKOCTU UCII0JIb3YeTCs 3JIeMEeHT
1oCcTOsHHOV (pa3bl CPE , KOTOPBIii TOUHEe OIChI-
BaeT MpPOLeCC 3apsDKeHNsT IBOMHOIO JeKTpuyec-
KOTO (JIOSI Ha HEOOHOPOJIHONM MOBEPXHOCTU TBEP-
Iloro anexkrpoza [22].

VmriegaHc s/eMeHTa MOCTOSTHHOM (a3bl paBeH:

Zps= Q' (o).

B sTOM cooTHOmeHuu nipu p = 1 — y s51eMeHT
TMOCTOSTHHOM a3kl TIpe/icTaB/sIeT HeuleadbHYI0
€MKOCTb; Y — BeIMUMHA, 3HAUUTENbHO MeHblle 1
(TunmyHo y < 0.2) [23].

OTcyTCcTBME B CX€Max Ha pUC. 4 mapaiesibHOMN
Rfo-LLEHO‘{K]/I (RfI/I Cf— COIIPOTMBIIEHYE Y eMKOCTb
OKCUIHON NJIeHKM), MOAK/IIOUYEHHOI IOoC/Ie0Ba-
TeIbHO K MeX(a3HOMY MMITeIaHCy M OTpaskaro-
el MPUCYTCTBYE HA IOBEPXHOCTU CUIULIMIA OK-
CUIHOI TVIEHKM, CBSI3aHO C HeOGOJIbIIION TOIIMHOIM
TJIEHKY [IPY KaTOAHBIX IOTEHIIMAJAX; B pe3yJsbTa-
Te BKJIJ, MMIIeIaHCa TUIEHKM B OOIMIi MMITeIaHC
CUCTeMbl MaJj, ¥ 00J1acThb pejakcalyuu B Rfo-ue—
TI0YKe C MajlbIMU R, 1 Cf MIPUXOOUTCS HA YaCTOThI
Boime 20 kHz.

Condensed Matter and Interphases, 2019, 21(3), 432-440



7" kQ cm’
(9]
I

O | | |
0 5 10 15
7'/ kQ cm®

OpMFMHaJ’IbeIe CTaTbn

04
5 9
Soal "
N 11
N 12
OO | | | |
0.0 0.2 0.4 0.6 0.8
7'/ kQ cm’

Puc. 3. Criextps! umnenanca MnSi-snekrpoga B 0.20 M H,SO, + 0.30 M Na,SO, npn E, V: 1 - -0.49; 2 - -0.52;
3--0.55;4--0.58; 5--0.61; 6 - -0.64; 7 —-0.67; 8 — -0.70; 9 - -0.73; 10 - -0.76; 11 — -0.79; 12 - -0.82
[Fig. 3. Impedance spectra of MnSi electrode in 0.20 M H,SO, + 0.30 M Na,SO, at E, V: 1 - -0.49; 2 - -0.52;

3--0.55;4--0.58; 5--0.61; 6 - -0.64; 7 - -0.67; 8 — -0.70; 9 — -0.73; 10 - -0.76; 11 - -0.79; 12 — -0.82]
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Puic. 4. DxBMBaJieHTHbBIE 3JIEKTPUUECKME CXEMBbI JJIST
MnSi-ayeKkTpona B CEpHOKMCIOM pacTBOpe B obJiac-
TU TIOTEHLIMAJIOB BbIIeJIEHNST BOLOPOIA
[Fig. 4. Equivalent electrical circuits for a MnSi
electrode in a sulfuric acid solution in the range of
hydrogen evolution potentials]

[MpuMeHeHNe HETMHETHOTO MeTOHa HauMeHb-
IIMX KBaJApaToB (mporpaMma ZView2) mokasasio,
YTO SKBMBAJIEHTHAS CXeMa Ha puc. 4b yooBIeTBO-
PUTENIbHO OIMMChIBAET KCIIepUMeHTaIbHbIe CIIeKT-
pbI MMITelaHca MnSi-ameKTpo/a, moayuyeHHbIe Tpu
lg i < —3.8. Kputepuii y2, BbIUKCIEHHBIV B ZView2,
I cxeMbl Ha puc. 4b cocrasisieT (0.9-2.4)-107%;
ommbKa orpeneeHns 3HaUeHN it mapaMeTpOB Cxe-
MbI He IIPeBbINIAeT 5 %. 3HaUeHNsI TapaMeTpPOB K-
BMBAJIEHTHOI cxeMbl [1j1s1 pactsopa 0.20 M H,SO, +
0.30 M Na,SO, mpuBefeHs! B TabI. 2.

PesynbTaThl onpefeneHus YUCIEHHBIX 3HaUe-
HU mapameTpoB R, R, C, 9KBMBaJIEHTHO CXeMbI
Ha puc. 4b u npoussenenuii iR , iR, MpoaHaIU3Nn-
POBaHbI B 3aBUCUMOCTU OT MIOTEHIIMaJIa B ITOTY/IO-
rapumMmyecKkux KoopauHarax (puc. 5, Tabim. 3). B
obnmactum 1gi = —5.3...-3.8 akcriepMMeHTaIbHbIE 3HA-
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Puc. 5. 3aBucumoctn IgX (X: 1 -R, 2-R,,3-C,,
4 -1iR,,5-IR)) or moreHuuana MnSi-snexrpona B pac-
tBope 0.20 M H,SO, +0.30 M Na,SO,. Enyaniibl usme-
penus: R n R, — B Ohm-cm?, C, — B pF/cm?, mpousse-
nenus iR iR, - BV
[Fig. 5. Dependences of log X (X: 1-R, 2-R,,3-C,,
4 - iR, 5 - iR) on E for a MnSi electrode in 0.20 M
H,SO, + 0.30 M Na,SO,. Resistances R, and R, are in
Q cm?, capacitance C, in uF cm?, iR, and iR, — in V]

4yeHMs1 HaKJIoHOB (91g X / oF), L, Tme X=R,R,C,

iR, iR,, GMIM3KM K TEOPETMUYECKMM 3HAYCHMSM Ha-
KJIOHOB JIJIsI MeXaHM3Ma paspsiji — S7IeKTPOXMMuIe-
cKasi Jecop6Ouysi, B KOTOPOM 00e cTafyy HeoopaTu-
MbI ¥ KO3 GUIMEHTHI TTIEPEHOCA CTAINIT He paBHBI
[24,25]. JIuneiinocts Ig(R , R,, C,),E-3aBUCUMOCTEI]
CBUIETETbCTBYET O BbIITOJTHEHWY M30TEPMBbI aZICOP-
611111 JIeHrMIOpa IJ1s1 aJcopOyPOBAHHOIO aTOMap-
HOTO Bojopoa [24].
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Ta6auia 2. 3HaueHus apaMeTPOB SKBMBAJIEHTHOM cxeMbl Ha puc. 4b mjis MnSi-anekrpopa
B pacrsope 0.20 M H,S0, + 0.30 M Na,SO,

[Table 2. The values of the equivalent circuit parameters in Fig. 4b for a MnSi electrode
in solution 0.20 M H,SO, + 0.30 M Na,SO,]

106 Q,-105,
BV Ohrlfll-’cm2 Ohr}relz-,cm2 Ig-zclr(l)*; F. Cr‘nl'2 gD Py

0.49 4364 13230 2.54 2.08 0.895

0.52 4434 8359 3.60 2.02 0.898

0.55 3959 5095 3.58 2.00 0.900

0.58 3197 3514 3.94 1.95 0.902

0.61 2919 1744 6.42 1.89 0.905

0.64 2155 1023 8.78 1.87 0.906

0.67 1587 510.4 9.87 1.83 0.909

Tao6numa 3. BemunHbl HaKIOHOB (d1g X / aE)CW (X=R,R,C,IR,IiR)
st MnSi-a/ekTposia B paCTBOpaxX C€PHON KUCIOThI
[Table 3. Slope values (dlg X /0E), o X= R,R,C,IiR,IR)
for a MnSi electrode in suleric acid solutions]
Pacteop |lgi[i, A/cm?] %1 V7 (alag—;zl V7 (alag_ECzl Vo [%1 V7 alg_;szc V7

-5.3...-4.4 3.5 5.8 -4.1 -1.2 1.6
0.5 MH,SO, -4.4...-3.8 7.4 8.2 -6.4 -0.2 1.4
0.35 M H,SO, +| -5.3...-4.4 3.4 5.7 -2.5 -1.2 0.7
0.15MNa,SO, | -4.4...-3.8 4.8 9.5 -4.9 -0.9 1.3
0.20 M H,SO, +| -5.3..-4.4 3.2 6.5 -2.3 -1.4 0.7
0.30 M Na,SO,| -4.4..-3.8 4.4 9.0 -4.4 -1.1 1.2
0.05 MH,SO, +| -5.3...-4.4 3.1 5.5 -2.6 -1.4 1.3
0.45MNa,SO, | -4.4...-3.8 4.2 7.8 -4.3 -2.1 1.9

[ToHMXeHHbIe 3HAUYEHMS MPOU3BOAHBIX
(dlg X /0E), cornacHo [26] MOTYT ObITb CBSI3aHbI

C TEéM, UTO OJTHOBPEMEHHO C peaKiiyei BolIeIeH NS
BOJIOpO/Ia MPOTEKAET peakiyst abcopoIyy BOAOpO-
Jla MaTepuayoM 3jeKTpoaa. OTCYyTCTBUE TOMOTHM-
TeJIbHOV BPEMEHHOV KOHCTAaHTbBI, XapaKTepU3yo-
11eii abcopb1IMIo BOLOPOAA, Ha CIIeKTpaxX MMIIeIaH-
ca MnSi-snekrpona (puc. 3) npu lgi ~-5.3... -3.8
CBUIETETbCTBYET O TOM, UTO CKOPOCTh-OIIPEIeIsIO-
MMM IIPOLIECCOM ITpY a6CcopOIIVY BOLOPO/A, IT0-BY-
IIMOMY, SIBJISIETCS TIepexo]] BOI0Po/ia 13 aicopou-
POBAHHOTO COCTOSTHMS B abcopbupoBaHHOe. B aToM
cIyyae CONpPOTMBIIEHME R, B SKBUMBAJIEHTHBIX CXe-
MaxX Ha puc. 4 BeIpaskaeTcs uepes afcopoIMoHHOe
COIpOTUBJIeHME R , 1 CONpOTUB/IeHMe abcopoLmm
R, R, =

ads Rabs

+R

abs

R . IIpnlgi>-3.8 HaBOmOPOKMBA-

ads

HMe MaTepuaja 3JIeKTpoaa, IIo-BUIAMMOMY, ITPpOTe-
KaeT 6osee VHTEHCMBHO, O YeM I'OBOPUT IIOSIBJIEHIME
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Ha CIIeKTpax MMIlelanca B 06/1aCTy HU3KUX YaCTOT
OTKJIOHEHWUI OT IOIYOKPYKHOCTHU (pUC. 3).

BBIBO/1bI

1. Peax1yisi BbIZe/IeHVISI BOIOPOAA HAa CYTMLIVZE
MapraHiia B CEpHOKMCIIOM 3JIEKTPOJIMTE IIPOTEKAET
I10 MapIUIPYTY pa3psi, — JIEKTPOXMMIIECKasI 1eCop-
611181, 06e cTamuy HeobpaTuMbl, KO3DOUIVEHTHI
repeHoca CTaiuii He paBHbI; OMHOBPEMEHHO C pe-
aKiyei BbIaeIeHNsI BOGOPOIa IIPOTeKaeT peaKiyst
abcopOIIMM BOIOPOIa C KUHETUUECKMM KOHTPOJIEM.
It amcopbMpOBaHHOIO AaTOMAapPHOr0 BOJOPOA BbI-
TIOJTHSIETCST M30TepMa aacopoiym JIeHrmiopa.

2. OTMe4daeTcs BIAUSIHME TOHKOJ OKCUIHOM
IJIEHKM Ha KUHETUKY BblAeneHns: Bogopoaa Ha MnSi
TP HEBBICOKMX KATOAHBIX MOISIPU3ALUIX.

KOH®JIUKT MHTEPECOB

ABTODBI IEeKIapPUPYIOT OTCYTCTBYE SIBHBIX U I10-
TeHIMATbHBIX KOH(GIVKTOB MHTEPECOB, CBSI3aHHBIX
¢ mybaMKalei HaCTosIIei CTaThi.
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Abstract

Purpose. The purpose of the work is to investigate the kinetics of the hydrogen evolution reaction
(h.e.r.) on the MnSi electrode in solutions x M H,SO, + (0.5 - x) M Na,SO, (x = 0.5; 0.35; 0.20;
0.05).

Methods and methodology. Methods used in the work are polarization and impedance mea-
surements. The research material is manganese silicide MnSi, which was obtained by the Czo-
chralski method. The range of frequencies f (® / 21) used in impedance measurements is from
20 kHz to 0.02 Hz, the amplitude of the alternating signal is (5-10) mV.

Results. The following results have been obtained. Cathodic polarization curves of the MnSi
electrode have two Tafel plots with slopes of 0.17-0.18 Vat lgi ~ -5.3 ... -4.4 and 0.13-0.14 V
atlgi=-4.4...-3.8. The constant a in the Tafel equation for MnSi is equal to 1.36—1.47 V for
the first plot, and 1.12-1.30 V for the second plot. Silicide in sulfuric acid electrolyte refers to
materials with high overpotential of hydrogen evolution. Kinetic parameters of h.e.r. (0E / dlgi), >

(0E/9dlgc,.),, (on/dlgc,.);, (dlgi/dlgc,. )., (dlgi/ dlgc,.), onMnSiare close to theoretical for

the slow stage of charge transfer.

The impedance spectra of the MnSi electrode in the studied solutions at 1gi ~ 5.3 ... -3.8 are
capacitive semi-circles with an offset center. The impedance spectra are satisfactory (the x?
criterion is ~ 107*; the error in determining the values of the circuit parameters does not exceed
5 %) described by an equivalent electrical circuit whose Faraday impedance consists of in series-
connected resistances of charge transfer R, and a parallel R,C, chain corresponding to the
adsorption of atomic hydrogen on the electrode surface; the impedance of the double-layer
capacitance is modeled by the constant phase element CPE,.

The results of determining the values of the parameters R , R,, C, of the equivalent circuit and
also iR , iR, have been analyzed depending on the potential in semi-logarithmic coordinates.
Conclusions. Conclusions have been made that in the region Ig i = —5.3... -3.8, the experimental
values of the slopes (dlg X/E)E)Cm ,where X=R ,R,, C,, IR, iR,, are close to the theoretical values
of the slopes for the discharge — electrochemical desorption mechanism, in which both stages
are irreversible and the transfer coefficients of the stages are not equal. Simultaneously with the
hydrogen evolution reaction, the hydrogen absorption reaction proceeds with kinetic control;
for adsorbed atomic hydrogen the Langmuir adsorption isotherm is performed.

Keywords: manganese silicide MnSi, hydrogen evolution reaction, sulfuric acid electrolyte,

impedance.
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TM ITOJISPU30BAHHBIE ITOBEPXHOCTHBIE BOJIHBI,
PACITIPOCTPAHSAIOIINECA BAOJIb IIOBEPXHOCTHA
®OTOPE®PAKTUBHOI'O KPUCTAJIJIA C HEJIUHENHBIM
CAMO®OKYCUPYIOIUM ITOKPBITUEM
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AHHoTanusa. PaccMoTpeHa MOJIe/Ib KOMIIO3UTHOM BOJTHOBOIHONM CTPYKTYPhI, OCHOBaHHAas Ha
oropedpakTBHOM KpucTasie ¢ Audby3MOHHBIM MeXaHM3MOM C HeJIMHEHBIM caMO(OKyCH-
PYIOIIMM ITOKpPbITHEM. [ToKa3aHO, UTO BAOJIb TAKOW CTPYKTYPhI MOTYT PACIIpOCTPAHSITHCS I10-
BEpPXHOCTHbIE BOJIHbI HEOOBIKHOBEHHOII Tonsspu3auyy. OmpeaeneHbl XapaKTepPUCTUKY TaKUX
BOJTH. YCTaHOBJIEHA BO3MOKHOCTD M YCJIIOBUST YBEJIMUEHMS VJIM ITOIABJIEHMS TIO/IST HAa TpaHuIle

(otopedpakTMBHOTO KpyUCTasIa.

KitroueBbie (JIOBA: TOBEPXHOCTHAS BOTHA, GOoTOpedpaKTUBHBI KPUCTAII, KOHCTAaHTA PacIpo-
CTpaHeHMsT, KOMIIO3UTHbII BOJTHOBO/I, KEPPOBCKasI HeIMHETHOCTb.

BBEJEHUE

Oco60e 3HaUeHVE B ONITOIEKTPOHNKE UTPAIOT
pas3nnYHbIe 37IeMEHTHI YITpaB/IeHUs pacipeneneHun-
€M MOTOKaMM SHEPTUM eKTPOMArHUTHBIX TI0Jei
OTITMYECKOTO AMana30Ha, UCIOIb3YIOIIe CBOVICTBA
[MOBepXHOCTHBIX BOJH (IIB) 1 BOMTHOBOZHBIE CTPYK-
Typbl [1-3]. DMU314eCcKoil OCHOBOM TaKUX dIeMeH-
TOB, KaK IIPaBUJIO, SIBJISIIOTCS. KPUCTAJUIbL, XapaKTe-
pu3yeMble HeJTMHETHO-0NTHYeCKUMM 3¢ deKrTamu,
Ccpeny KOTOPbBIX LIMPOKOE paclpoCTpaHeHue I0-
ayumu poropedpakTuBHbIe Kpucta/uibl (PK) [4].
TeopeTnyeckoe M3yyeHMe MOBEPXHOCTHBIX BOJH B
TaKMX KPUCTaJIaX IPOBOAUTCS AOCTATOYHO AaBHO
[5-8]. Tem He MeHee, BO3HUK MHTepeC K U3yUYeHUI0
JIOKa/IM3alyu MOJIS BAONIb KOHTAKTOB KPUCTAJIOB
C pPasIMYHBIMU HEeJIMHEHO-OIITIYeCKMMM 3¢ dek-
Tamu [9-11]. Takoro poga KOHTaKTbI MOTYT COCTaB-
JISITh OCHOBY JIJ151 KOMTIO3UTHBIX BOTHOBOJIOB, 00J1a-
JaIoIINX YHUKATbHBIMU CBOVICTBAMN.

B cBs13M € 9TMIM B JAHHOI paboTe paccMaTpuBa-
eTCsI TPEXCJIOVHAS CTPYKTYPa, IPeACTaBIISIIoIast Co-
60i1 ®K, Ha ITOBEPXHOCTb KOTOPOr0 HAHECEHO ITOK-
pbITME KOHEYHON TOJIIMHBI U3 Cpelbl, XapaKTe-
pu3yeMoii camodOKyCUpYIoIeli HeTMHEeTHOCTBIO.
doTropedpakTBHAS HEIMHEIHOCTh B MACCUBHOM
KpuUctajiie cuurtaercs GopMupyemoit B pe3ynbTa-
Te nubdy3MOHHOTO MeXaHu3Ma, a B ITIOKPBITUN

P< CaBoTueHnko Cepreit EBrenbeBuny,
e-mail: savotchenkose @mail.ru

peamm3syetcst apderTt Keppa, korga koshduimeHT
MpeoMIeHMsT 3aBUCUT OT KBajpaTa aMILIUTY/IbI
HaIps>KeHHOCTU oIS (371eKTPpUYeCcKoro My Mar-
HUTHOTO). [Ipyrast CTOpOHa MOKPBITUSI KOHTAKTU-
pyeT co cpepoii, He obamaolieli HUKaKUMU He-
JVHENHO-0NTNIYeckKUuMi 3 derTamu (IV3IeKTPH-
KOM, BO3[IyXOM).

Ilenpio maHHOV PabOTHI SIBISIETCS M3y4YeHMeE
0CO6GeHHOCTe JoKaNM3aIuy Mo BIOJIb TAKOM
KOMITO3UTHOJI CTPYKTYPBI, Ha IpuMepe Gopmupo-
BaHMSI IOBEPXHOCTHO BOJHBI ¢ TM (HEOOBIKHO-
BEHHOM) MoJisipu3auuen.

TEOPUA

PaccMOTpUM KOMIIO3UTHYIO OITUYECKYIO CTPYK-
TYpY, PeICTaB/SIONIyI0 co60it @K ¢ HaHEeCEeHHbIM
Ha ero MOBepPXHOCTb CJIOEM TOJIIMHBI h (TTIOKPbI-
THUST) U3 HeJIMHEITHOM (OKYCHpPYIOIIel cpebl ¢ 3¢-
dextom Keppa, KoTOpast KOHTAKTUPYET C JIMHEN-
HOM ONTUYECKOI cpenmoii. I'paHmIIbl pa3aesa CJIOeB
CUMTAIOTCS IUIOCKVMMM ¥ HAMHOTI'O TOHBIIIE ITOKPBI-
Tus. CcTeMy KOOPMHAT BbIOepeM Tak, YTO UTOOBI
rpaHuLa MeXAy HeIMHEeMHOM noaj105kKoi 1 OK je-
’KaJia B IIOCKOCTU X = 0, a rpaHMLIa pa3gena MexIy
HEeJIMHEHO¥ TTOAJIOXKKO ¥ BO3AyXOM (CBOOOmHAS
MTOBEPXHOCTD) JIEsKasa B INIOCKOCTY X = —h TIepIieH-
JUKYJISIpHO ocu X. OCh Z HanpasJieHa BIOJIb CI0€B.
[TonsipHas ocs @K HarpaB/ieHa BOOIb OCU X I OpU-
eHTMPOBaHa B IVIOCKOCTH XY.

KonTeHT mocTymneH nop auieHsueit Creative Commons Attribution 4.0 License.
T The content is available under Creative Commons Attribution 4.0 License.
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C. E. CaBoTyeHkO

IOnst cTauMOHApHOTO pacnpeneneHus IoJs
TM-nonsipusoBaHHo¥ 1B (mis KoTopoii E = 0,
H = H,=0), pactpoCTpaHsIOLeicst BIOIb IPAHMNIL
paszesna CJ10eB II0 OCK Z, U3 CUCTeMbl YpaBHEHMUI
MakcBemia B pacCMaTpuBaeMOM CJIydae Iojyva-
eTCsl ypaBHeHMe IJIs1 y-BOW KOMIIOHeHTbl H Bek-
TOpA HAIPSDKEHHOCTY MarHUTHOrO 1nojs TM-Boii-
HBI [8]:

o0’H o’H
+

ox* 9z
roe k0= 21/A,, A, — OJIMHA BOJIHBI CBETA B BaKyyMe,
n(x) — IpOCTPaHCTBEHHAsI MOLY/ISILIMS TI0Ka3aTes
IIpeJIOMJIEHMS CBeTa B HalIPaBJIeHUU, ITePIIeHIUKY-
JIIPHOM IpaHuliam paspena ciaoeB. lis paccmar-
pUBaeMoOJi CJIOMCTONM CTPYKTYPbI JAaHHYIO 3aBUCKU-
MOCTb MOKHO IPEJCTaBUTh B BUIE: N(X) = N, IpK
x<-h,n(x)=n+An, npu ~h<x<0,nx)=n,+An,
npu x > 0, n; - HeBO3MYIIleHHbIe [I0Ka3aTe/y npe-
nioMyIeHys (TIOCTOSIHHBIE), AN, — MaJIble HeJIMHeiHbIe
I06aBKM K HMM. 3/1eCh U fjajiee 3HaUeHMe MHIeKca
j =P COOTBETCTBYeT BeIMYMHAM, ONMCHIBAIOIINM
cBoiictBa @K, j = K- BelMuHaM, OMMChIBAIOIIM
CBOJICTBA TMOKPBITHUS, j = L— K XapaKTepUCTUKaM
BO3JyXa.

[TockonbKy paccmMaTpUBaAETCSI TOIIBKO CKOJIb3SI-
1jee pacrpoCcTpaHeHre CBEeTOBOrO Iy4Yka, TO aHU-
30TpOITNeNi TOKa3aTesIs MPeJIOMJIeHMS MOXKHO IIpe-
HeOpeub U UCIOIb30BaTh OJHOOCHOE TPUOIIIKe-
HMe, BCJIENCTBME YEero YUMTHIBAETCS M3MEHeHMe
ToKa3aTeJsis IIpeoMJIeHUS TOJIbKO B HAIIPAaBII€HUN,
MepHeHAVKYISIPHOM IpaHuliaM pasfiesna CJIOeB.

IMpu nuddysmonHom mexaHusme GopMupo-
BaHus HeiauHeliHocTY B OK 1 npeHe6pexkuTelb-
HO Majioi TeMHOBOJ MHTEHCUBHOCTHU [, [ He-
JIMHEITHOM J00aBKM K ITOKA3aTesli0 ITPEeJIOMIEHNST
@K KCIIonp3y0T XOPOILIO U3BECTHOE BhIPAKEHMeE:
An, (x)=nr, k,TI" / 2el [6-8], tne I o<|H|", mrpu-
XU 3[,eChb U [ajiee 03HAYal0T IIPOU3BOJLHBIE 110 KO-
OpOMHATE X, T — 3(heKTUBHBIN TEKTPOONTINYEC-
Kuii K03 duumenr, k, — KoucranTa bonbumana, T -
TeMIlepaTypa, e — MOJyJb 3apsiaa 31ekTpoHa. He-
NMuHelHas no6aBKa K IMOKa3aTelio MpeIoMIeHNs
TTOKPBITHS ¢ camodokycupyroieit KeppoBckoii He-
JIMHETHOCTBIO POTIOPIIMOHAIbHA MHTEHCUBHOCTH
cBeta: An (x)=o|H| , o> 0 ~ koabduuyeHT Kep-
POBCKOJ HETMHEHOCTM.

YcTaHOBUBIIIEECS pacIipeesieHye Mosis pacipo-
CTPAHSIOLIENCsI BIOAb OCK Z BOJIHBI IIPEICTaBMM B
Buze: H(x,z)=H(x)e™?, roe p — KoHcTaHTa pac-
npoctpaHenus. Torga c yuetom I, << Iu An ok << Mo
13 (1) MOKHO MOJIYYUTb YPAaBHEHMS

H”+n? —-B*)k’H =0, x < -h, 2)

+k;n*(x)H =0, (1)
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TM nonspu3oBaHHblE MOBEPXHOCTHbIE BOJHbI, PACMPOCTPaHSIOWMECS BAOb MOBEPXHOCTY...

H"+(n —B*KH+g|H H=0,-h<x<0, (3)

H”+uH’ +(n, —pkH =0,x > 0. 4)
e w=_2kn,r, kT / e~ koadpuumentT saryxanms

BonHbI B DK, g = 20k n, .~ 9 dexTyBHBI KO3D K-
LVIeHT HeJIMHeHOCTYU B TIOKPBITUM.

W3 ycnoBuii HenpepbIBHOCTY KOMITOHEHT I10-
JIeli Ha IrpaHMUax pasjeia CJ10eB BITEKAIOT Ipa-
HJUHbIE YCIIOBUSI:

H(-h-0)=H(-h+0), H(-0)= H(+0),  (5)

L wch-0=L wh+o),
nL nK
1 1 (6)
_ZH,(_O) = _ZH,(+O)'
nK nP

[TocraHoBka 3agaun (2)—(6) OT/IMYAETCS OT pac-
CMOTPEHHOI1 B [8] TeM, UTO 34,eCh ITOAJI0KKA Ha I10-
BepxHocTY OK XapakTepusyeTcs HeJIMHeTHbIM 3¢-
dexroMm Keppa ¢ hoKycrpoBKoii, a B [8] mooxkka
KOMOMHMPOBAHHOTO BOJTHOBO/IA ITPEICTABIISIA CO-
6071 IVIeKTPUK, He 00/1aJar0Iyii HeJIHefHO-OI1-
TryeckuMu dpdekTamu, HO C OTIIMYAIOIIUMCS OT
BO3/yxa [oKasaTejieM MpeoMJIeHUsI.

PE3VJIBTATDBI 1 OBCY>XIEHUE

Tpu max{n, ,n,,n, —u* / 4k} <B<n, ng>0
cymectByet 1B, aMIUIUTY/a ITOJIST B KOTOPOi1 yObIBa-
et 6e3 ociuisumii B @K 1 reproamyecky pacipe-
JlesieHa BHYTPU AU3NIEKTPUYECKONM ITPOCIONKN, OTI-
penensieMas peleHusIMu ypaBHeHui (2)—(4), yIoB-
JIeTBOPSIIONIMX TPAHUYHBIM yCIOBUSIM (5), (6):

q; (x+h)
H,e""" x <-h,

H(x)= ch\/gcn(qc(x—xc),k),—h<x<0, (7)
Ae ™% ch(vx +8),x >0,
rope: q;=kB*-n), vi=p’/4-ki(n;-B),

q’ =k}(B* —nk)/(2k* —1), k- momysb smMIITIYEC-
Kovi yHKIMY IK06u, S < k? < 1, aMIUTUTY/IbI:

H, =kq, \Ecn(qc (h+x.),k), ®)

2
A=kq, é vz—(%+ch cn(q,x,),k), )

n, sn(q.x,,k)dn(g x,,k)

rme: y. =q. &
e e =4 n. en(q, x,, k)

8=11n —V+“/2+YC .
2 V_H/Z_Yc

[TapameTp x_ompezessieTcs U3 ypaBHeHMUSI:

b
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q. ng _sn(q.(h+x,),kydn(q,(h+x,),k)
q, n en(q, (h+x,),k)
ITepuop MPOCTPAHCTBEHHBIX OCHMIIISIUI B
nokpeitun A, = 4K(k)/q , rie K(k) — monHbIit smmmmn-
TUYeCKUI MHTEerpaJs rnepsoro popa. [Ipu ynanenun
OT TTIOBEPXHOCTY TTOKPBITHS TT0JIe 3aTyXaeT Ha pac-
crossumu |, = 1/q,.TIB (7) nponnkaet B @K Ha rmy6u-
Hy [,= 2/u n 3aTyxaet 6e3 OCUM/IIALMIA, HO He MO-
HOTOHHO B 006111eM ciaydae. Makcumym 1o B OK
HaXOAMTCS Ha PaCCTOSTHUU

X, = l{Arth(i) - 8}
v 2v

OT ero rpaHuLbI C IOKPBITUEM.

1B (7) cyiecTByeT Ipu BCeX SOITYCTUMBIX 3Ha-
YeHMSIX KOHCTAaHThI PaCIpOCTPaHEHMS U3 YKa3aH-
HOro fuarna3oHa. OgHaKo Mpu ONpeeIeHHbIX 3Ha-
YeHUSIX KOHCTAHThI PacIpOCTPaHEHUST BO3MOXK-
HBI ClleMa/IbHble PEXMMBI pacripocrpaHenys I1B
C 0CO6EHHOCTSIMM pacripefiesieHus TpoduIst oS
BJL0JIb CJIOEB.

B vacrHocTH, ecin x_= 0 (um B 6071ee obiem
crydae: g x, = 2mK(k), m=0, 1, 2,...), Korga Makcu-
MYM aMIUINTYZbI ITOJIS1 pacoioxkeH Ha rpaHuie @K
¥ IOKPBITHS, TO BbipakeHue (10) MOXKXHO TPakToO-
BaTh KaK IMCIIePCYOHHOE YPaBHEHNE, OTIPEeesIo-
niee 3aBMCUMMOCTb KOHCTaHTBI PACIPOCTPaHEeHUS OT
OITUYECKUX XapaKTePUCTUK CTPYKTYPbL. Torga mpu
x_= 0 B cTydae TOHKOTO IOKPBITHS B IIPUOIVIKEHUM
q,h << 1 u3 gucnepcuonHoro ypaBHeHus (10) MOx-
HO TTOJIYYUTb TaKyI0 3aBUCUMOCTD B SIBHOM BUJIE:

B* = + B {11+ (e —n) /2B, 177Y, (12)

rne B, = (2k* —1)n /N2hkn?. Ecnv n, < n,, o T1B
C KOHCTAHTOIi pacripoCTpaHeHusl, OIpeesieMOoit
3aBUCUMOCTHIO (12), CYIIecTBYeT Mpu JI0ObIX A0-
MMyCTUMBIX 3HAaUEHUSIX ONMTUUYECKUX XapaKTepuc-
TUK CJIOEB U 3JUIMIITUYeCKOro moayis. Ecmmn, > n,,
To IIB cymecTByeT TNpPU YCIAOBUU
k*>1/2+hk,(n} —n.)"*n} / n;.

Ewty [onomHnTeNbHO MTPEeAToNoKUTb, YTO KO-
3¢ puLMeHT mTpeoMIeHNsT IUIIEKTPUKA Y HeBO3-
MYIIIeHHBI KO3(DOUIIMEHT TpeIoOMIeHNST TTOKPbI-
TUS TIPAKTUYECKY COBTAAAIOT (1, ~ 1,), TO MOJTy4a-
eTcst 6osee mpocTast popma 3aBUCUMOCTY KOHCTaH-
ThI PACIIPOCTPAHEHNUSI :

B’ =n; +{(2k* - 1)/ hk,}"*. (13)

Ecmn g x_= (2m + 1)K(k), TO mojie Ha rpaHuue
Mexxay ®K 1 mokpeITHeM obpaiiaeTcs B HOJb. M3
JucrnepcuoHHoro ypasHenus (10) B aToMm ciiyvae
cjleflyeT, UTO Takasl CUTyalusl peaansyema TOJbKO
B MMOKPBITUYM KOHEYHOI TOMILMHBI, TOCKOJIbKY MIPU
JaHHOM ycj0BMM ypaBHeHMe (10) umeeT pelieHne

. (10)

(11)
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npu 2K(k) < g h < 3K(k), 4T0 He BO3MOSKHO /1J15l TOH-
KOIVIEHOUHOTO ITOKPBITUS.

OTaMunTeIbHOM 0COOEHHOCTHIO PaCIIPOCTpaHe-
Hus [1B Boonb @K sBiisieTcs TO, YTO MOTYT CyIIec-

TBOBATb U 3aTyxalolue C OCHUIISLUSIMY BOJIHBI.
Ipu max{n,nJ<p<yni—u*/4k} n g>0 cy-
mectByeT 1B BTOporo Tura:

q; (x+h)
H,e""" x <—h,

H(x)=1kq, \/gcn(qc(x -x,.),k),-h<x<0,(14)

H,e™"* cos(px +¢) / cos¢,x >0,

roe p® =—v?, ammmTyna nons Ha rpanuie ®K u

TIOKPBITUS :
H, = \quccn(qcxc,k),
g

da3a BOIHBI:
oe-Larc® o1,
p 2

(15)

(16)

a ocTa/ibHbIEe ITapaMeTphl Takoii [1B onpenensioTcs
MpesKHMM popMyaamu (TaKUMM ke, Kak 1 aJisi [1B
nepsoro tuma). Takke kak u [IB nepBoro tuma,
BosiHa (14) mponukaet Briryobp @K Ha paccrosiHme
l,, HO ee aMIUIMTY#A CHafaeT OCUMIIMPYIOIMM
06pa3oM C MepuomoM OCUMILISAUMI A, =21/ p.
IaHHbI Tepro/, 3aBUCUT OT Ko3dduiimeHTa 3aTy-
XaHUS |, KOTOPBIN, B CBOKD O4Yepenb, 3aBUCUT OT
ONTHYeCKUX Xxapakrepuctuk ®K u ero remmepary-
pbl. CitemoBaTenbHO, perynupys temmnepartypy ©K,
MOSKHO YITPaBJISITh IJTyOMHOI JIOKQIM3AIUHA TTOJIS B
HeM U IepUOoLOM MPOCTPAHCTBEHHBIX OCLIAJLIA-
L.

3AK/IIOYEHUE

B paboTe 1mokasaHoO, UTO BIOJb OBEPXHOCTU
®K c IMOKpbITHEM U3 HeJIMHEeITHOM KeppOBCKOii ca-
MOGbOKYCUPYIOIIEel Cpe/ibl MOTYT PacIpOCTPaHSITh-
cs1 I1B ¢ pa3nmuyHbiMyM hopMaMy 3aTyXaHMsI, OTIpe-
OeasIUMMU J0KaAU3aluuio JIeKTPOMarHuTHO-
ro nons. OnpeneneHbl XxapaKTepUCTUKM Takux I1B.
YKa3aHbl peSKMMbI, IIPY KOTOPBIX I10JIe Ha IpaHulle
OK ¢ MOKpBITMEM MOXET LOCTUTaTh MaKCUMAaJIbHO-
ro 3HaveHus, 6o HyneBoro. [lokaszaHa BO3MOX-
HOCTb YIIpaBJIeHUS TTPOdUIeM JOKAIU3ALNN JIeK-
TPOMAarHUTHOTO I10JIS ITyTeM M3MeHEeH s TeMIlepa-
TYPbl KOMIIO3UTHOJ CTPYKTYPBHI.

Pe3ynbTaThl JAHHOM PAGOTHI MOTYT ObITH ITOJIE3-
HBIMM ITPY pa3paboTKe pasaNIHbIX 3JIEMEHTOB OII-
TO3JIEKTPOHHBIX YCTPOJCTB HA OCHOBE KOMIIO3UT-
HBIX BOJTHOBOJIOB, PaO0OTAIONIMX IIPY BapbMPYEMBbIX
TeMIlepaTypPHbIX PEXXMMaXx.
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TM POLARIZED SURFACE WAVES PROPAGATING
ALONG THE SURFACE OF A PHOTOREFRACTIVE CRYSTAL
WITH NONLINEAR SELF-FOCUSING COATING

© 2019 S.E. Savotchenko™

Belgorod State Technological University named after V. G. Shukhov
46, Kostyukovastr., 308012 Belgorod, Russian Federation

Abstract

Objective. A model of a composite waveguide structure based on a photorefractive crystal with
a diffusion mechanism with a nonlinear self-focusing coating is considered. The Kerr effect is
realized in the coating when the refractive index depends on the square of the amplitude of the
field strength (electric or magnetic). The other side of the coating is in contact with a medium
that does not have any non-linear optical effects (dielectric or air).

Purpose. The aim of this work is to study the localization features of the field along such a
composite structure using, for example, the formation of a surface wave with TM polarization.
Methods and methodology. The system of Maxwell equations is used for describing the
stationary distribution of the TM-polarized surface wave field propagating along the interfaces
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of the layers. A special form of dependence of the refractive indices of the layers of the composite
waveguide is chosen.

Results. A system of nonlinear equations is formulated for a component of the magnetic field
strength of a TM-polarized surface wave. The two types of solution of such system are found.
The solutions satisfy the conditions at the interfaces between the layers and the disappearance
of the field at infinity in the truncated layers direction. Solutions of two types exist in different
ranges of propagation constant values. They describe the surface waves with different localization
profiles across the layers. The first type of waves attenuates without oscillation and the second
one attenuates with oscillations. It is shown that by adjusting the temperature of a photorefractive
crystal, one can control the depth of localization of the field in it and the period of spatial
oscillations. The possibility of increasing or suppressing the field at the boundary of a
photorefractive crystal has been established.

Conclusions. It is shown that the TM-polarized waves can propagate along considered waveguide
structure surface. The properties of such waves are determined in dependence of optical
characteristics of the waveguide.

Keywords: surface wave, photorefractive crystal, propagation constant, composite waveguide,

Kerr nonlinearity.
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NHOPAKPACHASA CIIEKTPOCKOIIUSA
KAK METO/J, OIIPEAEJIEHNA CTPYKTVYPHbBIX OTKJ/IMKOB
IIPUPOJHBIX I''IMH HA CBU-BO3JEVICTBUE

© 2019 A.T. YerBepukona™, O. H. Kausiruna, I'. JK. Annbsic6aeBa, A. A. I0guH, C. C. CokabaeBa

Openbypeckuti 20cydapcmeeHHblil yHUsepcumem
npocn. ITo6edwt, 13, 460018 Openbype, Poccutickas @edepayus

AnHoTtauus. Metogom MK-creKTpocKONUM M3yueHbl CTPYKTYPHbIE OTKIMKM YaCTUL, MOHTMO-
PUJUTOHUTOBOI M KaOJIMHUTOBOJ IJIMH MecTopokaennii OpeH6yprckoii obmacty Ha CBU-Bo3-
nmerictBre. O6paboTKy Mpob B TeueHre 10 MUHYT IIPOBOAVIIN B I10JIe MarHETPOHA MOIITHOCTHIO
750 BT B BO3OyITHOI 1 BJIaskHOI cpefax. CIIeKTPbI MOTyYeHbI ¢ momolbio K-®ypbe crieKTpo-
MeTpa B quamasoHe ajuH BomH 4000-400 cM!. YCTaHOB/IEHO, UTO B MOHTMOPWIIOHUTOBOIA
IJIHe KOJIMYeCTBO JOMMHUPYIOIMX CBsi3eii B TeTpasape SiO, cHiskaercs B 1.5 pasa npu obpa-
60TKe B CYyXOM BOo3ayxe 1 B 1.8 pasa — BO BIaXKHOM. B mnHe, comepskaiiieil KaoJIMHUT, BCE TUIIbI
CBSI3€ei1 aKTMBHO pa3pyuialoTcs nop BosaericreueM CBY-mos.

KnroueBble ¢jioBa: MHGbpaKkpacHas CIIeKTPOCKOIMS, TT0/I0ca MOMIOIeHNS, MOHTMOPW/IJIOHHUT,
KaoJMHUT, pusutocuankaTbl, CBU-Bo3aeiicTBUE, XMMIYECKIE CBSI3M.

BBEJEHUE

B ocHOBe KOHTPOJISI CTPYKTYPHO-MOPQOIoTH-
YyeCcKux M3MeHeHMU Tpu 06paboTKe MPUPOTHBIX
AJIIOMOCUJIMKATOB MUKPOBOJIHOBBIM U3JTyYeHUEM
snexxut metog UK-crekrpockonuyt. OH MO3BOJISIET €
YIOBJIETBOPUTEIBHOI CTEIEHbIO HAEKHOCTHU Ol e-
HMBATb pa3HOOOpa3ye B TUIIE U XapaKTepe CBsI3eit
B CTPYKTYPHBIX 3JIeMeHTaxX, COCTAB/SIOIINX AUC-
TepCHbIE YaCTULLbI TPUPOSHBIX ITMHUCTBIX MUHE-
pasnoB. UK-crmeKTpbl OTpaykaloT 3HaUeHUSI SHEPTUN
MOJIEKYJIIPHBIX TPYNIIIMPOBOK, PAa3jInNdus B KOTO-
PBIX IAIOT XapaKTepHble OJs1 KasKOOl TPYIbI MO-
JIoChl rortouenud [1, 2].

Panee B pa6ote [3] ¢ MOMOIIbI0 ONMTUYECKOIA
MMWKPOCKOITMY 1 GpakTaaIbHOTO hopMaT3Ma HaMu
MCCIIeIOBaHbI OTKJIMKY (Da30BOV MOPQOIOTUY TTPU-
POIHBIX OpeHOYyprckux rivH Ha CBY-Bo3geiicTBue.
YcTaHOB/IEHA KOppeIsuus MeXAy BpeMeHeM BO3-
nerictByst CBU-m3myyeHMs Ha AUCTIEPCHYIO IMHUC-
TYI0 CUCTEMY, COCTOSIIYIO U3 YaCTUL] IPUPOTHON
[JIMHBL, I ABYX3TAalTHBIM XapakTepoM arioMepanin
yactul, onuceiBaemoit mopensamu DCA n CCA [4].
ITokasaHo, YTO cTerIeHb MOPOIOrMUECKOI IBOJTIO-
LMY YaCTUL, TPOTIOPLIMOHATIbHA BpeMeHY BO31elic-
TBUs CBY mn3nydeHus.

C IOMOILIbIO PEHTTeHOCTPYKTYPHOI'O aHA/I3a yC-
TAHOBJIEHO Ha/TMUMe (a30BbIX U MOTMMOPGHBIX ITpe-

04 YetBepukoBa AnHa I'eHHambeBHa, e-mail: KR-727 @mail.ru

BpalleHuit, TPOUCXOASIINX BO BpeMsI BO3IeCTBUS
MMKPOBOTHOBOTO M0J1s1. OKCU/IbI TIOMUHMS Y KpEM-
HMS TIPeTepreBaloT MoaMMOp@HbIe ITpeBpalleHys:
4acTh NIMHO3eMa IpeBpalaeTcs B KOpyHz, a-AlO,.
Ha xapakTep noauMop@HbIX IIpeBpalleHNii B JMOK-
CUe KpeMHVSI BIMSIeT BHEIIHSISI Cpelia: B BO3YIHOM
cpene GopMUPYIOTCS B-KBapIL U B-KPUCTOBAINT, @ BO
BJIQXKHOJ Cpefie — TOJbKO -KBapll. B o6enx cpemax
HaO0JII01aeTCsT aKTMBHBIN ITPOLIECC ITPeBpaIeHIS Te-
maruta Fe,O, B marnetut FeO-Fe,O, [5].

ABTOpamu [6] IpUBOOUTCS LOCTATOUHOE KOJIM-
YeCTBO IAaHHbIX, YKa3bIBAIOIIVX HA TO, YTO CBOJIC-
TBa CJIOMCTBIX JIOMOCUIMKATOB Pa3JIMYHbIX MeC-
TOPOXKIEHUI CYLeCTBEHHO OTJIMYAIOTCS OT CBOJICTB
STaJIOHHBIX ITPeACTaBUTENIe 3TUX MMUHEPAIoB. ITO
CBUETENbCTBYET O BAXKHOCTU OLL€HKM BJIMSIHUS
BHEIIHMX BO3JeliCcTBMII Ha KpucTaiorpaduuec-
Kiue 0cobeHHOoCT 1 MK-crekTphl IMH KOHKpeT-
HBIX MECTOPOXKIEHMIA.

[TosTOMY MBI ITepeuin K U3y4eHUIO MesKaTOM-
HBIX CBsI3eii B ImHax OpeH6yprckoii 06aacTi, co-
JIepsKalyuxX KaoJMHUT U MOHTMOPWIJIOHUT, TIOBEP-
rHyTbhiXx CBU-BO3melicTBUIO. Pe3ynbTaThl nccieno-
BaHWUI CBUJIETEIbCTBYIOT O BO3MOXHOCTY MHUIIM -
MPOBaHMS MPOLIECCOB CTPYKTYPHBIX M3MeHEeHMii B
JIVICTIEpCHBIX NIMHUCTBIX CUCTEMAaX ITyTeM BO3/elic-
TBUS 37IEKTPOMAarHMTHOTO 10/ MMKPOBOJHOBOTO
IuarasoHa [7].

KonreHT moctymneH mop ineH3neii Creative Commons Attribution 4.0 License.
T The content is available under Creative Commons Attribution 4.0 License.
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Llenbio HaCTOsILEl pPabOThI SIBJISIETCS UCCIeH0-
BaHMe 3BOJIIOLMM MeXKaTOMHBIX CBSI3ei I0J, BO3-
nmeiicteuem CBY-monss metogom MK-crmekTpocko-
mn, UaeHTUGUKAIMS MO CIIEKTPOB B IIMHAX, CO-
JIepsKallyx MOHTMOPU/UIOHUT U KAOJVHUT C OJIn3-
KUMU XMMUYECKMMM U pasjindamumMucs ¢aso-
BBIMM COCTaBaMIMU.

TEOPETUYECKA{A YACTD

KaonuHut npeactasiaseT cob60ii JUMOKTasd -
puueckuit bwimocuaukar tuna 1:1 ¢ popmymnoit
AlSi,0.(OH),. 3BeCTHO, YTO 3TOT TUII [JIMHBI SIB-
NsieTCsl HeOPraHMYeCKUM TOJIMMEPOM C IBYXMep-
HOJ CJIOMCTOM CTPYKTYpOIi. B KaxkIom cioe JucT
TeTpasapoB SiO, CBSA3aH Ha BepIlIMHAaX TeTpasapa
€ 1ucToM OKTasnpos anmtomuumd (1) yeTsipbMms u3
HIECTY OKTA3APUYECKUX TOUEK, 3aHSITHIX IMIPOK-
CUJBHBIMM I'pyIIITaMu. J[Ba 13 KaXkAbIX Tpex asto-
MMHMEBBIX OKTa3ApUYECKUX Y3J7I0B 3aHSTHI, UTO
MPUBOAUT K MCKa’KeHUIO pelieTKy, MOHMKeHUIO
CUMMeTpUM Kpuctamia. HemocpeacTBeHHBIM pe-
3y/JITATOM HU3KOI CMMMETPUM SIBJsIeTCsT 6ora-
ToIi1 IK-cniekTp kaonuHura [8]. MOHTMOpUIIO-
HUTBI TIPEJICTABISIOT COO0¥ TUT AMOKTasgpuyec-
Kux pumnocunukatoB (2:1) ¢ obmeir hopmyiioin
AI(H)My- Si( 47)()Alx- 0,(OH),M, -nHO,rney >x,a
M mpejicTaBisIeT MeKCIOTHbIE 0OMEHHbIE KaTUO-
HbI. DTU IJIMHBI SBJSIOTCS B HEKOTOPON CTEIeH!U
typbocTparuyeckumu [8], HabyxarT 1 00JaJaroT
3HAYMTEIBHOI CITOCOOHOCTHI0 0OMEHMBATHCS MEXK-
CJI0EBBIMY KaTMOHAMM.

B cnekTpax IIMH O6bIYHO HAO/IOHAIOTCS LIN-
pokue 1mosockl B o6mact 3700-3600 cm™, cooTBeT-
CTBYIOI[Mie BAJeHTHBIM aCMMMETPUYHBIM U CUM-
MeTpUUYHBIM KosebaHusim OH-cBsizeit [9]. dns
CUIMKATOB, cogepxawx OH-rpymnmsl, B CIIEKT-
pe O0OBIYHO OOHAPYKMBAIOTCS IIOJIOCHI B 00/1aCTH
1200-800 cm™!, KOTOpBIE OTHOCSTCS K BaJIEHTHBIM
Si—0 u Si—0-Si cBSI3M B pa3aMYHbIX KPeMHEKMC-
nopomHbIX paaykanax [10]. Hambonee cyimiecTBeH-
HBIM TIPM3HAKOM 3aMelneHus Al-Si B coenyHeHn-
SIX, TTle MMeeT MeCTO YBeJyeHue N0/ 3aMellleHus
KpPEeMHMSI aTIOMMHMEM B TeTpasHpuyeckoit mosu-
LMu, SIBJISIETCSI M3MeHeHMre ocHOBHOJ Si—O mono-
cbl B o6mactu 1100-900 cm™?, rosiBjieHe OTHOCH -
TeJbHO C1a0bIX Mmojioc B o6mactu 800-750 cm™ u
yBesmmueHne auddysHocTy monoc B obmactu 500-

Opl/ll'l/l HaNbHble CTaTbU

400 cm~!. TakuM 06pa3oM, M130MOPQHOE YIOPSI0-
YyeHHOE B3aMMO3aMelleH)e KaTUMOHOB CJIOXKHOTO
aHMOHA MPUBOIUT K CMEIIEHUIO ¥ U3MEHEHMIO MH-
TEHCUBHOCTEJA IT0JI0C CIIEKTPA MOIJIOIIeHNS UCCTIe-
JyeMbIx MuHepanos [10].

OKCIIEPUMEHTAJIbHAS YACTb

OO6beKThI MCCAeA0BaHMs IPEeACTAB/IIM CO00Ii
MOPOIIKM ITPUPOSHBIX IIMH MECTOPOXKIeHnI i OpeH-
Oyprckoii obaacTu, comepskamux Kaonuuut (K) u
MOHTMOPU/UTOHUT (M). B Tab6s1. 1 mpeicTaB/ieHbI X1-
MIYeCKIe COCTaBbl UCC/IeyeMbIX IJIMH, OTIpeieieH-
Hble 10 MeTOAMKaM CHJIMKATHOrOo aHanusa [11].

AnHanus 3HavyeHuit B Tab/1. 1 MOKa3bIBAeT, UTO
SiO, n Al,O, AB/IAIOTCS OCHOBHBIMY KOMIIOHEHTaMU
riH. MaccoBoe comepkanne SiO, u Al,O, cocras-
JIs1710, %: TIpyMepHO 56 1 19 st tuHbl M, 1 57.5 u
11 — pyst tmuabl K coorBeTcTBeHHO. COT/IacHO pe-
3yJIbTaTaM PEHTTeHOCTPYKTYPHOTO MCC/IeA,0BaHMS
M3yUeHHbIe IJIMHBI COAePKaT JOCTATOYHOE KOJM-
YeCTBO IMIMHUCTBIX MMUHEPAIOB, B OCHOBHOM Kao-
JIVHUTA ¥ MOHTMOpPU/UIOHUTA (6osee 50 %). Obe
mviHbI M 1 K OT/IM4YaroTcst BBICOKMM COEeP’KaHVEM
oKcHpa kejesa, %: 9.5 u 4.9 coorBeTcTBEeHHO. UTO
Kacaercs comepskaHus komnoneHtos Na,O, K,O,
MgO u TiO,, rMHBI UMEIOT G/IM3KMe TTOKa3aTesIn.
[MoTteps Becana 7.1 (M) 1 9.6 (K) %, BeposiTHO, CBSI-
3aHa C yX0/I0M KOOPAMHUPOBAHHO BOABI, TUAPOK-
CUJIOB ¥ OpPTaHMUYECKMX BelllecTB Py MpoKaaMBa-
Huu BoIire 900 °C.

Vicxomubie nopoiukosbie mpobsl (MO u KO0), co-
CTOSILIME U3 YaCTULL INIMHUCTBIX MMHEPAJIOB pa3Me-
pamu d € 630 ym, B Teduenne 10 MUHYT ITOABEpraimn
BO3[1eMICTBMIO0 MUKPOBOJIHOBOTO U3TyUyeHMS MOIII-
HocTbio 750 W B nByX peskumax. I[Tpo6st M1 1 K1 mo-
ayganu CBU-06paboTKoit B CyxOM BO3/yXe C OTHO-
CUTEeJIbHOI BIaXKHOCTbIO MeHee 30 %, IIpy 5TOM TeM-
reparypa B oo6bemMe mopoiukos goctumia 200 °C. B
cpe[e BOISHOIO I1apa (BaaskHOCTb 6ostee 80%), TeM-
reparypa o6pasioB M2 n K2 mocturna 400 °C.

V3MeHeHMsI XMMIMUUeCKIUX CBsI3eil B IJIMHAX olle-
HUBaJIN, UCTTIONb3YsT VIK-CIIeKTphI MepeuncieHHbIX
po06, 3aIIpeccoBaHHbIX B TabaeTky KBr, 3ammcaH-
Hble ¢ momoIpsio NK-Dypbe criekTpomeTpa Bruker
Alpha. OH mpegHa3HauveH AJ151 U3MePEeHMSI OITTUYeC-
KUX CIIEKTPOB MMPOITYCKaHMSI U OTPakKeHUs B Cpe/l-
Heit obimactu MK-gmamnasona 4000-400 cm™'. Pe-

Ta6auia 1. XuMuyeckyue COCTaBbl INIMH, COmePKalUX MOHTMOPU/UTOHUT (M) 1 KaonuHuUT (K)
[Table 1. Chemical compositions of clays containing montmorillonite (M) and kaolinite (K)]

Clay r[‘ng)F] Si0, | Fe,0, | TiO, | ALO, | CaO | MgO | Na,0 | KO | %%
M | 7,08 | 5590 | 9,51 | 0.86 | 18,63 | 0.72 | 2,05 | 1,90 | 3,24 | 99,89
K 9,61 | 5746 | 4,90 | 0.53 | 11,00 | 8,21 | 2,95 | 2,04 | 3,04 | 99,72

KoHaeHcnpoBaHHble cpeapl n MexdasHble rpanmupl, 2019, 21(3), 446-454
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ructpanyus MK-cnekTpoB Ha OTpakeHue MPOu3BO- PE3VJIBTATBI U X OBCY>XIEHUE
nunachk Metogukoit HIIBO — HapyIieHHOro MOHO- O61iye Buzbl UK-CrieKTpoB 06pasiioB IINH, CO-
IO BHYTPEHHEro OTpakeHusl. [IocTOMHCTBAMY Y- nepskamux MOHTMOPWIIOHUT M KAOMMHUT, TIPEJi-
pbe-CIIEKTPOMETPNM SBJIAIOTCA BbICOKOE OTHOIIE-  crapensl Ha puc. 1a u 1b coorBeTcTBeHHO. CIUTONI-
HI€ CUTHAJI/ITYM, BO3MOKHOCTb PAGOTHI B IMPOKOM  gojf yHMeil 1300paskeHbl CITIEKTPBI IJIMH B MCXOI-
Aiviaria3oHe [UMH BOJTH 6e3 CMeHBI IMCIIePIUPYIOLIe-  gon cOCTOSIHMUM, TTYHKTUPHBIMM — rocze CBU-06-
IO 3JIeMeHTa, ObICTPast PerUCTPALIVSI CIIEKTPA U BbI- pa6OTKY Ha BO3/yXe.

-1
COKas paspelamnias croco6HocTs (4o 0.001 cm™). OCHOBHBbIE I0JIOCHI ITOIVIOIIEHMSI C COOTBETCTBY-
Jist MICKITIOYEHNsT CUCTEMATNYECKMX MOTPEIIHOC- oMy OTHECeHMSIMM TIPUBE/IeHbI B Ta6uL. 2 11 3.
Teli PY SKCIIepUMEeHTE MCIT0/Ib30BaJIU 3aIVCh BCEX Tonoca 3700 cm™' (B M-mnHe, puc. 1a) cBuze-
CIIEKTPOB BO BCEM /iMalla30He J/IVH BOJIH. TeJIbCTBYET O HATMUMY BHYTPUTIOBEPXHOCTHBIX OH—

Absgorbance Units

2000
Wavernanber cm-1

Absorbance Units

Puc. 1. VIK-crieKTpbl MCCIeyeMbIX 06pasiioB INIVH, COAEPKaIIX: MOHTMOPWIIOHUT (a) ¥ KaonuHUT (b)
[Fig. 1. General view of the FTIR spectra of the studied clays containing: montmorillonite (a) and kaolinite (b)]
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Ta6auita 2. XapakTepucTuueckue MOIbl MeXXaTOMHBIX CBsI3eil B o6pasuax cepur M B MCXOTHOM
cocTtostHMM 1 1tocie CBU-Bo3meiicTBus

[Table 2. Characteristic modes of interatomic bonds in M-samples in the initial state
and after MW-exposure]

em-! OTHeceHMe [10JIOC OIJIOLIeHMS [II’a(l);I.{;.frIlLi.t]
[Assignment of absorption bands] MO > M1 M2
3700 |v_(O-H) 0.16 0.10 0.09
3621 |v (O-H) 0.21 0.14 0.14
3424 |v(0O-H) 0.14 0.09 0.14
1635 |v(H-O-H) 0.02 0.02 0.02
1032 |v, (Si-0-Si), , or v(Si-O-Al) 1.00 0.63 0.63
1009 |v(Si-O-Si),, , or v(Si-O-Al) 0.80 0.60 0.60
912 |(Al-O-H) 0.33 - 0.19
873 |v(Si-0), v(Si-0-Si), v(Al-0), v(Al-O-H) 0.05 0.05 0.05
797 | v(Si-0O-Si) in the SiO, tetrahedron 0.08 0.06 0.05
713 |v (Si-O-Al) 0.02 0.02 0.01
694 | v(Al-0) in a-Al,0,, 8(Si-O-Al) 0.09 0.06 0.03
533 |Fe-0 in a-Fe,0,, 5(Si-0) in the SiO, tetrahedron 0.49 0.33 0.28
467 | 8(Si-0) in the SiO, tetrahedron, v(C-C) 0.64 0.41 0.35
428 |Fe-0Oin o-Fe,O,, §(Si-0), §(Si-O-Fe*) 0.46 0.29 0.23

Ta6auiia 3. XapakrepucTuueckue MOIbl MEKaTOMHBIX CBSI3eil B o6pasuax cepun K
B MCXOJHOM cocTostHMM U Ttociae CBU-Bo3meicTBus

[Table 3. Characteristic modes of interatomic bonds in K-samples in the initial state
and after MW-exposure |

I, oTH.em.

cm” [Assignment of absorption bands] [ b o]

KO K1 K2
3621 |v _(O-H) 0.16 | 0.08 | 0.06
3424 |v(O-H) 0.19 | 0.07 | 0.07
1638 |6(H-O-H) 0.2 0.10 | 0.09
1435 |v(O-H) 0.49 | 0.30 | 0.21
1032 |v, (Si-0-Si), , or v(Si-O-Al) 1.00 | 0.60 | 0.41
1008 |v (Si-O-Si),, , or v(Si-O-Al) 0.85 | 0.41 | 0.32
912 |8(Al-O-H) 0.33 - -
873 | v(Si-0), v(Si-0-Si),v(Al-0), v(Al-O-H) 0.31 0.15 | 0.13
797 |v(Si-0O-Si) in the SiO, tetrahedron 0.17 0.07 | 0.06
778 |v(Si-0), H-O-Fe®* 0.18 | 0.08 | 0.06
713 |v (Si-O-Al) 0.12 | 0.05 | 0.04
694 | v(Al-0) in a~Al,0,, 8(Si-O-Al) 0.11 0.04 | 0.04
520 |Fe-0in o-Fe,0,, 5(Si-0) in the SiO, tetrahedron 0.47 | 0.26 | 0.18
467 |8(Si-0) in the SiO, tetrahedron, v(C-C) 0.66 0.37 | 0.27
428 |Fe-0in a-Fe,0,, §(Si-0), §(Si-O-Fe*) 0.54 | 0.28 | 0.21




TPYIIII, PACIIONOKEHHBIX Ha IOBEPXHOCTIX OKTad] -
pUUYECKMX CTI0EB HAIIPOTUB TETPA3IPUIECKUX KIUC-
sopopoB. ITonocy 3621 cm™ (B 06euX IMHAX) MOXK-
HO OTHeCTU K BHyTpeHHUM OH-rpymmnam, pacroso-
>KeHHBIM B IIJIOCKOCTH, OOIIIE ISl OKTasApUIECKIX
u TeTpasgpuyeckux cioes. OH-BaneHTHas 1moaoca
¢ MarkcuMmyMoM 3424 cm~! u Gosnee ciabast monoca
I medbopMalMOHHBIX Koynebaumii 1640 cm™ oT-
HeCeHbI K MOJIEKY/IaM BOJIbl BO BHEIIHUX KOOPAU-
HaIMOHHBIX chepax 0OMeHHBIX KaTMOHOB. Hamm-
uypye Monbl 1640 cm™! 06bsICHSIETCS KOIe6aHUSIMU
OH-rpynm moseKky MeXCI0MHO BOAbI, IIPUCYTC-
TBYIOLIMX B ruHe [12]. Hannume o6enx momoc 3a-
YacTyi0 0OBSICHSIETCS TIOTVION€HMEM TJIMHOM BOJIbI
n3 atmocdepsi [13].

Ananu3 npuBeneHHbIx VK-CcrekKTpoB MOKa3bI-
BAeT, YTO OCHOBHBIE TTOJIOCHI HA HUX OTHOCSITCS K
BAJIEHTHBIM CBSI35IM KPEMHMUSI C KUCTIOPOAOM U BO-
Iopona ¢ KuciopomomM. [Tomoca roromenust ~1435
cml, cooTBeTCTBYyIOMAs NehopMaIMOHHbIM KOJe-
6anusm rpymm OH- B BepHax KpeMHEKUCTIOPO/ -
HBIX TeTPas3pOB, SIBJISIETCSI OTVIMYUTENBHOI 0CO-
6EeHHOCTHIO KAOJMHUTOB. ATOMBI KMUCJIOPOIa MOTYT
OBITH CBSI3aHbI C IBYMSI aTOMaM¥ KPEMHUSI MOCTH -
KOBBbIMM CBsI3sIMM Si—O-Si, uiau ¢ ogHMM — HeMOC-
TUKOBBIMM CBsI3siMM Si—O. B 4acTHOCTH, IOIOCHI
1032 cm™' u 1009 cm™! mpunMChIBAIOTCST BAJIEHT-
HBIM KOJIEGAHMSIM MOCTUKOBBIX cBsi3eii Si—O—Si(Al)
B KPUCTAJIZINYECKOii pemeTke [2].

[Mpu yacTMYHOM 3aMelleHUM KPEMHMUS B pe-
eTKe OOJBIIMHCTBO BaJIEHTHBIX TTOJIOC CIOUCTHIX
muHepanos (1000-900 cm™!) mepemeraeTcsi 1o Ha-
IIpaBJI€HNIO K HU3KMUM 4dacTtoTaM [14]. [Tosgsienue
roJioc noroieHus B oomactu 1000-900 cm~! mo-
SKeT ObITb CBSI3aHO C BAJIEHTHBIMY KOJIe0aHMSIMMU He-
MOCTUKOBBIX CBsi3eit Si—O B pas3jiMUHbIX CUIIMKAT-
HBIX Y QJIIOMOCUIMKATHBIX IPYIIIMPOBKAX, a TAKXKe
B IIPOCTBIX OPTO- U IMOPTOCUIIMKATHBIX aHMOHAX B
amopdHoi1 dase.

ANIOMUHUIT HAaXOAUTCS B aTIOMOCUIMKATAX
160 B TeTpasApUUYECKOii KOOpAMHALIMK, 100 B
okrasapuueckoit. g a-Al,O, 3akoHOMepHO 06-
HapyXKMBAIOTCS BajieHTHbIe Kosebanmst Al-O B 06-
nactu 1160 u 800 cm. [T AMOKTasApUUIeCKIUX
CTPYKTYP, COEPKaIMX TPeXBaJIEHTHbIE MOHBI Al%*
B OKTa3ApUUYECKUX MO3ULUSIX MOHTMOPUIIOHU-
Ta obHapykuBaeTcs apyrasg OH-mosnoca B obimactu
1000-800 cm~!. Ee moyioskeHye 3aBUCUT OT JJIMHbI
Y CWJIbI METaJUI-TUIPOKCUIBHOM CBSI3U. DTY IOJIOCY
OTHOCAT K cBs13U Al-O—H. B nomo6HbIX GUILI0CH-
JIMKaTax Hajauyye oueHb caaboii mojaockl 912 cm™
00DBSICHSIETCS ITPOSIBIIEHNEM Ie(POPMaIIMOHHBIX KO-
nebaHuii HeMOCTUKOBOII ¢Bsi3u Al-O-H, koTopas
ropaspo minHHee U ciabee ¢Bsi3u Si-0.
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OueHnb c1abble Toyockl Ha 797 cm™! 1 694 cm™!
B IIp06ax MOKHO 00bSICHUTD CBSI3siMM Si—0-Si (Al)
B MICK)KeHHBIX TETPas3IpUUEeCKIX U OKTasapuyec-
KMX C10sIX. B yacTHOCTH, ITO710Ca B 06/1acTy 694 cm™
OTHOCUTCS K AedopMalMOHHbIM KolebaHusIM Si—
O-Si, BK/IIOUaoM MOCTUKOBbII KMCIOPO]I, a TI0-
noca 797 cm™! — K BaJIeHTHBIM CMMMETPUYHBIM KO-
nebanusm Si—0O-Si, xapakTepHbIM /IJ1sI KpEMHUS B
Terpasape SiO,.

[1J1s1 MOHTMOPUITIOHUTOB T10 Mepe YBeJIMYeHUST
cofiep>kaHus MOHOB Al B TeTpasgpuyecKoit mo3u-
LMY TPOUCXOAUT POCT MHTEHCUBHOCTU TOJIOC TI0T-
JIOIIeHMS 0K0JIO 873 cm™!, MOsIB/IAIOTCSA c1abble I10-
sockl Mexkay 800 1 850 cm~. TTo/IOChI OO EHUS
B K-timnue 520, 467, 428 cm™' craHOBATCA 6osee
I Y3HBIMM ¢ HEOOBIIMM M3MEHEeHUeM I10JI0-
skeHust B criekTpe [10]. ITosmoca 428 cm~! ykasbiBaeT
Ha Hayume Kone6aunii Fe—0, OTCYTCTBYE TTOJTOCHI
npu 621 cm™' (xapakTepHoit 1y passl y-Fe,0,) u,
OIIHOBPEMEHHO, TOsIBJIeHNe TOI0ChI mpu 520 cm™!
MOYKeT CBUIETeIbCTBOBATH O (DA30BOM IpeBparie-
Hun y-Fe,O, — a-Fe,O, [12].

Bo Bcex 06pasiiax B CrieKTpax MpuUCyTCTBOBAIa
ronoca C—C (mpu 467 cm™!). Moga Koje6aHust He
M3MeHseTCs IIpy 00paboTKe, HO UX MHTEHCUBHOCTh
CHIKAETCST, YTO MOSKET ObITh OTBETOM KaK Ha orpa-
HUYeHMe YIIoBbIX Aedopmannii cBsizu C—C myTem
yIepskaHus yIaepoma MesKIy IUIaCTMHKAMM [JIMHY -
CTBIX MMHEPAJIOB, TAK M YIAJIE€HNS €T0 (BITOPAHS)
13 o6bema rauHbI [15].

3AKJIIOYEHUE

B 06enx MpuUpOgHbIX MIMHAX JOMUHUPYIOT CBSI-
su una v, (Si-O-Si)moct mn v(Si-O-Al) u cBs3su
8(Si-0) B Terpaszpe SiO, [1010CBI MMEIOT TIPAKTH-
YyeCcky OJMHAKOBble MHTEHCUBHOCTH, KaK U B CIIy-
yae cBs3eil Tumna (O-H). OcranbHble CBSI3M B Kao-
JIMHOBOI TJIMHE BbIPAXXeHbI CUJIbHee (MHTEeHCUB-
HOCTH TIoToC 6ombiie B 3-5 pa3).Ilonoca mormo-
IIeHMsI ¢ BOMHOBBIM uucioMm 1009 cm™!, oTHeceH-
Has B paborax [16, 9] K KaONMHUTY, HaGIIOAAETCS
B 00eMX IIMHAX.

BosperictBue CBU-m3myyeHns: NpUBOAUT K pas-
JIMYHBIM CTPYKTYPHBIM M3MEHEHMSIM B Pa3HbIX [JIN-
Hax. MK-criekTpbl 00pasiioB IIMHbI, COmepsKalei
MOHTMOPWUIOHUT, B UCXOOHOM cocTostHuM (MO) n
nociie BosnevictBuyu CBY-110715, pa3nmnyarorcs, ne-
MOHCTPUPYS HAJIMUMe CTPYKTYPHBIX OTKIMKOB. Mozaa,
OTHeCceHHas K BaJIeHTHbIM CMMMeTPUYHBIM Koieba-
HMSIM MOCTMKOBBIX CBSI3€if, 1cuessa. J[leopMaiiioH-
Has HeMOCTMKOBast ¢Bsi3b Al-O—H (mmomoca 912 cm™)
paspytaercs rmocie oopadborku CBY-m3myueHem B
CYXOM BO31yXe U TOSIBJISIETCS BHOBD BO BJIAXKHOI Cpe-
Ile, Kak 1 cBs13b Si—0O-Si (rmomoca 1009 cm™Y).



VIHTeHCUMBHOCTB 10JI0C MOIJIOIeHNsI, OTHeCeH-
HBIX K BaJIeHTHBIM Koye6aHmsIM cBsizeit Si—O-Si B
Terpaszpe SiO, (797 cm™) 1 feopmMaLMOHHBIM KO-
nebanusm casiseii Si-0 B retpasgpe SiO, (533,467,
428) ymensiiaercs B 1.5 u 1.8 pas nmocwre CBY-06-
paboTKM Ha BO3[yXe M BO BJIAXKHON Cpefie COOT-
BETCTBEHHO.

WudpaxpacHbie cieKTpbl K-IMHbBI Kak U B pa-
60Te [9] comepkaT xapaKTepHbIe M0I0CHI ITOIOLIe-
Hus, cm~t: 3620, 3424, 1032, 1008 1 912. B VIK-criek-
Tpe 1mpo6s! KO MHTEHCHMBHOCTB ITOJIOC TTOTIONEHMS
BBIIIIE, YeM B CIIEKTpe Tpo6sl MO, 0IHAKO B pe3yiib-
TaTe Bo3meicTBus CBU-1moss 601bIIMHCTBO CBI3eil
OBICTPO pa3pylIaeTcsi: B BO3AyXe UX 0/ YMeHb-
maeTcst mpuMepHo B 1.8-2 pa3sa, a BO BIaXKHOI —
B 2.5 pa3a. 3HaunTenbHas YacCTh JOMUHUPYIOMINX
cBaseii B Terpaszpe SiO,, Kak u cBa3b §(Al-O-H),
paspyuaeTcsi. MOXKHO CIiesiaTh BBIBOJ, YTO YaCTU-
1IbI KAOJIMHOBOI IJIMHBI 60Jiee UyBCTBUTENbHBI K yC-
nosusm CBU-o06paboTkm.

Bnasknas cpepga npu CBUY-Bo3aelicTBIM HA MOH-
TMOPWIIOHUTOBYIO IJIMHY CITOCOOCTBYET BOCCTA-
HOBJIEHMUIO B Heii cBsizeit Tuna Si—0-Si, Si—-O-Al u
Al-O-H. B pesynbrare o6pab6orku CBY msayyeHn-
€M CTPYKTYPHBbIE CBSI3M B KAOJIMHOBO IJIHE Pa3py-
1IAI0TCS, & B MOHTMOPWIJIOHUTOBOI — MOTYT Iepe-
rpynnMpoBbIiBaThCs. [ToaTomy rocie CBY-Bo3pevic-
TBUS aBTOPDI [7] B MOHTMOPWIIOHUTOBOI IIMHE
HaOJTIOIA/V ATIOMepalMIo YACTHII, B @ KAOJTVHUTO-
BOJ — HeT. Bappupys pesxuMbl BHEIIIHETO BO3eliC-
TBUSI, MOKHO BbI3bIBaTh CTPYKTYPHbIE M3MEHEHUS
B MMPUPOJHBIX IMIMHAX.

NCTOYHUK ®VMHAHCHUPOBAHNUA

Pa6oTa BblIloJHEHA Ipu (PMHAHCOBOIL IOMI-
nepxkke POOU u npaButenbctBa OpeHOYprckoit
00/1aCTM B paMKaxX Hay4HOro mpoekra N2 19-43-
560001 p_a «®U3UKO-XMMUYECKIE TPUHIIUIIBI TPO-
1eccoB CBU-koHCcOMMmauum KaOaMHUTOBY.

KOH®JIMKT MHTEPECOB

ABTOPBI IeKIaPUPYIOT OTCYTCTBYE SIBHBIX U T10-
TeHIMa/IbHbIX KOH(MIVKTOB MHTEPECOB, CBSI3aHHBIX
¢ my6MKaIeii HacTosIIel CTaThb.
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INFRARED SPECTROSCOPY AS THE METHOD
FOR DETERMINING STRUCTURAL RESPONSES
OF NATURAL CLAYS TO MICROWAVE EXPOSURE

© 2019 A. G. Chetverikova™, O. N. Kanygina, G. Zh. Alpysbaeva, A. A. Yudin, S. S. Sokabaeva

Orenburg State University
13, Pobedy ave., 460018 Orenburg, Russian Federation

Abstract
Purpose. Universal applicability of naturally occurring materials such as clays attracts attention
for scientific studies of their properties. In this paper microwave induced response of clay particles
sourced in Orenburg region is studied. Infrared spectrometry method was used to control
structural-morphological transformation induced by microwave field treatment in naturally
occurring phyllosilicates. Properties of layered alumosilicates sourced from different deposits
differ significantly from the standard samples. The goal of this paper is to study interatomic
bounds evolution induced by microwave field treatment and to identify spectral modes in naturally
occurring clays that contain montmorillonite and kaolinite with similar chemical composition,

but different phase structures.

Methods and methodology. Clays containing more than 50 % of montmorillonite and kaolinite
were treated by 750 W microwave field for 10 minutes in two regimes. Chemical bound evolution
was evaluated via infrared spectrometry of KBr samples pressed into pill form, measurements
were performed with infrared Fourier spectrometer.

Results and conclusions. Infrared spectra of montmorillonite containing clay samples indicate
existence of microwave induced structure changes. The spectral peak related with valence sym-
metric vibrations vanishes. Deformation unbridged bound AlI-O-H (line 912 cm™') vanishes
after microwave treatment in dry air environment and reappears in a humid environment as
Si-0-Si bound (line 1009 cm™). Intensity of absorption lines related to valence vibration of
Si-0O-Si bound in SiO, tetrahedron (797 cm™) and deformation vibrations of Si-O bounds in
SiO, tetrahedron (533, 467, 428) are reduced by factors 1.5 and 1.8 correspondingly after micro-

wave treatment in air and humid environments.

Infrared spectra of kaolinite clays contain absorption lines, cm=: 3620. 3424, 1032, 1008, and
912. Microwave treatment destroy the most part of bounds: in air environment their content is
reduced by factor 1.8-2; in a humid environment by factor 2.5. Mainly dominate bounds in SiO,
tetrahedra and bounds 3(Al-O-H) are destroyed. Kaolinite clay is more susceptible to microwave

treatment.

Keywords: infrared spectroscopy, absorption band, montmorillonite, kaolinite, phyllosilicates,

microwave exposure, chemical bonds.
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