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Axkoe Qecitiosuu I'ezy3in

(1918 — 1987)

«Hayka o0s13aHa 03apeHUsSIM T€X €CTECTBOMCIBITATENEH, KOTOPBIE, TOA00HO
MOATaM U XyJI0KHUKaM, OJapEHbI TAJIAHTOM BUCTH

BicHuk XHY, cepia «®isnka», sun. 28, 2018



Yakov Evseevich Geguzin
Doktor of physics-mathematical sciences, professor

At the 1-st of august is 100 years from birthday of Ya.E. Geguzin — a scientist of
mark, brilliant lecturer and teacher, bright popularizator of science, founder of department
of crystal physics, where he create of well known scientific school in our country and
abroad.

A number of new directions of investigations at the field of physics of real crystals
are connected with Ya. E. Geguzin’s name. He is one of founders of physics of sintering-
huge sphere of fundamental and applied physics of solid bodies. At his pioneering works
researched mechanisms and kinetic behavior of sintering processes in porous bodies which
lead a foundation for technology of powder metallurgy. A considerable scientific
contribution Ya.E. at physics of sintering was marked by international prize by Ya.l.
Frenkel and by honorary diploma of international institute of sintering, where he was
elected as a Honorary member. He was a member of editorial stuff of international journal
“Powder metallurgy”. His monograph “Physics of sintering” was two times editions at the
USSR and was translated into German language.

Ya. E. Geguzin discovered and was the first one who investigated a number of
physical affects and phenomenon’s. They connected with:

1. Directional streams of disbalanced vacancies in metallic and ionic crystals.

Results of these investigations were generalized at monographs “Macroscopic defect

in crystals” and ‘Diffusion zone”.

2. Mass transfer on surface and nearsurface layers of crystals. A number of

fundamental overviews of this theme, book “Surface diffusion and spreading” under

editorship of Ya.E. Geguzin and monograph “Processes of diffusion on crystal
surface” (written with Yu.S. Kaganovsky) became the result of these investigations.

3. Processes forming of macroscopic inclusions in crystals and their behavior under

action of external force field. Results of these investigations were generalized at

monograph “Movement of macroscopic inclusions in solids” (written with M.

Krivoglaz), the monograph has international acknowledgment and was published at

USA.

Scientific concepts of Ya.E. Geguzin spread far from boundaries university and
Kharkov and nourished a number of scientific groups not only at Ukraine but abroad.
Scientific seminars devoted present-day problems of physics of real crystals furthered such
spreading. These seminars on physics of sintering, radiation physics, processes of mass
transfer on the surface of solids, processes in diffusion zone were very popular and collected
the best specialists from many countries of the world.

Ya.E. Geguzin was excellent narrator and remarkable popularizator of science, he
could narrate about complicated phenomenon so simple that literally everybody could
understand. That is why his popular science books “Drop”, Why and how void disappears”,

“Sketches about diffusion in crystals”, “Living crystal”, Bubbles” and his articles in journals
BicHuk XHY, cepisa «®isnka», Bun. 28, 2018 7



“Quant”, “Nature”, “Science and life” where famous in our country and abroad, they were
published by many issues and translated into the English, German and Spain languages.
Their weight and actuality are not lost up today. It is not accidentally that new popular
science series ‘“Masterpieces of natural scientific literature” based at 2014 began its
publication from Ya.E. books. The series is opened by book “Drop”. Academician V.L.
Ginzburg — laureate of Nobel prize - called this book “poem”. Moreover “Drop” such books
already have been reissued: “Living crystal”, “Bubbles” and “Sketches about diffusion in
crystals”. All books Ya.E. are inherit age of the most bright and nonstandard knowledge’s
that unite educational and popularization intention.

Ya.E. was Teacher. He brought up 8 doctors of sciences, more than 40 candidate and
more than 500 experts in physics. To teach and to teach up is possible only by setting own
example — such was his principle. He was be able to be glad success of his pupils and
colleagues. He also was able to admire by handsome poetic stanza and beautiful experiment.
He endowed all of those who associated with him by skill to book at the world by king eyes
of scientist and artist. Kharkov university was his native home. He was proud of the
university and the department of crystals physics created by him and always increased their
glory.

This issue of “Vestnik” is devoted to memory of Ya.E. Geguzin. All articles was
written by his pupils or the persons who knew him and collaborated with him. All of them
remember Ya.E. with gratitude and respect and his important role at their growing up and
attitude to scientific researches. It is very pleasant that gwite young scientists sent their
articles to that issue. One of them - A. Shkurmanov - graduated from chair created by Ya.E.
only at 2014. But he already has defended candidate thesis, has PhD degree, he interests in
properties of ultrathin nanowires. The second — O. Zaiceva - now only finishes the second
year of physical department. She is fascinated by physics and she is co-author of the article
about interesting peculiarities of interaction of two kinds of liquids with different density at
low temperatures.

8 BicHuk XHY, cepia «®isnka», sun. 28, 2018



AxoB OBciiioBu4 I'ery3in
AOKTOP (pi3MKO-MaTeMATHYHHX HAYK, Mpodecop

1 cepnnst BunoBHuiocst 100 pokiB 3 1HsA HapoakeHHs SIkoBa OBciiioBuua ['ery3ina —
BUJIATHOTO BYEHOT'0, OJMCKY4YOro JIEKTOpa 1 Mejaarora, siCKpaBoro IoIyJisipu3aTopa HayKH,
3aCHOBHUKa Kadeapu (I3UKM KpHUCTaliB, 1€ BIH CTBOPUB BIAOMY B HamIiil KpaiHi 1 3a
KOPJIOHOM HAayKOBY LIKOJIY.

3 iMm’am S, O. T'erysiHa moB’si3aHa IIila HU3Ka HAIpPSMKIB JOCTIKEHb B 00JacCTi
¢I13MKM peaJlbHOrO KpucTaja. BiH OOUMH 13 OCHOBONOJIOKHUKIB (DI3UKHM CHIKAHHSA —
BeNMYe3Hoi o0macTi (yHIaMEHTadbHOI Ta TMPHUKIAAHOT (I3UKKM TBepAoro Tima. Y
nioHepcbkux poborax . O. I'erysiHa BHBYEHI MEXaHI3MM 1 KIHETMYHI 3aKOHOMIPHOCTI
MPOLIECIB CIIKAaHHS MOPUCTUX TUI Ta 3aKiajeHi (I3M4HI OCHOBH TEXHOJIOT1i MOPOILIKOBOI
Metanyprii. 3Haunuii HaykoBuii BHecok . O. lerysina y @¢i3uky crikanHs OyB
Bi[3HaUeHU MixHaponHoto mnpemiero M. S. [. @peHkens Ta NOYECHUM JHUIIIOMOM
MIiKHapOJHOTO IHCTHTYTY CITIKaHHS, 0OpaHHAM Horo [louyecHUM YJIEHOM IIbOTO 1HCTUTYTY.
Bin OyB 4JIeHOM peaKoJjerii MiXKHApOJHOTO HayKoBOro kypHany “Science of Sintering” ta
pansHcEKOro kypHany “Tlopomkosas Metammyprus”. Moro MoHorpadis “dusmka
cnekanus” 1Bivi nepesuaasangach y CPCP ta nepekianeHa HIMEIBKOIO MOBOIO.

S. O. I'ery3iH BHIC BaroMuil BHECOK y JIOCIHIJKEHHS (I3MUHUX €(EKTIB Ta SBMIL,
MOB’sI3aHUX 3 HANpPaBJIEHUMHU IMOTOKAMU HEPIBHOBAXKHUX BaKaHCIA y METAIYHUX Ta 10HHUX
KpucTanax. Pe3yiabTaTl 1IUX TOCIHIKEHB y3araJibHeHi B MOHorpadisx “Makpockonuyeckue
nedextl B Kpuctamuiax’ (us MoHorpadis ynoctoeHa npemii AH YCCP im. II. T.
Cobonescrkoro) Ta “/udy3nonnas 3oHa”.

A. O. Tery3iHy Hanexarthb Mepii JOCTIKEHHS B 00JIacTi MacONEepeHocy Ha OBEpXHi
Ta y TPUIOBEPXHEBUX IIApax KpHUCTaiB. Pe3ynpTaroM TakuxX MOCHIIKEHb CTalH
dbyHnaMmeHnTanbHi orisau 3 1iei npoOiemu, kaura ‘“TloBepxHocTtHas auddy3us u
pactekanue” mifg #Woro pemakiiero Ta MoHorpadis “uddysuoHHBIe MpolecCcH Ha
MOBEPXHOCTH KprcTawia” (Hamucana pazom 3 0. C. KaranoBchkum).

S. O. T'ery3iH oauMH 13 MepIIMX MOYaB (PyHAAMEHTANbHI JOCITIIKEHHS MPOIIECIB
dbopMyBaHHA B KpHCTaJaX MaKpOCKOMIYHMX BKJIIOYEHb Ta I1X TMOBEIIHKA Y 30BHIIIHIX
CWIOBUX TMoyiAX. Pe3ynpTaTu AociipkeHb 3 1i€i mpobiieMu y3araiabHeHI y MoHorpadii
«/IBIKeHHEe MaKpOCKONMHMYECKMX BKIIOUSHHI B TBEpABIX Tenax» (HamuMcaHa pa3oM 3
M.KpuBornazom), sika Ma€ Mi>kHapoJiHe BU3HaHHS 1 Oyna Bunana y CIIA.

Hayxkogi izmei S. O. I'ery3ina po3noOBCIOJKYBAJIUCS JaJIeKO 3a MEX1 yHIBEpCUTETY Ta
XapkoBa 1 KUBWJIM HAYKOBI KOJEKTHBH HE TUIHKM B YKpaiHi, a 1 3a 1 mexamu. Llpomy
3HAYHO CIPHSUIM HAyKOBI CEMIHApH 3 aKTyaJbHUX IpobiieM (i3MKK pealbHOro KpUcTana,
AK1 BIH OpraHi3oByBaB Ha 0a3i Kadenpu (i3UKu KpUCTANIB: 3 (PI3UKU CIIKaHHSA, paaiariitHoOl
(bi3uKH, TIPOLIECIB MEPEHOCY MAacH Ha TMOBEPXHI TBEPAUX T Ta y Audy3iiiHii 30HI. BoHH
Oynu Ay>xe MONMYJSIPHUMHU 1 30upanu Kpamux ¢axiBiliB 3 0aratbox KpaiH CBITY.

Mu 3ragyemo . O.lery3iHa sK TPEKpacHOTO OIOBiga4a Ta BiJIAHHOTO
HOMYJIIpU3aTOpa HAayKH, SIKUM yMIB PO3MOBICTU IPO CKJIAJHI SIBUINA TaK MPOCTO, IO HOro

MIT 3p03yMIiTH OyKBaJIbHO KOXKHHIH. OCh 4OMy HOT0 HAyKOBO-TIOMYJIsipHI KHMKKH “Kars”,
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“ITouemy u kak ucyeszaeT mycrora”, “Odepku o muddysum B Kpuctammiax’, ‘“JKupoi
kpuctan”, “Ily3sipu” Ta crarti B k)ypHaiax ‘“Ksaunr”, “Ilpupoma”, “Hayka u xu3up”
IIUPOKO BIJIOMI 1 B Hamii kpaiHi, 1 3a i MeXamu, BUWILIM OaraTbMa BUJIAHHSIMU,
nepeKyIajieHi Ha aHTIIiChKY, HIMEIbKY Ta iCIaHChKY MOBH. IXHi BaromicThb Ta aKTyaJbHIiCTb
HEe BTpaueHl 1 3apa3. He BumankoBo HoBa HaykoBo-momyispHa cepis “LlleneBpsr
€CTECTBCHHO-HAYYHOW JNHUTEpaTyphl”’, sika 3acHoBaHa y 2014 porii, moyana cBOi BUIAHHS
nyOmikamieo kHIKOK S. O. TerysiHa 3 METOI0 JOJYyYUTH CY4acHOTO 4YMTayda J0 Kpaliux
3pa3kiB HaykoBo-neaaroriyHoi mjiteparypu. Cepito BiakpuBae kHura “Kpamis”, sky
akanemik B. JI. T'iH30ypr, HoOemiBChKul aypeaT 3 (i3uku, Ha3BaB moemor! Bin muiie:
“lls KHMra € ypoKOM paJICHOTO 3HAHHS, ‘“COKOBHMTOI  (I3UKH 1 CXOJIUTh 10 KIACUYHHX
3pa3KiB HayKOBO-TIOIYJISIPHOTO aHpPy, Takux sK 3HameHuTa “Ictopis cBiuku” Maiikna
@apanes”. Oxpim kauru “Kparis”, Bxke nepeunani Takoxx kauru 5.0. Terysina “XKupoii
kpuctamn”, “Ily3sipu”, “Ouepku o auddy3un B Kpucranax’. Ilpo 3HaUMMICTH HMX
HAyKOBO-TIONYJSIPHUX KHUT mpekpacHo HamucaB mpodecop b.C. Bokmreitn — Bigomuii
BUEHUI — MaTepiajo3HaBelb: “SkoB OBCiOBHY — OJIMH 3 KpalllUX MOMYJISPU3aTOPIB HAYKH.
[IucaTy momynsipHI KHUTK AyXe BaXKKO, JUIsl IIbOro MoTpiOeH ocobnuBuil Tanant. HaykoBa
KHHUTa CIUPAEThCA Ha Kapkac 13 ¢GopMyll, y MOMyIApHIA KHM31 iX ayxke mamo. Koxxna
dbopmyna 3MEHIIye YUCIO YMTaviB BABiUi. SIkmo He Gopmymnu, To mo? Bigmosims — me
obpasu. IlomynspHa kHura TpuMaeTbcs Ha obOpazax. I B mpomy SkoB OBciiioBuu OyB
HerepeBepiieHnid Maiictep”. Yei kauru S. O. I'erysiHa € cmagkoM HaWsACKpaBiMIUX Ta
HECTAaHJAPTHUX 3HaHb, O[O 3’€IHYIOTh y Cco0i HaBYajdbHE Ta MOMYJISIPU3aTOPCHKE
NpU3HAYCHHS.

SxoB OsciitoBnu 0yB Yuurtenem! Bin BuxoBaB 8 MOKTOpiB Hayk, Ouibiie sik 40
kagauaatiB Ta Outbme 500 daxiBuiB-(i3ukiB. BunTu Ta HaBYNTH MOXKHA JIUIE BIACHUM
MPUKIAIOM — TaKuM OyB Horo mpuHIuM. BiH yMiB pajiiTH ycrixaM CBOiX y4YHIB Ta KOJET.
Bin Takoxx yMiB 3aXOIUTIOBATUCS KpPAaCHMBOK TOETUYHOI CTPOdOr Ta KpPacHUBUM
EKCIIEpUMEHTOM, 00JapOBYBaB yCiX, XTO 3 HUM CIIJIKYBAaBCS, YMIHHAM JIUBUTHUCS HA CBIT
I00pMMH OYMMa BYEHOTO Ta XyJOKHUKA. XAapKIBCHKHH YHIBEepcHUTET OyB HOTo piaHOIO
JOMIBKOIO. BiH muiaBcs yHIBEPCHUTETOM Ta CTBOPEHOIO Kadeapor (i3uku KpPUCTAIIB 1
3aB)K¥ MPUMHOXKYBaB iXHIO CJIaBYy.

Le#t Bunyck “Bicuuka” mnpucBsyenuid mam’sti SkoBa OBscifioBuua. Yci crarTi
HamucaHi a0o HOro y4HsMH, a00 KOJIeraMu, IO HOTo 3HAIM Ta CHIiBIIPALIOBAIN 3 HUM. YCi
BOHHM 3 BJISYHICTIO Ta IIAHOK 3raayloTh SkoBa OBcifioBHYa 1 MOTO Ba)XJIMBY pPOJIb Y
CTaHOBJICHH]1 TXHBOTO BiJIHONICHHS JI0 HAYKOBUX JOCITIKEHb 1 ¢izuku B3arani. OcobauBo
MIPUEMHO, 10 B 1Iei HOMep BicHuKa cBOi cTaTTi Hajicaaau 30BCiM Mool ¢izuku. OnuH 3
Hux — O. UlkypmanoB 3akinumuB kadenpy, crBopeny f. O. 'erysiamm, mume y 2014 pori,
BXKC 3aXHMCTHUB KaHAMIATCHKY aucepTallifo, mae cTyminb PhD i 3aiimMaeTbcsi BUBYCHHSIM
BJIACTUBOCTEW HAJATOHKHX HAHOCTPYKTYp. A me oaud — O. 3aiinesa - 3apa3 3aKiHUYy€ JIHIIE
Apyruil Kypc ¢izngHOro (QaxyiabTeTy, ane 3axoruieHa (Di3UKOI0 1 € CIiBaBTOPOM CTaTTi, Y
SKIA OMHCaHi IiKaBl 0COOJMBOCTI B3a€MOJIl JBOX THIIB PIAMHHU 3 PI3HOI T'YCTHHOIO TPH

HU3BKUX TEMIIEpATypax.
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Hogi napucu SIxoBa OgciiioBnua I'erysina

[Tpo SxoBa OgciiioBuya I'erysina - 4yoBOro BYEHOT0, TATAHOBUTOTO (hi3HKa, OIMCKYdOTo
JIEKTOpa i MPOCTO pO3yMHYy, A00py i uyiiHy JTIOAMHY - HAIHCAHO YMMANO CIOrajiB. Moro
BEJIMYE3HUI BHECOK Y PO3BUTOK (DI3WKH, 3aJUIICHUN Yy BUTJIAAI cTaTei, MOHOTpadii 1 HAyKOBO-
MONYJISIPHOT JIITepaTypy, OLIHCHUH HE OJHHM IOKOJIHHAM (i3UKIB 1 TOCI HE BTPATHB CBOE]
aKTYyaJIbHOCTI.

Y mpomy pori BumoBHI0OEThCS 100 pokiB Big nHA Horo HapomkenHs. Lls gata crama
IPUBOAOM Il pa3 3rajaTd Mpo L0 BUAATHY JIOAMHY, PO HOro poib y PO3BUTKY (I3UKH 1
BEJIMYE3HUI BHECOK Yy MOMYIIsIpH3aliio (i3uku Ta icTopito Gpi3MYHUX BIIKPUTTIB. BUsBUBIIM B HOro
apxiBax IIe HeomyOJIiKOBaHI HApUCH, S BUPILIMIA MOAUTUTHCSA 3 YATA4aMU (i3UYHOTO >KypHAITY
"BicHuk" Ti€ro iHdopMmalli€ro, sSka B HUX MICTUTBCS, 3 THUM HPOCTUM 1 3aXOILUTIOIOUYUM CTHIIEM
BUKJIANy CKJIAAHHUX (I3MYHHMX TporeciB, ski Oymu Biactusi S.0., 1 sKi poOuiaM HOro HaykoBO-
MOMYJISIPHI KHUTH 0COOJIMBO LIHHUMHU.

3HaiiZieHI HapUCH Majld CKJIAcTU 3MICT HOBOI HAayKOBO-IOMYJIIPHOI KHHTH, Ky f.0. cTaB
nucaTH B OCTaHHIM pik xkuTTs. [lependauanocs, mo kHura Oyae HazuBatucs "ATOMHUN BHOYX Y
kpuctani". 5.0. He XOTIB BUKOPUCTOBYBAaTH CJIOBO "BHOYX'", BOHO HoMy He mojobaiocs, sIK He
noo0anocst Bce, M0 MOB'sI3aHEe 3 pyWHYBaHHSAM. TOMYy KHUTY BiH IOYMHAB 31 BCTYIY, B SIKOMY
JIOBOJIMB, 110 ATOMHHI BHOYX MOXe OYTH 1 TBOPYUM, OCKUTBKH JOCITIDKEHHS HOTO HACIIIKIB 1aCTh
BIJIMOBIAI Ha ©araTo MUTaHb, SKI € BAXJIMBAMH HE TUIBKH JUIS (I3HWKIB, ane 1 Jius 0araThbox
JOCTIAHMKIB 3 IHIIMX oOsiacTeil Hayku. L{ell BcTyn € 3aKiHYEHWM HApUCOM 1 IPEKPACHO LIHOCTPYE 1
noriky mucnesss 51.0., 1 00rpyHTOBaHICTb TOTO, PO 1110 BiH XO04Ye HAIKCATH.

Jns HoBo1 kHMTH S1.O. rutanyBaB Hanucatu 14 HapuciB, 0OrOBOPIOIOYH B HUX, B OCHOBHOMY,
pe3yabTaTH, OTpUMaHi Ha Kadepi, a TaKoK OCHOBHI BIAKPUTTS 1 TOCIIIKEHHS, SIKI CTUMYJIIOBAIIN
PO3BUTOK HAIIMX EKCHEPUMEHTIB 1 MOSACHIOBANM ixXHI pe3ynbraTH. Ha >xanb, BenMka dYacTHHA
HapHCIB 3ajJHIINTIAcs y BUIJISAL HAUYEPKIB, 10 BAOOpa)karoTh JIMILE KaHBY NMUTaHb, K1 IUIaHYyBaB
obrooputu SkiB OBciifoBuy. Mailbke MOBHICTIO OyJ0 HamMCaHO BCHOTO JIBa HAapucu. YcCl TpU
HapucH (BKIIIOYAIOYM BCTYI1) HABOAATHCS HIDKYE. BOHM HA0YHO TOKa3ylOTh OCOOJIMBUH CTHIIb,
akuM KopuctyBaBcs S.E. mpu HammcaHHI HayKOBO-TIONMYJSpHUX KHHT. BiH Beme po3MoBy 3
gUTayeM, 3Iy4al0und HOTo 10 OOrOBOPEHHS BCIX CYMHIBIB 1 TPYAHOIIIB, SIKI JJOBOJWJIOCS JOJNATH,
mo6 OTpUMATH €IUHO MPaBWIbHY BIANOBIJb, SKa MOSCHUTH JNOCTiIKyBaHe (i3uuHe sBuile. Bin
3HAaXOAMTh TMEPEKOHJIMBI aHANOTIi, 3aCHOBaHI HA MOJiSX MOBCAKIEHHOIO JKUTTS, 00 KOXXEH Mir
YiTKO YSBUTH, K BiI0yBa€eThCs onMcyBaHUi nporec. Taka 0coOIMBICTh HAYKOBO-TIOMYJIIPHUX KHUT
S1.0. poOuTh iX KOPUCHUMH 1 LIKaBUMHU ISl HAHIIMPIIOrO KOJIAa YUTAyiB: IIKOJAPIB CTapIIUX
KJIaciB, HAayKOBHUX CHIBpPOOITHHMKIB, CTYJIEHTIB, BHMKJIaJadiB KL 1 BY3IB 1 YCIX JIOAEH, SKi
IKaBISATHCS 1CTOPi€r0 (DI3UIHUX BIAKPHUTTIB.

[.B.Bopo0GiioBa
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S1.E. I'ery3un
“ATOMHBIH B3PbIB B KpHcTaJLIe®

BBenenue

“ATOMHBIN B3pbIB” — 3BYUHUT 3JIOBEIIIE, & YTOUHSIONIME CJIOBA “‘B KpUCTAIUIE JOJKHBI
CMATYUTH Ha3BaHHE KHUTH. B 3TOM BBOJHOM O4YEpKe [EJIaeTCs TMOMbITKA MPEACTaBUTH
YUTATEIIO 3aMbICeNl KHUTU U MPOKOMMEHTUPOBATh 00e 4yacTu e€ Ha3zBaHUA. Bwimaromuiics
BEHIEPCKUI MaTeMaTHK M MOMyJspu3atop Hayku Anbdpen Penbu B mociiecioBuu cBoei
BEJIMKOJICTTHOM KHMTU “/luanorn o MaremMaTuke” TOBOPUI O TOM, YTO ONTHUMHUCTHYECKH
HaCTPOECHHBIN aBTOP HE MPEIBOPSET CBOIO KHUTY pa3roBOPOM C YUTATEJIEM, TaK KaK YBEpPEH,
YTO KHUTA TOBOPUT cama 3a cebs. S momkeH oTka3aTh cebe B HEOOXOIMMOM ONTHUMH3ME,
npeAmnosaraeMoM PeHbHM, Tak KaK MCHBITBIBAI0 OCTPYIO TOTPEOHOCTh MPEICTABUTH
YUTATENIO CBOIO KHHTY “BBenenneM”. MHe Xo4eTcs, 4TOOBI KpoMe COOCTBEHHO “BBEICHUS
OHO UTpaJIO eI ¥ POJIb MPUTIIAIIECHUS B KHUTY, C KOTOPBIM Sl U 00pAaIatoCh K YATATEIIO.

Tenepb 0 Ha3BaHuU. BHauasne o nmepBoii yacTu Ha3BaHUS — “ATOMHBIN B3PbIB’ .

Hcroku Bcero Toro, 4emMy KHHra IOCBSIIEHA, BOCXOIAT K OCEHHUM Mecsauam 1939
rojia, Korja JBa MOJIOABIX COTpyaHuKa JIeHuHrpaackoro OuU3nko-TeXHUYECKOr0 HHCTUTYTA
Koncrantun AntoHoBuu Ilerpxak u I'eopruit HwukonaeBuu ®DnépoB  OTKPHUIH
MPUHIIUIINAIEHO HOBBIA BUJ PaJMOAKTUBHOCTH, MPU KOTOPOM TSDKENIOE PO M3IydaeT He
OT/IeNIbHBIE YAaCTHUIIbI, a CIIOHTAHHO JEIHUTCS MOYTH momosiam. [IpoucxoauT B3pbIB caMoOi
MHUHHATIOPHOW W3 BO3MOXKHBIX aTOMHBIX OOMO — OOMOBI, COCTOSIIEH M3 OJIHOTO aToMma.
DTOT BUJI PaJMOAKTUBHOCTH TIOJYYHJI Ha3BaHUE “‘CrIOHTaHHOE jAeseHue’”. B Te roasl apdext
CIIOHTaHHOTO JIEJICHUS NIPEACTaBUI OTPOMHBIN UHTEPEC AJI TaJbHEUILIET0 pa3BUTUS TEOPUHU
aTOMHOTO si/ipa, JUIsl TIPOBEPKH TpelcKa3zaHui (opMUpPOBABIICHCS “‘KaneabHOW MOojaenu”
a5ipa, TEOPUH €ro JAeJIeHUs, BbIHYKJaeMoil 60MOapIupoBKoOil siapa HeWTpoHamu. Bpews,
aydmuM  00pa3oM  OIEHWBAOIIEEe 3HAYMMOCTh HAYYHBIX OTKPBITUN, IOKa3ajlio, 4YTO
CIIOHTaHHOE JIeJIeHHE OOHAPYKUBAET Ce0s1 BO MHOTHX SBJICHUSIX U MPOLIeccaxX MPUPOJIbI, UTO
OHO TakXKe paclpoCTpPaHEHO, KaK pacHpoCTpaHEHbl, MyCTh B TOMEOMATUYECKHUX
KOJIMYECTBAX WM B BHJIE JIOKAJIbHBIX CKOIUICHUMN, TSXKEJbIE DJIIEMEHThI, B YaCTHOCTU YpaH.
OHO OKa3aJioch BaXKHBIM U JUIsl (PU3UKOB, W JJIS T€0JIOTOB, U JIJIsl UHXKEeHEepoB. OKazaiocs,
YTO OJHOATOMHAsl aTOMHas 60MO0a MOXXET OBITh TOJIe3HA MPU PEHICHUHW MHOTHX MHUPHBIX
3amad. VIMEHHO A3TO, WIM JIydIllle TaK: B YaCTHOCTH 3TO - OINpaBIbIBAaeT pacckaz 00
OJIHOATOMHOM aTOMHOM OOMOe.

W3BectHplii cnenuanuct 1mo ypany mnpodeccop FO.A. IlykomokoB B KHUTE,
MOCBAIICHHOW  JIEJICHUIO ypaHa B MPUPOJIE, COOOIIAET HWHTEPECHBI  pacyer,
XapaKTEePU3YIOMUA POJIh CIIOHTAHHOTO JIEJICHUs ypaHa B Mpupoje. BoT pe3ynbTaThl 3TOTO
pacuera. B 3emHoif kope comepxutcs okono 10 ' TomH ypama. DTo mpHOIH3MTENHHO
NECATUMWIJIMOHHASL 4acTh BCEW 3€MHOM KOpBI. 3a BpeMs €€ CYIIEeCTBOBaHHUS CIIOHTAHHO
ycneno pacnactbes okoso 3.5 10 " ToHH ypaHa. OTO SKBHUBAJEHTHO B3PBIBY
NpUOIU3UTEIBHO 10° aroMHBIX GoMG CpeIHero moreHuuana. B mpubmmkeHHOM mepecuere
Ha OJMH TOJ STO COOTBETCTBYET B3pbIBY OAHOW OoMObl. CuacTbe B TOM, YTO B
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JCCTBUTEIBHOCTH B3pbIBAETCS HE OJIHA IMOJIHOBecHas OomOa, a BETUKOE MHOKECTBO
“oTHOATOMHBIX 60MO”. B3pbIBalOTCSI OHU B pa3HOE BpeEMs, B pa3HbIX MeCTax, JM00 BOBCE HE
NPUYMHAS TMOBPEXKJIECHUN, JINOO CO3JAI0T MOBPEKIEHUS, KOTOPbIE HYKHO €IIe CYMETh
pa3pICKaTh, U HE MPOCTO JIHEM C OTHEM, a TMOJB3YSICh CIHEHUATbHBIMU METOJaMHU U
npudopamu.

O6cynum Temepb, Kakas SHEprus BBIACNSAETCS MpPH B3PbIBE OJHON OJHOATOMHOM
OOMOBI, U KaKuhe YacTHUIlbI 00pa3yloTcs B pe3yiabTare Takoro B3pbiBa. OObIYHO H30eras
GbopMys1 B HAYYHO-TIONYJSPHBIX KHUTAX, B 3TOM OYEpPKE S BCE KE HAUHY C (POPMYIIbI
DiHIITENHA, KOTOpasi MOMOXKET pacckasaTh O “B3pbiBe’” aTOMHOTO sijipa. Kak u Bce BelIukue
(bopMyIIbl, HA KOTOPBIX OCHOBBIBAETCSI €CTECTBO3HAHME, OHA MPEEIIBHO IPOCTa:

2
E=m,c
HpO‘{TeM eé BCJIYX: IIOJIHAsA OJSHCEPIUsA E, 3aKJII0YCHHAasA B TCJIC, M €ro Macca mO

MPOMOPIHUOHANBHBI JIPYT APYTY, MPU 3TOM KOA((UIIMEHT MPONOPIUOHAIBHOCTH SIBIISETCS
YHUBEpPCAbHOM MHPOBOM KOHCTAHTOM, YHMCJIEHHO PAaBHOW KBaJpaTy CKOPOCTH cBeTa (C) B
BakyyMe. OCTaHOBUTECH 31€Ch, 3aAyMalNTECh W NPUIUTE B BOCTOPI OT MPOCTOTHI M
HEe0003pUMOIi 00IHOCTH yTBEpKAeHUs E = mOC2 !

[IyTh OT UCXOAHBIX MOCTYJIATOB CIEUUATIBHOW TEOPUH OTHOCUTEIbHOCTU DUHIITEHHA
10 UHTepecymolleld Hac (opmynbsl He npocTt. Ho mpeoponesuime ero, npuodmarTcs K
M3YMUTENBHOU KpacoTe. B HaydHO-TIOMYJSIPHOW KHUTE MBI JIMIIAM CeOS 3TOW pPajOCTH.
CrnenaeM HEUTO MHOE, MPOYTEM ITY POPMYITYy UyTh-UyTh HE TaK, KaK TOJIHKO YTO MBI YUTAJIH
e€ Bcayx. IIpoureM BOT Kak: eCIM JHEpPrHs Teja HM3MeHseTcs Ha BeamunHy AE, To

U3MEHHUTCS U €r0 Macca Ha BelnyuHy Am = —5 - OT0 0OYeHb BAXXKHO, T.K. OKa3bIBACTCs, UYTO

C
JIeJIeHUE sJipa aTOMa Ha JIB€ 4acTH (OCKOJIKHU!) comnmpoBokaaeTcs norepei Maccol. Peub unér
O TOM, Y4TO CyMMa Macc mM; M M, OCKOJKOB OKa3bIBAECTCS MEHBIIEC MCXOJIHOW Macchl M,

pacmaBIlerocs sipa u, clie0BaTeIbHO
Am=my;—(m,+m,) >0
DTO 03HAYaeT, YTO MPOIIECC pacmaaa JOJDKEH COMMPOBOXKIATHCS BBIJICICHHEM YHEPTUU
AE =[m; —(m, +m,)]c?

Hamucannas ¢opMyna He MOKa3bIBaecT, B Kakod ¢GopMe 3Ta SHEPrus BBIICTUTCS, U3
He€ JIMIIb CIIETYeT, YTO 00s3aTeNIbHO BBIIEIUTCS. VIMEHHO 3Ty DHEPrUI0 UMEIOT B BUIY,
KOTJIa MPOU3HOCST TaK MHOT'O TOBOPSIIIIEE COUETAHUE CJIOB “‘aATOMHAs SHEPTHS .

N Teopernueckue, W  DKCIEPUMEHTAJIbHbIE  HCCIIEIOBAHHMS  COIJIACOBAHHO
CBHICTENBCTBYIOT O TOM, 9TO, K MpHMepy, AeneHume sapa U™ cronTanHoe win
BBIHY)KJICHHO€ ~ HEUTpOHHOW  OoMOapaupoBKOW  (B3pBIB  OJHOATOMHOM  OOMOBI)
compoBOXaaeTcsi BbieneHueM 3Heprun okosno 200 MeV. B aroMHbIXx Macmtabax 3To
OTpOMHAsl PHEpPrusi, UMEHHO €€ BeJIMYMHA NaéT OCHOBaHHWE Ui yNOTpeOJeHUs 3JI0Belle
3BYYalllero CJI0BOCOYETAHMS “aTOMHBIN B3pbIB”. B KakoM BU€ 3Ta SHEPrus BBIACIAETCA: BO
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MHOTHUX BUJaX. Bo-nepBhIX, U rIaBHBIM 00pa30M, B BHI€ KHHETHUECKOW SHEPTUU OCKOJIKOB.
Kpome oCkonkoB, B MOMEHT B3pbIBa BO3HHMKAIOT M MHBIE HOCUTEIH SHEPTUU: CBOOOIHBIE
ANIEKTPOHBI, KOTOPBIE YHOCST ¢ 000l okoso 5 MeV, y — nyuu - okosio 10 MeV, HeiltpoHs!
— oKkojJi0o 6 MeV, paanoakTUBHBIN pacmaj OCKoJkoB — okoyio 20 MeV. O6mmii GanaHc:
KMHETUYECKasl SHEPTHUs JIBYX OCKOJKOB — okoso 160 MeV, mpouee — okoso 40 MeV. Utoro
- 200 MeV! Hac nanee OyayT mHTEpECOBaTh, IIIaBHBIM 00pa30M, OCKOJIKH, TaK KaKk UIMEHHO
OHM SIBJISIFOTCSI OCHOBHOM MPUYMHOM B3PBIBHBIX MOCJIEICTBHUI B KPUCTAJLIE.

OtmeTuM emEé oAHY OCOOEHHOCTH JIEJEHMS TSXKEIOro siApa: BO3HUKAIOIIME OCKOJKH
SABJIAIOTCS MHOTrO3apsAHbIMU  HoHamMu. OO0cyauMm, kak GopMmupyeTcs 3apsii HOHA.
[IpeBpatuth aToM B MOH — 3TO 3HAYMUT YAAJIUTh U3 HEUTPaJbHOrO aToMa OAMH WK Ooiee
AJIEKTPOHOB. ATOM MpPEBpPATUTCS B MOH, MOJIOKHUTENBHBIN 3apsia KOTOPOTO OIpeaessercs
YUCJIOM YJAJEHHBIX 3JIEKTPOHOB. DTO MbI 3HaeM. M BcE xe, moxkanyi, Hy*Hbl HECKOJIBKO
¢bpa3, MOACHAIOIIUX CIOBO “yaanmuTh’. “Yaanutp“ — 3TO 3HAUYUT BHIPBATh 3JIEKTPOH M3
aToMa, HampuMep, COOOUIMB 3JIEKTPOHY JHEPrHi0, ITOCTATOYHYIO ISl TOTO, YTOOBI OH
MpeoIoiieN CBsI3b C aTOMOM. MOKHO ObUTO OBI yKa3aTh €m€ U Jpyrue crnocoObl yopaTh
AJIEKTPOH W3 aTOMa MPU MOHU3AlMK. Bce OHU, B KOHEUHOM CYETE, CBOAATCS K TOMY, YTOOBI
HaCUJIbCTBEHHO NOPBaTh CBS3b AJNEKTPOHA C MOHU3YIOIIMMCS aTOMOM, BOCIOJIb30BABILIUCH
MIPU 5TOM M3BHE MPUBHECEHHOM HEPTUEH. DTa MpoLeypa MOXKET ObITh MPOMOICTUPOBAHA
MPOLIECCOM y/aJieHUsl MBbUIMHOK U3 KOBPA, CKa)XEM, C MOMOILBIO MbLUIECOCa: HEABMKUMBIN
KOBEp JIEKUT Ha IOJIy, a MbUIECOC OTPBIBAET OT HErO INBUIMHKHU. BripoueMm, u3BecTeH U
Apyro# crnoco0 yaaneHus MbUIMHKU U3 KOBPa — BCTPAXHYTh €ro, Kak Obl y1aduTh KOBEP U3-
MOJ1 MBUIMHKH TaK, YTOObI OHA MOTEPSIa C HUM CBS3b.

MexaHu3M HMOHM3AIMU OCKOJIKOB ToapoOHO wuccnexaoBan Hwunbe bop. Tak Bor,
noHuzarnus no bopy — 3To ynanenue u3 aroma Hanbosee caabo CBA3aHHBIX C HUM BHEITHUX
JIEKTPOHOB, 110 CXEME OYEHb HAIIOMUHAIOLIEH Mpoliecc BCTpsIXUBaHMs KoBpa. [Iponcxonut
9TO BOT Kak. B mokosimemMcs aToMe 3JIEKTPOHBI, KaK U3BECTHO, JBUXKYTCS C pa3IUYHBIMU
CKOPOCTSIMH, TaK 4YTO JJIEKTPOHBI Ooisiee yAali€HHbIE OT $pa, JABUKYTCS C MEHbIIEH
ckopocThio. Eciin HeWTpanbHOMY aTOMY MBI COOOIIMM CKOPOCTh OOJNBIIYI0, YeM CKOPOCTh
AJIEKTPOHOB B OOOJIOUKE aTOMa, ATH DJEKTPOHbI HE YCIEBAIOT 3a aTOMOM M OKaXyTCs
OTCTaBILIMMH, OTOPBABIIUMCS OT HEro, MOJOOHO MBUIMHKAM, HE YCIEBAIOUIMM 32 KOBPOM.
Yem OpicTpee OynmeT IBUTAThCS aTOM, TEM, €CTECTBEHHO, OOJbIlee YHCIO 3JIEKTPOHOB
“cTpaxHETCA”, TeM 0oJiee HOHM30BAaHHBIM OKaxkeTcsl aToM. bop mpeamnonoxkui, a moToM u
J0Ka3aj, 4TO OT OCKOJKa, OO0JaJarloniero OrpOMHOM JHEprued M JBHXKYIIETOCS CO
cKOopocThio cocTaBistomiedi moutu 0.1 ot ckopoctu cBeta, oTpeiBaeTcs 15-20 3neKTpoHOB
(He ycmeBaeT 3a HUM), JIETAIIUN OCKOJIOK CTAHOBUTCSI MHOTO3apsiIHBIM HOHOM. M Tak, B3pbIB
€AMHUYHOT0 aTOMa COINPOBOKIAETCS MOSIBIEHUEM OCKOJIKOB — TSDKEJIBIX MHOI'03apsIHBIX
MOHOB, UMEIOLIUX OTPOMHYIO SHEPTHUI0, TAKYIO, YTO MOHBI JIETAT CO CKOPOCTHIO, OIM3KON K
CKOpOCTH cBeTa. JlecsiTh MPOIEHTOB OT CKOPOCTHU CBETa — 3TO yke Onu3ko oT He€. Bor,
MOXKalyl, U BCE, YTO s XOTEJ COOOILIMUTH YUTATEN0, KOMMEHTHUPYs MEPBYIO IOJOBUHY
Ha3BaHUs KHUTH.
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Tenepsb ciienyeT MpOKOMMEHTHUPOBATH CJIOBA: “B KpHUCTAaJLJIe .

IlycTe mpowmsonuio CIOHTaHHOE JeleHue sapa B Kpucrawwie. He B Bo3zmyxe, a B
KpUCTaJJIE, KaXJbli KyOMYECKHIl CaHTUMETpP KOTOpPOTO 3alojHEH ~ 10 aromamu,
COCTOSAIIMMHM M3 TIOJOXKUTEIBHO 3apsDKEHHBIX SANep W OTPULIATENIBHO 3apshKEHHBIX
ANEKTPOHOB. VOHBI-OCKOJIKH, JIETS B KPUCTAJJIE, HA CBOEM HEOOJBIIOM IYTHU TEPSIOT ATY
sHepruto, Bce 160 M»B. Jlns kpuctamia 3To coObITHE HE JOJDKHO MPONTH OecciieqHo.
OaHuM U3 TOCHEACTBUM TaKOro B3phlBAa B KpUCTaie sBisieTcss (HOpMHpOBaHUE
MPOTSHKEHHOUM eeKTHON 00JIacTh BIOJb TPACKTOPUH IOJIETa OCKOJIKA - TaK Ha3bIBAEMBIM
Tpek. BriepBrie Tpeku ObLTH 0OHapykeHbl aMepukaHiiaMu P. @mnsitiepom u I1. [paticom ¢
IIOMOIIBI0 COBPEMEHHOIO JJIEKTPOHHOTO MHKpOCKoma. J[lns Hac, HMHTEpECYINXCS
aTOMHBIM B3pPBIBOM B KPHUCTAaJUIC, YCJIOBHS BO3HHUKHOBEHHMS TpEKa U €ro CTPYKTypa H
MPEACTAaBISAIOT OCHOBHOW MHTepec. VI3 HEero MoOKHO M HY>XHO H3BJI€Yb MHOI'O Ba)XKHOU H
YHUKaJIbHOW MHpOpMaluu U 00 MOHE, U O KpUCTaie, 1 00 MX B3auMOAEUCTBHU. Tpek
MOXET JaTh OTBETHI HA MHO>KECTBO BOIIPOCOB, OTHOCAILIUXCS U K B30OPBABIIEMYCS Py, U K
coOCTBeHHO KpucTamy. Bor HekoTopble 3 HuX: KakuM MexaHM3MOM SHEPrusi OCKOJIKA
ObUla mepenaHa KpUcTaly? DBbITh MOXKET, CyIIeCTBYeT HE OJIMH, a HECKOJbKO TaKHUX
MeXaHu3MOB? BBITh MOXET, TPEK CO BpPEMEHEM HCUE3HET, 3ajeunuTca? bbITb MOXeT,
CONPOTUBIISSCH OCKOJIKY, CO3JAIOLIEMY TpPEK, KPUCTAUl 3a3BYYMT, BBIpaxkas CBOE
BO3MYIICHHE OCKOJKOM? A OBbITh MOXET, OH HarpeeTcsi? UyBCTByeT MJIM HE YYBCTBYET
OCKOJIOK YIOpSIIOYEHHOE PACIOJIO0KEHUE aTOMOB B KpHcTaule? BbITh MOXKET, KpHUCTal,
COJIepXKaIuil TaBHO BO3HUKIIHUKA TPEK, ObUT AeOPMHUPOBAH U TPEK ATO 3anoMHMI? Henb3s
JU Kak-TO NOBJIMATH Ha JUIMHY Tpeka? Kak gaBHO MHposieTen OCKOJOK pPa3feMBLIErOCS
anpa? Kakyro nHpopManuio o0 OKpyXarolel cpele MOXXKHO IMOJIy4UTh, PETUCTPUPYS U
UCCIEeqysl TPEKU OCKOJIKOB JIETIECHUS TsKEINbIX saep? Kak MOKHO clienaTh TPEKH MOJIE3HBIMU
IUTA YyeJioBeka?

Uro, unTepecHble Bompockl? Kaxercs, uHTepecHsie. UM U MogoOHBIM BOMpocam U
nocBsieHa 3Ta kaura. E€ aBrop - KpucTamiopusuk, mo3ToMy, €CTECTBEHHO, YTO OCHOBHOM
aKIEHT B M3JI0)KEHUU CMEILEH Ha BTOPYIO YacTh Ha3BaHMsI KHUTHU, HA COOBITHS B KPHCTAJLIE,
a 00 aTOMHOM B3pbIBE OYZET TOBOPUTHCS JIUIIB B MOPsAKE HEOOX0AMMOIN MH(GOPMALIUK WITN
HaIlOMHUHAHUS O HEM.

MHe oueHb MNpUATHO CO3HABaTh, YTO 3aJyMaB Hamucarb ‘“ATOMHBIA B3pHIB B
Kpuctamie”, s O0epychb, Mo-MoeMy, 3a J00poe Jeno, 3a HalucaHue KHUTM o0 aTome,
KOTOPBIN, B3PBIBASICh, BCE K€ CIYKUT J€]1y MUPA, & HE BOWHBI. Tak MHOI'O yXacoB U rops
aCCOLIMMPYETCA CO CIOBOM aTOMHBIA B3pbIB, TAKOE HEOOO3pUMOE KOJUYECTBO HEMHUPHBIX
aTOMOB 3aKJIIOYEHO B JICTAIOUIMX paKeTax Pa3IMYHBIX KOHCTPYKIMI M B aTOMHBIX Oombax
Pa3JIMYHBIX ITOTEHIHAJIOB, YTO I'PEIIHO YIYCKAaTh BO3MOXKHOCTh HAIIOMHUTH JIOJAM O TOM,
YTO aTOM, JJa)K€ B3PBIBASICh, MOXKET U JJOJIKEH ObITh MUPHBIM.

HUcropus HaunHaercss B PUMCKOM yHMBepcurere
CoObITHs, 0 KOTOPBIX S XOUY paccKas3aTh, M, KaXeTcsl, paccka3zaTh 0 HUX HE00X0IMMO,

NPOUCXOJWJIM B HavaJie TpUALATBIX TOIOB. Nx HCTOpUSl HAYMHACTCA B HEOOJIBIIION
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nabopatopun Pumckoro yHuBepcurera, ux pazsurue (Bcero 10 jer) ompenenuno cynbObl
YeJI0BEYECTBaA.

S gacto nymaro 00 3THX COOBITUSAX, JOPOKY BCAKMM MOBOJIOM MPUOOIIUTHCS K, ITYCTh
WUIIO30PHOMY, YyBCTBY COIPHYAaCTHOCTHM K 3TOMY POMAHTHYECKOMY BpPEMEHH, K TEM
COOBITHSIM, K TEM OTKPOBEHHSM M HAJIEKAAM.

HcTopust HayKu, BUIMMO, HE 3HAET JECSTUIIETHH, B KOTOPBIX, MOJA00HO TPUALATHIM
rogam, ObUIM OBl TaK IVIOTHO CIPECCOBAHbI HAYYHBIE MPO3PEHUS U OLIUOKH, JpaMaTHIECKHe
JUYHBIE CYbOBI YUEHBIX, IEPEIICTAIOLINECS C CyIbOaMH YEJIOBEUYECTBA, ONPEIEISS UX U OT
HUX 3aBHCsI, TOP’)KECTBO HENPEAB3ATOIO MBIIUICHUS U CIIEJOBAaHUE TPAIULUSAM, CHACTIINBbIE
CIIy4allHOCTH, COXPAaHMBIINE XU3Hb MUJUIMOHAM, U UX CTPOras INIAHOMEPHOCTh, KOTOPOU,
Ka3aJ10Ch Obl, IPOTUBONOKAa3aHbl HEOKUTAHHOCTH.

Mne, ¢u3uKy, O4eHb MUMIIOHUPYET, YTO JIOCTHKEHHs TeX JIeT He ObUIM CBSA3aHbI C
WCIIOJIB30BAHME TPOMO3JIKOW anmaparypsl MPOMBIIUICHHOTO TUNA. B cepenuue TpuanaTeix
roZIoOB OHa YK€ BCTpedajach B 3ajlax HEKOTOPBIX JabopaTopuil MHpa, HAOMHUHAIOLIMX
3aBOJICKME Ilexa. OJTa ammaparypa oOKas3ajlach, OJHAKO, B CTOPOHE OT LEHTPaJIbHOU
MarucTpaiy, BIOJIb KOTOPON Pa3BUBAJIMCh OCHOBHBIE MCCIICIOBAHMS TEX JIET. TajJaHThl U
(aHTazeprl 0OOLUINCH CPeICTBAMU J1a00paTOPHii, II1aBHOE OOraTcTBO KOTOPBIX COCTAaBIISLIN
NPUMHUTHBHBIE CUETYMKU COOCTBEHHOT'O M3IOTOBJIEHHS M Ha BPEMs OJIOJKEHHBIE aMITyJIbl,
3aMoJHEHHbIE PAJJOHOM W OepuiIMeBbIM MOPOIIKOM. CTEKIJISIHHbIE aMMyJjibl 3aMEHSUIN UM
elle He MOCTPOCHHbIE LUKIOTPOHBL. Bripouem, OCHOBHBIM 6OraTCTBOM 3THX J1aOOpaTOpuUi,
KOTOpblE€ B T€ TOJbl €lle HEe OuYeHb LIEAPO CYOCHIUPOBAIUCH, KOHEYHO K€, ObLIN HE
CUCTYMKHM M aMIyJbl, a TalaHTbl U (QaHTa3epbl, MBICISIINE HENPEeAB3ATO, WHOM pa3
KypbE3HO, UHOM pa3, BEIOMbIC MHTYWULIUEH, OHU, BOIIPEKHU JUCLUIIMHUPOBAHHOM JIOTHKE,
HAYMHAIOT UCKaTh TaM, I1e nocsetiiee. [lyTu TanaHToB M (aHTa3epOB HEUCIIOBEIUMBI, - B
TpUILATHIE TO/IbI B @aTOMHOM Mpo0iieMe OHU OTPEeAETIIM MHOTO€, €CITU HE BCe.

Kak u Bcskoill HMHOM, 3TOM HUCTOpUM, HaydaBlueiWcs B PuMCKOM yHUBEpCUTETE,
npenamecTBoBana npeasicropus. O Heil - KOPpOTKO, CyXUMU (hpazaMu.

B 1930 rony nemenxuii ¢usuk Bamprep bote ¢ coTpynnukamu GomOapampoBan o
yactuuamu Oepusunii. OHM  OOHapyXWJIM, YTO OOJYyYeHHBbI OepuwInil HcIycKaeT
HABEJICHHOE NPOHUKAIOIIEE H3IyYeHHE. IJTO «OEpUILIMEBOE» U3IyYEHUE OHU COWIU
KECTKUMU Y — ydamu. OObICHEHHE, JIMIIEHHOE PEBOIIOIMOHHOCTH, HO BIOJHE pa3yMHOE,
HENPOTUBOPEUMBOE, CKaXEM TaK: €CTECTBEHHOE. OJTH OIBITHI BCKOPE IMPOJOJIKUIN BO
Opanuuu cynpyru Upen u @penepuk XKonno-Kropu. U onn Habmronanu «OepuiiiueBoe»
U3JIy4€HUE, U OHM YOEAMJIUCh B TOM, YTO OHO JIETKO IPOHMKAET CKBO3b BEIIECTBO.
ToskoBaHue NpUPOABI H3Iy4YeHUs, NpeiokeHHoe bore m bekkepom, cynpyru JKosmo
COWIN COCTOSTENbHBIM. OHU CMOIVIN MOKa3aTh, YTO «OEPUIIIMEBOE» U3JIYYEHUE CIOCOOHO
BBIOMBATH MPOTOHBI W3 BOJOCOAEPKAIIUX BEIIECTB. DTH HAONIOACHUS HE MOKOIe0AIn MX
BEPbI B TOM, UTO «OEpUIUINEBOE» U3ITYyUEHHUE €CTh Y - TyUH.

B 1932 roxy, HemMHOTO M3MEHHMB OMBITH (ppaHIy30B, B AHrmmu B KaBeHnumieBckoin
nabopatopuu, coTpyaHuk Pesepdopma [[xeiimc YenBuk mnokaszan, 4yTo «OepuIlIMEBOE
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U3IIy4€HUE» - ITO MOTOK HE Y- JIy4eH, a 3JIEKTPUUYECKH HEHUTPAIbHBIX TSDKEJIBIX YACTHII.
OOHapyXeHHbIE MM YacTHULIBl MOJYYWIM Ha3BaHWe HEHUTpoHOB. K coxkanmeHuro, Tak
CIIy4uioch, uto bore u bekkep u cynpyru Koamo 3KCriepuMEHTHPOBAIIA C HEUTPOHAMHU, HO
He pacno3Hanu ux. OueBuaHo, Yeasuky B naboparopun Pesepdopaa, koTopeie emie B
1920roxy mnpexnckaszan NPUHUUIHAIBHYIO BO3MOXXHOCTh CYIIECTBOBAHMSI TaKUX 4YacCTHIL,
OMO3HATh HEUTPOH ObLIO Tpomie. EMy B moMomib ObUTM ¥ MHOTOJIETHUN W YHHKAIbHBIN
onbIT KaBenaumeckoit 1adboparopun B 00JIacTH sAEPHON (GU3HKH, HACENAIOIINE €€ JII0U, U
BCE TO, YTO HEBO3MOKHO HU YYECTh, HU B3BECUTh, HE IIEPEUHCIIUTh, @ MOKHO JIMIIb HAa3BaTh
atMocdepoit «mkonsl Pesepdopna». B 3Toit mikose peBOMIOIMOHHOCTh CYXKISHUU —
ABJICHUE TPAJULUOHHOE, €CIU TOJBKO CIIOBA «PEBOJIOLMS» U «TPAAULUS» MOXKHO CTaBUT
pAIOM.

Cpa3zy e mociie TOro, Kak HEMTpOH ObUI OTKPBIT, TEOPETHKU YBHUJEIU JOCTATOYHO
OCHOBaHUH, 4TOOBI HANTH eMy MecTo B siape. [louTn ogHOBpeMeHHO 3T0 cnenanu B Poccuu
— Omutpuit UBanenxko, B I'epmanun — Beprep [Maitnzen6epr, B Utanuu — Dtope Maitopana.
CorymacHo UX MOJENNM B aTOMHOM sIp€ HEMTPOHOB, MMEIOIIUX TaKyl )K€ Maccy, Kak U
MPOTOHBI, POBHO CTOJBKO, CKOJILKO HYXKHO JJISI TOTO, YTOOBI BMECTE C MPOTOHAMHU, TaK K€
BXOJSIIMMU B COCTaB fA/1pa, ONPEIETUTh AaTOMHBIN BEC 3JIEMEHTA.

B 1o Bpems, xorna OHpruko @epmMu O CBOUMHU MOJIOJBIMU COTPYIHUKAMH, KOTOPHIE B
MOJTHOM COOTBETCTBUH C PEATbHOCTHIO HMMEHOBAIHMCH «MalbuMKaMu», B JlabopaTtopuu
Pumckoro yHuBepcureTa Havyaiy IJIAHOMEPHOE MCCIEA0BAHUE B3aUMOJACHCTBUSI HEMPOHOB
CO MHOTUMH BEIIECTBAMH TMEPHOJUYECKON CUCTEMBI. YK€ ObLIo sIcCHOe MoHUMaHue. UTo
HEHTPOHBI — 3TO HE TOJBKO YIOOHBIE CHApsbl, KOTOPHIE BCIEICTBUE OTCYTCTBHS 3apsijia
MOTYT O€CHpEenATCTBEHHO MOJIETAaTh K 3apsSKEHHOMY SJIPY, HO B ONPECIICHHON CTENEeHU U
MHILEHb, TAK KaK OHU BXOJSAT B COCTaB sIpa.

Urak, wunHTEpecyromas HAC MNPEABICTOPUS 3aBEpPLICHA OTKPBITUEM HEUTPAIBHON
YacTULIbl, HEUTpPOHA — OTJIIMYHOTO CHapsaa A OoMOapJUpOBKM aTOMHOIO sjpa, He
YYBCTBYIOILETO UX 3apsaa. A BOT Tenepb O COOCTBEHHO UCTOPHUHU.

OKCnepUMEHTalIbHAsl JIEATENIBHOCTh Tpynnbl PUMCKHX ucciaeaoBaTeneil Hadaaach B
nepBeIXx uyuciaax wmapra 1934 roma. B pacnopsikeHHMM SKCHEPUMEHTATOPOB  ObLIU
MOHU3ALIMOHHBIE CYETYMKM 3apsDKEHHBIX YacTHULl I[PUMUTHBHOM KOHCTPYKIMHM H
BO3MOXKHOCTb MOKYNAaTh (B YACTHOCTH, B alTEKe) M3y4yaeMble BEIECTBA JJIsI U3TOTOBICHUS
MunieHe. IcTouHukr HeHTpOHOB, OOMOApAUPYIOUIUX SApa aTOMOB, M3TOTaBIMBAIM CAMU:
CTEKJIIHHBIE AaMITYJbl 3aloJHAJIUCh OCPUILTUEBBIM TOPOIIKOM M PAJOHOM, KOTOPBIN
MOJIOAIBIM KoJuleraM jaapui paboraBmuil mo coceactBy mnpodeccop xynuo Tpabakkw,
IJIaBHBIA (PU3MK MUHHCTEPCTBA 31paBooxpaHenus Wramuu. Pagon poxxnan o- 4yacTulbl, o-
yacTullbl OomOapaupoBanu siapa Oepwuius, sapa OepuIus pOXKIAIU HEUTPOHBI, a
HEUTPOHBI HANMpaBILUIUCh, Ha MHIIeHH. [[ns Toro dYroObl H3IIydeHHWE HMCTOYHHKA HE
PETUCTPUPOBATIOCH CUYETYMKAMH, MHIIEHU OOJy4Yaluch B OJHOM KOMHATe, a CYETUUKH
pacrnojarajiuch B Ipyroi, 10 KOTOpOoH Haao ObUIO J00ekaTh MOCKOpee, YTOObI HaBeIeHHAas
AKTUBHOCTh MUILIEHHM HE YCII€la CYILIECTBEHHO ocialdeTh. ber ¢ 001yyeHHOW MMILEHBIO U3
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KOMHAThl B KOMHATy OBUT HENPEMEHHOW NpPOLEAYpHOM JeTaabl0 OYeHb MHOTHX
HEUTPOHHBIX HMCCIEIOBAHUNM TPUAUATHIX ro0B, U B Utamuu u B Poccun. B Utanuu Geran
®epmu, a B Poccnn — KypuaTos!

B wMapre, nBannmare mATOrO 4YMCIA, B peJakUuio >KypHana HamuoHanbHOro
HCCIIEI0BATENBCKOT0 COBETA OBLIIO HAIPABIIEHO MUCHMO C COOOLIEHUEM O MEPBBIX YCIEXAX:
¢dbTop, mTonaBepraBmIMiCI  OOJydeHHE, OOHAPYKWJI  HaBEACHHYIO  OOJydeHHEM
paaroakTUBHOCTh. [lOTOM MHChbMa - YETKHME M JIAKOHMYHBIE — OYyIyT HANpaBISTHCS B
KypHaJ €KEHEIEIBbHO.

Ot coobmenuss u3 Puma npuBIEKIM BHHUMaHHE BCEX 3aMHTEPECOBAHHBIX
npobnemoii. B koHie ampens ®@epmu monyuwn nuchbMo u3z Anrimmu ot Pesepdopna. B
NUcbMe - OJaroJapHOCTh 32 COOOIIEHHE PE3yIbTAaTOB OMBITOB MO HABEACHHUIO C IOMOIIBIO
HEUTPOHOB BPEMEHHOW pPaJUOAKTUBHOCTH B HEKOTOPBIX 3JEMEHTAX, CJIOBa O TOM, YTO B
JaJbHEUIIEM, BUAUMO, YIACTCS MOJYYUTh CBEACHUS W O MEXaHM3ME ATOro Ipolecca, a B
KoHIle nrchbMa myTka «[lozapasnsio Bac ¢ ycnemHbM moderom u3 cepbl TEOpeTHUECKON
buszukn!»

Heszanmonro mepen Hawanom mnepuoaa JETHUX OTHYCKOB DepMu C COTPYIHUKAMH,
OIlyCKasich BHM3 M0 MeHaeneeBckor Tabaulle, moJouUIH K Topuio u ypany. OOnyyast ypaH
HEUTPOHAMU, OHH PACCUHUTBIBAIM, YTSHKENSSA PO, MOJYYUTh TPAHCYPAHOBBIE 3JIEMEHTHI. B
OTHYCK YIUIM C YBEPEHHOCTBIO, YTO TPAHCYPAHOBBIE BJIEMEHTHI MOJYYE€HBI, YTO MPABO HA
OTIBIX 3apaboTaHo, 37ech HANpPAIIMBAETCS  CIOBOCOYETAaHHE, KOTOpOe OOBIYHO
MPOU3HOCUTCSA B MHOM CUTYAIIMU: «YIIIJIM HA 3aCITY>KEHHBIA OTJIBIX).

Nnes nmonydenuss TpaHCypaHOB B T€ TroAbl HOCWiach B Bo3ayxe. [IpsamonnHelHas
JIOTUKAa €CTECTBEHHO TMPUBOAMIA K MBICIK O TOM, 4YTO OOpa3oBaHHE TpaHCypaHa —
€IMHCTBEHHOE€ W €CTECTBEHHOE CJIEJCTBUE MOTJOMIEHUS HEUTPOHOB SAJPOM YypaHa —
MOCIIEJTHETO DJIEMEHTAa «CTaOWIIBHOM» MEPHOIUYEeCcKoi cucTteMbl. [Ipeanonaranochs IMEHHO
TakK: SAPO ypaHa MOTJIOTUT HEUTPOH, CTaHET OoJiee TSHKEIBIM U CTaHET TPAHCYPaHOBBIM
sapoM. B tom xe 1934 rony Hemenkuii ¢usuko-xumuk Mpa Honmak mpucnana B Pum
OTTUCK CBOEH CTaTb, (OMyOJMKOBAHHON B HEMEIKOM >KypHaje MPHUKIATHOW XUMHH), B
KOTOpOW 00CYyXJajlach BO3MOXXHOCTh TPAaKTOBaTh OMBITHI DepMU M COTPYIHHUKOB Kak
CBUJIETENIbCTBYIOIIME O pacmaje o0Iyd4eHHOr0 HEMTpOHAMHM siipa ypaHa Ha JBe yacth. Ho
MPSIMOJIMHEHHAS JIOTUKA OKa3aJlach HEMOKOJICOUMOI: Hies MOTJIONMICHHS HE YCTYINIIa MECTO
uzee pacrnanaa. Tenepb, 3Hast 000 BceX MOCIEAYIOUUX COOBITHIX JEJEHUs siipa, O MUPOBOM
BOIHE, O 3BEPCTBAX TUTIEPOBCKOrO (pammsma, 00 yxkacax XUPOCHMBI, MbI, HE BEpAIIUE B
Oora, Oora MJOKHBI ONaroJapuTh 3a TO, UYTO MWTAIbIHCKHE (U3UKH OKa3aluCh
3arMITHOTU3UPOBAHHBIMU HJIEEH BO3MOMKHOCTH TOJIYYECHHS! TPAHCYPAHOBBIX JJIEMEHTOB H,
BEJIOMBIEC JTUCUUILUIMHUPOBAHHOW JIOTUKOW, HE JOMYCTHUIM MBICIb O BO3MOXHOCTHU JEJICHUS
ypaHa. B cBoeli kHure OHpuko @DepMu U €ro YYEHUK, YYACTHUK HEHUTPOHHBIX
uccienoBanui, npoBoauBiuxcs B Pume, Omunmo Cerpe, BcromuHas 00 OTTHUCKE,
npucianHoM Wpoit Hopnak, pa3Mblnuiser o BO3MOXKHOM IpUUKHE «ciienoTey Pepmu. OH
MUIIET: «MHOTO JeT ciycTss depmMu TOBOPUII, YTO B TO BpeMsi OBLIIM OIIMOOYHBIE IaHHBIE 110

Z[C(I)CKTaM MacCChlI, KOTOpBIe HC I[OHYCKEU'II/I BO3MOXHOCTHU ACIICHUMA). MLI KE Tenepb MOKXEM
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KOHCTaTUPOBaTh, 4YTO IMpeHeOpexeHue coolOpaxkenuem WMapl Hopmpmak - cuactiuBoe
00CTOSITENIbCTBO, KOTOPOMY YEJIOBEYECTBO B HeMalod Mepe o0s3aHO TeM, 4yTto ['utiep B
BOMHE HEe pacnojarai siiepHoil 6oMOo0il. Kpome BenMKHUX OTKPOBEHHMH CYIIECTBYIOT U
BeNMKHE 3a0myxaeHus. 3abnyxaeHuss GepMu U ero «MajabuuKOB» OTHOCSTCS K pa3psay
Benukux. Jlumes B 1939 roay nponecc neneHus: ObUT OO3HAH.

[Tocne «3aciy’kK€HHOTO OT/IbIXa» ONBITHI MO OOJYYEHUI0 HEUTPOHAMM Pa3IUYHBIX
BenlecTB ObuIM B Pume B0300HOBIEHBI. OOHApYXHUIOCh HEOXKHIAAHHOE OOCTOATEIBCTBO:
MHTEHCUBHOCTh M3JIy4YeHHUs cepeOpa, HaBEeJIECHHAs HEUTPOHAMHM, OKa3ajach 3aBUCALIEH OT
TOr0, Ha KakOM CTOJIE HPOBOAMWIMCH ONbIThL. C Ienblo pasrajaTh OOHAPYKUBLIYIOCS
HEOKUJJAHHOCTh OBUIM TMOCTABJIEHbI CIELHMAJBHBIE OMNBITHl, M BBIACHUIOCH, YTO CTOJ
OKa3ajcsi He MPOCTO CTOJOM — IOJCTAaBKOW moja mpubopaMu, a JAEUCTBYIOIIEH AETajbIo
AKCIIEPUMEHTAIBHON YCTAaHOBKHU. T€ K€ TOJOBBI, KOTOPHIE COBCEM HENABHO MOJYHMHSIINCH
NPSIMOJIMHENHOM JIOTHKE, B 3THUX OIbITaX MOBEIM ce0s HE3aBUCUMO M PEBOJIIOIMOHHO: 22
OKTSIOpsI YTPOM MEX]y UCTOUHUKOM HEHTPOHOB U CEpeOpsSHON MMILIEHBIO ObLT IMOCTAaBIIEH
napaduHOBBIA OJIOK M aKTUBHOCTh cepedpa, HaBeJeHHAs HEMTpOHaMu, pe3Ko Bo3pocia. A
neno ObUI0 BOT B 4eM: U mapaduH, U JACPEBSHHBIA CTON COACPXKUT B cede OoibInoe
KOJIMYECTBO aTOMOB Bozopoza. VX sApa — NpOTOHBI, KOTOpbIE UMEIOT MacCy TaKylo Ke, Kak
U HEWUTpOHbI, 3P(DHEKTHUBHO HEUTPOHBI TOPMO3SIT, A 3aTOPMOXKEHHBIE HEUTPOHBI
B3aUMOJICHCTBYIOT C simpamu cepedpa 3¢ dexTuBHee, ueMm ObIcTphie. A Bellb BCE, BCETIa U
BE€3JI€ CUYUTAIU — U ITO KAKETCS OYEHb €CTECTBEHHBIM - YTO UMEHHO OBICTPHIM HEHTpOHAM
JOCTYITHO MTPOHUKHOBEHHE B SIIPO, & HE MEIJICHHBIM.

B toT %e aeHb 22 okTAOps B HAYYHBIH sKypHAJ ObLIO MOCIAHO MUCHbMO C COOOLIEHUEM
00 otkpeiTHH 3(dekTa 3amemsieHuss HEUTpoHoB. 3arem DepMH U €ro COTPYAHHKAM
NOTpeOOBAJIOCH IIECTh HENEb JUJISl TOro, YTOObl BCECTOPOHHE HMCCIEN0BAaTh 3TOT AP (EKT.
I'pomo3nxoe oOopynoBaHME€ H B 3TOM Cllydae HE OKazajJoch HEOOXOJUMBIM:
HKCIEPUMEHTHPOBANIN ¢ OJ0KaMu napaduHa, OMyCcKald MUILIEHb U HEUTPOHHBIN HCTOUYHUK B
HeOOJIBIIION BOJITHOM OacceiiH Bo ABope Pumckoro yHuBepcuteta. [1o cymiecTBy, kak mucant
03T, COYMHUIM HUYEM HHU Ha YEM: JyMajld, COMHEBAINCh, IPOBEPSAIN COMHEHUS. DHPUKO
®depMu, Ha CYETY KOTOPOIO MHOTO BBIJAIOLIUXCS JOCTHXKEHHM B 00JACTH COBPEMEHHOM
¢bu3nky, oTKpeITHE 3P (PeKTa 3aMeNIeHNs HEUTPOHOB CUUTAN CBOEH HanOoblIel ynadeil.

3n1ecy He0OXOAMMa MEePEAbIIKa ISl HOABEACHHUS MOMyTHOro utora. CTporo roBops, B
CBOEH HaJeX/le MOTYyUYUTh TPAHCYPAHOBBIN AJIEMEHT, 100aBIIsis K ypaHy HEUTPOH, PUMCKHUE
¢usuku He oOMaHynuCh. B MX omblTax AEHCTBUTENBHO ypaH-238, MOTIOTHUB HEUTPOH,
IIpeBpaljajICsl B IIEPBBIA TPAHCYPAaHOBBIM JJIEMEHT, 3aHMMAIOIIUNM JIEBSHOCTO TPETHIO
KJIeTKy Ta0nuibsl MeHaeneeBa 1 UMEHyeMblIil Terepb HenTyHueM. beuio u 3Tto! Ho 6buio 1
MHOTO€ Jpyroe, He MeHee, a ObITh MOXKeT, 0ojiee BakHOE, B ueM (u3uku rpynnsl Gepmu
NoHayasy He pa3zoOpaiuck. [IoHATH 3TO Ipyroe, B JaHHOM ciy4yae UM, BUJUMO, Mellaia
HEKOTOPask MPSIMOJIMHEHHOCTh MBIIIUIEHUS, IPEOI0JICHHAsI UHBIMU (DU3HKaMHU.

HccrnenoBanusiMmu B 007acTh HEHTPOHHON (M3MKHM, HAYABIIUMHUCS B J1abopaTopuu
Pumckoro yHuBepcuTeTa, CTalM 3aHUMAaTbCsl BO MHOruX Jabopatopusx EBponbsl u

Awmepuku. B 1938 romy 3t riccnenoBanusi mpruoOpen oco0yro octpory. Temepb OCHOBHBIE
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COOBITHSI TIpoUCXOIWIM He B Pumckoif, a B apyrux mnabopatopusix: B I[lapmwke - B
naboparopun Upen Kiopu (B uncTHTyTe, co3nmanHoM Mapueit Kiopu) u B bepnune - B
naboparopun Otto ['ana, ®puna [tpaccmana u Jluzer MaliTHep (B MHCTUTYTE XUMUHU
Kaiizepa Bunbrensma). Mcrtopusi Hay4HOro COpEBHOBaHHUS JABYX O3THUX Jlaboparopuid
JETAIbHO, JI€Hb 3a JAHEM, MPOCIIEkKEHA UCTOPUKAMH HAYKH. 37€Ch Mbl OIPaHUYMMCS JIMILb
dbpasoi, 3akmroyarome 93Ty ucTopuro: B Jekabpe 1938 roma I'am m IllTpaccman
yOeIuTENbHO MOKa3alld, YTO P OO0IYyYeHUH ypaHa MeAJICHHBIMU HEHTpoHaMu 00pa3yroTcs
Oapuiif, JTaHTaH U UEPUU — DIEMEHTHI, PACIHOJIOKEHHBIE B CEpEIUHE MEPUOIUYECKOU
cucteMbl MeHnzeneeBa, a He 3a ypaHoM. Sapo ypaHa nenutcs!

I'an u lltpaccMaH — XMMUKH-aHAJUTUKUA U OHM HE B3sJIM Ha ceOs MpaBo 0OCYKIaTh
(bu3HUECKyI0 IPUUMHY TAaKOro pe3yibTaTa. Ho pe3ynbrar - yauBHUTENbHBIN U Ype3BbIYAITHO
BaYKHBIN, OHU PEIININ CPOYHO OMyOIrKoBaTh. 22 aexadps 1938 roga B HeMelkuii HayqHbIN
eXKEHECIHHUK MOCTYIMUIIO UX TUCHEMO. 6 stHBaps 1939 roga oHo ObLIO OMYOIMKOBAHO.

CymecTtBo OTKpbITUS, caenaHHOro ['anom um IlITpaccMaHoOM OTYETIMBO MOHsJIA HX
OpIBIIasi coTpynuuna Jlmza MalitHep, n3rHanHas ['utiaepom u3 I'epMannm 3a Heapuiickoe
npoucxoxaenue. Ilucemo I'aHa oHa monyuymna B HEOONBIIOM HIBEACKOM TOPOJKE, U
MMEHHO OHa IMepBas IpPOU3HECHa CIOBO [EJ€HUE, pacnaj sapa ypaHa, BbI3BaHHBIM
MOTJIOLEHUEM HEUTpoHA. DTOT pacnaj el mpeIcTaBuiIcs NOJOOHBIM JENIEHNI0 OaKTepuil.

Wrak, uccnenosanus, Havarsle B 1934 roxay, 3aBepmmnuck B 1938 roay oTkpsiTHEM
JICNICHUs siiep ypaHa TMOj BIUSHUEM OOMOApIUPOBKU MEIJICHHBIMA HEHUTpOHaMHU. DTO
OTKpBITHE TMOPOANIO MHOXECTBO BoIpocoB. Cpenu HUX TJIaBHBIM ObUT Takoil: eciu
SHEPruM, TMPUBHOCUMON B SJIpO MEJUICHHBIM (TEIJIOBBIM) HEHUTPOHOM, OKa3bIBAETCA
JOCTaTOYHO JUIsl TOTO, YTOOBI, MOTEPSIB YCTOWYUBOCTD, PO Pa3JeNIUIOCh Ha JABa OCKOJIKA,
TO BO3MOKHO MHOT/A SIIPO MOXKET Pa3JIeIUThCs U CIIOHTAaHHO, CAMOIPOU3BOJIBHO, CIy4YaitHO
PUOOPETS HEOOXOAUMYIO ISl 3TOTO YHEPTHIO.

JUnisk Hamero JanbHEHIIero IMOBECTBOBAHMS OTBET Ha 3TOT BOMNPOC HEOOXOAUM.
OnucaHuIo MOMCKOB OTBETA HA ATOT BOMPOC U MOCBSILEH CIEYIOUUN OYepK.

CnoHTaHHOe J1eJIeHHe TAXKeIbIX s/1ep

OO0 OTKpBITUH CIIOHTAaHHOTO JeneHus saep Koncrantnanom ArtoHoBHYeM lleTpikakom
u ['eopruem Huxonaesmuem DnépoBpIM HamMcaHO MHOTO HAaNBIIICHHBIX (pa3, Tak Kak
HEKOTOPBIE JKYPHAIHUCTHI CTPEMWJIHCHh WIENPO O00Iaro/eTeIbcTBOBATh WX, CPaBHHUBAS C
JeTeKTUBaMu. MHe, TOXe MUIIyIeMy 00 UX OTKPBITHH, OY€Hb XOTEJIOCh OBl pacckaszarh 00
TOM OTKPBHITHH MOMpPOIIEe, OOpaTUB BHUMAHUE Ha JIBa acleKkTa MpoOjeMbl CIIOHTAaHHOTO
JeneHus: “kak ObUTI0 OOHapyXeHO” M “Kak Obl10 00bsicHeHo”. “Kak Obl10 0OHApyKEeHO” —
3TO BCETJ]a HHTEPECHO MOTOMY, YTO OTBHICKMBAsI OTBET Ha 3TOT BOIPOC, MPUXOAUTCS CICIUTH
3a TMEeperuieTeHWeM 3peNioro MacTepcTBa M OOBIYHOIO YEJIOBEUYECKOro YIOpPCTBa CO
CJIy4alfHOCTBIO HAXOJI0K; €CTECTBEHHOW MpPENONpeeIEHHOCTH pe3yJbTaTa ¢ MHOKECTBOM
OOCTOSTENBCTB, MAaCKUPYIOLINX €ro; jKeJaHHe OOHAPYXKUTh MCKOMOE C HEOOXOIUMOCTBIO
OTOABUTATh 3TOT MOMEHT COMHEHUSIMHU, KOHTPOJIbHBIMH OIBITAMH, MBICIIEHHOHN U pealbHON
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JTUCKYCCHEW C ONMOHEHTaMH, KOTOphIe, KaK HM3BECTHO, ObIBaloT Bcakumu. C oTBeTa Ha
BOIIPOC “Kak ObLIO OOHAPYKEHO MBI M1 HAYHEM PACCKa3 O CIIOHTAHHOM JIEJIEHUH sIpa.

B 1939 roay ogHa U3 OCHOBHBIX 3a/1a4 B 00JaCTH sA/IepHON (u3uku GopMyIupoBaiach
TaK: MOTYT JI HEHTPOHBI, BOHUKIIKE B IIPOIIECCE ACICHNs, BBI3BATh AeiteHue saep U
KOTOPBIA COCTaBIIsIeT OCHOBHYIO MacCy MPHUPOJTHOTO ypaHa? DTa 3ajava MPUBIEKIA K cede
uHTEpec MHorux Jsaboparopuil. B JleHuHrpaackom (QHU3MKO-TEXHHMYECKOM MHCTUTYTE
AKCIIEPUMEHTAIBHO MCCIEN0BATH ATy BO3MOKHOCTh rops BacunbeBud Kypuaros nopyunin
IBYM CBOMM ydeHUKaM - Koncrantuny Anronosuuy Ilerpxkaky u ['eopruro Hukonaesnuy
®népoBy. B kpaTkoM ouepke, MOCBAIMIEHHOM BOCIIOMHUHAHUSIM O TeX AHAX, [eopruu
Huxonaesnu nwumer: “Kak Mbpl moTtoM ybOemawnuch, 3To peuieHue KypuaToBa oKazanoch
npaBWIbHBIM. PaboTe He momMelano To, 9YTo Mbl ObUIK Apy3biMu. HaoGopot, B cymme Hac
ObLIO OoubIe, yeM aBoe”. JloOaBuM: MX OBLIO ABOE, 00a OBUIM OYEHH MOJIOABI, 00a OBLIN
MPEUCIIOIHEHBI TBOPUECKOIO SHTY3Ma3Ma U HEMOIEIBHOTO HHTEPECa K HaYyKe.

CrioHTaHHOE JIeJieHHe ypaHa HEOKUJAHHO OOHAPYXKWJIO cedsi Ha caMOil HavalbHOM
ctanuu pabOThl AKCIEPUMEHTATOPOB, TOTOBUBIIUXCS K IOUCKY OTBETa Ha BOIPOC,
3aJlaHHBI UM ydyuTeneM. DKCIEpUMEHTajbHas 3ajadya COCTOsAjJa B TOM, YTOOBI CO3/1aTh
YCTaHOBKY, KOTOpasi C BBICOKOM CTEMEHbI0 YYBCTBUTEIBHOCTH MOTJIa ObI PErHCTPUPOBATH
OCKOJIKM SIJIEp, Pa3ACIMUBIIUXCS IO BIUSAHHEM OoMOapAMpYyHOUIMX UX HEUTpoHOB. CioBa
“BBICOKAsi UyBCTBUTEIBHOCTH HAJ0 MOAYEPKHYTh, TaK Kak OxuaaBiuiica 3ddext mor
ObITh CJIa0BIM, TO €CThb YHCIO BO3MOXXHBIX OCKOJIKOB MajblM M HEJOCTaTOYHO
YyBCTBUTEJIbHBII CUETUUK MOT Obl Ha poHe “¢PoHa” HEe 3aperucTpPUpPOBaATh UX. A IJI 3TOrO
HaJ0, YToObl “QOH®, TO ecTh CllydallHble UMIYJbChI, KOTOPbIE CYETUYUK PETUCTPUPYET U
TOrAa, KOTJa HEWTPOHBI M3BHE B KaMepy HE IMOCTYMalT, ObUIO MOMEHbINE, a YHCIIO
o0JyyaeMBbIX siiep ypaHa - mo0oJibliue. DTy 3a7a4y 3KCIEPUMEHTATOPbl PEINIU, TOMECTUB
B HOHM3ALMOHHYIO KaMmMepy He OAHYy, a |5 mnapamieapbHO pacloJIOKEHHBIX IIJIACTHH,
MOKPBITBIX CJIOEM OKHCH ypaHa TaK, YTO OTPHULATEIBHO M IOJIOKUTEIBHO 3apsiKEHHbBIE
MJIACTUHBI YepenoBaiuck. Mx obmras miomans 6suta 1000 cM

CoxpaHMIMCh BOCHOMHHAHUSI O MHOTHX TPYIHOCTSAX, KOTOpBIE Haao ObLIO
MPeoJI0JIeTh, CO3/aBasi KaMepy U cueT4MK. Tak, HampuMep, OYEeHb CJIOKHA ObLIO Mpoleypa
HAHECEHUS! POBHOTO TOHKOTO CJIOS OKMCH ypaHa Ha MOBEPXHOCTh IutacTUH. CHenaTth 3TO He
MPOCTO: CJIOW JOKeH ObITh TOHKUM (10 — 20 MF/CMZ) ¥ OJTHOPOJIHBIM MO TOJIIUHE. DTy
OTIepallMi0 CyMel OCYIIeCcTBUTh lleTpikak. Y Hero ObUT JaBHUIITHHUN OMBIT XYI0KHUKA,
paboTaBuiero Ha 3aBoje GpaphopoBBIX U3AETHI.

CoOpanHass W OTperyjIMpoBaHHAas YCTaHOBKAa OOHapyXwja yCTOMYUBBIA ‘“‘poH” —
IEeCTh UMMYJIbCOB B 4ac. COOCTBEHHO B ATOM yCTOWMYMBOM “(oHE” M 3aKIH0YaIOCh
OTKPBITHE CIIOHTAHHOTO JEJIEHUS YypaHa: UCTOYHMKA HEHTPOHOB HET, a4 CUETUYMK CUMTAET
UMITYJIbChl. BHAMMO, MMEHHO TMOSBIEHHE OCKOJKOB CIOHTAaHHO JEISALIUXCS fAIep H
omnpezenseT 3TH UMIyJIbChl. [Ipennonoxenne pazymHoe, TeM Oosee, YTO MPUHLIUITHATIbHAS
BO3MOXHOCTh 3((deKTa, Kak Mbl 3HAeM, TEOpEeTHYEeCKHM Obulia  mpexackazaHa u ..
Openkenem, 1 H.bopom. H. bop u JIx. Yunep ocymecTBWIM KOJMYECTBEHHBIM pacyeT U

MOKa3aJau, 4TO BpeMs KHU3HHU sAJpa ypaHa 110 OTHOIICHHUIO K CIIOHTAHHOMY pacnaay paBHO ~
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10% ner. Bpemst orpoMHOe, HO 6 HMITYIbCOB B 4ac HPH BBICOKOH UyBCTBHTEIHHOCTH
YCTaHOBKHM 3TOMY BPEMEHHM HE IIPOTUBOPEYAT.

He odenp OaUTENbHBIN AKCIEPUMEHTATOP, MOXKAITYH, MPOIIENT OB MUMO 3TOrO MaJIOTO
¢dboHa, a HE OYEHb MPUIUPUYUBBIN AKCIIEPUMEHTATOP HAIIeN Obl, MOXaTyld, OCHOBAHUS JJIs
MIHOBEHHOM paJoCTH IO TMOBOJAY COCTOSIBIIErOocsi OTKpbITHS. Tem Ooisiee, 4TO
WHTEHCUBHOCTH ()OHA HE MPOTUBOPEUUT OIEHKAM TEOPETHKOB. B KakIoM uenoBeke B
KaKOM-TO CTETICHU KUBET MOJCIYAHAsi TOTOBHOCTh MPUHSATH KellaeMoe , a TeM 0oJiee OueHb
KellaeMoe, 3a JIEHCTBUTENbHOE M TeM Oolee, eciu ACHCTBUTENIBHOE - HE IYCTAYOK, a
OTKpBITHE HOBOTO BHJa DPaJUOAKTUBHOCTH. HeoOxomuma cTpOro IUCHUTUITMHHUPOBAHHAS
JIOTUKA, OOOCTPEHHOE YYBCTBO OTBETCTBEHHOCTH IE€pe] HAyKOW M, IJIaBHBIM 00pa3om,
nepex camMuM co0OM, 4TOObI 3TOW TOTOBHOCTH HPOTHUBONOCTABUTH CKPYIYJIE3HOCTD,
uckmovaromyo TeHb coMHeHui. K.A. Ilerpxkak u I''H. ®a€poB MMEHHO 3TO CHAEIAIIH.
Paccyxnanu onn Tak.

Comuenue 1. BbITh MOXKET, CIBIIIUMBIE UMITYJIBCHI 00YCIOBIIEHBI KAKUM-TO BHEITHUM
HMCTOYHUKOM KoJieOaHuil. J{7s Toro, 4To0bl 5TO COMHEHHE YCTPAHUThH (MK YOSIUThCSA B €ro
000CHOBAHHOCTH), €CTECTBEHHO yOpaTh M3 KaMephl OKHCh ypaHa. [lmacTunsl, pazymeercs,
COXpPaHUTb, OHU OCHOBHAs JI€Tajb MOHU3ALMOHHOW KaMephl, a MOKPHIBAIOIIYI0 UX OKHUCH
ypana yoOpate. [locTtaBunu Takoit onbIT. OKa3anock, 4TO Kamepa C IUIacCTUHaAMHU 0e3 OKHCHU
ypaHa 3a 5 4acoB HE 3aperucTpupoBaIa HU OAHOTO UMITYJIbCA, & TOJDKHA 3aPETUCTPUPOBATH
30 umnynbcoB! To ecTh sIBHO HEe BHEITHUIN UCTOYHUK KOJIEOAHUI POKIAET UMITYIIbCHI.

ComHuenue 2. Tak Kak OKHCh ypaHa SMUTHPYET O - YAaCTHUIBI, TO HE UCKIKOYEHO, YTO
MMEHHO UX MOSBJIEHUE KaMmepa W peructpupyerT. [IpoBepunu 3TO B CIeQyrOIUX OIBITaX.
Kamepy 3anosiHsuI HE OKHCBIO ypaHa, KOTOpas KPOME O— 4YaCTHUL, ICJSACh, POXKIAACT
OCKOJIKH, a IIpenaparamu, HE COJAEpKALUIMMHU ypaH, TO €CTh HE POKJIAIOIIMMHU OCKOJIKH, HO
OMUTHUPYIOIIUMHU O - YACTULBL. M3 3TUX ONBITOB OHO3HAYHO CIELOBAJIO, YTO ACJIO HE B O —
qyacTuax, He OHU ONPEeIIAIoT (POH.

Comuenue 3. BeiTh MOXKeET, 32 (DOHOBBIE MIETYKA CYETUNKA OTBETCTBEHHBI CIyYailHbIC
pa3psAlibl Ha MOBEPXHOCTH CIOEB OKUCH ypaHa, MOKPHIBAIOIIUX IUIACTUHBI Kamepbl. [[ns
TOT0, YTOOBI PA3PELIUTh ITO COMHEHUE ObUIH MOCTABJICHBI JIBA OMbITA, PE3YJIbTaThl KOTOPHIX
JOJKHBI ObUTH AOTIOJIHATH ApYT Apyra. [lepBolit onbIT cocTosn B cineaytomeM. Cinoil okucu
ypaHa Ha IJIACTHHKAX OBUI MOKPHIT MUKPOHHOW METAJTMYECKOW, TO €CTh IMPOBOISIICH,
(boIbroii, Ha3HaAYEHUE KOTOPOU COCTOSIIO B TOM, UCKITIOUUTH Pa3psiibl HA OBEPXHOCTH CIIOS
OKHCH ypaHa. DTo (onbra jenanga, HO KpOME TOTO, KaK BBISCHHIIOCh, OHA M YMEHBIIIasIa
9UCcI0 (POHOBBIX MIETYKOB. ITO YMEHBIIEHHWE MOTJIO OBITH OO0YCIOBIEHO IMOTJIOLUICHUEM
(b oJIbroif YacTU OCKOJIKOB, BOSHUKAIOUIUX MPU CIOHTAHHOM JAelieHuU. YToObl yOoeauThes B
COCTOSITEJIBHOCTU TAaKOTO TPEANOJ0KEHNS, IOHAJA00WICd BTOPOH OMNBIT, B KOTOPOM
AKCIIEPUMEHTATOPBI yOSIMINCh B TOM, UYTO (POJbra B paBHOM CTENEHH YMEHbBINAET YUCIIO
HMMITYJIbCOB, CO3/1aBa€MbIX OCKOJIKAMH, POXKAAIOLIIMMHUCS W MPU CIOHTAHHOM [EJIEHUU, U
IIPU JI€JICHUH, BBIHYKJICHHOM ITIOTOKOM HEMTPOHOB OT BHEIIHETO MCTOYHMKA. B KkauecTBe
takoro wuctoyHuka K.A. Ilerpxak u [ H. ®népoB BOCHOIB30BAIUCH AaMITYJIOM,

3all0JJHEHHOM paJlOHOM U MOpouKkoM Oepusuns. B Te roapl Takue amimynisl ObUIN
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OCHOBHBIMM HCTOYHHMKAaMH HEHUTPOHOB M B OIBITaX TIPYIIBl PUMISAH, W B OIBITaX
JEHUHTPAJALEB, U B ONBITaX XapbKOBYaH, U B ONbITaX KAaBEHIMUIIEBIEB. Y 3TUX aMIIyJ
OorpoMHasi 3aciyra mnepej siaepHo ¢uszukoi. BmpoueMm, 3Ty 3aciyry MOXHO ObUIO OBl
copMyarpoBaTh U 0o0Jjiee TOPKECTBEHHO, YHNOMSIHYB IPU 3TOM HE TOJBKO SIEPHYIO
(hU3uKyY, HO ¥ IMBUJIU3ALIMIO B LIETIOM.

Comuenue 4. bbITh MoOXeT, (QOHOBBIE HMIYJIbCHl OOYCIOBJIEHBI OCKOJIKAMH,
BO3HUKAIOUIMMHU HE IPHU CIIOHTAHHOM JIEJICHUH, a MOJ BIUSHUEM KOCMUYECKOW pagualivu.
CrnenoBarenbHO, OT HEE€ Ha0 U30aBUTHCS. Pelmim npoBecTH ONBITHl MIYOOKO MOJ 3€MIIEMH,
IIOJl CJI0OEM TBEPIOrO IPYHTA, MOMIOLIAIONIETO KOCMUYECKOe H3inydeHue. /st pa3melenus
MoA3eMHON J1abopaTopur W30panyd HEAABHO CO3JAaHHYIO IIAXTy cTaHuu ‘‘JluHamo”
MOCKOBCKOI'O METPOIOJIUTEHA.

3necy g mpeHeOperar0 BO3MOXKHOCTBIO MMO(AaHTAa3MpoBaTh Ha 3aMaHYMBYIO TEMY
anepHas (Qusuka, yn1aboparopus B MOA3EMENbE CTPOALIEIOocs METPO, HOYHbIE OJEHUS
HKCIEPUMEHTATOPOB, CTPEMSIIUXCS U30ekaTh MoMeX, O0yCIOBICHHBIX THEBHOW paboTOil
METpO. DTON BO3MOKHOCTBIO € OOJIBIION KYPHAIMCTCKONW BBIYMKON M Pa3HbIM yCIIEXOM U
0 MEHS TMOJb30BaJIUCh MHOruMe. BakHO 31€ch nMIIb BOT 4YTO: moA 3eMiIE s(dekt
OoOHapyXKMBaJICs TaK ke, KaK OH 0OHapy>KUBAJICS U Ha MOBepXHOCTU 3eMin. Utak, “pon” He
CIIy4ailHOCTh, @ CBUIETEILCTBO CIIOHTAHHOTO JIEJIEHUS siAep ypaHa!

B cBoeli nmepBoii cTaThe, MOCBAIIEHHOW OTKPHITOMY MMM siBiieHMIO, K.A. Iletpxak u
[".H. ®népoB nuuryT MeHee KaTerOPUYHO, YeM ATO HAIMMCaHO B mpeapiaymen gpase. [Mumryt
OoHM Tak: “Mbl CKJIOHHBI JIymaTh, HaOmofaembli Hamu d3(QeKT cieayer NpUIUcaTh
OCKOJIKaM, TMOJYJaloIIMMCS B PE3YyJbTaT€ CHOHTAHHOrO JeleHHus ypaHa . OHM  He
OLIMOINCh, CHOHTAHHOE JAENCHHE AAep — OAHO M3 (PYHAAMEHTANbHBIX SBJICHUN MPUPOJIBI
ObuI0 MMU OTKpbITO. M emé oaHo 3ameuanue o0 3Toil crarbe. OHa 3aBepiIaeTcs
O5aroJapHOCThI0 pyKoBoauTEN0 paboTel mpodeccopy M.B. KypuaToBy “ HameTHBIIEMY
BCE OCHOBHBIE KOHTPOJIbHBIE SKCIEPUMEHTHI U IPUHUMABLIEMY CaMO€ HEMOCPEACTBEHHOE
ydyactue B OOCYXIEHUU pe3yJabTaTOB HCCIeAOBaHMN”. S mojarato, 4YTO YHUTATello,
KOTOPOMY HMHTEpecHa He TOJBbKO (pu3HKa, HO U €€ UCTOpHs, 3HaTh 00 3TOM OGiarogapHOCTH
cinenyeT. B Hell u 6J1aropoICTBO YUYCHUKOB, U 3HAYUMOCTh Y UM TEIS.

Tenepb oOpaTuMcsi KO BTOPOMY aclekTy NpoOJieMbl: Kak siBJIeHHE ObUIO0 00BSICHEHO?
CoOcTBEHHO, TEOPETUKHM CIHOHTAaHHOE JeJeHHe He OO0bACHWIM, a mnpenckazanu. S.U.
®peHKelnb, co3/AaBasi JIEKTPOKAMMWUIAPHYIO TEOPHUIO ACNIEHUs Apa, OTUYETIMBO MOHUMA,
YTO CHOHTAHHOE JEJIEHHE JOJKHO mpoucxoauts, a H. bop m A. Vwnep, kak yxe
YIIOMHHAJIOCh, e BEIYHCIAIN epHoT momypaciaza supa U, Jla i 06BIYHAS MHTYHIHS,
BOCIIUTaHHAsl Ha SIBJICHUSX KIJIACCHYECKOM (DM3MKHU, MOJCKA3bIBAET, UTO YTsDKEIsIoIeecs
AJIpO TOJKHO NPUOIU3UTHCA K MPEAENy, KOTra ero CyueCTBOBaHUE CTAaHET HECTAOMIIbHBIM,
KOrjJa cllydailHoe HCKaxkeHue (OopMbl sApa MOMKET 3aBEpIIUThCS €ro pacnajaom,
CIIOHTAHHBIM JIeJIeHUEM. B NEeHCTBUTENBHOCTH, OJHAKO, WHTYMIMS 31E€Ch 3aBEJOMO
HEJIOCTaTOYHA, TAaK KaK CIOHTaHHOE JeleHune — 3(PQeKT KBAaHTOBBIA, a, CIIEIOBATEIBHO,
KJIACCUYECKash MHTYULUS MOJKET JIMIIb CO3/aTh WIIKO3HIO IIOHUMaHuUA. A pedb UAET O TOM,

4TO JaX€ MIpH YCJIOBUMM, YTO JACJICHHEC Ha JBC IIOYTHM paBHBIC YAaCTH DHEPrETHYCCKHU
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1enecoobpa3Ho — SAPO OT JEJNEHHS] OXpaHseT MOTEHIUANbHBIA Oapbep, O3HAYAIOIIMMA
HEOOXOJIMMOCTh 3aTPaTUTh IS JIEJIEHHUS HEKOTOpYIo 3Hepruro. CkaxkeM Tak: IIapHKy,
JeXaleMy B JIO)KOMHE Ha rope, BBITOJAHEE OKa3aThCs y MOAHOXbSA ropsl. Ho ans Toro,
YTOOBI MOJYYUTH TAKYI0 BOZMOXKHOCTb, EMY HaJI0 3aTPaTUTh SHEPTHIO, YTOOBI BEIOPATHCS U3
JOKOMHBI HA BEpPUIMHY TOpbl, a IIOTOM CKaTUTbCS. OTO COOOpaXKEHHE OUYEBHHOE,
’Kiaccuueckoe”. A KBaHTOBOCTh 3¢ dekra oOHapyKHMBaeTCs B TOM, UYTO IPEOOJICHHE
Oapbepa MPOUCXOIUT HE MPOCTHIM TMEpPENpHIrMBaHUEM 4Yepe3 HEro, a MPOHUKHOBEHHUEM
CKBO3b Oaphep MEXaHU3MOM “TyHHEIUpPOBaHUS . OHO MPOUCXOIUT TEM JIETUE, YEM MEHBIIIE
BBICOTa Oapbepa, KOTOPBINA JOJKEH ObITh MPEOI0NIEH.

51, KOHEUHO K€, HUYET0 YUTATEII0 He 0OBSICHUII, Pa3Be JIHILb CONOCTABHUII CIIOHTAHHOE
JENICHUE TSDKENBIX SIAep C HWHBIMHU SIBJICHUSMH, B OCHOBE KOTOPBIX JEKHUT IPGDEKT
KBaHTOBOTO “‘TYHHEJIMPOBAHUA : pacraji paJuOaKTHBHBIX SJIEpP, SMUCCHUSL DIEKTPOHOB U3
XOJIOJTHOTO METaJljia U Ipyrue.

Wtak, cioHTaHHOE JIelieHre ObUIO OTKPBITO, COOOIIEHUSI 00 3TOM OBLIIM HAIIPABJICHBI U
B OTEYECTBEHHBIC, U B aMEpUKAHCKHE JKypHalbl. Bckope Hayamach BoifHa — 10 TOTO, Kak
MOSIBUWINCH PEaKIMM HaydHOW OOILECTBEHHOCTH Ha OYE€Hb IPHUMEYaTeIbHOE COOBITHE B
HayKe 00 aTOMHOM Sifpe.
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A comparative discussion is given of the deformation properties of three-dimensional (3D) and two-dimensional (2D) solids,
which are considered in the approximation of continuum mechanics as elastic continua with three and two spatial dimensions.
Attention is drawn to the effectiveness of attracting concepts and methods of geometry to establish the general patterns of
deformation of such systems without taking into account the physicochemical properties of atoms and the interatomic forces. In a
geometric description, these continua are elastic spaces with different topological properties, which leads to significant differences in
the relationships between the characteristics of their elasticity: Young's moduli, shear, bulk moduli, and Poisson's ratio. Deformation
characteristics that can be considered as unique topological invariants of 3D and 2D elastic continua are established.

Keywords: topology, Young's moduli, shear, bulk moduli, and Poisson's ratio.

[IpoBeneHo nopiBHsIIbHE 00TOBOpEeHHS AedopManiiHIX BIacTUBOCTel TpuBuMipHUX (3D) i 1BOBUMIpHEX (2D) TBepAUX Til,
SIKI PO3TIIAAAIOTECS B HAOMKEHHI MEXaHIKH CYITFPHOTO CEpelOBHINA SK MPYXKHI KOHTHHYYM 3 TphOMa i JBOMa MPOCTOPOBHUMH
BUMipaMH. 3BEpHYTO yBary Ha e(eKTUBHICTh 3aCTOCYBaHHS IIOHATH 1 METOMAIB TeOMETpii JUIi BCTaHOBJIGHHS 3arallbHUX
3aKOHOMIpHOCTEH NepOopMyBaHHS TaKHX CHCTeM Oe3 ypaxyBaHHSA (Pi3MKO-XIMIYHHX BIACTHBOCTEH aTOMIB i1 CHJ MIKaTOMHOT
B3aeMoJii B HuX. [Ipm reoMeTpuyHOMY ONKCI LI KOHTHHYYMH YSBIISIIOTBCS SIK TPY)KHI HMPOCTOPH 3 PIi3HHUMH TOMOJIOTTYHHMH
BJIACTHBOCTAMH, IO TNPHU3BOAUTH IO ICTOTHHX BiJMIHHOCTEH CIBBiTHOIIEHb, IO IOB’S3YIOTh MK CO0OI0 XapaKTEPHUCTHUKH
npykHOCTi: Moxymi FOHra, 3cyBy, BceOiuHOrO cTHCKaHHsA 1 KoedimieHTn Ilyaccona. BeranoBineHo aedopmamiiiHi XapaKTEpPUCTHKH,
SIKI MOJKHa PO3TJISIIATH SIK CBOEPIiIHI TonosoriuHi iHBapianTu 3D i 2D npyXHUX KOHTHHYYMIB.

Kiouosi cioBa: Tomonoris, Moxyns FOHra, Momyns 3cyBy, koedimienT [lyaccoHa, MOIyib BCEOIIHOTO CTHCKY.

Dedicating present article to memory of Yakov Evseevich Geguzin we recall one of the remarkable personality namely his
gift of teacher and popularization of Physics. At his lectures and popular books scientific severity and accuracy are wonderfully and
in proportion combined with the original nonstandard and often unexpected point of view about discussion subject. At proposed
methodical notes we try as far as possible to follow this stylistic approach at discussion of a certain problem of modern linear
elasticity theory.

Introduction

The mechanics of reversible deformation of solid
states, regarded as an elastic continuous medium
(continuum) draws up the content of the linear elasticity
theory. Its basic equations and relations were established
by Cauchy and Poisson in the second decade of XIX
century [1].

Their research at that time played a very significant
role in creating the prerequisites for the development and
deepening of several areas and sections of fundamental
mathematics, including geometry. The modern historian
of mathematics notes that "in the future many outstanding
mathematicians were constantly interested in the theory of
elasticity with its clearly expressed geometric character"

2.
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At present a large number of crystalline and vitreous
(glassy) systems where the centers of microscopic
structural elements (atoms or molecules) are located in the
plane are intensively studied in solid state physics. The
most general rules for geometric classification of
mathematical and physical objects are developed in one of
the sections of geometry - topology [3, 4]. In the frame of
topological representations (Appendix), a plane may be
considered as a continuously filled space with two
dimensions: in it the positions of the centers of
elementary structural units of a solid state are determined
by specifying two coordinates. Therefore, the above-
mentioned physical systems have been called two-
dimensional (2D) crystals or glasses: they have different
translationally symmetric (crystals) or chaotic (glass)
arrangement of elementary structural units. The study of
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two-dimensional systems has a rather prolonged history
[5-7], but over the last decade interest in this problem has
increased significantly due to discover and initiation of an
intensive investigation of 2D graphene crystals - a plane
translationally ordered system of carbon atoms [8].

Mathematical description and theoretical analysis of
the properties of such 2D structures require a significant
modification of models and methods which were
developed before for 3D solid bodies: in topology, they
are associated with a three-dimensional space in which
the position of the elementary structural units is
determined by specifying three coordinates. In particular
at description the mechanical properties of 2D structures
in the continuum approximation by methods of linear
elasticity theory, it is necessary to formulate statements
and equations of 2D elasticity theory [9, 10]: because the
theory has specific special features and differences in
comparison with the well-known elasticity theory for 3D
solids [1]. However, some of these features are not
directly related to the physics of interatomic interactions
in 3D or 2D systems, but are caused by significant
differences in concepts, theorems, equations and analysis
methods in those sections of mathematics, in particular at
geometry, which are attracted for comparative description
of both clearly mathematical and physical objects with a
different number of space dimensions.

The main intention of this publication is to attract the
attention of teachers and students who specialize in solid-
state physics and crystal physics to the effectiveness of
attracting concepts and methods of geometry to describe
the general laws of deformation of elastic solid-state
systems without taking into account the physicochemical
properties of atoms and the interatomic forces. It is also
important to emphasize the specific topological features
and differences resulting in the comparative description of
the elastic deformations of three-dimensional and two-
dimensional solids. These remarks explain the expediency
of using the terms "topological aspects of the linear
elasticity theory".

The object of analysis and description in the article
will be small deformations of isotropic solids, considered
in the continuum approximation (as continuous media). It
allows to use the concepts, relationships and equations of
the linear elasticity theory of three-dimensional [1] or
two-dimensional [9] continua.

Physical space in the linear elasticity theory
A  brief description of the algorithm for
"geometrization" of physical systems is given in the
Appendix. Here we will consider a concrete example of
such a system — solids whose atomic structure has a short
(chemical) order: they consist of a large (in the limit —
infinite) number of basic (chemically identical) atomic

26

groups, and the centers of the groups are located in
empirical 3D space (in terms of mathematics this G,

space with zero curvature). The translationally symmetric
or chaotic arrangement of the centers, the distribution of
sizes and orientations of these groups when placed in
space corresponds to a crystalline or vitreous structure of
solids. Neglecting the dimensions but preserving the
physical properties of such groups turns them into
physical points, and the continuous filling of these points
with a 3D space or 2D space (G, space with zero

curvature) leads to the concepts of 3D or 2D material
continua.

Let us note some of the most important physical
properties of these continua:

o the presence in them of the force interaction
between the points, which in the continuum limit
corresponds to the interaction between the atoms of
the basic groups, it can be divided into a contact
interaction between the nearest groups (short-range
interaction) and interaction at distances exceeding the
interatomic (long-range) interaction;

e the ability of continuum to deform without
disruption of continuity, in which individual elements
of the continuum under the action of neighboring
elements or external force fields can change their
shape and dimensions but the continuity of point
distribution is not disrupted;

¢ 3D volume and 2D plane solids can be detected
from an infinitely extended continuum as fragments.
They have sharply outlined outer boundaries that are
continuously filled with points inside the boundaries
and with complete absence of points outside them;

e an infinitely extended continuum, its individual
regions or bodies in the initial state (before
deformation) are in a state of thermodynamic
equilibrium at some given temperature and keep
stability with respect to arbitrary deformations.

To avoid misunderstandings it is necessary to note that
the physical continuum with the abovementioned
properties is the ultimate ideal model of solids, this model
is applicable for describing the mechanical properties of
real materials at sufficiently low values of relative
deformations, until the elasticity or fracture limits are
reached [1, 9].

To formulate the foundations of the linear elasticity
theory for description the deformation properties of the
3D continuum [1], we first of all consider the simplest
forms of deformation — homogeneous tension (or
compression) and pure homogeneous shearing in an
isotropic continuum. The study of several simple
problems of this type makes it possible to introduce the
concepts of moduli or coefficients of elasticity which

BicHuk XHY, cepia «®isnka», sun. 28, 2018



V.D. Natsyk, .M.

Pakhomova

serve as the physical characteristics of the continuum,
establish the relationships between them and find
intervals of possible change of their significances, which
are compatible with the assumption of the thermodynamic
stability of the continuum at the initial (not deformational)
state. The same approach has been also realized in the
formulation of the foundations of the linear elasticity
theory for the 2D continuum [9, 10]. The comparison of
the deformation properties and the elasticity
characteristics of 3D and 2D continua was carried out at
[10] and showed significant differences that are not
related to the nature of the force interaction between
physical points (between atoms in real bodies) but caused
by differences in topological properties of these continua.
In the following sections of the article, the differences in
the deformation properties of elastic bodies with three-
dimensional and two-dimensional geometry will be
discussed in more detail.

Homogeneous deformations and elastic moduli of an
isotropic 3D continuum [1]

Let us consider a homogeneous isotropic and
infinitely extended elastic medium (continuum), which at
the initial state is a thermodynamic equilibrium physical
system with G (or 3D) geometric properties of the space.

The position of every point in such a space is determined
by the three-component radius vector r = (x;,x,,%3) = (%;)

asregardsto Ox; (i =1,2,3) rectangular coordinate system

with origin at an arbitrary point O. The configuration of
the points of medium under deformation can be described

by a three-component vector displacement field

U(f) =(uj), components u;(F) and their first derivatives

Vkui(F)=a%Ui(F) are considered as continuous
k

functions of ¥ =(x;) . In the linear theory of elasticity, the

local deformations of the continuum can also be described
by the tensor field of relative deformations &, (F) = &, (F) :

1
€ik :E(Viuk +Viup),

0

Vi=—o, i,k=123 1
= )

This tensor has nine components, six of them are
independent ¢, () (q=12,..6):

&1 =811, &2 =82, E3=&33,
)
4 =823 =832, &5=813=¢631, &g =612 =621
The diagonal components of the strain tensor ¢, &,,,
£33, determine the relative change in the length of a small

rectilinear segment in a continuum oriented before a
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deformation along one of the coordinate axes Ox

(stretching-compression deformation), and the sum

Enn =€11 1T €22+ €33 3)
describes the relative change of the volume of a small
element of the continuum (dilatation). The rule of
summation over repeated coordinate indexes is used for
writing of the vector and tensor relations.

Nondiagonal components of the tensor &;, at i=k

determine the change of angle between two mutually
perpendicular segments along the axes Ox; and Ox,

(shear deformation).
Any local deformation of the continuum can be
represented by the sum of the dilatation (the spherical

component) €, and pure shear €, , ifthe identity is used

ik’

1
ik = Eik —ggnn5ik:

(4)

— Kronecker symbol (611 =6,,=5633=1,

1 ~

ik E§5nn5ik + €k,
where 5ik
012 =091=013=031=093=03,=0), at &,,=3. Tensor

gy is called the deviator of the strain tensor, of its off-

diagonal components i=k only three remain independent
g4, &5 and g but £,,=0.

In the linear elasticity theory the bulk density of the
free energy of the deformed continuum is considered as a
function of temperature T and six independent
components of the strain tensor & =(sq). The

deformation component of the free energy of an isotropic
continuum can be represented in the form of two
equivalent quadratic forms:

F(T,a67,..66) — Fo(T) =%/1(T)8§n+ﬂ(T)€ik€ik = )
5

1 ~ ~
=5 KMepn + 1T ziczic

Here Fy(T) — is equilibrium value of the free energy
density of an undeformed continuum, and A(T), x(T) and
K(T) - are equilibrium isothermal parameters that
characterize the continuum's ability to accumulate elastic
energy under deformations.

In the elasticity theory, the important role is played by
the concept of internal mechanical stresses, which
characterize the changes in the forces of short-range
interaction between neighboring elements of the
continuum under its deformations. To describe these
forces, we introduce the tensor field of internal stresses

o (F)=oy(F), which under isothermal reversible
deformations is determined by the relations
oF
Gik:[_a ] (6)
ik )1
27
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A separate component of the stress tensor has a physical
force
area

dimension o { } It means the force that is

directed along the axis Ox; and acts on a unit area with
the normal along Ox, on the interface between adjacent
elements of the continuum.

Using (6) and quadratic forms (5) we obtain two types
of relations between the components of the stress tensor
o (F) and the strain tensor &;, (F) :

Oik =/ nndik + 21k (7

ik =KennSik +24&i. 8
These are two forms of recording the Hooke's law, which
determines the linear relationship of local internal stresses
in the continuum with its local deformations, and the
parameters A, p and K have been called isothermal elastic
moduli. These moduli are considered as equilibrium
characteristics of the deformation properties of the
continuum. Since according to (4) any deformation can be
represented by the sum of the dilation &,, and pure shear
gy, It is sufficient to specify only two parameters for a

complete characterization of the deformation properties of
an isotropic elastic continuum, for example K and p or A
and p. Physical dimension of the elasticity moduli of the

force
area

3D continuum A, u, K { } coincides with the

dimension of the components of the tensor oy, .
Symmetric stress tensor o, and tensor g, can be

represented by the sum of the spherical o,, and

deviatoric &; components according to the identity:

1 -~ ~ 1
O'ikfganné‘ik +0ik, O'ik=0ik—50nn5ikl 9)

Then the following relations hold:

Onn =3Kenn, i=Kk. (10)
The first one determines the change in the relative volume

of the small element of the continuum ¢,, under the

Oik = 2uEik,

action of the forces of hydrostatic compression op,.
Therefore the parameter K is called the bulk modulus. The
second one relates the pure shear strains &;, and the shear
forces &y, and parameter p is called shear modulus.
These moduli are used when writing Hooke's law in the
form of relation (8). If Hooke's law is represented by the
relation (7) then the parameters A and p are called Lame
coefficients. The comparison (7) and (8) gives the relation

K:,1+§ﬂ. (11)

At the applied parts of the elasticity theory such as
engineering and construction mechanics along with the
shear modulus and bulk modulus, two other

28

characteristics of the elastic properties of materials are
used Young's modulus and Poisson's ratio. They are
convenient for description of the elastic bodies
deformation of limited dimensions, for example, tension
(or compression) of a rod like a fragment of an elastic
continuum of cylinder shape. A homogeneous
deformation under the action of forces is considered. The
force are applied to the ends of the rod and directed along
its longitudinal axis with a free lateral surface. In a system
of rectangular coordinates with an axis Ox; along the
longitudinal axis of the rod, the deforming stress in its
volume has one component o45(F) = P = const, created by
the stress P at the ends. It follows from the relations (7)
(8) and (10) that under such a load a uniform deformed
state appears in the rod & (F) = const with three non-zero
diagonal components of the strain tensor ¢;;, ¢,, 1 &33.
All of them are proportional to the load P, and their

relationship to each other can be represented in the form:
o3g=Eeg3,  &11=¢pp=—veg (12)
Here the role of the elasticity characteristics of a solid
body instead of moduli p and K is played by the

parameters £ — Young's modulus and v — Poisson's ratio:
_ 9K u , e 3K-2u . (13)

2K+ u 2(3K + u)
Thus, the deformation properties of any isotropic 3D
continuum can be characterized by a set of five
parameters A, u, v, K and E. But since they are related by
(11) and (13), only two of them should be regarded as
independent and the choice of such a pair is determined
by the specific conditions of the problem under

consideration.

Homogeneous deformations and elastic moduli of the
2D continuum [9, 10]

Two-dimensional system of rectangular coordinates

x, Ox, Will be used at the description of deformation of

thermodynamical equilibrium homogeneous continuum
with the geometrical properties of G, space (or 2D). The

position of an individual point is defined by a two-
dimensional radius vector F=(xq,Xp)=(x;), Where

i=1,2, and the configuration of the deformed continuum
will be described by a two-dimensional displacement field
of points in its plane G(F)=(up,uy)=(y;) or four-
component tensor field of deformations &, (F) = & (F) :

1
Eik :E(Viuk +Vyup),

v,- 2

= k=12
6Xi

(14)
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Here the components of the displacement fields u; (F) and
the strain tensor & (F) are considered as continuous
functions of the space variables ¥ =(x;) in the plane of

the continuum.

It should be noted that such a continuum has the
property of an infinitely thin elastic film and its small
elements can also experience a displacement w(r) in the

third spatial dimension, perpendicular to the plane x; 0x, .

In the case of an inhomogeneous distribution of
displacements w(r) the bending deformations of the
continuum are arised This is a deformation mode specific
only for the 2D continuum, it is absent in the 3D
continuum. We do not discuss the mode here since the
main task of the article is a comparative description of the
deformation properties of 3D and 2D solids. We also note
that in this section we store the symbols of the previous
section to denote the deformation properties and
characteristics of the continuum. We emphasize only the
differences in the values of the coordinate indices: here
i,k,n=12 instead of i,k,n=12,3 at the preceding part.
This makes it possible to display more clearly the
differences of the deformation properties of solids with
three-dimensional and two-dimensional —geometries
discussed in the article.

The four-component symmetric tensor ¢ (14) has

three independent components &, , q=12,3:
€2 = €221 £3=8&12=671 (15)
The diagonal components ¢, u &,, determine the

&1 =&11

relative tensile-compression strain along two coordinate
axes Ox; . The sum

(16)
describes the relative change in the area of a small
element in the continuum (two-dimensional dilatation).
Nondiagonal components ¢;, at i=k determine the shear

Enn=¢€11+ €22

strain in the 2D continuum

Any local deformation in the 2D continuum can be
represented as the sum of a two-dimensional dilatation
(circular component) ¢,, and pure shear &, :

1 ~ ~ 1
Eik EE‘gnn5ik +&ik Eik =Eik —Egnn5ik,

(17)

where & — two-dimensional Kronecker symbol (
S11=020=1, 8,=5,,=0), where &,,=2. The deviator
of the strain tensor &, at i=k has only one independent
component &3 =g, =651, a &pp=0. We should pay
attention to the difference in the numerical coefficients in

formulas (4) and (17) (accordingly % and %). Exactly this

difference after all will be associated with a significant
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difference in the relationship between the characteristics
of the elasticity of 3D and 2D continua.

In the approximations of the linear elasticity theory
the two-dimensional free energy density of an isotropic
deformed 2D continuum is a function of temperature T
and three independent components of the strain tensor &,

and can be represented as two equivalent quadratic forms:

F(T,e1,62,63) = Fo(T) = %l(T)Er%n +u(M)sisik = )

1 -~
=5 KM)aitn + 4Tz
Here Fy(T) — equilibrium value of the two-dimensional

free energy density and A, p, K — two-dimensional
analogs of elastic moduli.

The short range interaction between the points of the
2D continuum is characterized by a symmetric internal
stress tensor oy, (F) = o (F) . Each individual component

of this tensor has dimension o, Lforc:t}, here force is
en

directed along Ox axis and acts on the unit element of

the dividing line between next regions of the continuum,
which has a normal in the direction of the axis Ox .

In the symmetrical stress tensor, we distinguish o, the
circular o, and deviatoric &y, components:

(19)

- ~ 1
Oik =§0nn5ik +0ik, Ok =0ik —Eann5ik

Then, according to formulas (6) and (18), Hooke's law for
a 2D continuum can be represented in the form of
relations:

Tik =28 ik + 218y =Kennbi +2ugyc; (20)
(21)
The physical dimension of the moduli of elasticity of the

force | coincides with the
lenght

O'nn=2K€nn, 5'”( :2,u§ik, i=k.

2D continuum A, p, K

dimension of the components of the tensor oy, . It can be
seen from the relations (21) that the relative change in the
area of a small element of the 2D continuum ¢, is
determined by the action of the forces of all-round
tension-compression o,,. Therefore, the parameter K

should be regarded as a two-dimensional analog of the
bulk modulus. Accordingly, the parameter p has the
meaning of a two-dimensional analog of the shear
modulus, since it determines the relationship of pure shear
zix and shear forces &, within the 2D continuum.

Comparison of (20) and (21) leads to a relation between
the moduli A, pand K:

K=4+u (22)
At description of the deformation of plane elastic bodies
of limited dimensions, it is also expedient to use two-

29
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dimensional analogues of the Young's modulus E and
Poisson's ratio v. Let us consider, for example, the
elongation (or compression) of the 2D continuum strip
along its longitudinal axis under the action of a two-
dimensional stress P at its ends and in the absence of load
on the side boundaries. Such a band is a two-dimensional
analogue of the rod considered in the previous section. At
rectangular coordinates system with an axis Ox, along the
longitudinal axis of the band, the deforming stress in it
has only one nonzero component o,,(F)=P =const,
created by the stress P at the ends. It follows from (20)
and (21) that under such a load a uniform deformed state
appears in the band & (F)=const with two nonzero
components of the strain tensor &, and &,,. Each of
them is proportional to the load P, and their relationship
can be represented in the form of relationships in which
the role of the elasticity parameters is played by two-
dimensional analogues of the Young's modulus E and
Poisson's ratio v :

o9y =Egyy, (23)
The relationship between £ and v with elasticity moduli
Kand g is defined by:
_ 4Ku
“Kag
To characterize the deformation properties of an elastic
2D continuum, five parameters can be used 4, u, v, K
and E, but since they are related by (22) and (24) only two
of them should be regarded as independent.

€11 = ~Ve22:

K-u

E V= .
K+ u

(24)

Topological differences in the deformation properties
of 3D and 2D elastic solids

If we carefully compare the basic relationships
between the linear elasticity theory of 3D and 2D
continuum, we can note the presence of both their
similarity (at least visual), and quite significant
differences. For example formulas (5) — (8) and (18) -
(20), visually coincide, but this similarity is conditional, it
is a consequence of the use in both sections of the same
symbols for marking radius-vector of physical points
F=(x), of strain tensors & and stress tensors oy,

elasticity moduli 4, x, K, E and Poisson’s ratio v .
Strictly speaking, there is no such similarity: first, the
coordinate indices assume the values i=123 or i=12;
secondly, the components of the stress tensor oy, and the

elastic moduli 2, u,
dimensions when the spatial dimension of the continuum
changes.

Very significant differences, directly related to the
general geometry (topology) of the continua. There are
also clearly seen when comparing the relationships

K, E change their physical

30

between the elasticity parameters in Section 3 and in
Section 4. In order to more clearly show these differences,
it is advisable to give here several relationships between
the elasticity parameters of 3D and 2D solids, which are
most often used when considering various specific
problems of the applied elasticity theory. For elastic 3D
solids the parameters 4, x, K, E and , are related by the
relations:

9K

E= =3K@-2v) =2u(l+v), (25)
3K+ pu

Y= 3K—-2u :E—Zy:3K—E, (26)
26K + 1) 2u 6K

Analogues of these relations for elastic 2D solids have the
form:
4Ku

E-= =2K@—-v) =2ul+V), (27)
K+ u

V:K—ILIZZIU—EZZK—E7 (28)
K+ u E 2K

Comparison of formulas (25) - (26) with formulas (27) -
(28) leads to the conclusion that there are significant
differences in the deformation properties of elastic
continua with different numbers of spatial measurements.

Separately, we should also discuss topological
differences in the allowed intervals for the change in the
numerical values of the elasticity parameters. The
equilibrium values of the elastic moduli 1, x, K, E and
v for a particular solid are determined by the physico-
chemical characteristics of the interatomic interaction and
by the intensity of the thermal motion of the atoms. At the
same time, these values should be compatible with the
condition of thermodynamic stability common to all
solids with respect to arbitrary elastic deformations. A
formal mathematical criterion of stability is the positive
definiteness of the quadratic forms (5) and (18), which
describe the dependence of the free energy of elastic
bodies on six (2) or three (15) independent components
gq Of the strain tensor. This criterion imposes certain

restrictions on the admissible values of the moduli 1, 4,
and K as the coefficients of quadratic forms. For example,
such restrictions can be obtained if in the formulas (5) and
(18) we consider separately two types of homogeneous
deformations:

e pure dilation, when &, =&, where & =const

2
and &=0, and F—FO:%K-EZ, s=23;

e pure shear when &nn =0, and
F —Fo = usic€ik = HéikEik -
From this it is clear that the condition of positive
definiteness of the deformation component of the free

energy F(T,sq)—Fo(T) =0 is the positive values of the
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moduli K>0 and x>0. It follows from (25) and (27)
that this restriction also leads to the condition E >0 for
both the three-dimensional (s=3) and two-dimensional (
s =2) continua.

However, the ranges of values of the Poisson's ratio v ,
that satisfy the condition of thermodynamic stability for
3D and 2D continua are significantly different. If we take
the limiting values K =0 and g =0 for the 3D continuum
according to (26), we obtain condition

1
1< y <—. 2
1< 5 (29)
and for the 2D continuum, according to (28), condition
-1< v <1. (30)

Thus, the range of admissible equilibrium values of the
Poisson's ratio of elastic solids can be regarded as a kind
of topological invariant that varies abruptly from (29) to
(30) upon transition from three-dimensional to two-
dimensional solid systems.

The above discussion and the conclusions drawn on its
basis confirm the advisability of using geometric concepts
and methods in the theory of elasticity. They allow a
deeper and more comprehensive description of the laws of
deformation of elastic solids and reveal additional
features of deformation properties.

Appendix [3, 4, 11]

For a reader who does not have a fundamental
mathematical education, it is useful to explain the
meaning of a number of terms and concepts of geometry
that are wused in the article, without excessive
mathematical rigor of formulations.

Geometry, as a branch of mathematics, is based on the
concepts of "point” and "space™: a point is an elementary
structural unit of a mathematical space Gy, that is the

result of continuous and infinitely extended repetition of a
point in s dimensions (or conditional "directions"):
positive integer values s=1, 2... give the number of
measurements space. It is assumed that any of the points
can be considered as the origin, and the position with
respect to it of any other point in space is given by a set of
real numbers (x;,x,,..xg)=(x;) — the coordinates of the
point (the symbol i=12...s denotes a coordinate index).

In the geometric description of deformations of solids
within the framework of the linear elasticity theory it
suffices to consider one of the simplest types of a
mathematical space — the Euclidean metric space with
zero curvature. In this space we introduce the notion of

the distance 1%/ between two points (x*) and (x#),
which is defined by

198 = o =xP)2 + 0§ —xB)? 44 (x§ —xL)? .
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In this case, a single point (for example, the origin) can be
interpreted as a zero-dimensional space and assume that

the distance of any point (x#) from itself is equal to zero

(1%% =0).

In the early stages of the development of geometry, it
was a mathematical "tool" for analyzing spatial
relationships in the surrounding and intuitively perceived
three-dimensional empirical space G; (or 3D) of the

physical world. In this geometry, the topology was called
its section, which dealt with a general analysis of the
structure of space itself-the presence or absence of
continuity discontinuities (holes or point punctures-
singularity points) in it, as well as the systematization and
general characteristics of the lines and surfaces defined in
it with different curvatures, closed or open with the
presence or absence of self-intersections etc. Later, the
concepts of abstract mathematical spaces described at the
beginning of this section as multi-dimensional continua of
mathematical points (multidimensional numerical or even
functional continua) arose and became established. By
analogy with 3D geometry in such spaces, Gg for s>1

you can specify different geometric figures by a
continuous repetition of points, infinitely extended in one
dimension and finite in others: conditional segments,
lines, surfaces, volumetric figures. The number, variety
and geometric meaning of such figures are different for
different values of the number of measurements s. In
modern geometry, topology is the most general and
abstract part of it, in which only properties of space and
geometric objects (figures) defined in it are studied that
are not related to quantitative characteristics and are
preserved for all continuous space deformations and one-
to-one transformations of points, invariants with respect
to such transformations are systematized [3, 4, 11]. The
theorem [3] is formulated and proved, according to which
the main topological invariant of the space Gg is the

number of dimensions s; in other words, changing the
dimension of space changes its topology.

Topological analysis of the most common geometric
properties of spaces and geometric objects defined in
them widely and effectively use various branches of
mathematics [11]: symmetry analysis, vector and tensor
algebra, analytic and differential geometry, mathematical
field theory, theory of partial differential equations. These
same branches of mathematics serve in modern physics as
the basis for theoretical analysis and description of
various physical systems. Moreover, for their
comprehensive characterization, it also proved expedient
to use geometric concepts of space and its topology [4,
12, 13]. Examples include: classification of 1D, 2D and
3D structures in solid state physics; 4D space-time
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continuum in the theory of relativity; phase space in the
classical mechanics of material points; functional spaces
in quantum mechanics.

The use of the geometric approach and topology
methods in theoretical physics helps to describe not the
details of the structure and properties of physical systems,
but to establish or interpret the most general laws and
relationships obtained in various concrete experiments in
the study of systems of different physical nature [4, 12,
13]. An important role is played by the development of
representations about the relationships and mutual
correspondences between abstract spaces in mathematics
and their physical analogs - different types of material
continuum or physical vacuum [4]. It is possible to
separate various real physical systems into extremely
small subsystems (regions) and consider them as physical
points. They are compared to the points of the abstract
mathematical space, but they preserve and bear upon
themselves a set of physical characteristics: mass,
momentum, potential and Kkinetic energies, electric
charge, and so on. Continuous and infinitely extended
repetition of such points creates a physical space that is
regarded as an analog of a mathematical space with its
geometric and topological properties. Thus, there are
prerequisites for the effective use of geometry as a
mathematical "tool" in theoretical physics.

The authors are sincerely grateful to S.N. Smirnov for
a meaningful and useful discussion of the article, and also
want to express gratitude to T.l. Vainblat for help in
translating the article.

The article is offered as an addition to the course of
lectures for the masters of the Physics Faculty: Prof.
Natsyk V.D. "Fundamentals of the elasticity and plasticity
theory of solids", kfk.biz.ht — Educational materials.
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Plasma treatment increases the surface energy of condensed phases: solids and liquids. Two independent methods of the
quantification of the influence imposed by a cold radiofrequency air plasma treatment on the surface properties of silicone oils
(polydimethylsiloxane) of various molecular masses and castor oil are introduced. Under the first method the water droplet coated by
oils was exposed to the cold air radiofrequency plasma, resulting in an increase of oil/air surface energy. An expression relating the
oil/air surface energy to the apparent contact angle of the water droplet coated with oil was derived. The apparent contact angle was
established experimentally. Calculation of the oil/air surface energy and spreading parameter was carried out for the various plasma-
treated silicone and castor oils. The second method is based on the measurement of the electret response of the plasma-treated
liquids.

Keywords: cold plasma, silicone oils, spreading parameter, change in the surface energy, hydrophilization, electret.

O6pobKka MmIa3Moro 301UIbIITYE TTOBEPXHEBY SHEPTit0 KOHICHCOBaHUX (ha3: TBEpAMX PEUOBHH 1 piqnH. BBemeHo 1Ba He3amexKHI
METOAW KUTBKICHOI OWIHKK BIUTUBY XOJIOMHOI PamiodacTOTHOI OOpOOKH IUIa3MOI0 Ha BIACTHUBOCTI TOBEPXHI CHIIIKOHOBHX MAacel
(TTONMAMMETHIICHIIOKCAHa) PI3HUX MOJIEKYJIIPHUX Mac Ta KacTOpoBOI ouii. 3a MmepIuuM croco0OM Kparulsi BOAW, BKPHTA MaciaMH,
3a3HaBaJla BIUTMBY XOJIOAHOI TOBITPSHOT paaiodyacTOTHOI IDIa3MH, IO TPHU3BOAWIO 10 30UTBIICHHS ITOBEPXHEBOI eHepril
Macna/moBitps. OTprMaHO BHpa3, IO 3B'SI3y€ €HEPTilo MOBEpXHI HA(TH i MOBITPA 3 ylaBaHUM KyTOM KOHTAKTy Kparuli BOIH, IIO
BKPHTa MaclioM. SIBHHI KyT KOHTaKkTy OyB BCTAHOBJIEHHH €KCIIEPUMEHTANBHO. Po3paxyHOK mapaMeTpiB OBEpXHEBOI eHepril HadTH i
MOBITPSI TIPOBOAMJIM JJIsI Pi3HMX OOpOOJNCHHWX IUIa3MOIO0 CHJIIKOHOBHX 1 KacTOpOBHX Macel. Jpyrwii MeTox 3acHOBaHUU Ha
BUMIpIOBaHHI €JIEKTPETHOTO BiAATYKY PiANH, 0OPOOIEHHX IIIa3MOIO.

KiwouoBi cioBa: XxooqHa mia3Ma, CHIIIKOHOBI OJIii, mapamMeTp 3MOYYBaHHS, 3MiHa TIOBEPXHEBOI eHeprii, rigpodimizamis,
CIIEKTPET.

The paper is devoted to the blessed memory of Ya. E. Gegusin, Brilliant scientist and teacher, who devoted his life to
Kharkov University.

Introduction hydrophilization [4]. Much effort has been spent in

Plasma treatment (low and atmospheric-pressure) is
widely used for the modification of surface properties of
solid organic materials [1]. The plasma treatment creates
a complex mixture of surface functionalities which
influence surface physical and chemical properties; this
results in a dramatic change in the wetting behaviour of
the surface [2]. It was suggested that hydrophilization of
organic surfaces by plasmas may be at least partially
related to the re-orientation of hydrophilic moieties
constituting organic molecules [2i, 3-4]. Oxidation of
plasma-treated surfaces and removal of low-mass weight
fragments present on organic surfaces also contribute to

understanding the interaction of plasmas with solid
organic surfaces, whereas data related to plasma treatment
of liquids are scarce [5].

An interest in plasma treatment of liquid organic
surfaces arose due to various practical reasons, including
the possibility of de-contamination of liquids by plasmas
[5] and microfluidics applications of these surfaces,
stipulated by the extremely low contact angle hysteresis
exhibited by liquid/liquid systems including oil/water
ones [6]. Quantification of the impact exerted by plasmas
on liquid surfaces faces serious experimental challenges
[7]. Our paper focuses on the modification of surfaces of

© Kudin A.M., Zosim D.I., Yemelyanov A.Yu., 2018
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organic liquids exposed to cold radiofrequency plasma by
two independent techniques, namely the measurement of
the apparent contact angle and study of their electret
response.

Experimental

Quantification of the interaction of cold plasma with
organic liquid surfaces was carried out with silicone-
impregnated micro-porous polymer surfaces,
manufactured as described in Refs. 8. Polypropylene (PP)
films (the thickness 25 pm) were coated with honeycomb
polycarbonate (PC) films, by the fast dip-coating process.
As a result, we obtained typical “breath-figures” self-
assembly patterns, depicted in Figure 1. Honeycomb PC

WD15mm  SS25
Ariel 0003

SElI  15kV x14,000

L —— 1um

24 Jul 2012

Fig. 1. Polycarbonate honeycomb coating of polypropylene
film , obtained with “breath-figures” self-assembly, carried
out in a humid atmosphere. Scale bar is 1 um.

coating was obtained according to the protocol described
in detail in Refs. 8. The average radius of pores was about
1.5 um. The average depth of pores as established by
AFM was about 1 pm.

Polydimethylsiloxane (PDMS) oils with molecular
masses of 5600, 17500, 24000 g-mol'l, and silicone oil for
MP & BP apparatus (the molar mass was not identified),
denoted for brevity in the text respectively as PDMS1,
PDMS2, PDMS3 and PDMS4 were supplied by Aldrich.
Castor oil was supplied by Vitamed Pharmaceutical
Industries Ltd. PC porous coatings were impregnated by
all kinds of aforementioned PDMS oils and castor oil, as
shown in Figure 2. The thickness of PDMS/Castor oil
layers was established by weighing as 20+2 um.

A water droplet with a volume of 8 pl was deposited
on surfaces impregnated with the abovementioned oils as
depicted in Figure 2. The water droplet was encapsulated
by silicone and Castor oils, as depicted in Figure 3 and as
discussed in detail in Ref. 7.

Water droplets, encapsulated by all kinds of the oils
used in our study, were exposed to a radiofrequency

34

Liquid PDMS
PC porous film 7
\%////// //////////////// //////// ////////////// /

Polypropylene film

Fig. 2. Scheme of the silicone oil impregnated PP
substrates used in the investigation.
v

oil layer wetting ridge

water X

~& >

PC film

Fig. 3. Water droplet encapsulated by the oil layer. & is the
apparent contact angle. e is the thickness of the oil layer

(13.56MHz) inductive air plasma discharge under the
following parameters: pressure 266 Pa, power 18 W,
ambient temperature. It should be stressed that the
encapsulation of water droplets by oils prevented their
evaporation in the plasma vacuum chamber, which made
the entire experiment possible. The time of plasma
treatment was varied within 30-60ms; the duration of a
single pulse was 30ms.

Apparent contact angles of the water droplets
encapsulated with the above oils were measured before
and after the plasma treatment by a Ramé-Hart Advanced
Goniometer (Model 500-F1).

Surface tensions of oils used in our investigation were
established with the pendant droplet method by a Ramé-
Hart Advanced Goniometer (Model 500-F1).

The electret response of oils exerted to the plasma
treatment was studied with lab-made device depicted in
Figure 4. PP films coated by PC porous films, filled by
silicone and castor oils were exposed to cold plasma
under the aforementioned parameters. Plasma treated
samples were placed between two copper plates, mounted
into a faradaic cage (see Figure 4).

The use of PP films possessing excellent dielectric
properties in these experiments prevented possible
artifacts due to the short circuiting across the sample. The
lower plate was accelerated periodically by a vibration
generator, therefore during the measurement the film was
loaded with a dynamic oscillating force. The output signal
of voltage between the charged surfaces was registered by
a lock-in amplifier (7260 DSP). The vibration generator
and lock-in amplifier were modulated by a function
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generator (Model DS345) at the frequency 107.77 Hz.
Time dependencies of the electrical potential measured on
the surface of the wet side of the samples were registered.

insulator

faradaic cage

Lock-in
amplifier

copper
plates

PP film coated by
plasma treated PDMS oil function
vibration generator
generator @d======sss==========39

Results and discussion

Fig. 4. Scheme of the experimental lab-made unit for
measuring of electret response of plasma-treated silicone
oils.

Influence of plasma treatment on the wetting regimes
inherent for PDMS
Water droplets deposited on silicone oils were
encapsulated with them, as demonstrated in Refs. 7, 9.
This wetting situation is well explained by the analysis of
the spreading parameter S governing the wetting situation
[10]:

S=y—oil +¥oil/water) » 1)
where y,yoi and  yoiswater@r€ interfacial tensions at
water/vapor, oil/vapor and oil/water interfaces

respectively. Interfacial oil/water tensions for the studied
oils, summarized in Table 1, were extracted from the
literature data [11].

Table 1.
Interfacial properties of oils used in the investigation.
oil Surface tension, Interfacial tension,
Yoil» mJ m’* Yoil/water mJ-m”
PDMS1 20.7+0.3 23-24
PDMS2 21.240.3 23-24
PDMS3 21.1£0.5 23-24
PDMS4 21.1+0.5 23-24
Castor oil 35.44+0.2 14.8

Substituting the aforementioned values of interfacial

tensions in Equation (1), we obtain S > 0 in this case,
both the silicone and castor oils are expected to
completely coat the water droplet. This was indeed
observed: water droplets were coated by silicone and
castor oils.

We have already demonstrated, that cold plasma
treatment increased the surface energy of silicone liquids
[7]. The natural measure of the surface energy is an
apparent contact angle, so-called APCA [10]. When the
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effects of disjoining pressure P(e) and wetting ridge (see
Figure 3) are neglected, the APCA for oils/water pairs in
the situation of complete coating of a water droplet by oail,
is given by the following expression [7]:

s = Yoil ~Yoil/water , )

Yoil * 7 oil/ water

The contact angle @ appearing in Equation (2) is an
equilibrium contact angle [7, 10]. First of all we made
sure that the APCAs observed for the studied oil/water
pairs demonstrated properties inherent for equilibrium
contact angles. Equilibrium contact angles do not depend
on external fields, including gravity [10, 12]. Hence they
are independent of the volume of a droplet [10]. We
varied the volume of water droplet in the range of 3-8 ul
with a step of 1 ul for all investigated water/oils pairs, and
proved that the established APCAs are independent of the
volume of the water droplets within the experimental
accuracy of the measurement. Thus, it was reasonable to
suggest that the established APCAs are the equilibrium
ones.

Equation (2) may be exploited for the calculation of
the surface energy of the oil. Rewriting of Equation (2)
immediately yields:

26
7oil = Zoil/water COt E' (3)

Thus, measurements of APCAs allow calculation of y;
according to Equation (3), when ygij/water 1S Known from

the independent measurements, such as those carried out
in Refs. 11. If the value of yu; wawer 1S NOt affected by

plasma treatment and @ is established experimentally,
Equation (3) immediately supplies the value of y,;. The

idea that y,i1;water Was not essentially modified by plasma

treatment seems reasonable, due to the fact that cold
plasmas affect only the external nanometrically scaled
layer of a surface [1-2].

It should be emphasized that Equation (3) permits
direct calculation of y,; from the value of the APCA,

because the APCA depends on the pair i1, 7oil/water @Nd

not on the triad of interface tensions as it occurs for
wetting of solid surfaces, described by the famous Young
formula [10,12].

As it is seen from the data, summarized in Table 2, the
APCA decreased markedly with the time of plasma
treatment for all kinds of oils used in our investigation. It
should be stressed that in the present paper the time span
of the plasma treatment was controlled precisely with a
step of 30 ms. The decrease of APCA is also illustrated in
Figure 5.

We observed the gradual decrease of the volume of
the water droplet in the course of plasma treatment.
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Table 2.
Dependence of APCA, 6, surface tension y,;, and
spreading parameter S on the time of plasma treatment.

Qil Time of Contact Voily S,
plasma  angled, mJ'm? mJ-m?
treatment,  degrees
ms
0 95 20.7 28.3
PDMS 2 30 73 42.8 6.1
60 69 48.7 0.2
0 95 21.2 27.7
PDMS 3 30 87 25.5 23.4
60 77 36.4 12.6
0 96 21.1 27.8
30 73 42.0 6.9
60 70 46.9 2.0
PDMS 4
0 70 354 21.7
Castor 30 61 42.7 145
oil 60 54 57.0 0.1

a) b)
Fig. 5. Images of a water droplet coated with PDMS2
silicone oil: a). before plasma treatment; b) the same droplet
after 60 ms of the cold plasma treatment. In both cases the
water droplet is coated by PDMS2 oil.

However this change in the droplet volume does not
prevent the calculation of y,; according to Equation (3),

due to the fact that the equilibrium APCA is insensitive to
the volume of a droplet, as dicussed above [10].
As it may be expected, y,; increased with the time of

plasma treatment, as it is clearly seen from data supplied
in Table 2.

It was also instructive to deduce the dependence of the
spreading parameter S on the time of plasma treatment.
The spreading parameter S was calculated with Equation
(1) for values of y,;, and estimated with Equation (3)

from the experimental data, supplied in Table 2. It is seen,
that the spreading parameter S decreases with growth of
the time of plasma treatment and approaches zero. This is
quite understandable, when the increase in the oil/air
surface energy arising from the plasma treatment is taken
into account. When the spreading parameter approaches
zero, the continuation of plasma treatment becomes
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impossible; silicone oil does not coat a water droplet and
it is evaporated in the plasma chamber.
The maximal value of y,; established for all kinds of

silicone oils wused in our study was close to

7oit =49m) -m~2. It should be emphasized that this is not

the “saturation value” of the oil/air interfacial tension.
The saturation value of y,; remains unachievable under

the applied technique, due to the decrease of the spreading
parameter finally approaching zero, resulting in the
evapotation of a droplet, as explained above.

The important advantage of the proposed method of
establishment of the surface energy of oils is stipulated by
the low contact angle hysteresis, inherent for liquid/liquid
systems, associated with the weak pinning of the contact
line, intrinsic for these kinds of systems [6].

Electret response of plasma-treated oils

As it was demonstrated in the previous section plasma
treatment increases the surface energy of organic oils. But
what is the physical mechanism responsible for this
increase? It is well accepted that the plasma treatment
creates a complex mixture of surface functionalities
which influence physical and chemical properties of a
polymer surface, resulting in the jump in its surface
energy [2]. In our paper we focus on one of the possible
sources of this increase, namely the modification of
electrical properties of oils by the plasma. Recent
investigations demonstrated that plasmas modify
essentially electrical properties of solid polymers
including PDMS, PP and polyethylene [13]. We studied
the electret response of the plasma-treated oils with the
device, shown in Figure 4, already exploited by our group
for the study of the electret response of plasma-treated
solid polymers [13b].

The literature data related to the electret properties of
liquids are scanty (an electret is a material that has a
macroscopic electric field at its surface) [14]. It should be
emphasized that all studied organic oils demonstrated the
pronounced electret response. The initial voltage V,,
established immediately after the plasma treatment,
registered for plasma-treated oils was on the order of
magnitude of 100 uV. However, this voltage decays with
times, as shown in Figures 6a-b, as it takes place on
plasma-treated solid polymers [13b]. The temporal decay
of voltage may be exponentially fitted by exponential
dependence:

V(O =Vo +V ep(-—) (4)
e
where 7. is the characteristic time of the decay of electret

properties, V is the fitting parameter. The characteristic
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times established for investigated organic oils are
summarized in Table 3.

The open question to be addressed in future
investigations: what are the microscopic sources of both
of the hydrophilization of oils (discussed in the previous
Section) and electret behavior of the oils observed on our
experiments and illustrated with Figure 6 a-b).

Table 3.

Characteristic times of the electret reponse z, decay
established for various organic oils.

Oil Te, £2.5 min
PDMS1 18.0
PDMS2 17.4
PDMS3 12.5
PDMS4 12.8
Castor oil 19.9

Generally, the observed behavior may be related to
following effects: orientation of groups of polymer chains
by plasma [15], resulting in a non-zero dipole moment,
oriented perpendicular to both the chain axis and the
plane of the films, as it occurs with the poled PVDF [16],

g
o,
5 + 4
&
XX x il
4 . KX e + n o
> LIS X +
o ® oo
E 3 WAAD o - [} & ®hb
<
N 2 A‘ A o 0 .D ® [ ] = AC
AA 2 +d
A A A
1 Xe
0
5 10 15 20 25 30 35 40 45
Time, min.
a.
3.6
31 1
>
ES
s -
= 2.6 —Linear fit of PDMS 2
® PDMS2
2.1 +
1.6 t t t 1
5; 15 25 35 45

time, min

b.
Fig. 6. a) Semi-In dependence of the electret response
(voltage) on time: a - PDMS1, b - PDMS 2, ¢ - PDMS 3, d —
PDMS 4, e — castor oil; b) The example of the linear fitting
of the semi-In dependence of the voltage on time for PDMS
2. Parameters of fitting are

t :
18.2+0.6[min]’
coefficient of correlation for the fitting is R? = 0.989.

In{)=(4.24+0.04) + the squared
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and the charging of polymer films by the plasma [13, 17].
It is also possible that both of these effects act in parallel.
We incline to suggest that the charging of the surface
by plasma is the main mechanism responsible for the
modification of the electrical properties of a surface.
Indeed, consider first the interaction of dipole groups of
polymer chains with the electrical field of the plasma.
Assume that the surface is built of moieties possessing the
dipole moment 5. It seems reasonable to relate relate at
least partially the hydrophilization of the surface to the
orientation of these moieties by the electric field of the
plasma sheath E, formed in the vinicity of a treated liquid
[18]. The dimensionless parameter ¢, describing the
interaction of the dipoles constituting the surface with the

electric field of the plasma E is given by [19]:
PEs
= , 5
=T ®)
where T is the temperature. The upper value of the
achievable electric field of the plasma sheath may be
Erx = Ps o 102\/ =10°V-m™, where
10"m
®¢ ~ 100V is the potential of the liquid surface, and

estimated as

Ape 107 mis the Debye length of the cold plasma [18].

Substituting p =1D =3.3x107°C-m, which is typical for
moieties constituting polymer surfaces [20], we obtain the

upper estimation of ¢ for room temperatures: ¢ =107,
This means that the observed hydrophilization of liquid
surfaces by cold plasmas could hardly be related to
orientation of the dipole moieties forming the surface by
the electrical field of a plasma sheath. This orientation
will rapidly be destroyed at ambient conditions by the
thermal agitation of dipole groups. Hence, the reasonable
mechanism of the modification of liquid surfaces by
plasma should be related to the charging of the surface by
plasma [13]. The kinetic model of charging was proposed
recently in Ref. 21.

Electrical charge gained by a liquid surface is lost with
time. The similarity of the electret response and
hydrophobic recovery time scales [7] hints that the
physical processes responsible for hydrophobic recovery
and decay of the electret response are generally the same.
However, the precise identification of these processes
remains quite challenging.

Conclusions
We conclude that measurements of the apparent
contact angle and the electret response could be exploited
for the establishment of the surface energy of liquids, in
the situation where the spreading parameter is positive.
We tested these methods with water/silicone and
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water/castor oil systems. Silicone and castor oils coated
and encapsulated the water droplets. This enabled
exposure of water/silicone oil “sandwiches” to the cold
radiofrequency air plasma. We demonstrated recently that
radiofrequency plasma increases the surface energy of the
liquid polymers. An expression relating the oil/air surface
energy to the apparent contact angle of a water droplet
coated with oil was derived. This expression allowed
quantification of the impact exerted by cold plasma
treatment on the surface energy of the oil/air interface.
Calculation of the oil/air surface energy and spreading
parameter was carried out for different time spans of
plasma treatment for silicone oils possessing various
molecular weights and also for the castor oil.

The increase in the surface energy of plasma-treated
organic liquid surfaces may be at least partially related to
the charging of liquid surface by plasma. Plasma-treated
liquid surfaces demonstrated a strong electret response,
decaying with time. The similarity of the electret response
and hydrophobic recovery time scales leads to the
conclusion that physico-chemical processes responsible
for a hydrophobic recovery and decay of the electret
response are generally the same.
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Representations of dead layer (DL) nature in Csl:Na crystals are considered. To eliminate the contradictions between the
models of DL, degradation of the conversion efficiency (n) for surface layers has been studied. Simultaneously, the DL profile and
its evolution under aging were studied using X-rays of different energies. It has been shown that immediately after surface polishing
the n is increased for 5.9 keV photons (depth of 90% attenuation is equals ~7.6 um). Anion vacancies are responsible for 1 increase,
whose concentration in the disturbed layer is comparable with the concentration of the activator C,. Decay of supersaturated vacancy
solid solution results in extremely inhomogeneous distribution of the n due to the local distortion of the Ca. The consequence of this
is the disappearance of the full absorption peak in the pulse height spectrum. Despite the loss of energy resolution and detection
efficiency (at photopeak) the total counting rate remains constant for a-particles. The dead layer itself (the loss of full detection
efficiency) is formed after the diffusion of sodium to the free surface, approximately after 6 months and more.

Keywords: dead layer; detection efficiency; conversion efficiency; light yield non-uniformity.

Posrnsinyto ysiBieHHs mpo mpupoay MeprtBoro mrapy (MII) B kpuctamax Csl:Na. [lns ycyHeHHs po30ibKHOCTEH Mix
mozemsimu MII BuBYEHO merpajariiro KOHBEpCiiHOI edekTHBHOCTI (1)) moBepxHeBHX mIapiB. OJJHOYACHO 3 MM BHBYEHO MPOQiThb
MII i fioro eBOXNIOLIIO MiJ Yac cTapiHHsS, BUKOPHUCTOBYIOUM PEHTTEHIBCHKI KBaHTH pi3HOI eHeprii. [lokasaHo, mo Oe3mocepeHbo
TTiCTIst MONipyBaHHS IMTOBEPXHI 1) 30inbIIeHa it poToHIB 3 eHeprieio 5,9 keB (rmmbuna 90% nocnabneHns ~ 7.6 MkM). 3a 301IbIICHHAS
T\ BIATIOBIAIOTH aHIOHHI BaKaHCIii, KOHIIGHTPAIIisl SKUX y CIIOTBOPEHOMY HIapi MOpiBHsHA 3 KOHIIEHTpaieio aktuBatopa Ca. Posman
MIEPECHUCHOTO PO3UYHMHY BAaKaHCIH MPU3BOAUTE 0 BKpail HEOTHOPIAHOTO PO3MOALTY 1 depe3 snokanbHi mopymeHus Ca. Hacmigkom
I[LOTO € 3HWKHEHHS ITiKy ITOBHOTO TOTJIMHAHHS B aMIUNITyJHOMY crekTpi. He3Baxkaioun Ha BTpaTy pO3ALTBHOI 3/aTHOCTI a TAKOX
MiKOBOi e()eKTHUBHOCTI peecTpallii, MBUIKICTh PaXyHKY O- YacTOK MO BCbOMY CHEKTpPY 3ajMIIaeThesi noctiiiHoro. Bracme MIII
(BTparta MOBHOT e()eKTUBHOCTI peecTpallii) yTBOPIOEThCS depe3 6 MicswiB i Oinblue, micis andy3iifHOro BUXOAy HATPIIO HA BiJIbHY
MOBEPXHIO.

KiouoBi cioBa: MepTBuii map; eeKTHBHICTD peecTparlii, KOHBepCiifHa e)eKTHBHICTh; HEOAHOPIIHICTh CBITIIOBUXO/Y.

Introduction

The figurative expression "living crystal" has long been
firmly established in the scientific literature [1] with the
easy hand of Ya.E. Geguzin. The term "dead layer" (DL) is
also widely used in technology for functional materials and
implies the absence of a useful signal from the surface
layers of the active element. For example, the concept of
DL was introduced in [2] for semiconductor crystal
phosphors and is explained by the distortion of the band
structure near the surface.

Despite the fact that the term DL has firmly entered the
scientific lexicon, seems that different authors put into this
concept a somewhat different meaning. First of all it
should be noted that spectrometry is the most important
section of scintillation technique. As to spectrometry in our
opinion the term DL means a sharp decrease (by one order
or more) of the registration efficiency ¢ at the peak of total

absorption, as this concept is used in [3, 4] especially for
weakly penetrating radiations.

On the other hand, it is known that the conversion
efficiency n is reduced commonly for low-energy photons.
This fact was discovered long ago, for the first time in [5]
for Nal:Tl scintillator. It was a decrease of mn by
approximately 20% (without a change in the ¢) and there
were no grounds for using the term DL. Since this decrease
concerned only the region of soft X-ray radiation and did
not affect the volume characteristics of scintillator, the
nature of this phenomenon was not dealt with in detail.

Nature of the DL and mechanism of its formation were
considered in [6, 7] for hygroscopic crystals of Nal:Tl. In
present paper, let us dwell on the features of the DL
manifestation in the Csl:Na scintillation material. The goal
of our present consideration is to review modern ideas
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about the nature of the dead layer, its evolution over time,
and also about measures to prevent its occurrence.

The dead layer manifestations in Csl:Na

Initially, the DL idea and its effect on the detection of
short-range radiation arose on the basis of a study of light
yield degradation. It is well known, that Csl:Na crystals,
despite its successful application for y-ray detection, are
not recommended as an o-particle counter. Let us explain
this conclusion by two examples. Fig. 1 shows the pulse
height spectra excited by a-particles in the Csl:Na
scintillation material [8]. It is clear seen that the
degradation of the light yield L, begins immediately after
manufacturing (finishing polishing) of the sample and
continues until the crystal is almost completely lost by the
ability to register short-range particles. A distinctive
feature of pulse height spectra at a late stage of
degradation is that, the peak of the total absorption (see
curve 4) is not so much shifted to the low-energy region as
it spreads to such an extent that it is practically impossible
to correctly determine the half-width. After a few days,

o Csl'Na’
662 keB (v) . ; :

Counts

. 515 MeB ()

Channels
Fig.1 — Change of pulse height spectrum during the crystal
storage at ambient conditions. Spectra are recoded after one
hour (1) of finishing polishing, 12 hours (2), 3 days (3) and 6
days (4). Note that position of the photopeak for 662 keV y-
rays do not change [8]

depending on the temperature and relative humidity, the
full absorption peak disappears.

The aging degradation kinetics of the light yield is
shown in Fig. 2. Curve 1 presents the change in light yield
for a-particle L, at temperature of 18°C and relative
humidity of ~ 80%. It is clear seen that the L, is
continuously reduced and after 25 days is only 30% of the
initial value.

A distinctive feature of the degradation process is not
so much a reduction in light yield as a significant
deterioration in the energy resolution (R). The
measurements were terminated due to the fact that the R
values exceeded 50% and it was impossible to determine
correctly the position of the maximum and the peak half-

BicHuk XHY, cepisa «®isnka», Bun. 28, 2018

width. This means that the Csl:Na crystal loses the ability
to identify the particles on energy (by the position of the
full absorption peak) after three weeks of aging (see curve
1in Fig. 2). It should be noted that a collimator with a hole
diameter of 0.5 mm was used in our experiments. It means
that the o-particles penetrated into the crystal
perpendicular to its surface. Apparently, the registration of
oblique particles leads to the fact that the degradation of L,

occurs in a few days [10] under normal conditions.
1.1
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Fig. 2 — Relative light yield degradation during Csl:Na
crystals aging at 25°C and relative humidity 70 (1), 30 (2)
and 5% (3). Curves 1, 2 and 3 correspond to excitation by o-
particles (2°Pu), curve 4 by y-rays (**Cs)

Diffusion model of the DL in Csl:Na

Representations of the DL formation mechanism due to
the Na* diffusion from the crystal volume to free surface
were originally formed when studying thin-film detectors
[11], which have obvious advantages in the detection of a-
particles, protons and soft X-rays, when the thickness of
the scintillator is sufficiently small. The development of
works in this direction [12] led to the creation of
production for Csl:Tl epitaxial layers, which have been
successfully used so far.

It turned out, however, that Csl:Na thin films are not
stable and degrade in a short period of time in contrast to
Csl:Tl one which exhibit the stability of the spectrometric
characteristics. To explain this phenomenon, a diffusion
mechanism for DL formation due to the sodium release
from the volume to surface has been proposed in [3, 13].

The experimental facts underlying the mechanism are
the following:

e  during the aging of Csl:Na films, the parameters
1 and ¢ deteriorate sharply during 2-4 days;

e  distribution profile of activator in the aged sample
shows a sharp Na concentration increase at the surface;

o the Nal phase is formed on the surface itself;
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e sodium precipitates are formed in the near-surface
layer.

It was concluded in [13] that all these facts also hold
for single crystals taking into account that the diffusion
processes are inhibited. The typical time needed for Nal
phase formation on free surface is 6 months or more. A
visual experimental confirmation was obtained in [14], see
Fig.3. When the aged Csl:Na crystal is excited, a strong
dependence of the spectral composition of the
luminescence on the penetration depth of X-rays is
observed. It has been shown that a 304-nm emission,
typical for Csl-pure, rather than 420 nm, characteristic of
the Csl:Na, is excited near the surface. According to our
data, a sample of 3.8-mm-thick loses its spectrometric
properties at excitation by 662 keV y-rays after 13 years of
storage under ambient conditions. When this sample is
excited with 60-keV X-rays (90% depth of attenuation is
~0.65 mm) the 420 nm luminescence of Csl:Na does not
appeared, but only 304 nm emission is clearly recorded.

1.0 A1

0.8 A1

Intensity [arb.un.]

06 A

0.4 A

0.2 A

0.0

photon energy [eV]

Fig.3. Radioluminescence spectra of Csl:Na crystal at aging.

1 — one day of storage; 2 — 10 years; 3 — 14 years of storage,

curve 3 is multiplied by factor 5. Emission is excited by 60

keV y-rays from 2**Am source.

On the surface of aged samples, there is an appearance
of matte areas with a characteristic size of up to one
millimeter. The micro-X-ray analysis of such areas shows
that they are a film of baking soda (NaHCO3) on the
polished surface [15]. The NaHCO; product is observed in
centers of nucleation, where the formed Nal phase actively
adsorbs water and dissolves in it. The arid puddles of a
saturated solution are visible to the naked eye like the
shiny spines of a clamping hole [16]. In our opinion, it is
with this fact that the concepts of the hygroscopicity of
Csl: Na crystals are related. In solution, Nal hydrolyses to
form NaOH, this process is especially active in the light
[7]. Then the carbonization process proceeds according to
a known reaction:
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NaOH + CO, = NaHCO; 1)

as a result of which baking soda is formed. Similar results
on the nature of the precipitates on the surface of Csl:Na
crystals are presented recently in [17].

The diffusion model of DL proposed by Tchaikovsky
and Rosenberg [3, 13] can be considered proven, since
both the formation of the Nal phase on the surface and the
depletion of the near surface layer by the activator, are
observed experimentally.

X-RAY: 0 20 keV

Live: 50s Preset: 100s Remaining: 50s
Real: 55s 9% Dead

O
Cs
Na

C
\ :

< 0.2 2.720 keV 53 >
FS=1K ch 145= 15 cts
MEM 1: Inclusion

Fig.4. Spectrum of characteristic X-ray emission which

excited in matted regions formed by the inclusion of new

phase on internal surface of crystal

However, it soon became clear that the loss of crystal
spectrometric properties does not coincide in time with the
diffusion of sodium to the free surface of sample. The light
output decrease at excitation by a-particles in the course of
aging follows the exponential law L, ~ exp (-t /z) with the
parameter t = 4 days [4], which is clearly not enough for a
noticeable enrichment of the surface with sodium. The
essential signs of sodium enrichment appeared after a few
months of storage. The authors of [4] explained their
results from the opposite point of view they proposed the
diffusion of quenching impurities (like OH™ ions) into the
crystal lattice. Note that our results (see Fig. 2) confirm
both the data [4] as well as [3, 13] (see Fig. 4).

Distorted layer in living crystal

To solve this contradiction a DL profile and its
evolution in time have been studied. Simultaneously the
degradation of light output L, has been studied too. To
obtain the profile we replaced L, by #, using first
approximation: n = LJE,. We expected that a sharp
decrease in the conversion efficiency will be observed near
the surface, as it follows from the data of [18], where the
dependence of 7 vs E, was studied in the range of proton
energy 20 < E, <540 keV.
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Fig. 5 shows the data [18], but the original energy scale
was recounted by us into the proton range. It can be seen
that the n decrease is observed for protons of the lowest
energies. Characteristic depth dy of DL (d, corresponds to
attenuation of the 7 in 2,71 times) is approximately 2 um
for CsI:Na and only 0.2 um for CsI: Tl crystal. It should be
noted that conversion efficiency is normalized in Fig. 5,
the 7 value is equal to unity for protons of biggest energy.

In present work the DL profile has been investigated
using X- and low energy y-rays. Obtained profiles of DL
are shown in Fig.6 for Csl:Na crystal at different stages of
aging. Original data are presented in paper [9], here we
have recalculated energy scale to a depth of 90%
attenuation (dgo) of X-rays. It should be noted that
dependence 7 vs E, (where E, is an energy of X-ray) has a
nonmonotonic character in the region of the K-edge of
iodine (~ 30 keV). It has been shown, however, that after
scale replacement (E, — dg) this feature is smoothed out
[19].

e
.

normalized conversion efficiency

1 2 3 4 5 6 7 8 9 10
range of proton [pum]

Fig.5. Profile of dead layer in Csl:Na and Csl:Tl crystals
after 10 months of aging. Excitation by protons [18]

The course of the dependence 77 vs dgy for X-rays after
20 days of storage is similar to curves 1 and 2 in Fig. 5. A
distinctive feature of curve 1 in Fig. 6 is that for the quanta
of the lowest energies (5.9 keV with the dgy = 7.6 pm), an
increase in the 7 value is clearly seen. This increase in
conversion efficiency is temporary and disappears after
several days of aging. As can be seen from the data in Fig.
6, the alignment of the 7 values occurs after 19 days.

Contrary to curve 3 in Fig.6 which corresponds to
profile of the DL, the curve 1 illustrates the layer with
increased conversional efficiency. By analogy with [1] we
propose that such a profile be called a "living layer”.
During aging the living layer relaxes and after some days
the m values correspond to conversion efficiency in
volume, after that the actual dead layer is formed. After 25
days of storage, the crystal practically loses its ability to
detect weakly penetrating radiation, which is manifested in
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the sharp degradation of € and R for photons with energy
of 5.9 keV.
The nature of the living layer is associated with an

o 1.10
= Csl:Na
2 1
£ 1.05 living layer
=
2
wv
@
% 1.00 - i{
S 1 after relaxation
8 ] ” of living layer
© 4
E 0.95 ,’ dead layer
o /
= 14
090 T 1 T 1

0 20 40 60 80 100 120
depth of penetration [um]

Fig. 6. Dead layer profiles at different stage of Csl:Na
crystal aging. 1 — one day of storage; 2 — 19 days; 3 — 22
days of storage

increase in the number of luminescence centers in the near-
surface distorted layer. The fact is that the blue
luminescence of Csl:Na crystals is associated not only
with the activator (Na*), but also with anion vacancies
[20]. Cation (V") and anion (V) vacancies easily arise
during plastic deformation [20] of Csl crystal. Well known
that mechanical treatment causes the plastic deformation in
near-surface layer. It was shown that, with a greater degree
of deformation, a greater yield of blue luminescence [15,
20]. Estimates made in [15, 21] show that the
concentration of vacancies (Cy) in the living layer after
"soft polishing” is comparable to the sodium content (Ca)
in the volume of crystal.

Two-stage mechanism of DL formation

The DL model in Csl:Na crystals, proposed by
Tchaikovsky and Rosenberg [3, 13], is schematically
shown in Fig. 7. Curve Ca(d) denotes the profile of
activator distribution on the depth of crystal. It is well
known that sodium diffusion towards free surface results
in formation near boundary of the zone depleted by the
activator. Boundary between Csl pure layer and Csl:Na
volume has to shifts towards crystal depth according low
do ~ t2 [22]. However, as we saw above for single crystals
do ~ 1-exp(-t/7). According data [4] as well as our results
shown in Fig. 2 the parameter r is equal to 4 days for
sample stored at ambient condition and 6 days for aging at
dry room. These values of 7 are in good agreement with
data [10, 15] also.

A decrease in the light yield by 30% (see curve 3 in
Fig. 2) cannot lead to a significant broadening of total
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absorption peak and to a catastrophic deterioration in
energy resolution (see Fig. 1). It is natural to assume that
in the near-surface layer an inhomogeneous distribution of
emission centers is formed not only along the depth of
layer, but also in the cross-sectional area. An obvious sign
of such non-uniformity is the presence of sodium
precipitates, which appear in the DL [3, 13]. Sodium
precipitates are not typical for crystals with an optimal Na
concentration: Ca = 9.5-10"" cm . It should be noted that
we used an ingot with uniform activator distribution in
whole volume, sodium concentration in all samples was:
Ca=8,6:10" cm®.

Existence of the living layer near the surface at initial
stage of aging implies a revision of mechanism of DL
formation, since a supersaturated solid solution of
vacancies should disintegrate first of all. Obvious sinks for
vacancies are the free surface and dislocations. Let's
explain the above with a simple example.

Dead layer Csl:Na crystal =
. d
Na
Ca(d)
> Nal

Living layer

+
V A

VY C,@d+C )

Fig.7. Model of Dead Layer in Csl:Na crystal after agin

[13], curve "Ca(d)" shows the distribution profile of Ne

Proposed model of Living Layer, curve "Ca(d)+ Cy(d)

shows profile of distribution of emission centers

Free surface itself is a natural sink for excess
vacancies. Within a few days towards the interface, a
gradual weakening flow of vacancies will be directed.
Vacancy flow will lead to a predominant shift of Na*
cation in the opposite direction. Another consequence of
the living layer relaxation is, perhaps, the penetration of
foreign impurities, for example, OH™ ions, from the surface
into the crystal lattice. A similar displacement of impurity
ions occurs in any part of the crystal where there is a
directed vacancy flow [22].

As a result, the sodium distribution along depth will
change. Schematically, the change in the profile of sodium
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distribution is shown in Fig.8. In disappearing living layer
the zone enriched by sodium should form. Since even a
small (within + 20%) increase in Na concentration causes
the decay of solid solution [23], in noted zone the sharply
inhomogeneous activator distribution is appeared. Sodium
precipitates are just an experimental manifestation of such
non-homogeneity on microscopic level [3]. Vacancy
claster can play role of nucleation center for decay of solid
solution. It is known that such clasters appeared easy in
Csl [24] after plastic deformation as a result supersaturated
vacancy solution decay.

So, proposed model of DL and mechanism of living
layer transformation to dead one can be checking
experimentally. New model supposes that the formed dead
layer (peak of total absorption in which is absent on the
pulse height spectrum) is still a solid solution of sodium in
Csl. It means that a-particles should be detected even in
course of the decay of solid solution. So, Csl:Na crystal
can detects a-particles in counting mode but cannot
identify them on energy.

To check this assumption the pulse height spectra have
been measured. To select needed level of discrimination
the pulse height spectrum was measured for Csl-pure
crystal. Then the high discrimination threshold was chosen

such that the total absorption peak in spectrum
Dead la
) Csl:Na crystal
V. A
Na’
= —
Na
1+— \
v, Cy(d)
OH centers of
nucleation
d

»
>

Fig.8. Profile of dead layer in Csl:Na. Curve "Ca(d)”
shows the proposed distribution of Na after relaxation of
supersaturated solid solution of vacancies

disappeared. Figuratively speaking, we made artificially
the Csl crystal dead. As for the Csl:Na crystals, they still
recorded and distinguished o-particles at such a high
threshold. The measurements were continued after 30
days. Despite the absence of a full absorption peak in the
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spectrum, the crystal registered the a-particles in counting
mode, the total detection unchanged.

So, the term DL means first of all a loss of energy
resolution, rather than a light output or detection
efficiency. The scintillation technique distinguishes the
total and peak detection efficiency. Returning to the
meaning of term DL, one can concretize that a crystal with
a dead layer loses its peak not total registration efficiency.
Total efficiency of a-particles registration Csl:Na loss
throughout the year formation a Csl-pure layer. The
thickness of the Csl-pure layer should not be less than the
range ¢ of o — particles in Csl (£ = 32 um for energy
5.15 MeV from #°Pu source).

Conclusion

Representations of dead layer nature in Csl:Na crystals
are considered. To eliminate the contradictions between
two existing models of DL, degradation of the conversion
efficiency in near surface layer has been studied.
Simultaneously, the DL profile and its evolution under
aging were studied using X-rays of different energies. It
has been shown that immediately after surface polishing,
the m is increased for 5.9 keV photons (depth of 90%
attenuation is equals ~7.6 pum). Anion vacancies are
responsible for m increase, whose concentration in the
disturbed layer is comparable with the concentration of the
activator C,. Decay of supersaturated vacancy solid
solution results in extremely inhomogeneous distribution
of the n due to the local distortion of the C,. The
consequence of this is the disappearance of the full
absorption peak in the pulse height spectrum. Despite the
loss of energy resolution and detection efficiency (at
photopeak) the total counting rate remains constant for a-
particles. The dead layer itself (the loss of full detection
efficiency) is formed after the diffusion of sodium to the
free surface, approximately after 6 months and more.
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Ultrathin ZnO nanowires fabricated by using low-temperature pulsed
laser deposition

A. Shkurmanov

Peter Griinberg Institute for Semiconductor Nanoelectronics (PGI-9), Research Center Jiilich,
52425 Jiilich, Germany
(previously: Felix-Bloch-Institute for Solid State Physics, Universitdt Leipzig,
Linnéstrafse 5, 04103 Leipzig, Germany)
ORCID: 0000-0001-8751-0924

DOI:10.26565/2222-5617-2018-28-04

Recently, numerous devices use ZnO nanowires (NWSs) as building blocks, for example, light emitters, pressure and gas
sensors, resonators and many others. However, for integrations of the NWs into such devices, a high level of NW diameter control is
needed. In this work, an opportunity to adjust the NW diameter by using differently doped by Al or Ga seed layers is presented.
Moreover, a change of the doping concentrations allows to optimize the growth temperature. Thus, ultrathin NWs, i.e. with a
diameter of d < 10 nm can be fabricated by using temperature of T = 400°C. This temperature is far below than those typically used
for the fabrication of NWs by pulsed laser deposition.

Keywords: nanowires, ZnO, pulsed laser deposition

Hanonporu 3 ZnO BUKOPUCTOBYIOTBCSI B SIKOCTI KIIFOUOBHX EJIEMEHTIB U PO3POOKH YHMCICHHUX IPHCTPOIB, TAKHX SIK
CBITJIOBUIIPOMIHIOBAa4i, CEHCOPU THUCKY Ta3y, pe30HaTOpH i Oararo iHmmx. [[yns iHTerpamii HAaHOAPOTIB B TaKi MPHCTPOI MOTPiOHA
BHCOKAa TOYHICTH B PErylIIOBaHHI iX niamerpa. Bijgpmr Toro, Temmeparypa 3pOCTAaHHS HAHOJPOTIB Ipa€ KIIOYOBY pONIb UIS iX
inTerpamii. JlaHi mpo OCOOMMBOCTI POCTy HAHOIPOTIB MpU Temmeparypax Hmwkde T = 550 © C i inpopmariis mpo MexaHi3MH ix
3pOCTaHHS OyXe 0OMexeHi. Y mill poOoTi ToBeeHa MOKIIMBICTh PETYIIOBAHHA JiaMeTpa HAaHOAPOTIB 3a JONOMOTOI0 BUKOPHCTaHHS
miaknanok, jgeroBanux Al a6o Ga. BcTaHoBieHO, 10 Bapiallisi KOHICHTpAIll MOMIIIOK B MIiIKIA/INI JO3BOJIE ONTHMI3yBaTH
TEMIIepaTypy 3pOCTaHHA HaHOIPOTiB. [lokazaHO, IO MOXKYTh OYTH BUTOTOBIICHI YIBTPATOHKI HAHOAPOTH 3 AiamerpoM d <10 nm mpu
temneparypi T = 400 ° C. Llg Temneparypa 3HaUHO HWXKYE 3HAUCHHS, SKE 3a3BUYail BUKOPUCTOBYETHCS JJISI 3POCTAHHS HAHOJIPOTIB
METOJIOM IMITyJIbCHO-JIa3€PHOTO OCA/KEHHSI.

Kirouosi cioBa: HaHOTIPOBOIOKH, ZnO, iIMITYJIECHO-TTa3epHE 0CAIKEHHS.

Introduction

Zn0 is a transparent conductive oxide which attracts a
lot of scientific interest in the last years. This material
mostly crystallizes in the hexagonal wurtzite structure by
using an ambient pressure and temperature. In the ZnO
lattice structure each Zn ion is encircled by a tetrahedral
of O ions, and vice-versa which causes a polar symmetry
along the hexagonal axis, i.e. ZnO tends to form c-
oriented structures with Zn-terminated (0001) or O-
terminated (0001) polar faces [1]. The polarity is
responsible for most of 2ZnO properties, e.g.
piezoelectricity and spontaneous polarization [1, 2].
Additionally, a wide bandgap of about 3.37 eV, optical
transparency in the visible spectrum range, large exciton
binding energy of about 60 meV at room temperature [3],
self-grown properties, radiation hardness,
biocompatibility —and  high  melting  point  of
T = 1950°C make the ZnO favorable semiconductor
material for the fabrication of the numerous
nanostructures with further integration of them in
different applications [1,4].

Fabrication of the cylindrical elongated 2ZnO
nanostructures such as nanowires (NWSs) is of a special

© Shkurmanov A., 2018

interest in this work. The NWs have a high surface-to-
volume ratio, can be grown dislocation-free and have
many potential applications, e.g. light emitters [5],
electromechanical resonators [6], pressure and 3D
imaging sensors [7,8]. The desired geometry of the NWSs
is determined by the applications. For instance, for the
pressure sensors, thick NWs with a diameter of d > 100
nm are favorable for compression-force application,
whereas thin NWs (d < 100 nm) are interesting to be used
for a bending-force application. Additionally, thin NWs
are desired for gas sensors, since sensing is strongly
depends on the surface-to-volume ration of the
nanostructures. For the ultrathin NWs with a diameter
comparable with a Bohr radius, i.e. d < 10 nm, quantum
confinement effects are expected and these NWs can be
used for a fabrication of qubits [9].

Recently, most of the known growth methods use a
vapor to solid phase transfer with an epitaxial fabrication
of the NWs on the solid substrate. The growth
mechanisms can be splitted into two main groups -
mechanisms which require presence of a catalyst, or a
catalyst-free growth [10]. A catalytic material changes the
melting and evaporation points of ZnO, and supports a
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chemical reaction. However, the main disadvantage of
using a catalyst for the growth process is its diffusion and
incorporation into the NW which can lead to a change of
the material properties, e.g. conductivity, optical
transmission, etc. Obviously, that for a control of
chemical purity of the ZnO NWSs, which can be required
for many of their possible applications, a catalyst-free
growth is desired. However, this desired growth
mechanism is technically challenged for the most known
growth techniques [10,11].

Methods

In order to grow the NWs by a catalyst-free epitaxial
growth, a two-steps fabrication process was used. In the
first step, a planar Al- or rather Ga-doped ZnO seed layers
were fabricated on the a-plane sapphire substrates by
using a conventional low-pressure pulsed laser deposition
(LP PLD) with a growth temperature of about T = 720°C
and oxygen partial pressure of p = 0.01 mbar. These seed
layers have a doping concentration in a range of x =0 -7
at% and a thickness of about 200 nm [12]. For the second
step, a combination of the sapphire substrate with a seed
layer was put into the high-pressure pulsed laser
deposition chamber (HP PLD). For more than a decade,
the high pressure pulsed laser deposition is using for the
NW and other quasi 1-dimensional nanostructure growth
[13]. This growth method is technically simple, allows to
obtain the NWs by a direct transfer of the depositing ZnO
from the vapor to the solid phase without using any
catalyst and chemical reaction [10]. Also, a selective
growth of the nanostructures is possible by using HP PLD
technique [15]. In contrast to the conventional LP PLD
method, the high pressure one exploits an internal gas
flow which support the transfer of the particles from the
target to the substrate, increases a supersaturation of the
ZnO particles over the substrate and thus, leads to the
growth of the quasi 1- or rather 3-dimensional structures
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[10, 11]. The HP PLD growth chamber used for this
research is schematically presented in Fig. 1. The body of
the chamber is made by quartz and the design of the
chamber supports the transfer of the ZnO particles to the

substrate.
target
quarz e
tube ==

substrate
plasma
heater o

1 background Ar

[0 'substrate

—a—
KrF laser

beam
Fig. 1. Scheme of the high-pressure PLD process (top view)

A pulsed high-power excimer laser beam with a
wavelength of A = 248 nm is focused by a UV lens onto
the ZnO target, which is evaporated, excited and ionized.
The plasma plume propagates with angle of about 30°
towards the substrate’s surface. The argon particles are

mixed with Zn" and O ions, reduce their energy and thus
the ZnO molecules and clusters can be formed during the
transfer to the substrate and be deposited there. After
reaching the surface of the substrate, Ar with an excess of
the ZnO clusters can be removed in the end of the quartz
chamber. Note, that the pressure of the Ar flow is about
150 mbar [13].

However, the most of the reports which use the HP
PLD process show the growth of thick NW arrays with
typical diameter in a range between 60 and 600 nm
[13,15,16,17]. Here, an opportunity to obtain ultrathin
NWs by using a different compositions of the underlying
seed layers will be shown. Moreover, a choice of the seed
layer has a strong impact on the growth temperature
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Fig. 2. Surface roughness (a) and the FWHM of rocking curves (b) of the seed layers as a function of the Al or rather Ga

concentrations
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Fig. 3. SEM images of the growth results obtained on the Al-doped (a) or Ga-doped ZnO seed layers (b) by using different

temperatures. The scale bar corresponds to 1pm

which can be strongly reduced from the typical T =
950°C to T = 400°C. This relatively low growth
temperature can preserve complementary metal-oxide-
semiconductor (CMQOS) structure [18] and thus, ZnO
NWs can be integrated in these technology.

Results
The surface morphology and the crystalline quality of
the obtained seed layers were investigated by atomic force

48

microscopy (AFM) and X-ray diffraction (XRD)
measurements, respectively, since the surface can
influence the NW’s growth [19]. For both types of the
seed layers, a quite smooth surface was obtained, as
shown in Fig. 2a. However, for the Al-doped ZnO seed
layers, a decrease of the average surface roughness from
2.4 to 1.3 nm with increasing Al concentration can be
seen. For the Ga-doped seed layers, there is no clear
behavior of the average surface roughness as a function of

BicHuk XHY, cepis «®isuka», Bun. 28, 2018
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the doping concentrations and the surface roughness
fluctuates typically between 2.0 and 2.6 nm and only for
the layer doped with x = 3.5 at% of Ga, a reduction of the
surface roughness to R,= 1.3 nm can be observed.

The full width half maximum (FWHM) of the rocking
curves as a function of the Al and Ga doping
concentrations is presented in Fig. 1b. For the undoped
ZnO seed layer, FWHM of about 0.8° is observed. For the
Al-doped seed layers, an increase of the FWHM up to
2.4° for x = 7at% is seen whereas for the Ga doping, there
is no strong dependence on the Ga concentration. In this
case, the FWHM was determined to be in the range of
0.8°-1.0°. The FWHM values are strongly depend on the
grain size [20,21] and their tilting, therefore the sizes and
tilt of the grains for the Ga-doped seed layers are similar,
whereas for the Al-doped layers they increase with
increasing of doping concentration.

Scanning electron microscopy (SEM) images of the
grown nanostructures are shown in Fig. 3. By using an
undoped ZnO seed layer and the high growth temperature
of T =950°C, a low density of vertically oriented NWs is
obtained as expected from the previous results [22,23].
These NWs have a diameter of about 70 nm and an aspect
ratio of about 25. By reducing the growth temperature
down to T=700°C, diameter of the NWs decreases to 16
nm and aspect ratio increases up to 300. However, in
contrast to the NWSs prepared by using the highest growth
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temperature, these NWs are randomly oriented. For the
low temperature growth at T = 400°C, a suppression of
the NWs can be observed, and only very thin and short
NWs with a diameter of 24 nm and aspect ratio of 6 were
obtained.

By using Al- and Ga-doped seed layers, the growth
results are different compared to that one observed for the
undoped ZnO seed layers. In the case of Al-doped layers
and highest growth temperature of T=950°C, a well-
oriented growth of vertically aligned NWs is observed but
only for Al-concentration of x = 3.5 at%. These NWs
have a diameter of about 80 nm and an aspect ratio of 30.
For other doping concentrations, the NW growth is
suppressed and only growth of honeycomb-like structures
is obtained. These honeycomb-like structures were not
observed on the undoped seed layers and are typical for
the growth on the doped seed layers. Interestingly, that
with reduction of the growth temperature to T = 700°C,
NWs were obtained on the seed layer with a concentration
of x = 7 at% only and the growth on the seed layers with
x < 3.5 at% is suppressed. A further reduction of the
growth temperature leads to decrease of the optimum Al
concentration which supports the growth of NWs, i.e. at T
= 600°C NWs are obtained for the doping concentration
of x = 2 and x = 3.5 at%, whereas for T = 400°C, the
growth is observed on the seed layers with x = 1 and
2at%. Note, all NWs are well-oriented vertically, and for
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Fig. 4. NW aspect ratio as a function of the doping concentration (a,b) and growth temperature (c,d) for the Ga-doped (a,c) and

Al-doped seed layers (b,d).
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T = 400°C, NWs are grown as an ultrathin array with a
diameter of d < 7 nm and an aspect ratio of 45. For the
concentrations which does not support the growth of NWs
at given temperature, the growth of a honeycomb-like
structures is observed.

The growth on the Ga-doped seed layers is slightly
different at temperature of T=950°C compared to that one
observed on the Al-doped layers. For this growth
temperature, there are no NWs are observed on the seed
layer doped with x=3.5at%. However, for the doping
concentration of x = 7at%, growth of elongated pyramid-
like structure was obtained. For other concentrations and
growth temperatures, the results are mostly similar to
those ones grown on the Al-doped seed layers. Growth of
ultrathin NWs with a diameter d < 7 nm and an aspect
ratio of about 100 was obtained on the seed layer doped
with x = 1 at% of Ga and by using growth temperature of
T =400°C.

In the work of Kaebisch et al [17], an impact of the Al
dopants in the seed layer on the NW growth process is
observed as well. They attributed this behavior to a
change of the surface polarity from an O-terminated
surface of the undoped ZnO layer to a Zn-terminated one
of the Al-doped layers. In their case, on the doped layers,
the honeycomb-like structures were fabricated instead of
NWs. The observed growth of the honeycomb structure

presented here, would also indicate such a change of the
surface polarity. In order to verify the change, the polarity
of the seed layers were determined by using an etching
method described in Ref. 24. Accordingly to that method,
the seed layers were etched in a diluted HCI acid with a
concentration of 1:100 for 30 s and the etching pattern
indicates a type of the polarity. Note, that for the
mentioned concentration, an etching rate is expected to be
of about 1 nm/s. This experiment revealed that only for
the undoped seed layer as well as for Al-doped layers
with x = 1 at%, an O-terminated surface was found which
manifested itself by a pyramidal etching pattern. Other
seed layers have a crater-like pattern which indicates a
Zn-termination. However, in contrast to the conclusions
made by Kébisch et al., the change of the polarity of the
surface seems to be unlikely for the difference of the
observed growth behaviors since the NWs are able to be
fabricated even on the Zn-terminated surfaces.

A change of the observed NW growth results can be
caused by a variation of the growth mechanism [10,11]
via a change of the free energy, which can be given by:
AF=F, +F;-F, [25]. Here F,,,, F;, and F, represent the free
energy of the depositing material, the interface, and the
surface, respectively. Obviously, the surface roughness
and crystal quality described above, have an impact on the
surface free energy. However, their impact is not

for the Al- and Ga-doped layers in the experiments sufficient in order to change the entire growth
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Fig. 5. The diameter of the NWs as a function of the doping concentration (a,b) and growth temperature (c,d) for the Ga-doped

(a,c) and Al-doped seed layers (b,d).
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mechanism. For example, for the Ga-doped seed layers,
the grain size was determined almost the same, whereas
for the Al-doped ZnO layers, the grain size increases with
increasing Al concentration. However, for both types of
the seed layers, the growth results are observed almost the
same and fabricated NWs have similar diameter and
aspect ratio. This result is in a contradiction to the results
obtained by Ting et al. [26] which conclude that the NW
diameter increases with the grain size. Moreover, neither
an increase of the diameter of the NWs with decreasing of
the surface roughness [19] nor another correlations were
found. Note that a change of the surface roughness and
the grain size caused by the elevated temperature during
the growth process can be excluded since XRD and AFM
measurements performed on the reference samples and
annealed under deposition conditions did not reveal a
sufficient change of the seed layer morphology.

Thus, a sum of the free energy of the depositing
material (i.e. F,,,) and the free energy of the interface of
deposited ZnO (F;) has a strong and significant impact on
the change of the growth mechanism. However, the
experimental determination of these free energies is
technically challenging by using mentioned HP PLD
chamber. For the F,, investigation a mass spectrometer
should be integrated inside the chamber, whereas for the
F; determination, a theoretical model based on the Monte
Carlo simulations is needed [27].

In Fig 4 and 5, aspect ratio and diameter of the grown
NWs as a function of the doping concentration of the seed
layers and the growth temperature are presented
respectively. The aspect ratio of the NWs grown on Ga-
doped ZnO layers decreases with increasing doping
concentration, whereas it decreases with increasing
temperature. At the same time, an increase of the NW
diameter with increasing Ga concentration and growth
temperature is observed. For the growth on the Al-doped
layers, a slightly different situation occurs. Here, the NW
aspect ratio has no behavior as a function of the Al doping
concentration but increases with the growth temperature.

Thereby, the Ga doping of the ZnO seed layer has a
stronger impact on the NW diameter than the doping of
the layers with Al. This effect might be explained by the
larger size of Ga dopants which are probably more
attractive for the deposited ZnO particles, i.e. the particles
remain close to the surface of the seed layer and their
motion toward the NW axis is suppressed. Thus, the
lateral growth rate is enhanced, i.e. the NW diameter
increases, whereas the vertical growth is reduced, i.e. the
NW length decreases. Also, seems that the kinetic energy
of the moving ZnO particles, i.e. particles which were
deposited but not yet crystallized, strongly depends on the
growth temperature. Low Kkinetic energy might be
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responsible for the lateral mobility and the lateral growth
rate of the NWs on the both types of the seed layers.

Conclusions
In order to summarize the work,
conclusions should be made:

1) Al and Ga dopants in the ZnO seed layers have a
significant impact on the NW growth process. They
effect on the surface free energy via surface
morphology, crystal quality of the layers and other
surface parameters and thus can change the growth
mechanism of the NWs.

2) The NWs can be fabricated at T = 400°C. This
temperature is far below the typical PLD-used
temperature, allows to protect metallic contact lines
in the CMOS structure and thus, the NWs can be
integrated into this technology.

3) By using a low-temperature process, a well-oriented
vertical array of ultrathin NWs can be obtained on
the seed layer doped with x = lat% of Al or Ga.
These NWSs have a typical diameter d <10 nm,
which is comparable with a Bohr radius.

following
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Nanostructured carbon-copper films were deposited by direct current magnetron sputtering of composed graphite-copper or
pure graphite and copper targets. The evolution of film structure on annealing in a vacuum at temperatures in the range of 300-600°C
and upon deposition at 600°C has been studied by transmission and scanning electron microscopy and electron diffraction. Three
types of thin annealed films were studied, namely: mixed C+Cu (type 1), two-layer C/Cu (type 2), and nanostructured (type 3). Also
two types of thick films were prepared by deposition of mixed carbon-copper film onto substrate at room temperature and then
annealing in a vacuum (type 4), and by deposition of mixed carbon-copper film onto pre-heated substrate (type 5).

The as-deposited films of type 1 (containing 8-22 at. % Cu) exhibited amorphous structure with copper atoms uniformly
distributed over the film volume. Annealing in the range of 300-600°C resulted in precipitation of copper into the set of particles with
average particle size depending on copper content and annealing temperature, and in development of diffusion coalescence within the
set of particles. The coalescence occurred more slowly than it is predicted by the theory. Upon annealing at 600°C of type 2 film the
copper layer disintegrated and the set of copper particles formed. The diffusion coalescence of particles also took place. Like type 1
film, in the type 2 film the coalescence occurred also more slowly than it is predicted by the theory. The structure of type 3 film was
stable upon annealing at 600°C for period up to 15 h. The specific microstructure of carbon film-matrix greatly slowed down the
diffusion coalescence of copper particles in the films of types 1 and 2 and prevented it in type 3 film.

Upon annealing of the film of type 4 the amorphous structure of carbon matrix preserved, and the set of copper particles
formed on its surface. The film deposited onto pre-heated substrate (type 5) exhibited clearly columnar structure of carbon matrix
with the set of copper particles located both in the film volume and on its surface.

Keywords: film; amorphous carbon; nanostructure; coalescence; diffusion; electron microscopy.

HaHoCTpyKTypHI IUTIBKH B CHCTEMI ,,BYTJICb-MiJlb” OJiep:KaHi METOJJOM MarHETPOHHOTO Ha TIOCTIHHOMY CTPYMi PO3MIJICHHS
MilIeHi, CKIaaeHo1 i3 rpadiTy Ta Mifi, a TaKOX YUCTHUX MilIeHeH i3 Tpadity Ta mini. EBomonito CTpyKTypH MpH Bigmaii B iHTepBaii
temneparyp 300-600°C, a Taxox IpU OCaKEHHI IIpu TemrepaTypi miaknanaky 600°C BHBYANIM METOAAMHU €NEKTPOHHOI IIPOCBIdY
BaJIHOI Ta CKaHYIO4YOi MIKPOCKOIIii, a TaKOX enekTpoHorpadii. JocmipkyBand Tpy THIN TOHKHX IUTIBOK MICIHS BiAmaiy, a came;
sminrana C+Cu (tun 1), qeomraposa C/Cu (type 2) ta HanocTpykrypHa (Tuit 3). Bynu 1oCIiKeHi TakoX TOBCTI IUTIBKH IBOX THIIIB,
oneprkani ocaukeHHAM 3umimranol C+CuU IiBKM Ha MiAKIAAKY NP KIMHATHIN TeMIepaTypi Ta HACTYITHMM BilNaJoM B BakyyMi (TUII
4), a Takox ocapkeHHsIM 3minraHoi C+Cu rutiBKkM Ha Hamepe]| HarpiTy MiAKIaaKy (Tun S).

Ocamxeni mwiiBky 1-ro tumy (siki mictimn 8-22 at. % Cu) Manu aMopdHY CTPYKTYpY, B SKili aTOMHU Mini OyJiv po3mojineHi
piBHOMIpHO 1o 06'eMy mIiBKM. Bianan B inTeppani Temneparyp 300-600°C npussiB 10 BUIIEHHS Mifi B aHCaMOIb YaCTMHOK 3i
cepesHIM Po3MipoM, KM 3aj]exaB BiJl KOHIEHTpAIii Mili B IUTIBII Ta TEMIEpaTypH BiANaly, a TaKOXX IO PO3BHHEHHS IPOIECY
KoajecleHLii yacTuHok. KoajecueHiis npoTikana NoBinbHilIe, Hixk mepenbaueHo Teopicto. ITpu Bignami mpu 600°C mriBku 2-ro
TUIY IIap MiJi po3maBcs i Ha MOBEPXHI copMyBaBcs aHCAaMOJIb OCTPIBIIB Mifi. B aHcaM0I1i OCTpiBIIB TaK0X PO3BUHYBCS HPOIIEC
KOAJIeCILeHIIiT, IKWi POTIKaB TaK0oXX MOBINbHIIe, HDX mependadeHo Teopieto. CTpyKTypa IUIIBKU 3-TO TUIy BHSBHIIACh CTIHKOIO 110
Bignany npu 600°C npotsrom 15 romun. Cnenudiuna cTpyKTypa ByTJieleBoi MUIiBKU-MaTPHIli iCTOTHO yNOBiIbHIOBaNA AUQy3iiiHy
KOAJICCIEHIIII0 B aHCaMOJIi YaCTUHOK Mijli B IUTiBKax 1-ro Ta 2-ro THIIB, Ta 3a0JI0KyBaja KOAJIECICHIIIO B IUTIBLI 3-T0 THUITY.

I[Tpu Bimmani miiBku 4-ro THmy amopdHa CTPYKTypa ILTiBKH 30epiranacs, i Ha 11 HoBepxHi cHOpMyBaIKCh YaCTUHKH Mifi. B
IUTIBII, OCAPKEHOI Ha TOMEpPEeJHBO HATPITY MiAKIaAKy (THm 5), chopMyBaiach CTOBMYAcCTa CTPYKTypa BYTJIENEBOI Marpwii, a
YaCTHHKH MiJli COpMyBaIHCh K Ha MIOBEPXHI IUTIBKH, Ta i B 11 00'eMi.

Kiwouosi cioBa: miiBka; aMopQHUIT ByTiIelb; HAHOCTPYKTYP; KOAIECIEHIIis; qudy3is; eTeKTpOHHA MiKPOCKOITIs.

The ideological ground for present work is the theoretical and experimental research which was carried out under
leadership of Prof. Ya. E. Geguzin at the chair of crystals physics of Kharkov university on the problem of diffusion mass transfer in
discrete metal films located on the surface of real crystal.

Introduction

An interest in the composite carbon films that contain
nanosized metal particles stems from the prospects in
application of such films. The diamond-like (DLC) and
amorphous (a-C) carbon films themselves have unique
properties, such as high hardness, chemical inertness, high
electrical resistance, transparency in infrared spectrum.
An introduction in such films of nanosized particles opens

© Onoprienko A. A., 2018

new areas for application films, e. g. creation of the media
for information recording in case of particles of magnetic
material. The composite carbon/metal films are promising
wear-resistant material with low friction coefficient for
tribological application, and also as an electrode material
for electrochemistry.

The metal-containing carbon films can be produced by
different techniques, such as dc/rf magnetron sputtering,
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b c

Fig. 1. Schematic representation and electron diffraction patterns of as-deposited carbon/copper films: (a) mixed (type 1); (b)

two-layer (type 2); (c) nanostructured (type 3).

cathode vacuum-arc process, mass-separated ion-beam
deposition, combined magnetron sputtering with chemical
vapor deposition, etc [1-6]. However, when depositing
carbon films the problem often arises connected with high
compressive stress which tends to detach the film from
the substrate when film thickness exceeds definite critical
value. One of the ways to reduce the internal stress is
addition of new element in the a-C matrix, e. g. the copper
because it is highly ductile metal and it does not form
hard carbides.

There are a number of works on the effect of copper
doping on the properties of composite carbon/copper
films [1, 6-10]. In Ref. [7], it was demonstrated that
adding of a small amount of copper (Cu:C ratio <1:100)
to a-C:H film results in an increase in the Vickers
hardness and improvement of film adhesion to the silicon
substrate. At the same time, in Ref. [1] the adding 11 at.
% copper to a-C:H film was shown to decrease the film
hardness, increase the critical load in the adhesion tests,
reduce the film stress, and increase the film toughness. In
Ref. [7], the optical properties of carbon/copper films
have also been studied, and it was shown that copper
atoms not only passivate the dangling bonds but also
create a favorable environment for sp® structure of
amorphous carbon. In Ref. [8], the hardness of a-C:H/Cu
films decreased with increase in copper content up to 60
at.% while the Young’s modulus did not change. In Ref.
[9, 10], the microstructure of copper nanoparticles
encapsulated into carbon shell has been studied, and it
was shown that the size and morphology of particles
depend on the deposition and subsequent annealing
conditions.

Since the carbon and copper are mutually insoluble, so
to mix them it is necessary to create non-equilibrium
conditions for deposition copper-containing carbon film.

54

The magnetron sputtering technique provides with such
conditions. In this chapter, the microstructure of as-
deposited and annealed in a vacuum composite
carbon/copper films has been studied by transmission
electron microscopy (TEM) and electron diffraction (ED).
The hardness of films was also measured by indentation
method.

Experimental details

The carbon/copper films were sputter deposited using
conventional planar balanced direct current (dc)
magnetron units. The target composed from graphite disk
(60 mm in diameter and 4 mm thick) and copper chips,
and also pure graphite target of the same dimensions and
copper target (60 mm in diameter and 1.5 mm thick) were
used for film deposition. The target-to-substrate distance
was 50 mm. The sputtering gas was 99.97 % pure argon
at constant pressure 1 Pa. The single crystal wafers of
(100) NacCl (fresh cleavages) and (100)-oriented plates of
single-crystalline silicon were used as substrates. Prior to
film deposition, the targets were pre-sputtered on the
shield in order to remove contaminations from the target
surface and stabilize the magnetron discharge parameters.
The magnetrons operated at about 100 W power, and this
allowed achieving of reasonable deposition rate while
minimizing non-controllable heating of growing film by
plasma radiation and bombardment with positive ions
[11]. Under above deposition conditions, the substrate
temperature during film condensation did not exceed
50°C. No biasing voltage was specially applied to the
substrate during deposition.

Five types of specimens for structure study were
prepared as follows. The films of type 1 were mixed
C+Cu ones (Fig. 1a) deposited by sputtering of the target
composed of graphite disk and copper chips attached to
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its surface in the sputtering zone. As substrates, the single
crystal NaCl (100) plates were used. To produce the films
with different copper content, the amount of copper chips
was varied in different experiments. The thickness of
these films was about 100 nm (for TEM and ED studies).
The type 2 film was two-layer C/Cu one deposited by
successive sputtering of graphite and copper targets. In
this case, the deposition rates of pure carbon (=0.2
nm/sec) and copper (=2.5 nm/sec) were pre-determined.
The carbon layer was first deposited onto NaCl substrate
for 450 sec and then the copper layer was deposited for 2
sec, so that the copper layer was 5 nm thick and the whole
two-layer film specimen was near 100 nm thick (Fig. 1b).
The type 3 film was nanostructured C/Cu/C one
produced as follows. A carbon layer was first deposited
onto NaCl substrate for 180 sec to be about ~36 nm in
thickness. Next, the copper layer was deposited onto
carbon film for 2 sec to be about 5 nm in thickness. Then
the carbon film with copper layer was separated from the
substrate by dissolving the latter in distilled water, and
placed onto a special copper mesh used in electron
microscopy. This mesh material was selected because the
carbon and the copper neither dissolve each other nor
form carbides, and so there should not be additional
doping of the film with copper during annealing. The
mesh with two-layer C/Cu film was annealed in vacuum
(P ~ 1.33:1073 Pa) at 600°C for 1 h in order to the copper
layer disintegrated into separate islands under effect of
surface tension. After cooling to room temperature, the
above C/Cu film was again placed in vacuum chamber
and new carbon layer was deposited over the copper
islands for 180 sec. As a result, the test specimen was
composite C/Cu/C film of about 77 nm thick, in which
individual nanosized copper particles-islands were
between two carbon layers (Fig. 1c). The thickness of the
layers was adjusted so that the carbon completely covered
the copper particles but the whole composite film was

thin enough to be examined with a transmission electron
microscope.

The as-deposited carbon/copper films of types 1 and 2
were also removed from NaCl substrate by dissolving the
latter in distilled water and placed onto aforementioned
copper meshes. The dried meshes with films were placed
in a vacuum chamber, and after pumping to a pressure of
1.3-10 Pa they were annealed stepwise at temperatures
300-600°C for up to 15 h. After each annealing step and
cooling to room temperature the specimens were
extracted from the chamber and studied in a transmission
electron microscope JEM-100CX Il (JEOL) operating at
100 kV.

The specimen of type 4 was the thick carbon-copper
film (like the films of type 1) deposited onto the Si
substrate at room temperature, and then annealed in a
vacuum (1.3-10° Pa) at 600°C for 1 h. The specimen of
type 5 was the thick carbon-copper film (like the films of
type 1) deposited onto the Si substrate pre-heated to
600°C. After cooling to room temperature, the surface and
cross section of specimens were studied in a scanning
electron microscope.

Results and discussion
Films of type 1

To study the structure evolution upon annealing of
copper-doped carbon films, the specimens were prepared
containing 8 to 22 at % Cu, as determined by Auger-
electron spectroscopy. TEM and ED studies showed that
the as-deposited films were amorphous irrespective of the
copper content examined. In particular, the respective
electron diffraction patterns (Fig. 1a) contained only few
halos peculiar to amorphous carbon films deposited by
magnetron technique under conditions identical to those
used in present experiments, and TEM images did not
reveal any signs of the structure. This observation
indicated that the copper atoms and possibly clusters were

Nt '.‘-:.'2-.0’ oo

Fig. 2. TEM images and respective ED patterns taken from type 1 carbon/copper (8 at. % Cu) film after annealing in vacuum
at 600°C for (a) 1 h and (b) 5 h. Arrows show the pits from partially or totally dissolved copper particles.
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uniformly distributed over the volume of the as-deposited
films. Annealing in a vacuum at temperatures in the range
300-600°C for 1 h drastically changed the film structure.
In particular, a set of round-shaped nanoparticles formed
in the film, and ED proved these to be the copper
particles. The spherical shape of copper particles was
clearly seen in the electron-microscopic images of the
edge of film rolled up under effect of electron beam (not
shown here). In Fig. 2a, the typical carbon film with
copper particles after annealing under above conditions is
shown.

The analysis of particle distribution with respect to
their diameters has revealed that for specified copper
content the average particle size in the set (determined as
an average arithmetic value of diameters of all the
particles involved in plotting respective size distribution
graphs) decreased with increase in annealing temperature
(Table 1). This sudden at first sight result will be
explained further. Also, with increase in copper content in
the film the average particle size in the set increased
under otherwise equal annealing conditions (Table 1).
This is predictable result, because it is clear that the more
copper in the film, the more copper atoms will precipitate
in particles during annealing.

Table 1.
Dependence of average Cu particles diameter on copper
content and annealing temperature for type 1 carbon films

Cu, at. % Tann, °C d, nm
8.0 300 313
450 27.2
600 24.8
124 300 424
450 38.3
600 35.1
16.8 300 48.7
450 46.5
600 41.2
22.6 300 517
450 48.6
600 44.0

The behavior of C+Cu films upon prolonged
annealing was followed with the film containing 8 at. %
Cu. For this purpose, the film on a copper mesh was
stepwise annealed at 600°C in a vacuum. Periodically the
annealing was interrupted, and after cooling to room
temperature the specimen was extracted from the chamber
and studied by TEM and ED.

The size (diameter) distribution showed that after the
first annealing step for 1 h the majority of particles had
diameters in the range of 10-30 nm with average over the
set particle diameter of 24.8 nm (Fig. 3a). The next
annealing step for 1 h resulted in changes within particle
set, namely the total number of particles increased
somewhat, more small particles with diameters in the
range of 10-30 nm and the particles with larger diameters
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(60-70 nm) appeared (Fig. 3b). The average over the set
particle diameter became 24.5 nm. This means that not all
of the copper atoms have precipitated in particles during
the first annealing step (for 1 h), and this process

N0 em®

15 25 35 45 55

15 25 35 45 55 65 15 25 35 45 55 65 75
d. nm

Fig. 3. Size-distribution plots for copper particles

normalized for area unit of type 1 film surface after

annealing at 600°C for (a) 1, (b) 2, (c) 3.5, and (d) 5 h.
continued in the second annealing step with formation of
new particles. Some decrease in the average particle
diameter is just the result of formation of additional small
(10-30 nm in diameter) particles in the second annealing
step. The above feature in behavior of particle set explains
the observed decrease in average particle size in the film
with specified copper concentration with increase in the
temperature upon annealing for one-hour period (Table
1). During annealing, the copper atoms precipitate
primarily at the sites which are the most appropriate for
particle nucleation, i. e. on the film free surface and at
structural defects, and then at sites where the probability
of particle nucleation is less. The higher the annealing
temperature, the higher mobility of copper atoms, and the
more small particles nucleate within the first one-hour
period of annealing. Therefore, the average particle size
should decrease with increase in annealing temperature
for films with specified copper content as it was observed
in present experiments.

Further annealing for 1.5 h resulted in the decrease in
the total number of particles, in the majority of particles
to have the diameters in the range of 10-40 nm with
average particle diameter over the set of 26.5 nm, and also
in the appearance of the particles with diameters in the
range of 70-80 nm (Fig. 3c). After the next annealing step
for 1.5 h, the total number of particles further decreased
and the average particle size increased to 30.3 nm (Fig.
3d).

The features of histograms in Fig. 3 allowed
suggestion that in the second annealing step the process of
copper particles precipitation stopped and further only the
process of diffusion coalescence (i. e. growth of some
particles at the expense of dissolution others) within the
set of particles continued. This is evidenced by the
decrease in the number of small particles and in the total
number of particles within the set, as well as by the
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increase in the average particle diameter over the set and
formation of particles of larger diameters (Fig. 3c, d). The
occurrence of coalescence is also confirmed by the pits
free of particles and by small particles in the pits of larger
size in carbon film thus indicating that some copper
particles have totally or partly dissolved upon annealing
(Fig. 2b).

The observed structure evolution of copper-doped
carbon film can be explained based on the hetero-
diffusion concept. As noted above, the copper atoms are
distributed uniformly over the volume of as-deposited
C+Cu films. In accordance with the results of our earlier
study [11], the as-deposited at low (near room) substrate
temperature carbon films consist of nanoclusters with
chaotically oriented and distorted aromatic rings and
graphite-like  fragments within  them.  Subsequent
annealing at temperatures up to 650°C results only in the
local transformation of distorted aromatic rings into
regular-shaped ones and in ordering of them within
graphite-like nanoclusters in the substrate plane without
increase in the size of clusters [12]. These results allowed
the conclusion that the as-deposited amorphous carbon
films contain large amount of structural defects, and the
annealing at 650°C does not result in considerable
reconstruction of the carbon film structure. Formation of
copper particles can therefore be only the result of
diffusion processes for copper atoms within the carbon
film.

The idea of calculation of three-dimensional diffusion
coalescence kinetics, i. e. variation with time of the
average size in the set of particles, was first formulated in
[13] in which the authors have developed a theory for
coalescence within the set of inclusions in the bulk of
crystal, based on the assumption that the change in
inclusion radii with time is a consequence of interaction
of inclusions with generalized field of atoms of inclusion
substance. That field is characterized by the averaged
atom concentration £ which depends on the size

distribution function f(R,t) for inclusions, and it is in
equilibrium with inclusions of critical radius R”. Since
near the inclusions with radius R<R" the equilibrium
atom concentration is &g >&, then those inclusions have
to dissolve while the inclusions with R>R" have to grow
since &, <& in this case. The average inclusion radius
within the set was shown has to vary with time as R3~t
[13].

Similar approach has been applied to the problem of
two-dimensional coalescence in a conservative system,

namely in the set of “islands” of one substance onto the
surface of crystal of another substance [14]. It was shown
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that if the island substance mass transfer via gas phase is
negligibly small compared with that over the crystal
surface, then the average particle radius within the set has

to increase as R* ~t.

As suggested above, after the second annealing step
only the diffusion coalescence within the particle set
occurred in type 1 films. The fact that the total amount of
substance in particles, which was determined as a sum of
volumes of all the particles (which was suggested to have
spherical shape) within the specified surface of carbon

film, i. e. %Zn-&?’ first increased with time and after

the second annealing step was virtually unchanged,
allowed the assumption that the carbon-copper film under
study is an analog of the conservative system considered
in [13,14].

We attempted to determine the mechanism for
diffusion transport of the particle substance (copper)
during coalescence. Since the equilibrium pressure at
600°C for copper is negligibly low (P = 9.78-10° Pa), then
one can neglect mass transfer via gas phase and consider
the copper atoms diffusion occurring only within the film
volume or onto its surface. In these cases, as was shown
in [13, 14], the average particle radius in the set has to

vary with time as R®~tor R*~t, respectively. Shown in

Fig. 4 is the dependence of log R on log t, from which it
is evident that for annealing steps starting from the second

1.5

36 38 40 42 44
log t, sec

Fig. 4. Dependence of average radius of copper particles on
annealing time for type 1 film.

one (i. e. when only the coalescence process is suggested
to took place within the system “film-set of particles”) the
tangent of slope angle for best fitted straight line is about
% and not % or % as it should be in case of diffusion
only within the volume or only onto the surface of film, i.
e the mass transfer occurred substantially more slowly.
This finding can be explained through reasoning from the
following argumentation. The results in [13, 14] were
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Fig. 5. TEM images and respective ED patterns for two-layer (type 2) film annealed at 600 °C for (a) 1 h and (b) 7 h.

obtained from consideration of diffusion in the spatially
homogeneous medium or on atomic-smooth surface,
respectively. In our case, as noted above, the as-deposited
carbon film contained a large amount of structural defects
that are not eliminated by annealing and hinder the
diffusion transfer of copper atoms. Moreover, the pits
from dissolved particles (Fig. 2b) indicate that the copper
particles were partly immersed into the carbon film at
different depths. So, based on above results one can
suggest that the mass transport is apparently of a mixed
nature, i. e. it occurs in both the film bulk and on its
surface. In aggregate, all these factors determine observed
by experiment the dependence of particle average size on
annealing time.

Film of type 2
To elucidate the question: what is the real mechanism
of mass transfer upon annealing within the set of copper
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Fig. 6. Dependence of average diameter (a) and surface
density of copper particles (b) on annealing time for type 2
film.
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particles located on the surface of carbon film, the two-
layer specimen has been prepared.

TEM and ED study of this film showed that the initial
(as-deposited) film consisted of amorphous carbon layer
and continuous polycrystalline copper layer (Fig.1b).
Annealing in vacuum at 600°C for 1 h fundamentally
changed the film structure. In particular, the copper layer
disintegrated due to the surface tension force and the set
of particles formed on the surface of carbon film-
substrate. The ED proved them to be copper nanoparticles
(Fig. 5a). The particles were almost equi-axial and
acquired well-defined internal structure (grain boundaries,
twins, etc.). After long-term annealing the particles loss
their inner sub-structure and gained more rounded shape
while the carbon film remained amorphous as is
evidenced by halos in ED pattern (Fig. 5b).

The behavior of the set of particles upon annealing in
films of this type is also of two-stage nature like that in
the films of type 1. In the first stage, after the originally
continuous copper layer has disintegrated, the average
size of particles decreased and their number increased
during the second one-hour step of annealing (Fig. 6).
Upon further annealing the diffusion coalescence
developed, in particular the average diameter of particles
increased and their number decreased. Since the copper
layer was initially located over the carbon layer, one can
assume that the particles formed as a result of copper
layer disintegration are also located onto the carbon film
surface. Therefore, in this case the coalescence that leads
to changes in the set of copper particles seems to proceed
through only the surface hetero-diffusion mechanism.

Size distribution of copper particles is of two kinds.
There are particles several tens of nanometer on average
(Fig. 5a) and very fine particles visible only under much
higher magnification (Fig. 7). For statistical processing of
TEM images the pictures should be taken under
magnification that would ensure the optimum ratio
between the size and number of particles. However, in
this case very fine particles are not visible in the pictures,
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so they cannot be accounted in statistical processing, but
these seem to be nevertheless involved in coalescence
process. In the first stage of annealing the very fine
particles coalesce due to diffusion of copper atoms and,

. . @ @ -100nm

Fig. 7. TEM image with higher magnification of area

shown in insert in Fig. 5a.

thus, contribute to formation of additional small particles
which are now accounted in statistical processing of
images. Just the formation of new small particles causes
the decrease in average diameter and increase in particle
density in the first annealing stage comprising two one-
hour annealing steps. In the second stage, the contribution
from formation of small particles at the expense of finest
particles becomes essentially less, and predominant is the
diffusion coalescence within the set of larger particles
which are accounted upon statistical processing of TEM
images. As a result, the average diameter of particles
increased (Fig. 6a) and the surface density of particles
decreased (Fig. 6b). (Note that after prolonged annealing
the finest particles disappeared and were not longer seen
in electron microscopic images of particles set.)

Analysis of the dependence of particle average
diameter on annealing time (logR vs. log t plot) has
shown that the average radius in the set obeys again the

law R°~t (like that for type 1 film) and not R*~t as it
might be expected for the case of coalescence by the
mechanism of surface diffusion of copper atoms [14]. We
believe that deviation of the experimental coalescence law
from the theoretical one is because of the real
microstructure of carbon layer-substrate. As noted above,

in [14] the law R“*~t was derived based on the hetero-
diffusion concept over the homogeneous and atomic-
smooth surface. The as-deposited under conditions used
in present experiments real carbon layer consists of
chaotically oriented and internally strongly disordered
graphite-like clusters, and that structure preserves upon
annealing. So, the diffusion of copper atoms over the
surface of such carbon layer seems to be hindered and
therefore occurred more slowly than it is predicted by the
theory.

As mentioned above, in the mixed carbon-copper
films (type 1) the particles formed due to diffusion
precipitation of copper atoms from the volume of carbon
film. It was suggested that the process of particles set
formation finished to the end of the first one-hour
annealing step, and further only the diffusion coalescence
of particles occurred. Based on the results obtained with
films of type 2, it is now reasonable to suggest that in the
type 1 films the processes of particle formation and
diffusion coalescence occur simultaneously. In the first
stage (two successive one-hour annealing steps) the
process of particles set formation was predominant, and in
the next stage predominant became diffusion coalescence
of particles in the set, so that the average particle diameter
increased.

Film of type 3
To verify the suggestion about surface diffusion
mechanism for coalescence, the film of type 3 was
examined, in which the pre-formed set of copper particles
was located between carbon layers. In this case, the near

Fig. 8. TEM images and respective ED patterns for nanostructured (type 3) initial (a) and annealed at 600°C for 15 h (b)

films.
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regular-shaped copper particles were initially surrounded
by amorphous carbon matrix thus simulating volume
conditions.

Shown in Fig. 8a is TEM photograph of initial film.
The copper particles gained a certain crystallographic
orientation during specimen preparation annealing step,
which is evidenced by the point reflections in ED pattern.
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Fig. 9. Dependence of average diameter of copper
particles on annealing time for type 3 film.

The coarser particles exhibit structural defects (grain
boundaries, twins). Subsequent long-term annealing
didn’t result in any noticeable changes in the shape of
copper particles (Fig. 8b).

An analysis of size distribution of copper particles has
shown that the average diameter of particles was actually
unchanged after annealing at 600°C even for 15 h (Fig. 9).
This evidence unambiguously indicates absence of
coalescence in these films, which can be explained based
on aforementioned reasoning (see par. 3.1). In this case,
the copper particles are surrounded by the quasi-
amorphous carbon matrix with highly distorted structure
which is resistant to annealing. So, the diffusion transfer
of copper atoms whose size in addition is much larger
than that of carbon atoms is greatly hindered because of
structural imperfection of carbon matrix.

Films of types 4 and 5

The structure of annealed carbon-copper films of type
1 was formed due to the features of specimen preparation.
To be appropriate for TEM study, the carbon films must
be rather thin (no more than 100 nm). As was shown, the
copper atoms were uniformly distributed over the carbon
matrix in the as-deposited films. Since the copper forms
neither solid solutions with carbon nor carbides, then
upon annealing copper atoms strived to segregate into
particles in order to lower the total energy of the system.
Naturally, the most suitable place for particle formation is
free surface of thin film, and thus the copper particle set
formed just onto the carbon matrix surface with average
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particle diameter in the sets in the range from about 25
nm to about 52 nm depending on copper concentration in
C-Cu films. However, the question remained open as to
whether the copper particles form only on the carbon film
surface during annealing or that process can occur also in
the carbon film-matrix volume during deposition?

To give answer to above question we studied the
peculiarities of structure formation in thick composite
carbon-copper films in which free surface is of less
importance. In view of aforesaid as to the effect of
annealing on the behavior of thin carbon-copper films, we
chose the highest copper content at about 22 at. % Cu and
the treatment temperature of 600°C in order to ensure the
film structure formation process to be the most expressive
and the results comparable with those reported above for
films of type 1.

Shown in Fig. 10 is the SEM image of type 4 C-Cu
film deposited at low temperature and then annealed at
600°C for 1 h. It is evident that like the thin carbon-
copper films of type 1, in this case the set of copper
particles also formed on the film surface. The fact that
these particles are metal (copper) ones is proved by the
image obtained in back-scattered electrons. The estimated
size of copper particles is about 120 nm, i. e. noticeably
larger than for particles formed in thin type 1 carbon-
copper films. This discrepancy in particle sizes can be
explained based on the following argumentation. In thin
film the reserve of copper is much less than in thick film
due to film small volume. Upon annealing, that reserve
quickly run out, and after the set of particles formed the
predominantly  diffusion coalescence of particles

Fig. 10. Copper particles on the surface of thick type 4
carbon-copper film deposited at room temperature and
annealed in vacuum at 600°C for 1 h: image in secondary
electrons (left) and back-scattered electrons (right).
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SEM HV: 15.0 kV
View field: 8.99 pm
SEM MAG: 32.1 kx

Fig. 11. SEM cross-section of thick type 5 carbon-copper film deposited at substrate pre-heated to 600°C: images in secondary

electrons (left) and back-scattered electrons (right).

developed. In thick film the reserve for copper is
essentially larger, and more atoms are able to precipitate
in particles thus resulting in greater particle size.

The following observation in the specimen cross
section (not shown here) attracted attention. The film
volume adjacent to the film free surface contained less
amount of particles compared to deeper film volume. This
observation means that the copper atoms diffused from
the sub-surface layers to free film surface and precipitated
there in particles. Another remarkable feature is the
structure-less nature of the film. This fact is also
consistent with the results in [12] where it was shown that
the amorphous structure of carbon film deposited at low
substrate temperature is stable to subsequent annealing at
temperatures up to 600°C.

The structure of type 5 carbon-copper film deposited
onto the substrate pre-heated to 600°C is shown in Fig.
11. The film exhibits clearly expressed columnar structure
of carbon matrix. That structure agrees with the results
obtained in [12], where ordering of aromatic rings and
growth of graphitic clusters at deposition temperatures of
=500°C and higher was observed. Also, the copper
particles formed during film deposition are distributed
over the whole film volume and onto its surface. The
estimated size of copper particles is about 500 nm. It is
notable that particle density decreases from the bottom to
the surface of film. The latter fact is consistent with the
results in [15] and indicates that part of copper atoms
diffused from the sub-surface carbon matrix layer and
precipitated in particles onto free film surface.

BicHuk XHY, cepisa «®isnka», sun. 28, 2018

Conclusions

In  dc magnetron sputtering of composite
graphite/copper target, the copper-doped amorphous
carbon films are deposited with uniform distribution of
copper atoms and clusters over the film volume.
Annealing of films in a vacuum at 300-600°C results in
precipitation of copper particles and accompanies by
changes within the set of copper particles because of
diffusion coalescence. As a consequence of this, the
density of copper particles decreased and their average
over the set size increased. The coalescence occurred
more slowly than it is predicted by the theory. With
increase in copper content in the film the average particle
size in the set increased with other annealing conditions
being equal. With specified copper content the average
particle size in the set decreased with increase in
annealing temperature. The coalescence mechanism is
suggested to be of mixed nature and includes the mass
transfer in both the film volume and over its surface. The
structure defects in carbon film reduce greatly the rate of
diffusion displacement of copper atoms within the carbon
film.

In the two-layer film an annealing in a vacuum at
600°C resulted in two-stage microstructure evolution. In
the first stage, the copper layers disintegrated into
separate “islands”-particles. In the second stage, the
process of diffusion coalescence developed within the set
of copper particles. As a result, the density of copper
particles decreased and their average size increased. The
coalescence in two-layer carbon-copper film occurred
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also more slowly than it is predicted by the theory and
obeyed the same low as for the mixed copper-doped
carbon films of type 1. This is because the strongly
disordered structure of carbon film preserves upon
annealing at 600°C and reduces greatly the rate of
diffusion transport of copper atoms over the surface of
carbon matrix. In the three-layer film, upon annealing the
copper layer also disintegrated into particles of strongly
irreqular shape. The process of coalescence was not
observed because of specific morphologic and structural
features of copper particles and carbon layers.

In nanostructured films the average size of copper
particles didn’t change upon annealing. This is because
the copper particles were initially surrounded with carbon
matrix whose real structure effectively hindered the
diffusion transfer of copper atoms and thus prevented the
coalescence of copper particles by volume diffusion
mechanism. So, the results obtained with types 1 to 3
carbon/copper films make it possible to conclude that
upon annealing the mass transfer within the set of copper
particles occurs predominantly by the surface hetero-
diffusion mechanism.

The thick carbon-copper film deposited at low
temperature and then annealed at 600°C for 1 h preserved
the amorphous structure of its carbon matrix, and the set
of copper particles formed onto its surface. The film
deposited onto pre-heated to 600°C substrate exhibited
well-defined columnar structure of carbon matrix with the
set of copper particles in the film volume and onto its
surface. The substrate temperature during deposition
and/or post-deposition annealing is critical for copper
precipitation both in the carbon film volume and on film
surface.

References

1. C.C. Chen, F.C.N. Hong, Structure and properties of
diamond-like carbon nanocomposite films containing
copper nanoparticles, Appl. Surf. Sci., 94 (2005) 261-269.

2. J.M. Ting, H. Lee, DLC composite thin films by sputter
deposition, Diamond Relat. Mater., 11 (2002) 1119-1123.

3. QGy. J. Kovacs, G. Safran, O. Geszti, T. Ujvari, 1. Bert6ti, G.
Radnoczi, Structure and mechanical properties of carbon-
nickel and CN,-nickel nanocomposite films, Surf. Coat.
Technol., 180-181(2004) 331-334.

4. D.Y. Wang, KW Weng, S.Y. Hwang, Study on metal-
doped diamond-like carbon films synthesized by cathodic
arc evaporation, Diamond Relat. Mater., 9 (2000) 1762-
1766.

5. F.C. Fonseca, A.S. Ferlauto, F. Alvarez, G.F. Goya, R.F.
Jardim, Morphological and magnetic properties of carbon-
nickel nanocomposite thin films, J. Appl. Phys., 97 (2005)
0443131-7.

6. H. Hofséss, H. Binder, T. Klumpp, E. Recknagel, Doping
and growth of diamond-like carbon films by ion beam
deposition, Diamond Relat. Mater., 3 (1993) 137-142.

62

10.

11.

12.

13.

14.

15.

P.A. Chen, Characteristics of copper-incorporated
amorphous carbon film, Thin Sol. Films, 182 (1989) 261-
263.

Y. Pauleau, F. Thiéry, Deposition and characterization of
nanostructured metal/carbon composite films, Surf. Coat.
Technol., 180-181 (2004) 313-322.

J. Jiao, S. Seraphin, Carbon encapsulated nanoparticles of
Ni, Co, Cu, and Ti, J. Appl. Phys., 83 (1998) 2442-2448.

T. Cabioc’h, A. Naudon, M. Jaouen, D. Thiaudiére, D.
Babonneau, Co-sputtering C-Cu thin film synthesis:
microstructural study of copper precipitates into a carbon
matrix, Phil. Mag., B 79 (1999) 501-516.

A.A. Onoprienko, V.V. Artamonov, I.B. Yanchuk, Effect
of magnetron discharge power on the resistivity and
microstructure of carbon films. Surf. Coat. Technol., 200
(2006) 4174-4178.

A.A. Onoprienko, V.V. Artamonov, |.B. Yanchuk, Effect
of deposition and anneal temperature on the resistivity of
magnetron sputtered carbon films, Surf. Coat. Technol.,
172 (2003) 189-193.

.M. Lifshitz, V.V. Slyozov, The kinetics of precipitation
from supersaturated solid solutions, J. Phys. Chem Sol., 19
(1961) 35-50.

Ya.E. Geguzin, Yu.S. Kaganovsky, V.V. Slyozov,
Determination of the surface heterodiffusion coefficient by
the method of mass transfer, J. Phys. Chem Sol., 30 (1969)
1173-1178.

A. A. Onoprienko, N. I. Danilenko, I. A. Kossko, Structure
evolution on annealing of copper-doped carbon film, Thin
Sol. Films, 515 (2007) 6672-6675.

BicHuk XHY, cepia «®isnka», sun. 28, 2018



BicHuk XHY, cepis «®isuka», Bun. 28, 2018. c. 63-67

PACS: 81.40.Ef ; 62.25.+g ; 62.20.F.
UDC: 530.1/539.8

Mechanical properties of the nanostructured Ti processed by combination
of the severe plastic deformation methods

E.D. Tabachnikova’, A.V. Podolskiy*, S.N. Smirnov', M.A. Tikhonovsky?,
P.A. Khaimovich? N.I. Danylenko®, S.A. Firstov®.

!B.Verkin Institute for Low Temperature Physics and Engineering, Nauky Ave. 47, Kharkiv 61103, Ukraine,
e-mail: tabachnikova@ilt.kharkov.ua
National Science Center «Kharkov Institute of Physics and Technology» of National Academy of Sciences of
Ukraine, 1 Academicheskaya street, Kharkov, 61108, Ukraine
®Frantsevich Institute for Problems of Materials Science NASU, 3, Krzhizhanovsky str., Kyiv, 03680, Ukraine
ORCID: 0000-0002-1866-7941, 0000-0001-6846-3130, 0000-0001-5889-0366, 0000-0002-2523-9726, 0000-0001-6655-2404

DOI: 10.26565/2222-5617-2018-28-06

The polycrystalline Ti Grade2 was subjected to combination of different methods of the severe plastic deformation, such as
equal channel angular pressing, quasi hydro extrusion and rolling, and eight different structural states were produced. For each state
were measured the following parameters: average grain size, microhardness (at 300 K) and mechanical characteristics in uniaxial
compression at 300, 77 and 4.2 K. The concept of mutually complementary modes of plastic deformation differing in the set of active
slip systems is introduced. The combination of the modes of plastic deformation was found, which gives the maximal values of the
mechanical characteristics at temperatures 300, 77 and 4.2 K. It was shown that decrease of temperature of the preliminary
deformation from 300 down to 77 K leads to improvement of the mechanical characteristics of the Ti Grade 2 samples in the whole
studied temperature range.

Keywords: deformation, polycrystalline Ti Grade2, equal angular pressing, quasi-extrusion, rolling, mechanical
characteristics

VY nonikpucraniusomy Ti Grade 2, nuisxom komOiHalii pi3HUX METOAIB iHTEHCHBHOI macTHyHoi nedopmarnii npu 300 i 77
K, Takux sk piBHOKaHAJIbHE KyTOBE PECyBaHHs, KBa3iripOeKCTpy3is i MpoKaTka, OyJIH OTpUMaHi BiCiM Pi3HHX CTPYKTYPHHX CTaHiB.
JI1st KOX)KHOTO CTaHy BUMIpsIHI HACTYIIHI ITApaMeTpI: cepeHii po3Mip 3epeH B MiKPOCTPYKTYpi, 3HaueHHs MikpoTBepaocTi (mpu 300
K) i MmexaHi4HI XapaKTepHCTHKH B XO1 ogHOBicHOTO cTHCKY mipu 300, 77 1 4,2 K. BBeneHo ysaBIeHHsS TpoO B3a€EMHO JOJATKOBI MOIH
IUTAaCTHYHOT TeopMaliii, o BiIpi3HAIOTHECS HAOOPOM JIFOUMX CHCTEM KOB3aHHS. 3HaiiieHni HaOlp MOJ ITaCTHYHOT Aedopmaltii, Iist
SIKMX TIPU3BOANTH IO MAKCHMAIFHO BHCOKHX 3HaYeHb MEXaHIYHUX XapaKTepUCTUK NpH Temreparypax 300, 77 i 4,2 K. [lokazano, mo
3HIKEHHS TeMITepaTypu nonepenHpoi nedopmarii Big 300 mo 77 K npu3BoauTh A0 MONIMIIEHAS MEXaHIYHAX XapaKTEPUCTUK 3pa3KiB
Ti Grade 2 y BcboMy JOCITIIDKEHOMY TEMIIEPATypHOMY iIHTEpPBaJIi.

KorouoBi cioBa: nedopmanis, nomikpucraniunuii Ti Grade 2, piBHOKaHalbHE KyTOBE INPECYBaHH:I, KBa3ieKCTpy3is,

IpoKaTka, MeXaHi4Hi XapaKTCPUCTUKU.

Introduction

Development of the new methods for production of
the high strength states of materials by grain refinement is
one of the actual tasks of modern material science. For
this purpose the treatment of the various metallic
materials is used by means of severe plastic deformation
(SPD), which allows produce microstructures with
submicron, and in some cases with nanoscaled grain sizes
[1-17]. While, using the SPD methods at ambient
temperature leads to saturation of the process of grain
refinement at strains of e ~ 8-10 due to intensification of
the dynamic recovery processes at large strains. But
influence of the dynamic recovery on the microstructure
changes during SPD can be decreased by decrease of the
SPD temperature down to cryogenic values, which leads
to increase of the yield and ultimate strength of the
deformed materials [1, 2]. Additional decrease of average
grain sizes and increase of the strength in metallic
materials can be achieved by consequent change of

deformation mode during SPD, which leads to activation
of the new slip systems. So, in [3] for Al-0.13 wt.%Mg
alloy, subjected to ECAP (strain ~10) at 298 K, which
followed by compression at 77 K, the record small
average grain size of ~ 180 nm was achieved.

The present paper is devoted to investigation of the
possibilities of grain refinement and corresponding
increase of the vyield and ultimate strength of the
polycrystalline Ti Grade 2 by consequent application of
the mutually complementary modes of the severe plastic
deformation: the simple shear (during ECAP), the
axisymmetric deformation (during quasi hydro extrusion
at 300 and 77 K), and also by the pure shear (during
rolling at 77 K). The polycrystalline Ti Grade 2 was
chosen as investigation material due to its wide
applications, and due to different acting slip and twinning
systems, which can be activated by different deformation
types, used in this work.

© Tabachnikova E.D., Podolskiy A.V., Smirnov S.N., Tikhonovsky M.A.,
Khaimovich P.A., Danylenko N.I., Firstov S.A., 2018



Mechanical Properties of the Nanostructured Ti Processed by Combination of the Severe Plastic
Deformation Methods
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Fig. 1. Types of the severe plastic deformation used in this work: a) Equal channel angular pressing (ECAP);
b) Quasihydroextrusion (QHE), working substance — metallic indium; c) Cryorolling (CR) in liquid nitrogen (77 K).

Materials and methods

The polycrystalline rods of Ti Grade 2, produced by
hot forging, with average grain size of 20 um were used
as the initial material (state 1). Content of main impurities
(in wt. %): O —0.25; N - 0.03; C - 0.08.

From this material by combination of different types
of the severe plastic deformation, which are schematically
shown in Fig. 1 and described in [1, 2, 12], were produced
seven different structural states (states 2-8).

State 2 was produced by 8 ECAP passes at 720 K.

States 3 and 4 were produced by QHE at 300 K by
strain e ~ 32% (state 3) and e ~ 55% (state 4).

States 5 and 6 were produced by QHE at 77 K by
strain e ~ 38% (state 5) and e ~ 52% (state 6).

State 7 was produced by consequent application of
ECAP (8 passes at 720 K) and QHE (e ~ 57 % at 77 K).

State 8 was produced by consequent application of
ECAP (8 passes at 720 K) and rolling at 77 K to 50 %.

Vickers microhardness was measured by PMT-3
instrument with load of 100 g and time 10 s. Mechanical
tests were carried out in uniaxial compression with initial
strain rate 4-10™ s at cylindrical samples of 6 mm length

and 3 mm diameter at deformation machine MRK-3
(stiffness 7-10° N/m) at temperatures 300, 77 and 4.2 K.
During compression deformation the yield strength,
ultimate strength and corresponding ultimate strain were
registered. Measurements of the grain sizes were realized
by electron microscope JEM-100CX II.

Experimental results

The average grain sizes and values of yield strength
of the Ti Grade 2 samples in uniaxial compression of
different structural states at the three temperatures are
shown in Table 1. It should be noted that in state 8 after
rolling the plate width was 1 mm, which is not sufficient
for compression test and it was not carried out for this
state.

Analysis of the experimental data listed in Table 1
shows the significant dependence of oy, and d on
different SPD parameters: its type, value and temperature.
It is turned out that minimal average grain sizes and
maximal values of the yield strength for all studied
temperatures were observed for state 7, which was
produced by subsequent application of the mutually
complementary modes of the severe plastic deformation:

Table 1.

Average grain sizes d and yield strength o, in compression of Ti Grade 2 at temperatures 300, 77 and 4.2 K for the
different structural states.

< Yield Strength c,, GPa
% 1.Initial, 2.ECAP 3. QHE, 4. QHE, 5. QHE, 6. QHE, 7. ECAP,
g (8 passes at 720 K)| (300 K, 32 %), |(300 K, 55 %), (77 K, 38 %),|(77 K, 52 %),| (8 passes at 720 K+
g X QHE, 77 K, 57 %),
s d~20 pm d~0.4 pm d~2 um d~15um | d=0.5pum | d=~0.4 pm d~0.1 pm
300 0.42 0.64 0.52 0.60 0.63 0.73 0.86
77 0.67 1.05 0.82 0.89 0.86 1.00 1.22
4.2 0.74 1.22 0.99 1.38
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simple shear (ECAP, 8 passes at 720 K) and axisymmetric
deformation (carried out by QHE at 77 K to 57 %). For
this structural state the typical stress — strain curves in
uniaxial compression at temperatures 300, 77 and 4.2 K
are shown in Fig. 2.
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Fig. 2. Typical stress-strain curves in compression of Ti
Grade 2 in state 7 for temperatures 300, 77 and 4.2 K

It can be seen from Fig. 2 that the smooth type of
plastic deformation is changed by serrated, jump-like
deformation at temperature 4.2 K. Such changes of the
stress-strain curve type during transition to the liquid
helium temperatures are typical [18] for deformation of
titanium in this temperature range.

Yield strength values for different structural states of
Ti Grade 2 in the forms of diagrams (for temperatures
300, 77 and 4.2 K correspondently) are shown in Fig 3 (a-
c).

In Fig. 4 the microhardness values can be seen of Ti
Grade 2 for different structural states, measured at 300 K.

It can be seen from Fig. 3 and 4 that values of
microhardness and yield strength for the different studied
structural states are in good correlation. And the maximal
values of microhardness and yield strength at 300 K were
observed for the state 7, produced by the consequent
application of the mutually complimentary modes of the
severe plastic deformation: simple shear (ECAP, 8 passes
at 720 K) and axisymmetrical deformation, realized by
QHE at 77 K to 57 %.

In Fig. 5 the typical microstructures are shown for the
two structural states: state 2 (after ECAP) (a) and state 7
(after ECAP + QHE at 77 K) (b).

As follows from Fig. 5 a, the structure with grain sizes
of ~ 0.4 pm is formed in the result of ECAP. Azimuth
blurring of reflexes, observed in the diffraction pattern
(insert to Fig. 5a), is caused by stresses from defects both
inside the grains and at grain boundaries. Typical
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Fig. 3. Yield strength in compression of the Ti Grade 2 in
different structural states at temperatures 300 K (a), 77 K
(b), 4.2 K (c).

microstructure of the state 7 (ECAP + QHE at 77 K)
indicates the significant grain refinement (Fig. 5 b) down
to ~ 0.1 pm. Diffraction pattern in this case (insert to Fig
5b) has specific circular dot pattern, typical for the
unltrafine grained structure.

Discussion of results
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Fig. 4. Vickers microhardness at 300 K of the Ti Grade 2 in
different structural states

It is known that the processes of mechanical treatment
of metals can be described by combinations of different
modes of plastic deformation, such as axisymmetrical
deformation, simple and pure shear [1, 10, 19-23] etc. In
this work the set of plastic deformation modes was
realized by the consequent application of different
deformation methods — ECAP, rolling and QHE.

a

(ECAP+QHE) (ECAP+CR)
77K, 50%

Fig. 5. Typical dark field transmission electron microscopy
images and correspondent diffraction patterns of the Ti
Grade 2 structure: state 2 (after ECAP) (a); state 7 (ECAP +
QHE at 77 K) (b).
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It is reasonable that the consequent application of
these deformation methods should provide the activation
of maximal quantity of the slip systems [2], i.e. maximal
accumulation of deformation in the material, maximal
grain refinement and obtaining the high yield strength
values. The experimental results of this work confirm
these suggestions and indicate the influence of the SPD
temperature on the measured parameters. It is seen from
the Table 1 that combination of ECAP (simple shear
deformation) and QHE (axisymmetrical deformation), i.e.
use of mutually complimentary deformation modes of
SPD, significantly increase the influence of SPD on the
microstructure and mechanical properties. So, in this case
(Table 1, state 7) grain size values are decreased in
comparison with the initial state from 20 um down to d =
0.1 pm, and oy, values at 300 K increased in two times —
from 0.42 GPa to 0.86 GPa (Table 1, states 1 and 7).

The consequent action of other deformation types:
ECAP + rolling (state 8) (i.e. simple and pure shear) also
significantly (almost at ~ 20%) increased the
microhardness value (Fig. 4).

The case of QHE can be used to consider the influence
of the SPD temperature on the values d and oq,. It is seen
(Table 1, states 4 and 6) that decrease of QHE
temperature from 300 down to 77 K leads to decrease of d
in 4 times (from 2 pm down to 0.5 pm), while the cq,
increases at 20 %.

More strong grain refinement at lower temperature of
SPD s realized due to decreas e of the dynamic recovery
processes, which are caused by thermally activated cross
slip or climbing of dislocations. Moreover, as follow from
[1], increase of grain boundary mobility with decrease of
SPD temperature influences on the grain refinement.
Physical mechanism of such increase of the grain
boundary mobility during SPD at cryogenic temperatures
is not clear yet [1]. The authors of [1] suggested, based on
the results of molecular dynamic simulation [24, 25] that
at cryogenic temperature at conditions of active loading,
the structure of the boundaries is heavily disordered. In
the result, the grain boundaries are in nonequilibrium
state, which can lead to increase of the diffusion
coefficients and to accelerated grain boundary migration
[25]. However, this suggestion needs additional
confirmation, as the question about the activation energy,
required for grain boundary diffusion at cryogenic
temperatures [1] is not clarified yet.

One of the possible hypothesis, explaining the origin
of the high mobility of grain boundaries at cryogenic
temperatures, consists in counting of difference in
coefficients of the thermal expansion of the grain
boundary area and the grain interior: coefficient of the
thermal expansion of the grain boundary area in several
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times larger in comparison with the coefficient of the
grain interior [25, 26]. According to the Gruneisen
relation [27], it leads to the increased isothermal
compressibility of the grain boundary area, which was
experimentally found for nanocrystalline iron [28] and
nanocrystalline nickel [29]. Difference in the coefficients
of thermal expansion of the grain boundary area and of
the grain interior during the cooling below 300 K, should
lead to the uniform compression of the grain boundary
area and to increase of atomic volume in the grain
boundary area [29]. This effect simplifies the diffusional
mobility of atoms and decreases the resistance to the grain
boundary sliding at cryogenic temperatures, which can
explain the high mobility of the grain boundaries in these
conditions. It is obvious, that these peculiarities can
amplify the processes of grain refinement at cryogenic
temperatures.

Conclusions
1. The concept is suggested of influence of the

mutually complementary modes of plastic deformation,
which are characterized by different sets of acting slip
systems, on the microstructure and mechanical properties
of Ti Grade 2.

2. The combination of the SPD methods is found,
which leads the polycrystalline Ti Grade 2 to the
nanostructured state with the minimal average grain size
and with the maximal values of the yield strength. So, by
consecutive use of simple shear (during ECAP) and
axisymmetrical deformation (during QHE at 77 K) the
decrease of average grain sizes is registered from 20 pm
in initial state down to 0.1 pum, which accompanied by
increase in two times of the yield strength values (from
0.42 GPa to 0.86 GPa).

3. Use of the cryodeformation during QHE allows
to slow down the dynamic recovery. In the result, after
QHE at 77 K, the resulted average grain size (0.5 um) is
in 4 times smaller, than after QHE at 300 K (2 um), and
the yield strength after QHE at 77 K increases at 20 %.

4. The explanation is suggested of the mobility
increase of grain boundaries at cryogenic temperatures,
which simplify of process of grain refinement.
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An analysis of the crystal structure of high-temperature superconductors of the YBa,Cu;0_, type is provided and the reasons
for the formation of specific chemical bonds between different ions leading to the formation of negative U-centers clusters in this
compound is discussed. Experimental facts are also discussed, which indicate a close relationship between the crystal-chemical
structure of metal-oxide compounds and their anomalous electric conductivity.

On the basis of the analysis, the conditions for the selection of elements for the synthesis of compounds characterized by a
higher temperature of transition to the superconducting state are formulated.

Keywords: high-temperature superconductors, structure, negative U-centers.

B poboti mpoBeneHo aHami3 KPHUCTATIYHOI CTPYKTYPH BHCOKOTEMIIEpATYypHUX HaanpoBigHUKIB Tumy YBa,CuzO7y i

00roBopeHi NPUINHA (GOPMYBaHHS CIIeHU(BIYHUX XIMIYHHX 3B'SI3KIB MK Pi3HHUMH i0HaAMH, 110 IPU3BOAATH JI0 YTBOPEHHS KJIaCTepiB 3

HeratuBHUX U-1ieHTpiB B i€l cmoaymi. OOroBopeHoO TaKOX eKCIepHMEHTaabHI (DAaKTH, IO CBIAYaTh MPO TICHHM B3a€EMO3B'SI30K
yo 5

KPHUCTAIOXIMIYHOI CTPYKTYPH METaI—OKCHIHUX CIIOJIYK 3 IXHBOIO QHOMAJIBHOIO SJIEKTPUYHOIO TIPOBITHICTIO.

Ha mincrasi mpoBeneHoro aHami3zy chopMyIbOBaHI YMOBH BHOOPY €EMEHTIB Ul CHHTE3Y CIONYK, IO XapaKTepU3YIOTHCS

O1JIBII BUCOKOIO TEMIIEPATYPOIO NNEPEXOAY 0 Ha)IHpOBiZ[HOFO CTaHy.

Kniouogi ciioBa: BucokoTeMneparypHi HaAIIPOBITHUKH, CTPYKTYpa, HeraTuBHI U-TIeHTpH.
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the 100th anniversary of his birth. The authors remember with great warmth the years of close cooperation with Ya. E., note his
great enthusiasm, benevolence, and also thank for the many tips that contributed to the emergence of new ideas and publications,

including this article.

Introduction

The discovery in 1986-1987 of the "high-
temperature”  superconductivity (HTSC) of multi-
component metal-oxide compounds (anomalous electrical
conductivity in the range of temperatures exceeding the
boiling point of liquid nitrogen 77 K) aroused great
interest in the study of the properties of this class of
materials [1,2]. These materials include a number of
compounds which can be described by the general
chemical formula, RBa,CusO;_,, were R=Y, Nd, Sm,
Eu, Gd, Dy, Ho, Tm, Yb, Lu. Among them the
YBa,Cus0;_, compound was most thoroughly and
comprehensively studied. The temperature of transition to
the superconducting state of this compound is T,= 90 K,
which is an order of magnitude higher than the T. of
metallic superconductors. In addition to the above-
mentioned compounds, the group of metal-oxide high-
temperature superconductors also includes compounds
Bi,Sr,Ca,Cuz040_y and Tl,Ba,Ca,Cuz04q_y, Characterized
by the maximum transition temperature observed up to
the present time: T, = 110 u 125 K respectively.

© Boyko Yu.l., Bogdanov V.V., Vovk R.V.

The most important task of researches which are
carried out after discovery of high-temperature
superconductors, is searching for new compounds which
have a superconductivity at even higher temperatures, up
to room ones (= 300 K). However, to date, this problem
has not been solved, and the main cause of failure of
many attempts to obtain such a compound, is the lack of
understanding of the mechanism of unique microscopic
electric conduction of HTSC oxides. An attempt to
explain this phenomenon using the BCS theory ("Phonon"
pairing of electrons, which causes low-temperature
superconductivity of simple metals and their alloys [3]),
was unacceptable. This conclusion was made after
publication of the so-called "isotope effect” study results
[4]. In this study in the YBa,Cuz0;_, compound 75% of
180 oxygen ions were replaced by 'O ions of the "heavy"
oxygen isotope. Such a substitution significantly affected
the phonon spectrum of the crystal, however, it did not
lead to a noticeable change in the transition temperature
T.. In this case, a detailed study of the nature of
elementary charge carriers in YBa,Cuz0O;_, showed that
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superconductivity in this compound is realized by paired
electrons, as in the case of "low-temperature"
superconductivity of metals.

Thus, the physical nature of the mechanism that
determines the pairing of electrons, as well as the reason
for the stability of these pairs up to a temperature of = 100
K, remain unconfirmed until now. A large number of
different models were proposed to answer the above
questions. In particular, the possible role of electronic
excitations was discussed: plasmons, excitons, spin
fluctuations etc. in the process of formation of coupled
charge carriers [5,6]. In addition, the possibility of
electron pairing was also associated with formation of
specific structures — the so-called "superlattices”,
characterized by a parameter that is much higher than the
lattice parameters of the main substance [7, 8]. However,
none of the above models was confirmed by an adequate
experiment, which clearly demonstrates in its favor.

In this respect, the most reasonable and consistent
with a large number of experimental evidence is a concept
proposed by the authors [9,10]. According to the idea
developed in these papers, the pairing of electrons in
high-temperature superconductors is due to the formation
in them of special elements of the structure — clusters
consisting of a set of "negative U-centers". Upon reaching
a certain size and number of clusters a special energy
spectrum of electrons is formed, allowing two-electron
transitions from oxygen ions to neighboring pairs of
copper ions, which ultimately determines the
superconductivity of metal-oxide compounds.

In the work we propose, using the YBa,CuzO;_y
compound as an example, we analyze the crystal structure
and discuss the reasons for the formation of specific
chemical bonds between different ions, leading to the
formation of negative U-centers clusters in this substance.
Experimental facts are also discussed, which indicate a
close relationship between the crystal-chemical structure
of metal-oxide compounds and their anomalous electric
conductivity.

The results of this work can be used in further studies
to find ways of obtaining new compounds, having
electrical superconductivity at temperatures much higher
than the boiling point of liquid nitrogen, up to room
temperature.

Analysis of crystal-chemical structure of metal-
oxide compounds on the example of compound
YBa,Cu;07._

From the position of crystal-chemistry multi-
component metallic oxide YBa,Cus;0;_, belong to
complex isodesmic substances with an ion-covalent bond
type [11]. In this compound the oxygen ion O (anion)
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forms chemical bonds with three different metal ions — Y,
Ba, Cu (cations). A peculiarity of the structures of this
type is the following: while the metal ions are necessarily
only bound to oxygen, each oxygen ion is bound to three
different cations.

To achieve a stable (thermodynamically equilibrium)
structure of this compound, the electric charge of the
anion must be locally neutralized. To fulfill this condition,
it is necessary that the sum of the electrostatic valencies
of the individual anion bonds with all cations should be
equal to the value of its negative charge. In turn, the
electrostatic valence of each cation is determined by its
charge, reduced by a factor of n, where n is the
coordination number (the number of ions surrounding the
cation). In accordance with this, when forming an
isodesmic structure, the number of ions around each
cation should always exceed its individual valence. The
presence of three different cations and of one anion in
YBa,Cuz0,_, and the requirement of the stability of this
compound cause the formation of a specific "perovksite-
like" crystal structure defective in oxygen [11]. In this
case, the actual value of the charges of all ions and their
exact distribution in the forming crystal lattice is a
secondary factor. The requirement of fulfilling the
electrical neutrality condition of the compound leads to
the situation that some of ions can change their valency,
and some of them may be absent, breaking the
stoichiometry of the compound, however, while
maintaining the necessary correspondence between the
electric charges.

The specified features of the YBa,CusO;_, crystal-
chemical structure formation leads to the fact that its
crystal lattice in the absence of a deficit in oxygen, i.e.
with the value of the parameter x = 0, is characterized by a
specific mutual arrangement of ions, which from the point
of view of crystallography is described by an
orthorhombic unit cell (Fig. la). A distinctive feature of
this cell is that it is layered and contains two
configurations of the oxygen surroundings by copper
ions: tetrahedral pyramid in planes CuO, and a rhombus
in the form of chains CuO in the basal plane (ab) [12]. In
this case, the Cu ions in the basal plane neighbor with the
O ions only along the axis (b), and along the (a) axis in
this plane there are no O ions at all, which in turn
determines the orthorhombic symmetry of the forming
elementary crystal cell. The Cu ions located along the (c)
axis in the space between the planes of the Ba and Y ions
are surrounded by five O ions, forming the planes CuOs.

With decrease in the oxygen content, i. e. with
increase in the parameter x >0, oxygen vacancies arise
mainly in the basal plane, since the CuO chains are
characterized by the minimum energy of the chemical
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a b

Fig. 1. Crystal structures of elementary cells of HTSC metal-
oxide compounds: a) YBa,Cus0;, b) Bi,Sr,Ca, Cu3Oyq.

bond. When the value of x~0,5 is reached, the O ions
and oxygen vacancies approximately in the same
proportion are distributed along the axes (a) and (b) in the
(ab) plane, and at x = 1 the basal plane remains without O
ions at all, which leads to the transformation of
orthorhombic lattice into tetragonal one. The formation of
such a specific crystal-chemical structure, the presence of
different configurations of Cu and O ions, as well as the
phase transformation in the YBa,CuzO,_, compound are
experimentally confirmed in many works and, in
particular, in the works [13,14].

It should be noted that the crystal-chemical state and
electrical conductivity of this substance are closely
interrelated and depend significantly on the concentration
of oxygen ions in it, that is, on the value of the parameter
X. With a large deficit of oxygen ions (x > 0,5), when the
tetragonal  crystal  structure is  realized, the
superconductivity does not occur. As the oxygen
concentration increases and when the value of the
parameter x = 0,4 the phase transformation is observed:
the tetragonal crystal cell turns into orthorhombic one.
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Simultaneously with the phase transformation in the
YBa,Cuz0,_, compound the superconductivity is appears
at temperature T.~50K, and when x=0 the
superconducting state is realized at the maximum value of
the transition temperature for this compound T.~90K
(see Fig. 2).

100
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50 100 150 200 250 300

Fig.2. The dependence of electric resistance of the
YBa,Cuz0;_, compound on temperature with variation of
the parameter x: 1 — 0,08; 2 - 0,13; 3 -0,17; 4 -0,2; 5 -
0,23; 6 — 0,35 [16]. The inset shows the dependence of the
transition temperature T, on the parameter x. The same type
of dependencies were obtained in [17].

Thus, based on the above analysis, it can be concluded
that it is the specific crystal-chemical structure that is the
determining factor which causes the anomalous electrical
conductivity of the poly-component metal-oxide
compounds. More concretely this correlation is discussed
in the next section of the paper.

Crystal-chemical structure of the YBa,CuzO; _y
compound and the appearance of paired carriers of
electric charge

As it already mentioned, according to the concept
proposed in the works [8, 9], the main elements of the
structure responsible for the generation of electron pairs,

R

Cu

e rd e

Fig.3. The scheme of the negative U-center in the
YBa,Cuz0;_, compound [10].
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which cause the anomalous conductivity of metal-oxide
compounds, are the clusters formed from negative U-
centers. Each separate U-center consists of two
neighboring Cu cations embedded in the CuO, plane and
of their surrounding O ions (Fig. 3).

The existence of such a configuration of Cu and O
ions in the YBa,Cu30;_, compound was confirmed in the
works [13,14]. In these studies by the X-ray spectroscopy
and by the internal friction methods was found that
copper and oxygen ions take part in the formation of
specific chemical bonds characterized by different ion
valencies. This result provides the additional evidence of
the negative U-centers formation in the YBa,CuzO;_y
compound.

The U-centers clusters formation causes the
appearance in the electrons energy spectrum of a level
that allows a local pair transition from an oxygen ion to
two neighboring copper ions (Fig.4) [9]. In this case,
separate (not connected to clusters) U-centers cause some
"excess" insignificant electric conductivity at temperature
T*>>T., (this is a  so-called  fluctuation
superconductivity). The deviation from the "normal"
conductivity at the temperature T* is a "messenger" of the
transition to the superconducting state, and the
temperature T* was called the temperature of opening of
the "pseudo-gap"”. In fact, at this temperature the first pair
charge carriers appear.

i ]

EF

Fig. 4. The scheme of the band structure of the energy
spectrum of a) ordinary metal, b) HTSC metal-oxide
compound [10]. e — electron; o — hole; T — the width of the
energy level for a pair of electrons

The minimum cluster size that determines the
possibility of the pair transition of electrons is determined
by the coherence length in the CuO, plane and equal
~10 A. As the concentration of oxygen ions in the metal-
oxide increases, that is when x — 0, the average size of
the clusters increases, and the temperature T* gradually
go up (Fig. 5) [9].

An important experimental fact, which also give
evidence to the favor of the above scheme, is the result of
the work [15], in which the process of size increasing of
U-centers clusters was activated (accelerated) by applying
of external hydrostatic pressure p~=7 GPa. As it was
shown in this study, in YBa,CusO;_, compound samples
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with not complete stoichiometry (x~0,4) the pressure
intensifies the process of cluster size growth due to their
(clusters) diffusion coalescence. The coalescence process
is realized as a result of the redistribution of oxygen ions
and of decrease in the vacancy concentration in the anion
sublattice, which is accompanied by decrease in the
parameter x — 0. In accordance with the above described
scheme, this process should be accompanied by increase
of temperature T., approaching it to the maximum value

~90K, as it was observed in the experiment.
T
700 -
600 |-
500 |-
400
300 -
200 - .
-

100 |-

0 1 1 1 1

0.2 0.4 0.6 0.8 0 X

Fig.5. The dependence of the "pseudogap” opening
temperature T* in the YBa,CuzO;_, compound on the
parameter x [10].

In addition to the above information, attention should
be paid to the following important fact. As mentioned, the
Bi,Sr,Ca,Cuz049_y and the Tl,Ba,Ca,Cuz040_y
compounds also refer to metal-oxide superconducting
substances. They are characterized by the maximum
superconducting transition temperatures recorded to date:
T.~110 and = 125K respectively. As the YBa,Cus0;_y
compound these oxides are also characterized by the
rhombic crystalline cell and by the presence of several
"perovksite-like" structural blocks containing planes
CuO, (Fig. 1b). Besides, these compounds do not have
CuO chains in the basal planes (ab), however, in their
structure there are solitary copper-oxygen planes of CuO
separated by Ca planes. This fact once again demonstrates
the important role of the crystal structure in formation of
pairs of charge carriers in the metal-oxide
superconductors: the CuO, planes provide the formation
of the negative U-centers which cause the appearance of
the paired charge carriers. The presence of CuO planes
provides anomalous conductivity by the paired electrons
in all compounds discussed. At the same time it is the
"sandwiching" of solitary CuO planes by the planes
formed by additionally introducing ions (in this case of
"bismuth-thallium™ oxides by planes of Ca), increases to a
certain limit the value of the superconducting transition
temperature. Consequently, an increase in the number of
solitary CuO planes with metallic conductivity is the
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important factor for multi-component metal-oxide "high-
temperature”  superconductors, which promote in
increasing T.. The role of the other ions is actually
reduced to maintain the required crystal structure.

Conclusions

Summarizing the above considerations, we can make
the following conclusion.

There are no fundamental limitations on increase of
the transition temperature T. into the superconducting
state when using multi-component metal-oxide "high-
temperature” superconductors.

When choosing elements of a substance characterized
by a higher temperature of transition to the
superconducting state, it is necessary to have in mind the
realization of the following conditions:

1) the material should have a crystal-isodesmic
complex structure, characterized by the orthorhombic unit
cell, containing as component elements perovksite-like
blocks separated by planes that do not contain oxygen
ions;

2) as the ions forming perovksite-like structural
unit, in addition to the oxygen ion, it is necessary to use a
metal ion which, on the one hand, should be characterized
by a "normal” (metallic) electric conductivity, and on the
other hand, it must actively react with oxygen and form
chemical bonds of various configurations, that is, capable
to change its valence state;

3) the metal ions specified in paragraph 2, together
with oxygen ions, besides participation in the formation
of blocks with a perovskite-like structure, must form
either the basal planes (ab) or the solitary "conducting"
planes parallel to the basal planes;

4) increase in the number of planes with metallic
conductivity when additional ions (cations) are introduced
along the axis (c) of the unit cell, promotes in increase the
superconducting transition temperature T;

5) the metal-oxide compound having a "high-
temperature” superconductivity with the maximum
possible transition temperature T, should be characterized
by complete stoichiometry in oxygen.
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Dissolution of a heavy liquid droplet deposited onto free surface of unlike
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Dissolution dynamics and kinetics of a heavy liquid droplet deposited onto the free surface (or inserted at a certain depth
under the surface) of a massive liquid solvent have been studied experimentally. As the solvent are selected distilled water, as well as
concentrated solutions of sugar or common salt. As the soluble media were chosen the colored substances of different types (aniline
ink, Indian ink, medical solutions of brilliant greenery or iodine), which allowed us to observe and register on the camera all the
evolution stages of the heterogeneous system (a colored drop spreading in a transparent solvent) within the convective mixing
regime. If the temperature of the solvent is high enough (T>40°C), the convective mode is not realized, and the droplet is almost
immediately dissolved into the homogeneous solution, at a low temperature (in our case it is room temperature of 18-20 °C), the
spreading configuration is very complicated: after deposition on the surface, the droplet spreads over it, then in the central part of the
spot appear one or several vertical channels (the number of channels depend on the size and mass of the initial droplet, as well as the
dynamics of surface spreading which is controlled by the surface tension), along which the solution penetrates into the interior of the
solvent. When penetrating the solvent, the channels begin branching and forming secondary flows, and so on, until the bottom of the
cell is reached by initial droplet material. If a liquid stream is introduced to the solvent under pressure (we use injection from a
syringe needle), a single well defined vertical channel is formed, but its head at some depth undergoes reflection with the formation
of backward flows and complex spreading patterns in the upper volume of the solvent.

Keywords: dissolution hydrodynamics and Kinetics, solubility, convective regime.

JluHamika Ta KiHETHKA PO3YMHECHHS KPaIuli BaXKKOI PiAMHH, BMIIIICHOT Ha BUTbHY TOBEPXHIO (200 Ha TEBHY MIMOMHY MiJ IO
MOBEpXHI0). B sikocTi po3uMHHMKIB BHOpaHi JUCTHIFOBAaHAa BOJA a TAKOXK KOHIIEHTPOBAHI PO3YMHH LyKpYy abo cousi. Y SKOCTI
PEUYOBHMHM, IO PO3YMHSETHCS, 0OpaHi 3abapBieHi cyOCTaHIl pi3HMX THMIB (AaHLTIHOBE YOPHHJIO, KPECIAPChbKAa TYIL, MEIHYHI
PO3YMHH 3eJIeHKH a00 Homy), 1 11e 103BOJIsIE HaM CIIOCTepiraTu Ta peecTpyBaTh Ha KaMepy YCi CTafii eBOIIONIT TeTeporeHHOT CHCTEMU
(3abapBneHa Kpamis PO3MOBCIOPKYETHCS Y IPO30POMY PO3YHHHHMKY) B MEKaX KOHBEKTHBHOTO PEXHUMY 3MillyBaHHS. SIKIIO
TeMIepaTypa PO3YMHHMKA J0CTaTHbO BHCOKa (T>40°C), KOHBEKTUBHA MOJa HE PEANli3yeThes, i KPAIUlsl NPAKTHYHO MOMEHTAIIEHO
MIEPEXOIUTh B OJHOPIIHUNA PO3YMH, HATOMICTD SIK MIPU HU3BKUI TemIiepaTypi (y HAIoMy BHUITAIKY IIe € KIMHaTHa Temneparypa 18-
20°C) xoHdirypalii po3HOBCIOIKEHHS 30BHIIIHBOI KPaIli € JOCHTh CKIAJIHUMHM: ICIS HAHECEHHS HA MOBEPXHIO PO3UMHHHUKA
KpaIuisi PO3TIKAEThCS B3IOBXK IOBEPXHI, IMICJIS YOr0 Y IEHTPi MOBEPXHEBOI IUIAMH 3’SBISIOTHCS JIEKiIJIbKa BEPTHKAIBHUX KaHANIB
(4MCIO KaHANIB 3AICKHUTH BiJl PO3MIpYy Ta MacH IMOYAaTKOBOI KpaIuli, a TaKoX BiJ JUHAMIKM ITOBEPXHEBOTO PO3TIKaHHS, IO
KOHTPOJIFOETHCS TOBEPXHEBUM HATSTOM), B3/IOBXK KX KOHIIEHTPOBAaHHI PO3YHH MOYMHAE CTIKATH Y TiJIO pO3YMHHMKA. [IpoHnKaroun
y TUIO PO3YMHHHKA, KaHAIHM MOYHUHAIOTH (GOPMYBaTH BTOPHHHI MOTOKU 3 HOBHUMH KaHaJlaMH, i TaK Jaji, JOKH MaTepiasl MepBUHHOI
KpaIlli He JDOCSATHE JHA MOCYAWHU. SIKIIO pifika peuyoBHHA BBE/CHA y PO3YHMHHHK IiJ THCKOM (MH BBOJMJIN PEYOBHHY 4YEpe3 TOJIKY
MEIUYHOTO IITpHUIa), HOpMYEThCS €IWHMIA, TOOpe BU3HAUCHUI BEPTUKAIBPHUN KaHAI, aje Ha MeBHiil ITMONHI BiH 3a3HA€ BiIOUTTS
3aBJISIKH BIUTMBY TPAaHUYHUX BUMOT Ta (hOpMy€E 3BOPOTHIH MOTIK 31 CKIAIHIUMU (QirypamMu po3TiKaHHS Y BEpXHIX MIapaX PO3YHHHHKA.

Kuwouosi cioBa: TigponnHaMika Ta KiHETHKA POSYMHEHHS, PO3YHHHICTh, KOHBEKTUBHHN PEXUM.

L]sn poboma npucesuena nam’smi npogpecopa A.€. I'ecysina.
This paper is written in memory of Professor Ya.E. Geguzin.

Introduction

Experimental studies of sintering mechanisms of
dissimilar crystalline solids brought into contact on
surfaces with different crystallographic indices and
exposed at different temperature conditions have a highly
significant place in the scientific heritage of Prof. Ya.E.
Geguzin [1-4]. In fact, the case at hand is the mechanism
of mutual dissolution of unlike solids, which occurs
through a surface spreading of the components and
mutual volume diffusion in the contact zone enriched by
structure imperfections of the crystal lattice. In this sense,

© Zaitseva O.Yu., Chishko K.A., 2018

the process can be interpreted as a diffusion-dislocation
flow (creep) of the contacting components, which in the
promoted stages of the process can be described as mass
exchange between two extremely viscous liquids. On a
qualitative level, this phenomenon can also be considered
as a spreading-dissolution of a foreign substance droplet
deposited on the surface of a viscous liquid or a solid.
Moreover, the dynamics of droplets was the subject of
special interest of Ya.E. Geguzin, the droplet dynamics
was a subject of special research described in his famous
book [5].
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In the present paper we study an analogous problem
realized on a simple model of two dissimilar liquids, one
of which has the form of an isolated colored droplet
introduced onto a free surface of massive optically
transparent liquid solvent. This setup allows us the direct
real-time observation of the dissolution kinetics”. Of
course, the mutual solubility, the effective viscosity and
the surface tension at the points of contact of the
components in the present case turns out to be much
smaller in comparison with similar parameters for solid
crystalline systems, but the relaxation times in the liquid
solution are acceptable in order to observe and real-time
registering the evolution of the system in different
regimes of the droplet penetration into the solvent.

Experimental results

Figure 1 shows the configuration of an aniline ink
droplet within a few seconds after its dropping on the free
surface of the solvent which is distilled water. The
experiments were performed at room temperature. Just
after deposition of the ink droplet to the water surface it
begins spreading over the surface of the solvent under
gravity forces and surface tension. As a result, from the
spherical droplet a biconvex lens has been formed, with
thickness decreases from the center to the edges. The
spreading is due to the vertical pressure gradient within
liquid droplet, which tends to flatten the droplet to
minimize the pressure difference between the upper and
the lower part of the lens, but complete flattening is
impeded by the curvature of the edge contour of the lens
in the cross-section, perpendicular to the water surface.
The shape of the lens in its lower part (immersed in
water) is maintained through balance of forces at the
water-ink boundary. At a certain moment, this boundary
loses its stability, and this breakdown occurs mainly in
the central part of the lens, as can be seen in Figure 1. In
this case, a thin vertical primary channel is formed, and
the ink from the upper basin flows into bulk solvent,
while it can be seen that a stream of unevenly "diluted"
ink flows through the channel.

As the channel penetrates into the interior of the
solvent, the pressure in the head of the channel p = pgh
increases (h is the coordinate of the head channel,
measured from the surface of the solvent, and p is density
of the solvent), and at a certain depth h, the channel
advance will be blocked, after which begins the secondary
spreading of ink coming through the channel from the
upper pool. This secondary spreading occurs already near

Y This problem was announced in the Problem List of

Fig. 1: Spreading and dissolving a droplet of aniline ink
deposited to the surface of distilled water.

the horizontal plane h = hy, which leads to the formation
of two (as in Figure 1) or several (as in our other
experiments) new vertical channels. As can be seen from
Fig. 1, the secondary channels have an irregular structure
due to thermal and pressure fluctuation within the ink
solution. In addition, it can be seen from Fig. 1 that in
heads of secondary channels begin to form droplets,
which after a while will become centers a new stage of
spreading.

Fig. 2: Multistage spreading-dissolution of an aniline ink
droplets penetrating beneath the surface of the solvent.

The multi-stage flow is illustrated in Figure 2, which
shows how the run of a channel is stopped at a certain

International Physicists Tournaments 2018 (MFTI, Dolgoprudny, ~ depth, and a new drop begins to form in the head of the
Moscow region). Experimental results were obtained by O. Yu.  Stopped jet, which is similar to the formation of the drop

Zaitseva and discussed in her report presented at the IPT 2018. at the end of the syringe needle, from which a viscous
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liquid is released. Thus, the development of a vertical
channel can be regarded as the introduction of a viscous
liquid under the surface of the solvent (special
experiments of this kind were carried out by means of
liquid injection from a syringe, the needle of which sank
to a certain depth, but in view of the limited volume of the
paper we do not discuss here the corresponding results).
The droplet at the end of the stopped channel grows
because the flow of liquid from the upper reservoir
continues along the channel, and as a result, the secondary
drop spreads underwater, with the formation of new
secondary channels, The created substance penetrates
deeper and deeper into the solvent until it reaches the
bottom of the cell, after which the progress of the moving
vertical channel stops.

Fig. 3: Formation of ring structures when the drop is
spreading under the surface of the solvent (top view to the
surface solvent, the camera is focused on rings that are
below the level of the primary subsurface spreading).

Extremely interesting is the process of the secondary
spreading below the surface after the channel stop. The
droplet formed in the head of the stopped channel
continues to receive a dissolving substance, and from
Figures 1 and 2 it is seen that the concentration of the
colored liquid in the secondary droplets is higher than in
associated channels, that is, the dissolved substance
accumulates in the channel head, which leads to
eventually secondary spreading. Figure 3 shows the
configuration of the spreading subsurface droplets
recorded by the camera on the side of the top of the
solvent (the camera is focused so as to clearly record the
process at the depth of secondary spreading). It can be
seen that the secondary distribution of the flow occurs by
forming rings unevenly filled with a solute, and already
from these rings are nucleated the secondary channels
through which the solution continues to flow down to the
bottom of the vessel. The tendency to form ring structures
during underwater spreading takes place because the
droplet introduced at the determined depth is under a

BicHuk XHY, cepisa «®isnka», sun. 28, 2018

concentrated load from the upper column of solution,
which crushes the drop from the center to the edges, and
this process is restricted by the surface tension at the
boundary between the droplet and the solvent. In the
common sense, the droplet is profitable to accept the
configuration of its outer surface in contact with the
solvent, which would have as large as possible curvature
with maintaining the maximal volume of the substance,
for which it is difficult to form a homogeneous molecular
solution with a concentration exceeding a certain
thermodynamically equilibrate value of solubility
(thermodynamically determined for the given temperature
and pressure). In the thermodynamics of solutions, this
effect is known as a limited solubility [7.8], which leads
to the decay of both liquid and solid solutions where the
concentration of components exceeds the limit of
solubility. This process directly is associated with the
mechanism of secondary phase nucleation during phase
transitions of the first kind or the formation of precipitates
upon the decomposition of solid mixtures. In our case, a
subsurface droplet takes configuration of the torus (Figure
3), which allows to retain a significant amount of
undissolved matter in a region restricted by a surface of
large curvature. The curvature of the torus surface,

Fig. 4: Spillage outlet resulting from the introduction of a
jet of ink at a high initial speed into the solvent.
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however, can not be arbitrarily large, since the transition
(evaporation) of precipitate molecules to the solvent is
more simple from a curved surface, and this process is
controlled by the equilibrium conditions with respect to
pressures and chemical potentials on the boundary
between the contacting phases. The shift of this
equilibrium leads to a diffusive redistribution of the
solution components between the contacting phases. In
our case, the observed dissolution process is essentially
nonequilibrate, under the determining control of the
hydrodynamic (convective) regime in the gravitation
field. Diffusion is activated at all stages of the process,
but convective motions are predominant at the initial
stage of dissolution at all temperatures of our
experiments.

It can be seeing in the upper part of Figure 1, that
there is a separation of the "tails” from the edge of the
liquid spot on the solvent surface. This is a process of
two-dimensional surface dissolution of precipitate which
can be interpreted as surface diffusion of an external
substance introduced into the solvent. Fluid penetrated
into the solvent through channels, partially diffuses
through the channel boundary, but it can be seen that the
channels have very small diameter, which is the result of
the same tendency to limit the distribution of concentric-
bath solution with a large curvature surface to support the
spatial stratification between liquid phases of different
concentrations in a spatially inhomogeneous system.

And, finally, we present the result of another
experiment (Figure 4), which refers to the jet of ink, put
under the surface of the solvent from the syringe needle
with high pressure and, therefore, with a high initial
velocity. It is quite obvious that in this case we could
expect the propagation of a well-defined flow of the
injected liquid, because in this case the motion is purely
hydrodynamic (diffusion characteristic times are large in
comparison with the time of development of the
hydrodynamic pattern). In principle, one would expect
that a jet without essential destruction will reach the
bottom of the vessel and, reflecting from its bottom will
go in the opposite direction. However, as can be seen
from Fig. 4, reflection occurs far from the bottom in the
solvent, with the formation of secondary localized
reflected jets, and with complicated scattering of the most
part of the primary stream. It is important to note that the
lower level of the reflection is strictly determined, and
below this reflection boundary the solvent remains
absolutely transparent. The reflection effect is due to the
fact that the hydrodynamics of the primary jet stimulates
the hydrodynamic motion of the entire system as a whole,
and that is, the velocity field in the jet has been associated
with the velocity field in the solvent by the boundary
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conditions on the boundary layer between the primary jet
and bulk solvent (and the same reason holds true for the
pressure field, as well as to the thermo-dynamic relations
in a heterogeneous system). This means that the jet feels
the presence of the boundary conditions on the walls and
bottom of the vessel (in addition to everything, in our case
the vessel has the shape of a cone, which, of course,
complicates the problem) at each moment, and the normal
components of the stream velocities at the bottom of the
vessel are strictly equal to zero. Thus, the streamlines
themselves are wrapped into the volume of the vessel.
Reflection of the primary jet occurs then, when this jet
enters the region of the reverse flow of the whole system,
generated by the boundary conditions on the bottom of
the vessel.

Discussion

The phenomenon studied in the present paper is a
direct analog of the processes of mutual dissolution
(mixing) of solids observed during the sintering in
crystals brought into contact with their surfaces and
placed in the conditions necessary for an active
microscopic mass diffusion between these bodies (the
diffusion is going both on the surface and in the volume
of the crystals). In our case, the experiment is performed
on dissimilar liquids, and therefore purely diffusive
dissolution is complicated here by obvious hydrodynamic
movements in a highly inhomogeneous liquid media. The
macroscopic inhomogeneities are well-defined regions of
the colored solution with evidently different
concentrations of the components. In a sense, this picture
resembles the evolution of decay in solid solutions.
However, the solid solutions after disintegration are stable
heterophase structure (that is, equilibrium at given
temperature and pressure), while in our case of mixing
liquids this "quasi-heterophase” structure remains
metastable and evolves slowly to the state of a
homogeneous solution. Of course, as the temperature
increases, homogenization occurs faster, and in a solvent
with a temperature above 50-60°C, the formation of the
structures described above is impossible because the
droplet introduced into the hot solvent decays
immediately, and after one or two minutes, the state of a
homogeneous solution is established. For this reason the
experiments described above were performed on cold
components (at temperatures of 10-20°C), and only in
these conditions a steady reproduction of the pictures
shown in Figures 1-4 is possible. Hydrodynamic regime
of the initial stage of dissolution in liquid components
with formation of channels can be associated qualitatively
with the stage of active mass transfer in the developed
diffusion zone of solids [4] , where the mutual diffusion
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leads to appearance of internal stresses and formation of a
large number of crystal lattice defects facilitating the
diffusion transfer. Strictly speaking, a strongly distorted
crystal is no longer to be interpreted as a proper crystal,
but it can be regarded as a viscous continuum deformed
within hydrodynamic regime.

The question, however, is of how the surface contact
breakdown occurs with the formation of the primary
stream that flows into the solvent inside a narrow channel.
The reason for this phenomenon is that the substance of a
heavy liquid droplet deposited on the surface begins to
diffuse in the solvent immediately after its application to
the surface, and traces from this diffusion can be seen in
Fig. 1. In addition, in Fig. 1 we can see that from the edge
of the surface spot some ‘tails’ are torn off, and the matter
spreads along the surface of the solvent. Thus, this is a
quite obvious analog of surface diffusion observed at
sintering in solids [1-4]. In our case, a droplet of heavy
liquid, deposited on the surface of the solvent, forms on
this surface a hole, in the center of which the pressing on
the surface will be higher than at the edges of the lens [5].
This results that at the center of the spot the drop-solvent
boundary will be destroyed, and the ink begins flow into
the bulk solvent simply in the form of a localized jet in
the usual hydrodynamic regime. The dynamics of a
flooded jet is considered, for example, in the book of
Landau and Lifshitz [6], but there was investigated only
the case when a thin jet of a viscous liquid under pressure
is injected into the volume of a complementary liquid
with the same density and viscosity.

In our case, the situation seems to be much more
complicated, since of mixing the heterogeneous fluids,
and therefore it is necessary to describe hydrodynamics of
an inhomogeneous medium with regard to the kinetics of
mutual dissolution of components with limited mutual
solubility. The jet penetrated under the surface flows into
the solvent under the gravity forces, and its shape has the
form of a cylindrical channel. This shape is supported by
surface tension forces on the ink-solvent interface, and
also the strength of Archimedes prevents its penetration
into the bulk of the solvent. In this case, the movement of
the jet head becomes slower, and the leakage of ink from
the upper reservoir results in the formation of a bubble at
the tip of the stopped jet. The jet stopped at some depth,
continuing to grow, but in the form of a secondary lens
that grows at a certain depth, eventually forming rings
(Figure 3) due to the deformation of the secondary
bubbles in a vertical pressure gradient. The ring is a jet
curled into a torus, which allows to minimize the
influence of the vertical gradient on the unlike liquid
bubble introduced into the solvent. The surface of the
torus has two principal radii of curvature, essentially
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different in magnitude: this is, firstly, a large radius of
curvature (small curvature) along the generator of the ring
and, secondly, a small radius of curvature (large
curvature) in the cross-section of the torus.

The curvature of the jet surface has a special
significance in our case. On the one hand, under the
curved surface on the jet acts the surface tension force,
which helps to support its shape. On the other hand, from
a curved surface an atom can be easily “evaporated" into
the bulk solvent. Thermodynamics of this process is
completely analogous to the coalescence of second-phase
nuclei in dispersion-hardening alloys or coalescence of
pores in crystals [1-4,7]. Thus, the flooding of a vertical
jet is a complex process of propagation of a
hydrodynamic flow, which at the same time dissolves in
the volume of the solvent medium due to both diffusion
and branching of the secondary flows. This process is a
direct analogy of the formation of ‘trees’ in separated
solid solutions with a small coordination number of the
interaction in the mixture [8,9]. As an example can also
be given the phase separation of dilute solid solutions of
helium isotopes (*He-*He) which, in view of the quantum
nature of the interatomic interaction in these systems,
undergo decay at any arbitrarily small concentration of
the impurity component in solution, so that the
coordination number (the number of nearest neighbors) in
the second phase does not exceed several units [10-12].

Conclusion

It seems that the problem we are considering here has
only purely academic interest, but we can indicate one
area where the results can probable find a practical
application. The classical problem of heterogeneous
mixing is the problem of evolution of oil spots on the
water surface, arising from the spillage of oil (or other
process fluids) due to accidents in transport or production.
Of course, this problem is also interesting from the point
of view of direct behavior of model complex heterophase
system in the hydrodynamic regime.
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Practical application of mathematical modeling technologies of heat transfer processes in the main units of the installation for
electroconsolidation of powder materials using FAST/SPS technology is considered. A mathematical model of the existing hot
pressing unit with direct current transmission is created. The results on the heat distribution in the installation parts and in the
compaction zone are obtained. Comparison of simulation results with experimental data is given. The significance of the data
obtained by using similar techniques, both from the fundamental point of view and from the practical one, is shown.
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PO3rISHYTO HpakTHYHE 3aCTOCYBaHHS TEXHOJOTiH MaTeMaTH4HOTO MOJICTIOBAHHS IPOLECIB TEIUIONEPEHOCY B OCHOBHHX
By3JIaX YCTaHOBKH [UIsl €IEKTPOKOHCOJIi/Ialii MOpOIIKOBUX MaTepiaiiB 3a texuonorieto FAST/SPS. Po3pobieHo MaremMaTHIHY
MO/IeNIb ICHYIOUO1 YCTAHOBKH Tapsiyoro NpecyBaHHS 3 MPSMUM IPOIYCKaHHAM cTpyMy. OTpHUMaHi pe3yJbTaTH MO PO3HOAULY TeIia B
JIeTaJIsIX YCTAHOBKY Ta B 30HI KOMITaKTyBaHHs. HaBe/leHO MOpIBHAHHS pe3yJbTaTiB MOJETIOBAHHS 3 €KCIEPHMEHTATbHIMH JTaHUMH.
IMToka3aHa 3HAUUMICTh JAaHHUX, OTPUMAHHX IUIIXOM 3aCTOCYBAHHS MOJIOHMX METOIMK, SK 3 ()yHIaMEHTAIBLHOI TOYKH 30Dy, TaK i 3
MIPaKTUYHOI.

Ku1r040Bi cj10Ba: €J1€KTPOKOHCOJINAIIS, CKIHYEHHO-EJIEMEHTHE MOIEJIFOBaHH s, TeIuIoBi porecu, Al,05-SiC.

Introduction

As is known, the use of oxide ceramic, in particular,
nanostructured and composite materials as instrumental is
of great demand, because of their high physical and
mechanical properties. But along with high hardness and
temperature resistance, the use of such materials is limited
by their low strength and crack resistance. It is not
possible to solve this problem by traditional hot sintering.
The reason for this is the rapid growth of grain,
competing with the compaction of particles (Fig. 1).

The wuse of innovative technologies for the
consolidation of ceramic materials, such as FAST (Field
Activated Sintering Technology), SPS (Spark Plasma
Sintering) and their combinations makes it possible to [1-
5]. The advantage of these technologies is the obtain new
materials with a submicron and nanostructure activation
action of the electric field and current, which

S8 " & hts Y T

J‘ ) "’_g& 0.0 40 SiC »
Fig. 1 Microstructure of ceramic sintered
atmosphere without activating additives [7]

in argon

greatly intensifies the sintering process, in comparison
with traditional methods. So, to obtain high-density
Al,O3-SiC ceramics by hot pressing with direct current
transmission (electroconsolidation) (Fig. 2), it was
sufficient for about 3 minutes [6].

-
X 5,000
Fig. 2 Microstructure of Al,O5-SiC ceramics sintered by

electroconsolidation at a temperature T = 1400°C, pressure P
=30 MPa.

lpm  NSC_KIPT
20.0kV SEI SEM WD 10mm

Experiment
The use of such technologies is associated with the
need to carefully design equipment that directly
participates in the consolidation processes, because the
accuracy and predictability of consolidation parameters
such as temperature, pressure, etc. is important in order to

© Gevorkyan E.S., Dutka V.A., Vovk R.V,, Kislitsa M.V., 2018
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achieve the necessary material properties. The priority in
this case is obtaining information on the temperature
distribution in component parts of the installation, as well
as the distribution of electric current in the components
involved in its transport. The most accurate source of
information necessary for this is computer simulation
using specialized software.

For the calculations, a universal software system of
finite element analysis ANSYS was used. In Fig. 3 shows
the design area in the form of a two-dimensional model of
a hot vacuum pressing unit. To solve this problem, the

7 A
\\
\
-1
2 L L34
[
0 r
a

Fig. 3. Calculation area (a) and its decomposition into a
finite element grid (b). Oz - axis of pressing; Or is the
radial axis of the installation. 1 - body (steel); 2 - water-
cooled current leads (brass); 3 - mold and punches
(graphite); 4 - lining (thermo-expanded graphite).

finite element method was used together with the
radiosity method, and the computational domain was
divided into a grid of 923 eight-node elements with
quadratic approximation.

The simulation was performed according to the
original electrosparking system developed by us [8]. An
alternating voltage of the order of 5 V with a frequency of
50 Hz is applied to the surfaces of brass current leads. A
distinctive feature of such plants is a short synthesis time,
due to the current flow of the order of several kA. The
distribution of the heat produced was carried out taking
into account convective heat transfer with the heat carrier
and the environment, as well as radiant heat exchange
inside the installation. The calculations take into account
the temperature dependences of the properties of the
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materials from which the parts of the installation are
made. The volume of the material to be compacted (Al,Os
powder) is small relative to the whole installation, and its
physical properties change during compaction (they
depend not only on temperature), they are taken to
simplify calculations. The values of the contact electrical
and thermal properties and their dependence on the
temperature and pressure of pressing are obtained from
the literature [9-14].

Results

In Fig. 4 shows the temperature dependence at
different points of the sintering zone as a function of time.
The time interval from 0 to 400 s corresponds to intensive
heating, and from 400 s — approach to the temperature
regime and the beginning of sintering. As can be seen
from the graph, in pairs of points sl1-s4 and s2-s3, the
temperature coincides over the entire time interval, which
means that there is no axial temperature gradient between
the upper and lower punch. The presence of such a
balance of heat dissipation speaks about the correctness of
calculations of the components of the installation and the
cooling system of the upper and lower current leads.

When the sintering temperature is reached, a small
temperature divergence is observed at the points s1 and s2
(s3 and s4) due to heat removal through the outer part of
the mold by radiation. Despite the presence of a radial
gradient, the temperature difference between the center
and the periphery of the compact does not exceed 10K,
which in this case corresponds to 0.6% of the sintering
temperature.
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Fig. 4. Change in temperature at points on the surface of the
volume being compacted. s1-s2 - upper, s3-s4 - lower plane.
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Obtaining predictable and reproducible results in the
compacting of powder materials requires precise control
of the main parameters of consolidation: temperature,
pressure, holding time. The most difficult is the precise
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control of the temperature in the pressing zone, since
access to it is difficult. A relatively simple solution to this
problem is the option of controlling the temperature at the
periphery of the mold. In Fig. 5 shows the change in
temperature at points on the transverse axis, obtained by
mathematical modeling. Thus, it can be seen from the
graph that when monitoring the temperature at the
periphery of the mold (point c3), the temperature
difference AT=200K must be taken into account.

The efficiency of the model can be estimated by
comparing the simulation results with the actual measured
parameters. In Fig. 6 shows the time dependences of the
temperature measured at the periphery of the mold during
the electroconsolidation and the simulation results. The
differences in the preliminary stage are associated with

2000

1800 |

1600 cl
1400
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v .
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T(°C)

80 240 400 560
t (sec)

Fig. 5. Change in temperature at points on the transverse
axis, c0 is the center of the volume being compacted, cl is
the border with the mold, c2 is the border of the mold and
composite shell, c3 is the outer part of the shell.
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Fig. 6. Dependence of mold shell temperature on time.
Points are real measurements, a solid line is the result of
modeling.
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different initial currents and, correspondingly, the heating
rate. The termination of the effect of the electric field for
the real process corresponds to the instant of time t =
1100 s, and for the model it was terminated at the time t =
1000 s. If the differences in the magnitude of the current
flowing at the initial stage to a minimum are reduced,
then the simulation results fully correspond to the real
nature of the temperature behavior at the monitored point,
which confirms the reliability of the results obtained by
modeling.

Conclusions

Accurate understanding of the processes occurring
during the consolidation of nanomaterials allows us to
create a theoretical foundation for the development of
innovative technologies for the production of new
materials with increased physical, mechanical and
operational properties. With the use of FAST/SPS
technologies, all processes take place quite quickly, and
the consolidation time is reduced to several minutes, in
such conditions the control of current, temperature and
mechanical stress distribution is practically unattainable
problem, which, however, is easily solved by using
mathematical models and mathematical calculations. This
approach allows us not only to determine the magnitude
of important parameters of consolidation, but also to
observe their dynamics in the process of synthesis. In
addition, the use of such solutions at the design stage
makes it possible to simplify the development of
equipment for electroconsolidation, and the results of
modeling the temperature distribution in the volume of
the mold-simplify temperature control in the sintering
zone, which can significantly reduce the cost of
manufacturing it.
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Nature of growth light scattering defects in Nal:Tl crystal has been studied by optical and electron microscopy technique.
The heterogeneous mechanism of inclusion formation has been proposed. This mechanism consists in three stages. At first stage,
sodium oxide diffuses to the internal surfaces of gas bubbles or channels. The oxide then reacts with carbon dioxide and converts into
sodium carbonate. At the third stage, a new phase is formed inside the gas-filled channels. Finally carbonates covered internal surface
of gas channels due to the shape of inclusion becomes morphologically stable.

Keywords: growth defects, inclusion of new phase, heterogeneous decay of solid solution.

Meroaamu ONTHYHOT Ta €IEKTPOHHOT MIKPOCKOIIT BUBYEHO TPHPOJY POCTOBUX JIe(EKTIB, IO MPU3BOAATH 0 PO3CIIOBaHHS
cBiTia, y kpucranax Nal:Tl. 3anponoHoBaHO reTeporeHHMIT MeXaHi3M YTBOPEHHs BHJLICHb HOBOI (ha3H, IO CKIATAETHCS 3 TPHOX
etaniB. CovyaTKy OKHC HaTpifo JudyHAye 10 BHYTPIIIHIX TOBEPXOHb ra30HANOBHEHHUX KaHaJIB. Jlani OKCHI pearye 3 BYIJIEKHUCINM
ra30M i MEPETBOPIOETHCS B KapOoHAT HaTpito. Ha TpeTsomy erami (asa, M0 yTBOPHUIACS, BUCTHIIAE BHYTPILIHIO TOBEPXHIO Fa30BOTO

KaHaIly, BHACJIiJJOK 4OT0 Horo ¢opma HabyBae MOp(oIOriuHy CTablIbHICTb.
KurouoBi ciioBa: pocToBbIe 1e(eKThl, BBIACICHH HOBOH (ha3bl, FeTePOTreHHBII paciia/] TBEpAOro pacTBopa.

Introduction

First of all, the authors would like to note that their
views on the nature of defects in crystals and their
evolution were formed under the influence of two
monographs by Ya.E. Geguzin: "Macroscopic defects in
metals" [1] and "Motion of macroscopic inclusions in
solids" [2]. Since all authors are more or less related to
the Chair of crystal physics of Kharkiv National Univer-
sity, they fully share conviction of professor Geguzin that
a defective structure decisively determines the functional
parameters of ready products from single crystals.

In this paper, the nature and mechanism of the regular
formation of growth defects in a Nal:Tl crystal is
considered. Detectors made from this material are most
widely used in science and technology as effective
scintillators [3, 4]. For a number of applications needed
scintillation detectors of very large size. For example, in
nuclear medicine (Anger camera) or in spectrometric
portals (control of the spread of radioactive and fission
materials), sensitive elements are large-area plates or long
cylinders. For these purposes, ingots with a diameter of
500 mm and more are grown by modified Kyropulos
technique with feeding by initial salt or melt [5]. The
actual problem of the growth of large-sized crystals is the
problem of light scattering which is associated with
growth light-scattering inclusions (LSD - light-scattering
defects). This LSDs are usually concentrated in bands of
entrapping.

The photograph presented in Fig. 1 shows the
longitudinal cross section of a single crystal in the upper
part of a cylindrical ingot. This part of ingot corresponds
to the beginning of growth in height. Usually at this
transient moment the rate of crystallization is maximal.
As it seen on photograph the light-scattering centers
surround a front of crystallization and resemble a cloud.

Despite years of efforts to study the LSD in these
crystals, the existing views on their nature were
contradictory and even mutually exclusive. Nature of
LSD was attributed to either gas bubbles, 100-500 nm in
size, or inclusion of Na,COj; phase [6]. The second model
assumes a homogeneous decay of the impurity solution in
the crystal lattice.

Two mutually exclusive viewpoints can be reconciled
in the assumption of a heterogeneous decay of a solid
solution [7]. As nucleation centers in this case, one should
consider gas bubbles. Further studies questioned the last
assumption, it turned out that LSDs are formed even at
low concentration of CO3~ ions in the crystal lattice,
which is clearly insufficient for effective separation of the
second phase.

The present paper is devoted to a consistent
presentation of the concepts of the nature of LSD and
consideration of the heterogeneous mechanism for the
formation of three-dimensional defects, which is not
associated with the diffusion of carbonate ions.

© Kolesnikov A.V., Kudin K.A., Kudin A.M., 2018
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Experimental

Nal:TI crystals have been grown by modified Kyro-
pulos technique with feeding by melt, detailed description
of equipment and process has been done in [5, 8]. A
typical diameter of ingots was 250 mm while a height was
~350 mm. Ingots were grown in an argon atmosphere [8].
Several experiments have been made in mixed Ar+CO,
gaseous medium [9] according to recommendations of
[10]. The composition of the gaseous medium in the
furnace was analyzed using an omegatron-type mass
spectrometer, which was connected to a pressure sensor
through a leak.

Gas sampling was performed every day throughout the
growth process. For example, In Tab. 1 are presented the
typical results of gas atmosphere analysis at furnace
during the growth of crystal.

Table 1.
Concentration of Ar, CO, and H,O in atmosphere of
furnace during the crystal growth

Gas concentration
Atmosphere # Ar co, H,0
1 92.1 0.3 -
Ar 3 91.2 0.4 -
5 89.8 0.54 -
1 81 6.0 4.9
2 82 6.7 34
3 88 5.3 34
Ar+ CO; 4| 824 66 2.0
5 86 6.5 4.0
6 84 6.8 5.0

It can be seen that in the case of Ar medium, water is
not detected in furnace volume, contrary to second case
when water is recorded throughout the entire growth
process. This result is in good agriment with our data
obtained earlier in [9]. In cited paper the pulsed injection
of CO, into the furnace containing only Ar leads to the
appearance of water vapours above the melt.

For a deliberate obtaining of LSD in growing crystal,
a short pumping of furnace volume was carried out. In
this case a large muddy zone was observed. Sometimes
the ingot contained a large amount of LSD and even a gas
bubbles visible to the naked eye. The advantage of this
experiment is that it allows to model the cloudy zone
quite simply. Below we will show that in zones of
different nature (spontaneous or created intentionally)
defects of predominantly one sort are detected.

The form of gas bubble was studied using an optical
microscope in a dry room. Electron-microscopic studies
were carried out on a transmission microscope EM-250
using the technique of coal replicas. Samples measuring
5x5x15 mm® were cleavage along the growth axis from
different parts of ingot. The transverse cleavage of the
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samples was carried out in vacuum. Replicas have been
deposited on fresh surface of sample using VUP-5
installation. Shading of replicas has been made by gold.

Model of the band of entrapping

Let’s consider the situation, when the gas pressure
over the melt is abruptly reduced. Well known that gas
solubility in the melt sharply depends on pressure in
furnace. Decrease of gas pressure results in appearance of
gas bubbles in melt. Some of these bubbles enter to the
crystallization front. So, gas bubbles can be incorporated
into crystal lattice and form here a gas filled cavities. The
zone of ingot containing entrapment of such gas
inclusions is schematically depicted in Fig. 2 and is
designated as a cloudy or muddy area.

In [6], we showed that the gas filled inclusions
obtained in this manner are characterized by the presence
of cavities in the form of prolonged channels. A gas
bubble, often faceted, has a continuation in the form of a
gradually disappearing "tail", elongated along the growth
axis. The boundary between the upper transparent part of
the crystal and the cloudy zone is quite sharp. As the
equilibrium between the gas pressure over the melt and its
concentration in the liquid phase is reached, the release of
large bubbles ceases. Below the bubble area there is a
zone where the LSDs are gradually disappearing. This is
due to the fact that gas bubbles have a small size and are
not visible in optical microscope [6]. They are detected by
the increased scattering of light (in the laser beam), by the
deterioration of transmission and by the significant
dispersion of the extinction coefficient.

Despite the fact that gas bubbles are not distingui-
shable here the electron microscopic studies have
revealed a huge number of "hollow rods", the skeleton of
which is formed by carbonates of sodium and/or thallium
[6, 7]. As an example, Fig. 3 shows a photograph of
replica, which correspond to the turbid zone of ingot. It
can be seen (Fig. 3a) that a large number of rods that stick
out from the replica. Presence of the rods on photo means
that their solubility in water is small. A separate rod in
enlarged form is shown in Fig. 3 b. It is clearly seen that
the rod is hollow inside. This fact, like the approximately
cylindrical symmetry of the defect, clearly indicates that
hollow rod is directly related to gas channel inherently.
The electron diffraction pattern obtained from an
individual inclusion (like a rod presented in Fig. 3b)
shows that the rod has an amorphous structure (the insert
in Fig. 3). It should be noted that defects in the form of
hollow rods are characteristic for all studied Nal crystals
containing such entrapment of inclusions. Gradually,
without a sharp boundary between zones, the entrapment
area turns again into a clear ingot. Gas bubbles of
"classical form" (spherical or ellipsoidal)
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Nal: Tl
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Fig. 1. Photograph of longitudinal section of ingot. The dashed line shows the crystallization front The position of
front corresponds to the beginning of growth with constant diameter. The cloud of LSD is located just above the
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Fig. 3. Replica with hollow rods protruding from it (a). Electron-microscopic imaging of separated rod (b), in insert
electron diffraction pattern is shown.
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are also found here, but their concentration in clear zone
is too small for appreciable scattering of light.

Impurity composition of large crystals

Well known that contamination of large Nal: Tl ingot

connected mainly with the presence in crystal lattice the
anion impurities like OH™; CO3~ and 0?~. Activator is the
desired impurity in crystal, its concentration (Cr;) in
grown ingot is determined by chemical analysis on
thallium [11]. The value of Cr; well corresponds to
optimum: (4-6)-10 mole % [12]. Data on the Cr; are
presented in Table 2 as concentration in ppm, number of
TI" in cubic centimeter (cm ), and as an average distance
between activator centers.
The information on the oxide compounds and its
concentration is obtained from the analysis of thermally
stimulated luminescence (TSL) curves [13, 14]. The setup
for TSL measurements is described in [15]. Data on oxide
concentration are also given in Table 2 as a number of
02~ V4 dipoles.

The concentration of carbonate ions (Cg) is
determined from the spectra of IR absorption using a UR-
20 spectrophotometer. We shall discuss the IR spectra
itself and the changes in them a little later. Here, we note
that according to the known Smakula formula, the
absorption coefficient (kggy) at the maximum of the band
880 cm ' (a deformation vibration v, in CO3~ ion) is
proportional to the number of the absorbing centers:
Cx = b - kggg, where b is the transition coefficient. For
Nal crystals, its value is known: b =8-10"%2cm?. A
vibration v, band is chosen for the reason that its intensity
depends little on the local environment of impurity anion.
Contrary an intensity of the 1440 cm™' band (valence v;-
vibration) depends on the environment, therefore, by
k1440, the number of non-associated CO3~ — VI dipoles
can be judged. The data on the value of Cy in the
transparent part of ingot are given in Tab. 2.

An unexpected result was the fact that the value of Cy
turned out to be practically the same in different parts of
the crystal, and intensity of 1440 cm™' band does not
decrease in the turbid zone, i.e. the formed LSD are not
associated with the decay of carbonate solid solution.
Moreover, the formation of LSD is observed in crystals
with a rather small Cg, when the average distance
between identical ions is hundreds of lattice parameters
(see column 4 in Table 2). In this situation the diffusion
mechanism is not effective to precipitate formation from
C03%~ — V4 dipoles.

From the data of Table 2, it is possible to draw a
completely definite conclusion that 02~ — V4 dipoles at
annealing should diffuse to the center of nucleation first
of all. An internal (like a babble or channel) or external
free surfaces will be enriched by sodium oxide.
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Table 2.
Concentration of impurities and the average distance
between similar centers

Cation | Content, | Content, Dlgf[?gge’
i -3
fanion ppm cm constant
I 500 5.10% 9
C0%- 1 1.10% 264
02~ 900 9.10%8 7

Mechanism of LSD formation

The proposed mechanism for the LSD formation is
based on the processes of gas evolution at the
crystallization front. The solubility of gases in the melt
depends on many factors and varies from the nature of the
gas. It is known [16] that the solubility of carbon dioxide
exceeds that of argon by two or three orders of
magnitude. Therefore, the formation of bubbles at the
front is more likely when the growth process is carried out
not in Ar, but in CO, atmosphere.

Gas evolution at the crystallization front leads to the
formation of babbles and gas channels. Such cavity as is
known [2] are unstable during annealing and are
transformed into a chain of pores of round shape. This
slow process is impeded by another, faster process, which
takes place simultaneously with the first during the
growing process. It is, as shown above, the diffusion of
sodium oxide. The 0%~ — Vi dipoles at annealing 450°
effectively reach the outer or inner surface of the crystal,
as will be shown below, at foreseeable intervals. The
formation of an oxide coating on the inner surface just
prevents the transformation of gas channels into a chain
of bubbles.

Since the babbles have been filled by CO, and H,O0,
following chemical reactions occur on their internal
surface:

Na,O + H,0 2 2NaOH (1)
2NaOH + 2C0, 2 2NaHCO, )
2NaHCO; 2 Na,CO; + H,0 + CO,. 3)

Analysis of reactions (1-3) shows that carbon dioxide
is spent while the amount of water does not decrease
during annealing. Water can be transform to NaHCO;
when crystal is cooled.

Diffusion processes lead to the formation of a peculiar
framework within the channel. The solubility of Na,COs;
NaHCO;3 and TI1,CO; compounds in water is much less [7]
than the solubility of Nal. For this reason, after
dissolution of Nal, almost insoluble inclusions remain on
the replica, which are observed in the electron microscope
as protruding elongated rods. So, the proposed
mechanism explains the origin of the hollow rods, but the
way of attaching the protruding rods to the replica is still
incomprehensible. An answer is given in scheme on
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Fig.4. During the replica making carbon atoms can
penetrate into gas channel (if the rod is hollow) and create
a spike to attach the rod to replica.

hollow
rods

7O\

carbon replica

7111 7777101)

flow of carbon
Fig. 4. Process of replica deposition and structure of created
carbon replica with attached hollow rods

The mechanism of LSD formation is heterogeneous.
This circumstance allows us to reconcile two seemingly
opposite viewpoints on the origin of inclusions. As it
turned out, their nature is closely related to both gas
bubbles and Na,CO; phase. A feature of proposed
mechanism is the fact that the second phase formation
occurs at crystal-gas interface. Inclusions of new phase
are not directly related to decay of the solid solution of
sodium carbonate in the Nal lattice. Initially the decay of
sodium oxide solid solution occurs, and the final product
is formed as a result of chemical reactions with water and
CO, at the interface. This feature makes it possible to
explain the incomprehensible fact that concentration of
carbonate in form of CO3~ — Vi dipoles is the same in
clear area of ingot and in the muddy zone. The striation
theory [17] predicts a sharp decrease in the amount of
impurity in the region below the entrapping zone. It is
clear that in our case, the muddy zone is associated with
gas bubbles and channels not with carbonate.

Moreover, proposed mechanism can explain other, at
first sight, unrelated experimental fact. The point is that
repeated annealing often reveals the entrapping zone in
initially transparent part of ingot. Consider the lower part
of the growing crystal, which was least annealed in the
growth furnace. If gas bubbles are present in this region
but their inner surface has not yet be covered with the
new phase, then repeated prolonged annealing will lead to
the LSD formation according to mechanism described
above. Reflectivity of the "rods" is much higher than just
gas bubbles, and for this reason the hidden capture region
becomes observable visually.

The nature of the LSD formed by the trapping
mechanism of gas bubbles on the crystallization front is
well known and described in many works, for example, in
the already mentioned monograph [2], also for Csl
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crystals in [18]. Professor Geguzin touched upon this
problem in [19]. The mechanisms of LSD formation
associated with the homogeneous decay of the activator
subsystem also well known in CsI:Tl crystal [20] and in
Csl:Na [21]. The rather complicated mechanism for the
formation of the LSD, which includes the trapping of
bubbles, the heterogeneous decay of a solid solution and
chemical reactions at the interface, as we know, was first
discovered in this section.

Experimental confirmations of mechanism
Gas babble composition. The proposed mechanism is

based on the assumption that H,0 and CO, enter to a
bubble, in contrast to the results of [22], where water was
not detected. Generally spiking it is clear that the
composition of the gas above the melt is qualitatively
identical to that in the bubble. Quantitative differences are
associated with solubility of individual gas in the melt. It
turned out (see an experimental) that H,O vapors above
the melt is always recorded when growth takes place in
CO, atmosphere. If crystal grows in Ar atmosphere, water
is not detected above the melt. However it is known that
CO, injection causes immediate release of water from the
melt [9] in accordance with reaction (3). H,O molecules
are formed in the melt and evaporates through the free
surface into the furnace volume. On the front of
crystallization water evaporates into the gas bubbles.

So, the gas babbles have to contain water vapors. To
check this conclusion, mechanical destruction of the
samples carried out in a manner similar to experiments
[22]. In accordance with [22] mass-spectra do not show
water evaporation from babbles even for samples made
from muddy zone. It is known that at room temperature
water interacts with Na,CO; and CO,. As a result of
interaction baker soda NaHCO; is formed. For this reason
mass-spectra were measured during heating and melting
of sample. Melting of this crystal leads to release of water
and carbon dioxide, 30-50 times more intense than when
melting transparent samples.

IR spectra. According to Panova and Mustafina [23],
the local environment of CO%™ ions should differ in the
transparent part of the crystal in comparison with the
muddy zone. In Fig.5 the corresponding IR absorption
spectra are presented. For the transparent part of the
crystal (regardless of its position relative to the turbid
part), a standard set of absorption bands is observed with
maxima at 1440 cm ™' and 880 cm ™. These bands are most
intense and are well manifested even at small CO3~
concentration, their position is in good agreement with
recent our [14, 24] and literature data [23].

Another picture is observed in the muddy zone. The
local environment only slightly distorts the deformation
vibrations, so the maximum of the v,-band is still located
at 880 cm ', while the stretching vibration split into two
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bands: 1380 and 1530 cm™'. Well known that the first
band is also characteristic for CO%™ ions, but it is
observed in Csl crystals with volume centered lattice [24,
25]. As for the additional band at 1530 cm™', the authors
of [23] observed it in crystals with the LSD at a high
concentration of carbonate ions and attributed to the
precipitates of Na,CO5 phase.

T, % S
’ Stretching vibrations
75
———————————— Y i
70 1 2 N
65 880
60 - Deformation
oscillations
55
Nal:Tl

50 4

T ] T T 1 L L] L T

1600 1400 1200 1000 v.em |

Fig. 5. Spectra of IR absorption in different areas of ingot.
1 — the clear zone, 2 — muddy band.

Usually, the IR absorption spectrum corresponding to
the muddy zone consists of overlapping bands at 1380;
1410; 1440 and 1530 cm'. If the carbonate-ion
concentration is low, a band of 1480 cm ', which is
characteristic for an interacted pairs of Me?*C03~ [23]. In
any case, we can conclude that the local environment of a
big part of CO%~ ions in muddy zone does not correspond
to that in regular lattice. Therefore we believe that the
1530 cm' band is characteristic for the skeleton of
hollow bar. A feature of turbid samples is the fact that
prolonged annealing at 450°C leads to an increase of
absorption bands intensity at 1380 and 1530 cm ', but
practically does not affect the intensity of the 1440 cm™
band.

Second phase manifestation on the free surface of
sample after annealing. The next point concerns the
experimental verification of the diffusion mechanism of

the LSD formation. If internal surface of the gas-filled
channels are covered over time by new phase, then almost
the same can be observed on the outer surface of the
sample. To this end, Nal:Tl crystals with a chipped
surface were annealed in inert (Ar) and reactive (CO,)
atmosphere. The annealing time (60 hours) approximately
is matched the duration of growth process.

A rather intensive course of diffusion processes could
be judged visually by the formation of a yellow coating of
TII on the cold parts of ampoule. It could be expected that
less volatile compounds, such as Na,0; Na,CO; and
NaOH at temperature of 550°C will remain on the surface.

The study of annealed samples using a scanning
electron microscope revealed the following. On the
surface of samples oval precipitates were observed in
large numbers, which, judging from the contrast of the
image, had a smaller effective atomic number than the
matrix, see photograph on Fig. 6. At the same time,
crystals grown in vacuum and not containing oxygen
impurities were characterized by the absence of such
precipitates on the surface. To establish the composition
of precipitates, an analysis of characteristic X-ray
emission was carried out. Emission has been excited
separately in the matrix or in islands with a smaller
atomic number. The size of the precipitates (~ 5-7 um)
did not prevent such microanalysis, since the electron
beam can be focused on a site with diameter of ~ 1 pum.
Spectra of characteristic X-ray emission are shown in
parts A and B of Fig. 6.

From obtained results it can be concluded that the
main elements of the new phase are sodium, oxygen and
carbon. The emission spectrum in the main features
corresponds to the spectrum of caustic soda Na,CO5 or
checked
separately. It can be concluded that the mechanism for
precipitate formation on the free surface of Nal:TI crystal
is analogous to that in the gas channels.

sodium bicarbonate NaHCO;, which was

Remaining: 0Os

X-RAY:
Live:
Real:

0 - 20 keV
§0s Preset:
555 9%

100s
Dead

Remaining: 50s

Emission of
island

IMEM 1 : Matrix

X-RAY: 0 - 20 keV
Live: 505 Preset: 50s
Real: 57s 12% Dead
Matrix
emission
N
o a
C 1
< .1 2.700 keV
FS =511 ch 145=

5.3 > < .1 2,700 keV 53 >
17 cts FS=1K ch 145= 15 cts
MEM 1: Particle

Fig. 6. Photograph of second phase inclusions on free surface of Nal:Tl crystal after annealing (a). Scanning electron
microscopy. Characteristic X-ray spectra excited in matrix (b) and new phase inclusion (c)
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Conclusion

The existing viewpoints on the nature of the light
scattering centers in Nal: Tl crystals are analyzed. It has
been shown that contradictory representations can be
combined under the assumption of heterogeneous
decomposition of the solid solution. The nature of light
scattering defects was studied by optical and electron
microscopy. It is shown that the primary type of three-
dimensional defects in the capture regions is the release of
a new phase in the form of hollow rods, which are
oriented along the growth axis.

On the basis of the fact that the solubility of the
second phase in water is much less than that of the basic
substance, it is concluded that the release is associated
with sodium and thallium carbonates. This conclusion
agrees with the data of IR spectrometry that the local
environment of carbonate ions in the capture regions does
not correspond to their environment in the regular Nal
lattice. The conclusion is made about the heterogeneous
mechanism of LSD formation, according to which the
focus of decomposition are gas-filled cavities elongated
along the growth axis. Mass spectrometric analysis
showed that the gas bubbles are filled with carbon
dioxide, argon and water.

The conditions for the appearance of centers of light
scattering in Nal: Tl crystals are studied. It was found that
the formation of carbonate precipitates inside gas bubbles
occurs independently of the concentration of carbonate
ions in these crystals. By chemical analysis, IR
spectroscopy, and thermally stimulated luminescence, it
was shown that all light scattering samples contain
sodium oxide in comparable amounts (5-10% mol%) with
an activator concentration. It was found that the
decomposition of the solid solution with the formation of
second phase precipitates inside gas bubbles occurs in
crystals containing carbonate ions in small amounts (<
1-10* mol%). A mechanism is proposed for the formation
of precipitates, which includes three stages. At the first
stage, sodium oxide diffuses to the outer and inner
surfaces of the crystal. On the second, a chemical reaction
occurs between the conversion of oxide to carbonate. On
the third - the formed phase lays the internal surface of
the gas-filled channel. The resulting skeleton gives
morphological stability to the gas channels.
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IHOOPMALIIA JIUISI ABTOPIB CTATEN
xypHay «Bicauk XHY». Cepis «Dizuxar
VY xypHam «Bicauk XHY». Cepis «®i3uka» ApyKyrOThCS CTAaTTi Ta CTHCII 3a 3MICTOM IOBIJJOMJICHHS, B SKHX
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Mosga crareii — ykpaiHCbKa, aHIUIiHiCbKa Ta pOCiiChKa.
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Oytu nHabpanwuii y popmari MicrosoftWord sepcii 2013, BupiBHIOBaHHS TEKCTY NOBUHHE OYyTH 3/1IHCHEHE 3a JIIBUM KPAEM,
rapHitypaTimesNewRoman, 6e3 mpomnucHuX OYKB y Ha3BaX, OyKBH 3BHUAIiHI PSAAKOBI, 3 MOISIMH JIiBOPYY, MIPaBOPYH,
3Bepxy 1 3HU3Y 10 2,5 cM, popmyiu nmoBuHHI OyTH HaOpani B MathType (He Huwkde Bepcii 6,5), y GopMyIax KUPHITHIS
HE JIONYCKAEThCs, CHMBOJIM 3 HIDKHIMU 1 BEpXHIMH iHeKcamu ciij Habuparu B MicrosoftWord, mmpuna dopmynu He
oinbuie 70 MM, rpadiku ta dororpadii HeoOXiqHO noxaBaTH B rpadiuHoMy Gopmarti, po3pizHeHHs He Menme 300 dpi,
nomrpeHHs (GailyiiB MoBUHHO OyTH *.jpg, IMUPUHOIO B OJIHY UM JIBI KOJOHKH, JJIsl OJIHIET KOJIOHKH PO3MIpH: 3aBILUPIIKA
8 oM, a1t 1BOX KOJOHOK — 16 cM. Macmirad Ha mikpodoTorpadisx HEOOXiIHO MPEICTABISATH y BUTJISI MacIiTaOHOT
JHHIAKH.

BUMOT' 1O O®POPMIJIEHH I'PA®IKIB
TopmuHa niHii He O6imbIe 0,5 MM, ane He MeHIre 0,18 MmM. Benmmanna miTep Ha miammcax 10 pUcyHKIiB He Ol 14
pt, ane He menure 10 pt, rapHiTypa Arial.

[MPUKIJIAZT OOOPMJIEHHS CIIMCKY JITEPATYPU
1. JL.A. Jlangay, E.M. Jludumun. Teopus ynpyroctu, Hayka, M. (1978), 730 c.
2. .W. Ianos. ®TT, 25, 7, 762 (1998).
3. A.D. Ashby. Phys.Rev., A19, 213 (1985).
4. D.V. Vert. In Progress in Metals, ed. by R. Speer, USA, New York (1976), v.4, p.17.

J10 PEJAKIIT HAJAETHCA

1. /IBa po3apyKkoBaHi HPUMIPHUKH PYKOIIMCY CTaTTi, sIKi IMiIHCcaHi ii aBTopaMu.

2. EnexTpoHHa Bepcisi pyKONHUCY Ta JaHi 1010 KOHTAKTIB JUIsl CIUIKYBaHHS 3 11 aBTopamu. J{ist 11boro notpioHo HagicnaTu
eNIEKTPOHHOIO TOIITOFO, TIBKU Ha ajapecy physics.journal@karazin.ua.

3. HampasneHHs Bix ycTaHOBH, Ji¢ Oysia BUKOHaHA po0OTA, 1 aKTH SKCIEPTH3H Y IBOX MPUMIPHHUKAX; aapecy, MPIi3BHIIE,
MoBHe iM’s1 Ta 6ATHKOBI aBTOPiB; HOMepH TenedoHiB, E-mail, a Takok 3a3HAUNTH aBTOpa PYKOIHCY, BiAMOBIIATHBHOTO
3a CIIUTKYBaHHS 3 PEIAKIN€I0 KypHATY.

Marepianu pykonucy cTarTi NMoTpiOHO HampaBisTH 3a ajapecoro: Penaxmis xypHany «BicHuk XapkiBchbkoro

HanioHaspHOTO yHiBepcutery imeHi B.H. Kapaszina. Cepis: ¢disukay, Jlebeney C.B., ¢iznunuii dakymbrer, Maiinan

CBobonu, 4, XapkiBchbkuid HalioHabHKH yHIBepeuTeT iMeHi B.H. Kapasina. Ten. (057)-707-53-83.

BicHuk XHY, cepia «®isuka», Bun. 28, 2018 91


mailto:physics.journal@karazin.ua

Haykose Bumanus

BicHMK XapKiBCbKOro HauioOHanbHOro yHiBepcuTeTy

imeHi B.H. KapasiHa

Cepia “dPisuka”

BUNYCK 28

36ipH1K HayKOBUX npaLb

AHIMINCBKOI, YKPAIHCBbKOK Ta POCIMCbKOK MOBaMM.

Kowmm’torepue Bepcranns K.O.Mo3ynb

[Tianucano no npyky 3.09.2018. dopmat 60x84 1/8.I1amip odceTHMiA.
Hpyk puzorpad.
Ym. npyk. apk. 11,3. O61.-Bua. apk 13,1
Hakiman 100 np. 3am. Ne

61022, Xapkis, maiinan Coboau, 4
XapkiBcbkuil HanioHanbHUM yHiBepcuTeT iMeH1 B.H.Kapazina
BunaBHuntso

HanpykoBano: XHY imeni B.H. Kapazina

61022, Xapkis, maiinan CBobonu, 4. Ten.+38-057-705-24-32
CeigourBo cy6'exta BugaBan4oi crpasu JIK Ne3367 Bix 13.01.09



